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Sphingosine-1-phosphate (S1P) has been presented recently as a pro-inflammatory agent in the airway
epithelium since S1P levels are increased in bronchoalveolar lavage fluid of human asthmatics. However, the
effects of S1P over the alveolar epithelium and neutrophil interactions are poorly understood. Here, we show
that S1P increased interleukin 8 (IL-8) gene expression and protein secretion and proliferation in alveolar
epithelial cells A549 at physiological concentrations (1 μM). At the same time, S1P increased intracellular Ca2+

concentration (potency 17.91 μM, measured by epifluorescence microscopy), phospholipase D (PLD) activity
(measured by chemiluminiscence method) and extracellular matrix-regulated kinase1/2 (ERK1/2) phos-
phorylation (measured by western blot) via Gi-coupled receptor (inhibited by pertussis toxin 100 ng/ml) in
A549 cells. Both, IL-8 secretion and A549 proliferationwere dependent of PLD activity (inhibited by 1-butanol
0.5%), intracellular Ca2+ (inhibited by acetoxymethyl 1,2-bis(2-aminophenoxy)-ethane-N,N,N′,N′-tetraacetic
acid (BAPTA-AM) 100 μM), ERK1/2 phosphorylation (inhibited by 2-[2-amino-3-methoxyphenyl]-4H-1-
benzopyran-4-one (PD98059) 10 μM) and Gi-coupled receptors (blocked by pertussis toxin 100 ng/ml).
Moreover, S1P increased intercellular adhesion molecule I (ICAM-1) expression and failed in vascular cell
adhesion molecule I (VCAM-1) modification (measured by flow cytometer) in A549. Indirectly, A549
supernatant fluids arising from A549-S1P 1 μM stimulation decreased L-selectin expression without CD11b/
CD18 integrin modification in human neutrophils. In the same way, A549-S1P supernatant fluids increased
neutrophil chemotaxis (Boyden chamber), which was inhibited by antibody against IL-8. This study
demonstrates for the first time that S1P participates in the alveolar epithelial interactions in vitro.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The airway epithelium plays a crucial role in initiating and
augmenting pulmonary host defense mechanisms by synthesizing and
releasing a variety of inflammatory mediators. Interleukin-8 (IL-8), a
member of the CXC family of chemokines, is a potent chemoattractant
and activator of neutrophils at sites of acute inflammation (Fuke et al.,
2004). Studies supporting the involvement of IL-8 in pulmonary
inflammatory diseases reported elevated levels of IL-8 in the bronch-
oalveolar lavage fluid of patients with chronic obstructive pulmonary
disease and asthma among other pulmonary disorders (Car et al.,1994).
Alveolar epithelium–neutrophil interactions are partly mediated by
Hospital General Universitario
a, Spain. Tel.:+34 9619721146;
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adhesion molecules such as selectins, and CD11b/CD18 integrin
in neutrophils (Burns et al., 2003), but adhesion of neutrophil
granulocytes to epithelial intercellular adhesion molecule I (ICAM-1)
has also been reported (Colgan et al., 1995). ICAM-1 is expressed on
type I and type II pneumocytes (Cunningham et al., 1994) and is up-
regulated in the presence of pro-inflammatory cytokines (Barton
et al., 1995).

In addition to inflammatory changes, pulmonary disorders present
a balance between cellular proliferation and cell death of airway
epithelial cells that may explain the structural remodelling changes
noted in severe asthma or chronic obstructive pulmonary disease
(Cohen et al., 2007; Pilette et al., 2007). The proliferative response in
the airway epithelium may be triggered by viral infection or injury in
the genetically susceptible individual, but this mechanism remains
unknown.

Recently, the bioactive phospholipid Sphingosine-1-phosphate
(S1P) has been presented as a pro-inflammatory agent since S1P
levels are increased in the bronchoalveolar lavage fluid of asthmatics
after antigen challenge (Ammit et al., 2001). S1P is found in
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nanomolar tomicromolar concentrations in human plasma and serum
(Yatomi et al., 1997), and activates intracellular signalling pathways by
ligating 5 members of a G protein-coupled lysophospholipid receptor
family (SIP1, SIP2, SIP3, SIP4, SIP5), regulating calcium levels and cell
growth and survival among other functions. Actually there is growing
evidence that S1P is involved in the complex tissue-specific process of
inflammation, but the role of S1P on the alveolar epithelium and in the
neutrophil–epithelial interaction remains unknown. In the present
work we have investigated the effect of physiologic concentrations of
S1P over IL-8 secretion and proliferation in human alveolar epithelial
cells A549, as well as the role in the alveolar epithelial–neutrophil
interactions.

2. Materials and methods

2.1. Materials

Sphingosine-1-phosphate (S1P), 1-butanol, fura 2-Acetoxy-Methyl
esther (AM), pertussis toxin, N-formylmethionyl-leucyl-phenylala-
nine (fMLP), α-actinin and acetoxymethyl 1,2-bis(2-aminophenoxy)-
ethane-N,N,N′,N′-tetraacetic acid (BAPTA-AM) were obtaioned from
Sigma Chemical (Madrid, Spain). 2-[2-amino-3-methoxyphenyl]-4H-
1-benzopyran-4-one (PD 98059)was obtained fromCalbiochemCorp.
(BioNova, Madrid, Spain). Polyclonal antibodies against phospho-
extracellular-signal-regulated kinase 1/2 (ERK 1/ 2) and β-actin were
purchased from Cell signaling (Beverly, MA, U.S.A). All other reagents
were of analytical grade and obtained commercially. S1P was
dissolved in methanol to reach a final concentration of 0.1% v/v.
fMLP and BAPTA-AM were dissolved in dimethyl sulfoxide (DMSO)
with a final concentration of 0.01% v/v that it didn't affect any o f the
experimental results of this work (data not shown). Pertussis toxin
and α-actinin were dissolved in phosphate buffered saline.

2.2. Cell culture and cell isolation

A549 cells were purchased from American Type Culture Collection
(Rockville, MD, USA) andwere cultured in supplemented Roswell Park
Memorial Institute (RPMI) 1640 medium at 37 °C in a humidified
atmosphere of 5% CO2 in air as outlined (Mata et al., 2005). Cells at 70–
80% confluence were serum deprived by incubation for 12–18 h in
RPMI-1640 containing 0.1% (v/v) fetal bovine serum (FBS) prior to
stimulation with S1P or other agents.

Samples of peripheral venous bloodwere obtained in heparin from
healthy volunteers as outlined (Dalli et al., 2008). Polymorphonuclear
leukocytes were separated by standard laboratory procedures
(Boyum, 1968). The purity of neutrophil preparations used was
>97%, and viability measured by vital dye trypan blue exclusion was
>98%. Cell viability was not affected in the different experimental
conditions. The protocol was approved by the local Ethics Committee,
and written informed consent was obtained from each donor.

2.3. Intracellular free Ca2+ measurements

Intracellular free calcium concentration ([Ca2+]i) wasmeasured by
epifluorescence microscopy (Spectramaster System, Perkin Elmer, Life
Sciences, Cambridge, UK) in cultured A549 cells using the Ca2+

indicator dye fura-2-AM as outlined (Dalli et al., 2008). Briefly, cell
fluorescence of fura-2-AM (5 μM)-loaded cells was measured by using
continuous rapid alternating excitation from monochromators (340
and 380 nm) and emission at 510 nm in a fluorescence spectro-
photometer equipped with a xenon lamp (Nikon XB0 100, Tokyo,
Japan) and a CCD camera CoolSNAPfx photometrics 193 (20 MHz,
1300×1030 pixels). The fluorescence ratio was recorded every 0.1 s
using Lambda 10-2 Sutter Instrument (Nikon CO. Tokyo, Japan) and
Fluorescence Analysis was performed with the Software Metafluor®

5.0.
2.4. PCR and real time RT-PCR

Total RNAwas isolated from cultured A549 cells by using TriPure®
Isolation Reagent (Roche, Indianapolis, USA). The reverse transcrip-
tion was performed in 1 μg of total RNA with TaqMan reverse
transcription reagents kit (Applied Biosystems, Perkin-Elmer Corpora-
tion, CA, USA). 1.5 μl of the cDNA was employed for the different PCR
reactions. Primers used for PCR amplification were as follows: 5′to 3′:
human S1P1 (GenBank accession no. NM_001400) forward CTGGAT-
CACTCATCGAACCACC, reverse CCGTGTAGTTGTAATGCCGGAC (210 bp),
human S1P2 (GenBank accession no. NM_005226) forward
TTCATCGTGTTGGCTGTGCTC, reverse CCTTCGGAGAGTGGCTGCTATT
(205 bp), human S1P3 (GenBank accession no. NM_004230) forward
CCAAGGTCAAGCTGTATGGCA, reverse GCCAACAGGATGATGGAGAAGA
(208 bp), human S1P4 (GenBank accession no NM_003775) forward
CCAAGCGCTACATCCTCTTC, reverse CAGAGGTTGGAGCCAAAGAC
(200 bp), human S1P5 (GenBank accession no. NM_0030760) forward
AAGGAGTAGTTCCCGAAGGACC, reverse CATCATTGTTCCTGTGGCTC
(202 bp), and glyceraldehyde-3-phosphate dehydrogenase (GenBank
accession no. NM_002046) forward GTATTGGGCGCCTGGTCACC,
reverse CGCTCCTGGAAGATGGTGATGG (202 bp).

PCR reactions were performed for 35 cycles, with denaturation at
94 °C for 20 s, annealing at 55 °C for 20 s, and elongation at 72 °C for
30 s, with a final extension at 72 °C for 10 min. PCR products were
separated by 2% agarose gel electrophoresis and photographed under
UV illumination. Band intensities were quantified by laser densito-
metry scanning. The results were expressed as a ratio of the band
intensity relative to the corresponding GAPDH band. For real time PCR,
300 ng of total RNA was used for reverse transcription (RT) and
amplification of target cDNA in the 7900HT Fast Real-Time PCR System
(Applied Biosystem). The primers used for amplification of cDNAwere
obtained from TaqMan Gene Expression Assays (Applied Biosystem,
Assay-On-Demand) for IL-8 (Hs00174103_m1, amplicon length
101 bp) and GAPDH (endogenous control; 4352339E, amplicon length
107 bp). The basal IL-8 mRNA expression was measured at 24 h of cell
culture, and compared with the IL-8 mRNA expression of each time of
S1P stimulation. Relative quantification of IL-8 transcripts was
determined with the 2−ΔΔCt method as outlined (Sellitti et al., 2007).

2.5. Measurement of IL-8 secretion

A549 cells (~80% confluence) in 35 mm dishes were pre-treated
with specified agents for the indicated time periods prior to
stimulation. After S1P stimulation, cell supernatants were removed,
centrifuged at 5000 g for 5 min at 4 °C and stored at−80 °C. The basal
IL-8 determination was measured at 48 h of cell culture. The IL-8
concentration in the medium was measured by ELISA, which was
performed according to the manufacturer's instructions (R&D
Systems).

2.6. Cell proliferation

Cell proliferation was measured by luminometric immunoassay
based on BrdU incorporation during DNA synthesis using a cell
proliferation enzyme-linked immunosorbent assay BrdU kit (Roche,
Mannheim, Germany) according to the manufacturer's protocol.
Briefly, A549 cells were treated with different proliferation modula-
tors. Cells were then exposed to S1P (1 µM) for 12 h. For each
condition as well as the controls, five wells were used. Subsequently,
20 µl of BrdU-labeling solution were added to each well, and the cells
were incubated again for 12 h. BrdU labelling was measured at 370
and 490 nm and quantified using a microplate spectrophotometer
(Victor 1420 Multilabel Counter, Perkin Elmer). Proliferation data
refer to the absorbance values of BrdU-labeled cellular DNA content
per well. Stimulation is expressed as x-fold proliferation over basal
growth of the untreated control set as unity.
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2.7. Phospholipase D activity

Phospholipase D (PLD) activity was performed as outlined
(Pedruzzi et al., 1998). This method is based in the determination of
amount of choline (CHO) mediated by the conversion of phosphati-
dylcholine in phosphatidic acid (PA) and CHO, that is catalysed by PLD.
CHO was measured by using a chemiluminiscence assay. Aliquots of
107 A549 cells were incubated in Eppendorf tubes at 37 °C in the
absence or presence of stimuli or different modulators of PLD activity
as described in Results. To stop reactions, tubes were incubated in ice-
cold methanol for 5–10 s, to allow a decrease in temperature to 2–4 °C.
Cells were centrifuged (30 s, 10,000 g), and the pellets were
resuspended in 100 mM glycine buffer (pH 10.2) containing 1 mM
ZnCl2 and 1mMMgCl2 and sonicated at 4 °C (three strokes of 10 s each
with sonicator Sonorex® (Bandelin Electronic S.A)). CHOwas oxidized
in 200 μl of 200 mM phosphate buffer (pH 8.5) containing 0.02 mM
luminol, 5 U peroxidase,1 U CHO oxidase. The reactionwas initiated in
the dark by injecting 10 μl of different A549 supernatants and light
emission was monitored every 3 s in a Wallac 1420 Victor® Multilabel
Counter (EG&G, Turku, Finland). Moreover, exogenous CHO-chloride
was used alone from 5 pmol to 75 pmol as standard curve. The PLD
activity was quantified by calculation of produced choline according to
a standard curve, and was expressed as ΔPLD vs. control (x-fold of
control) in CHO pmol/107cells.

2.8. Preparation of cell lysates and western blot analysis for ERK 1/2

A549 cells grown in 100 mm dishes (~80% confluence) were
stimulated with S1P with or without previous treatment with
different extracellular matrix-regulated kinase1/2 (ERK1/2) modula-
tors, then medium was removed and cells were lysed by the addition
Fig. 1. Distribution of S1P receptors and effect of S1P on A549 cell proliferation and IL-8 sec
levels were determined by PCR in human A549 cells as described in Materials and methods.
expressed as 2−ΔΔCt. C) IL-8 secreted into the mediumwas quantified by ELISA in n=4 per
was added, and DNA synthesis was monitored for 12 h. Values (means±S.E.M. of 4 independ
(x=1). Error bars represent mean±S.E.M. (⁎P<0.05 from basal).
of 0.5 ml of buffer containing 10 mM Tris/HCl pH 7.4, 150 mM NaCl,
2 mM EGTA, 2 mM dithiothreitol (DTT), 1 mM orthovanadate, 1 mM
PMSF, 10 μg/ml aprotinin and 10 μg/ml leupeptin. The samples (20 μg
of protein) were subjected to SDS/PAGE, and proteins from the gel
were transferred to a PVDFmembrane, blocked with 5% (w/v) non-fat
dry milk in TBST (25 mM Tris base, pH 7.4, 137 mM NaCl and 0.1%
Tween 20) for 1 h and incubated with primary antibodies against
phospho-ERK 1/2 (1:1000 dilution) in TBST overnight at 4 °C. The
membraneswerewashed four timeswith TBSTat 20min intervals and
then incubated with mouse horseradish peroxidase-conjugated
secondary antibody (1:3000 dilution) for 2 h at room temperature.
The membranes were developed with an enhanced chemiluminis-
cence with ECL according to the manufacturer's recommendation.

2.9. Expression of adhesion molecules by A549 and human neutrophils

A total of 5×105 A549 cells were cultured in six-well tissue culture
plates for 7 days, and cells were washed twice and incubated in fresh
medium or were stimulated by the addition of S1P (1 μM) or TNF-α
(10 ng/ml). The medium was removed and cells were detached by a
short incubation in trypsin solution (Life Technologies). Immuno-
fluorescence labelling of cultured A549 was performed by incubation
with human mAbs VCAM-1 and ICAM-1-Alexa fluor 488 directed
against VCAM-1 and ICAM-1 (Dako cytomation, Heidelberg, Ger-
many) or isotype control antimouse IgG-Alexa fluor 488 (Dako
cytomation, Heidelberg, Germany) (data not shown).

A total of 2.5×106 human neutrophils were stimulated with S1P,
IL-8, or A549 supernatant cell culture (treated with or without 1 μM
S1P for 24 h) at different times. Then, Immunofluorescence labelling
of human neutrophils was performed by incubation with human mAbs
L-selectin-FITC and CD11b/CD18-PECy5 (Dako cytomation, Heidelberg,
retion. A) Relative Sphingosine-1-phosphate receptor 1, 2, 3, 4 and 5 mRNA expression
B) RT-PCR kinetic expression of IL-8 gene was made for n=4 different extractions and
condition. D) A549 cells were stimulated with 1 μM S1P, after 12 h, 10 µM BrdU-labeled
ent experiments run five times) are expressed as x-fold of BrdU incorporation over basal
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Germany) or the respective isotype controls antimouse IgG-FITC (Dako
cytomation, Heidelberg, Germany) (data not shown). The different
fluorescence measures were performed in EPICS XL cytometer (Beck-
man-Coulter, Hialea, USA). Results were expressed like representative
histograms and mean fluorescence intensity (arbitrary units).

2.10. Chemotaxis

Cell migration was measured with the Boyden chamber technique
as previously described (Wilkinson, 1998) with modifications (Bue-
nestado et al., 2006). The two compartments of the chamber were
separated by a cellulose nitrate Millipore filter with a pore size of 3 µm
(Sartorius, Goettingen, Germany). Neutrophils (2.5×106 cells ml−1 in
RPMI 1640 containing 20 mmol l−1 HEPES and supplemented with
10 mg m−1 bovine serum albumin (BSA); pH 7.4) were placed in a
volume of 200 μl in the upper wells.

The lower wells were filled with 200 µl of RPMI 1640 supple-
mented as indicated above (spontaneous movements) or with S1P
(1 μM), IL-8 (20 ng/ml), fMLP (100 nM), antibody to IL-8 or A549
supernatant cell culture (treated with or without 1 μM S1P for 24 h),
supernatant plus antibody to IL-8 or supernatant plus antibody to IL-8
and fMLP (100 nM). Then, chambers were incubated for 30 min at
37 °C and 5% CO2. After migration, the filters were fixed and stained
with Diff Quick (Baxter Diagnostics AG) and the distance (µm)
travelled into the filter was determined according to the leading front
technique. Chemotactic assays were carried out in triplicate and the
migration distance of the neutrophils was determined at five different
filter sites. The results are expressed as mean±S.E.M. of the
chemotaxis index, which is the distance of stimulated migration
divided by that random migration (spontaneous movement).
Fig. 2. S1P increase [Ca2+]i, PLD activity and ERK1/2 phosphorylation. A) The increase in [Ca
A549 cells. B) A549 treatment with S1P 10 μM resulted in a rapid increase of [Ca2+]i followe
(basal PLD activity) or presence of stimuli (S1P 1 μM for 20 min) with the previous treatmen
for 30 min or PD 98059 10 μM for 15min. D) A549 cells were challenged with S1P 1 μM for va
bywestern blot for phosphorylation of ERK1/2 and β-actin protein. Images are representative
significantly reduced in the presence of pertussis toxin 100 ng/ml for 24 h or 1-butanol 0.5% f
mean±S.E.M. of Δ[Ca2+]i for 3 independent experiments of measurements made in 5–7 ce
2.11. Statistics

Data are presented as mean±S.E.M. of n experiments. Statistical
analysis of data was carried out by analysis of variance (ANOVA)
followed by Bonferroni test (GraphPad Software Inc, San Diego, CA, U.
S.A.). Significance was accepted when ⁎P<0.05.

3. Results

3.1. Expression of S1P receptors in alveolar epithelial cells A549

We examined the mRNA expression of different S1P receptors in
A549. The semiquantitative amount of each one referred to house-
keeping, GAPDH,was quantified as different band intensities as shown
Fig. 1A. S1P receptor SIP3 was the most highly expressed with lesser
amount of SIP1, SIP2, SIP4 and SIP5.

3.2. S1P induces IL-8 expression and alveolar epithelial cells A549
proliferation

A549 treatment with S1P at physiologic concentrations (1 μM)
resulted in a time-dependent IL-8mRNA increase (Fig. 1B, n=4), with
meaningful expression at 4 h, maximal expression at 12 h and
plateaued for 24 h. The release of IL-8 into the medium by A549 cells
upon stimulation with S1P significantly increased after 8 h and
plateaued for 24 h (Fig. 1C, n=3). On the other hand, when A549 cells
were stimulated with S1P (1 μM) for 24 h, cells showed an increase in
1.5 times respect the basal growth (Fig. 1D, n=3, P<0.05). Methanol
0.1% v/v was added as vehicle of S1P without effects in IL-8 secretion
and proliferation (data not shown).
2+]i evoked by the addition of the indicated total [S1P] gave rise to a EC50 of 17.91 μM in
d by a prolonged plateau over the basal [Ca2+]i. C) A549 were incubated in the absence
t of α-actinin 300 nM for 20 min, pertussis toxin 100 ng/ml for 24 h, BAPTA/AM 100 μM
rious time periods as indicated, and cell lysates were analysed (20 μg of protein per line)
of three independent experiments. E) The increase of [Ca2+]i induced by S1P 10 μMwas

or 15min, and unaffected in the presence of PD98059 10 μM for 15min. The bars give the
lls by experiment (⁎P<0.05 from S1P treatment, #P<0.05 from control).



Fig. 3. Effect of intracellular Ca2+, PLD, protein Gi, and ERK1/2 on S1P-induced IL-8
secretion and proliferation in A549 cells. A549 cells were pretreated in presence or
absence of pertussis toxin 100 ng/ml for 24 h, 1-butanol 0.5% for 15 min, PD 98059
10 μM for 15 min or BAPTA-AM 100 μM for 30 min, and then, cells were stimulated with
S1P 1 μM for 24 h. A) A549 proliferationwas determined with BrdU assay at 24 h. Value
are expressed as x-fold stimulation of BrdU incorporation over basal (x=1). B) IL-8
secreted into the medium was quantified by ELISA. Data are mean±S.E.M. of triplicate
determinations and are representative of at least three independent experiments
(⁎P<0.05 from S1P treatment, #P<0.05 from control).

Fig. 4. S1P induces ICAM-1 expression in A549. A) Expression of ICAM-1 by A549 cells after
controlmeasured at 48 h (white histograms). Results are presented as histogram (10,000 eve
intensity±S.E.M. Immunofluorescence was performed by the use of mouse anti-human ICA
Coulter, Hialea, U.S.A) (n=4 each; ⁎P<0.05).
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3.3. S1P activates intracellular Ca2+, PLD activity and ERK1/2
phosphorylation in alveolar epithelial cells A549

S1P (100 nM to 1 mM) produced a concentration-dependent
increase of [Ca2+]i in A549 cells, with a potency of 17.91 μM
(− logEC50=4.743±0.06; n=5, Fig. 2A). The S1P-induced increase
of [Ca2+]i consisted of an initially rapid increase of [Ca2+]i to reach a
peak in ∼5 s followed by a subsequent decline that reached in ∼25 s a
plateau slightly above baseline (Fig. 2B, n=5).

On the other hand, the addition of S1P (1 μM) to A549 cells for
2 min at 37 °C increased the product of PLD activity, CHO, in 2.32±
0.39-fold vs. control, and it was inhibited by α-actinin, a natural
inhibitor of PLD activity (Lee et al., 2001) to basal levels (Fig. 2C, n=5,
P<0.05) without affecting PLD basal activity (data not show).

Conversely, S1P stimulation resulted in a rapid ERK1/2 phos-
phorylation in A549 cells (peak at 15 min), which was markedly
inhibited by PD 98059 (10 μM) (Fig. 2D, n=3). On the other hand,
pertussis toxin pre-treatment (24 h, 100 ng/ml) nearly abolished the
S1P-induced [Ca2+]i mobilization and PLD activation (Fig. 2E and C,
n=5, P<0,05) without affecting the basal levels of both (data not
show). Moreover, pre-treatment with 1-butanol (15 min, 0.5%), an
inhibitor of PLD (Cummings et al., 2002b), decreased by ∼50% the
increase of [Ca2+]i induced by S1P (Fig. 2E, n=5, P<0.05). At the
same time, the intracellular Ca2+ chelator, BAPTA-AM (100 μM,
15 min before S1P addition), repressed the PLD activity induced by
S1P (1 μM) (Fig. 2C, n=5, P<0.05). However, the inhibition of
ERK1/2 phosphorylationwith PD 98059 (10 μM) failed to modify the
[Ca2+]i and PLD activity. Neither 1-butanol nor BAPTA-AM nor PD
98059 affected the basal levels of the [Ca2+]i and PLD activity (data
not shown).
3.4. Effect of intracellular Ca2+, PLD, Gi protein, and ERK1/2 on S1P-
induced IL-8 secretion and proliferation in alveolar epithelial cells A549

As shown in Fig. 3A and B, pertussis toxin pretreatment
effectively blocked IL-8 secretion and proliferation almost to the
4 h, 24 h, and 48 h of S1P 1 μM and TNF-α 10 ng/ml for 24 h (black histograms) respect
nts=ordinate; abscissa=fluorescence intensity) and graphic bars of mean fluorescence
M-1 (Alexa fluor 488-labelled). Cells were analyzed on EPICS XL cytometer (Beckman-
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basal levels (n=4, P<0.05). The inhibition of PLD activity by 1-
butanol (15 min, 0.5%), the intracellular Ca2+ chelation (BAPTA-
AM, 100 μM, 15 min before SIP addition) and the inhibition of the
ERK1/2 phosphorylation by PD 98059 (10 μM) resulted in a
significant reduction of the IL-8 secretion and proliferation (Fig. 3A
and B, P<0.05) induced by S1P. The treatment of A549 cells with
pertussis toxin or PD 98059 didn't affect to the basal IL-8 secretion
or A549 proliferation, while BAPTA-AM treatment reduced pro-
liferation in 0.5±0.04 fold respect to the basal proliferation (data
not show).
3.5. Effect of S1P over expression of adhesion molecules by alveolar
epithelial cells A549

A549 treatment with TNF-α (24 h, 10 ng/ml) increased the
expression of ICAM-1 as positive control, and to a minor extent, S1P
(1 μM for 4 h, 24 h, and 48 h) showed a time dependent increase of
ICAM-1 protein expression (Fig. 4). The expression of VCAM-1 by
epithelial cells has been reported in bronchial and renal epithelium
(Nakajima et al., 1994) whereas contradictory results have been
reported for alveolar epithelial cells (Cunningham et al., 1994). Our
results indicate very low levels of VCAM-1 expression on A549 (data
not shown). Stimulation of A549 with TNF-α (24 h, 10 ng/ml) or S1P
(1 μM, 4 h, 24 h, and 48 h) did not modify the VCAM-1 expression
(data not shown).
Fig. 5. Effect of S1P on L-selectin and CD11b/CD18 in human neutrophils. Expression of L-
addition, and 30 min of 20 ng/ml IL-8 (black histograms, white bars) addition respect to c
15 min and 30 minwith A549 supernatant previously treated with (black histograms, lined b
was performed by the use of L-selectin (FITC) and CD11b/CD18 (PECy5) mAbs. Cells were a
representative experiment represents 10,000 events in the ordinate and fluorescence intens
⁎P<0.05 respect control white bar, #P<0.05 respect control lined bar).
3.6. Effect of S1P and the A549 supernatant in adhesion molecules of
human neutrophils

Human neutrophils incubation with S1P (1 μM) for 15 min and
30 min did not show any change in the L-selectin and CD11b/CD18
surface expression (Fig. 5, n=4). In contrast, human neutrophils
treated with A549 supernatant (from A549 treated with S1P (1 μM for
24 h) for a period of 15 min and 30 min (black histograms, Fig. 5),
resulted in a decrease of the L-selectin surface expression compared
with human neutrophils exposed to A549 supernatant without S1P
stimulation (white histograms, Fig. 5). Moreover, the expression of
human neutrophil CD11b/CD18 was unaffected by the A549 super-
natant treated with S1P (Fig. 5, n=4).

3.7. Effect of S1P and A549 supernatant in human neutrophil chemotaxis

Direct action of S1P (1 μM over human neutrophil chemotaxis
resulted without effect. In contrast, IL-8 (20 ng/ml) and fMLP
(100 nM) positive controls, resulted in a significant increase of
chemotaxis (white bars Fig. 6, n=4, P<0.05). However, the addition
of the A549 supernatant stimulated with S1P increased neutrophil
chemotaxis compared with the control untreated with S1P (lined bars
Fig. 6, n=4, P<0.05). The A549 supernatant treated with S1P and
antibody to IL-8 caused a decrease in chemotaxis, less than the
chemotaxis control (Fig. 6, n=4, P<0.05). In contrast, the addition of
the antibody to IL-8 was without effect when we stimulated human
selectin and CD11b/CD18 in human neutrophils after 15 min and 30 min of S1P 1 μM
ontrol (white histograms, white bars). Moreover, human neutrophils were treated for
ars) and without (white histograms, lined bars) S1P 1 μM for 24 h. Immunofluorescence
nalyzed on EPICS XL cytometer (Beckman-Coulter, Hialea, USA). Each histogram of this
ity in the abscissa. Graphics represent the mean fluorescence intensity±S.E.M. (n=4,



Fig. 6. S1P indirectly induces human neutrophil chemotaxis. Human neutrophil
chemotaxis was performed in a Boyden chamber. As chemoattractants, S1P (1 μM),
IL-8 (20 ng/ml), fMLP (100 nM) or A549 supernatant cell culture (treated with or
without S1P1 μM for 24 h), supernatant plus antibody to IL-8 or supernatant plus
antibody to IL-8 and fMLP (100 nM) were added, and then, chambers were incubated
for 30 min at 37 °C and 5% CO2. Data are presented as mean±S.E.M. of the chemotaxis
index (n=4 per condition, ⁎P<0.05 from control, #P<0.05 from S1P).
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neutrophils with A549-S1P supernatant plus antibody to IL-8 and
fMLP (100 nM). On the other hand, we observed that the addition of
the antibody to IL-8 to neutrophils in absence of A549 supernatant
didn't change the basal chemotaxis, linking the effects of A549-S1P
supernatant with the secretion of IL-8 induced by S1P in A549.

4. Discussion

Our findings demonstrate that in human alveolar type II A549 cells,
extracellular S1P stimulates proliferation, IL-8 production and adhe-
sion molecule modification in A549, and indirectly, modulates
chemotaxis and adhesion molecule expression in human neutrophils.
Although human A549 cells have been widely used in studies of the
interaction leukocyte–epithelium (Rosseau et al., 2000) these tumour
epithelial cells are not phenotypically normal which represents a
limitation of this study.

S1P1, S1P3, S1P4, S1P5, andweak S1P2 have been detected in human
bronchial epithelial cells, Beas-2B and A549 cells (Chen et al., 2008;
Cummings et al., 2002b) similar to our detected pattern of expression
in A549 (Fig. 1A). The predominant expression of S1P3 in bronchial
and alveolar epithelial cells explains the main effects attributed to S1P
in these cells, like the phospholipase A2α activation and the increases
in lung permeability via tight junction opening (Chen et al., 2008; Gon
et al., 2005). These observations, perhaps, could help to explain the
S1P functional effects observed in this work. Moreover, S1P receptors
exhibit differential coupling to heterotrimeric G proteins making
functional analysis complex. For instance, S1P1 and S1P4 couple
directly to the Gi pathway, whereas S1P2 and S1P3 stimulate the Gi, Gq,
and G12/13 pathways, and S1P5 activates both Gi and G12/13 proteins
(Spiegel and Milstien, 2000). In this study, pertussis toxin pre-
treatment nearly abolished IL-8 production and A549 cell proliferation
as well as PLD activation and intracellular Ca2+ mobilization, so we
can affirm that extracellular S1P activates this pathway through Gi-
protein activation and maybe by the interaction with the majority
S1P3.

Intracellular Ca2+ and PLD are involved in different cellular
processes like, exocytosis, secretion, cellular proliferation and mito-
genesis among others (Berridge et al., 2000; Cummings et al., 2002a).
Previously, it has been shown that PLD activation increases IL-8
secretion through RhoA and protein kinase C (PKC) pathway in
bronchial epithelial cells (Cummings et al., 2002b; Meacci et al., 1999).
In this study, S1P induced IL-8 secretion and A549 proliferation
through a common pathway that implicated a rapid PLD activation
and intracellular Ca2+ mobilization. Moreover, both PLD and intra-
cellular Ca2+ activation were interdependent, since intracellular Ca2+

suppression inhibits PLD activation and PLD inhibition reduces
intracellular Ca2+ increment, maybe due to decrease in diacylglycerol
levels generated by the PLD activity. Furthermore, it has been shown
that PLD induce ERK1/2 phosphorylation, but PD 98059 does not
attenuate S1P-induced PLD activation, suggesting ERK stimulation is
downstream of PLD in Beas-2B cells (Wang et al., 2002). In this work,
we have observed that S1P-induced IL-8 secretion and A549
proliferation is dependent on the ERK1/2 phosphorylation since PD
98059 inhibits, almost to basal levels, these two processes. At the
same time, PD 98059 failed in PLD and intracellular Ca2+ inhibition.
This fact, suggests that ERK1/2 phosphorylation could be subsequent
to PLD and intracellular Ca2+ activation.

Since IL-8 plays a key role like a potent neutrophil chemoattractant
into the alveolar space, we have studied the implication of S1P in this
process. In the lung, a principal site of leukocyte emigration in
response to inflammation is the alveolar capillary bed. In this context,
different inflammatory mediators like IL-1β and TNF-α increased in
the alveolar space during airway inflammation, stimulate the alveolar
macrophage S1P releases (Jolly et al., 2002), and at the same time,
stimulate the release of chemoattractant factors like IL-8. These sets of
signals induce the activation of the systemic neutrophils and the
sequestration into the alveolar capillaries (Burns et al., 2003). In this
process, neutrophil migration can be divided into four steps: rolling,
adhesion, extravasation, and migration. L-selectin constitutively
expressed on mature neutrophils plays a key role in establishing the
weak adhesive interaction associatedwith leukocyte rolling (Ley et al.,
1991) through the shedding of L-selectin. In contrast to L-selectin,
CD11b expression is increased on neutrophil surface under inflam-
matory conditions, and mediates the adhesion to the alveolar
epithelial cells through the ICAM-1 interaction (Burns et al., 2003).
Although sequestration of neutrophils within alveolar capillaries is
not dependent on L-selectin or β2-integrins, the retention times
within this capillary bed are influenced by these adhesion molecules
(Kubo et al., 1999). All these sequential processes finish in a further
concentration of neutrophils at the alveolar walls with a correspond-
ing increase in airway inflammation.

At the present, no evidence has been shown about the direct effect
of S1P on the adhesion molecules in human neutrophils and airway
epithelial cells, but the fact that S1P levels are dramatically enhanced
in the airways of asthmatics suggests that S1P may play a role in the
modulation of these adhesion molecules.

In this study, we observed that human neutrophil stimulationwith
the A549-S1P supernatant decreased L-selectin surface expression
and did not modify in a significant manner CD11b/CD18. We noted
that the content of supernatant is not knownwith the exception of the
IL-8 concentration detected by ELISA. In fact, L-selectin decreases in
response to IL-8 (20 ng/ml) was lower than L-selectin decreases in
response to A549-S1P supernatant. The content of IL-8 in the A549-
S1P supernatant after 24 h of S1P stimulation was 29.27±3.2 ng/ml,
slightly higher to the IL-8 concentration we used like a positive
control. By this reason we can affirm that IL-8 is implicated in L-
selectin decreases, but perhaps there are more substances in the
supernatant related with this process, although at the present, there is
no evidence that S1P can release some factor from the airway
epithelial cells related with the L-selectin shedding.

Likewise, S1P-A549 supernatant addition increased neutrophil
chemotaxis in contrast to the basal A549 supernatant. Previous
reports have shown contradictory effects of S1P over neutrophil
chemotaxis. Whereas Kawa et al. (1997) showed an inhibitory
chemotactic effect, Rahaman et al. (2006) showed an increase of
neutrophil chemotaxis. In this study, we noted an absence of direct
effect of S1P. In addition the indirect increase of neutrophil
chemotaxis caused by the S1P-A549 supernatant was completely
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abolished when IL-8 was removed from supernatant. These results
are in agreement with the main function of IL-8 on neutrophil
chemotaxis.

Finally, we studied the effect of S1P over ICAM-1 and VCAM-1
expression in alveolar type II epithelial cells A549. ICAM-1, a major
ligand of CD11b/CD18, is expressed on type I and type II pneumocytes
(Cunningham and Kirby, 1995; Nakajima et al., 1994) and is up-
regulated in the presence of proinflammatory cytokines (Cunningham
et al., 1994; Rosseau et al., 2000), and VCAM-1 has been detected
on bronchial and renal epithelium (Cunningham and Kirby, 1995;
Nakajima et al., 1994). Shimamura et al. (2004) (Shimamura et al.,
2004) were the first to observe an increment in ICAM-1, VCAM-1 and
E-selectin in endothelial cells treated with S1P. However, this effect
over the alveolar epithelium is unknown. We show here, that S1P, at
physiologic concentrations, enhanced ICAM-1 surface expression in a
time dependent fashion, but failed in VCAM-1 modification. The
increase in IL-8 secretion and ICAM-1 are in agreement with the
increase in neutrophil chemotaxis.

In summary, our findings demonstrate that S1P increases IL-8
secretion and proliferation in alveolar epithelial cells A549 in the same
fashion, through Gi protein activation and intracellular Ca2+-PLD-
ERK1/2 pathway. In addition, S1P increases ICAM-1 expression and,
indirectly, neutrophil chemotaxis by the increases of IL-8 concentra-
tion in A549 supernatant. Our data indicate that S1P could augment
local inflammatory reactions in alveolar epithelium.
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