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crucial sites for innate immune responses. In addition to 
providing a physico-chemical barrier, the respiratory epi-
thelium can respond to inhaled micro-organisms and ir-
ritants by releasing a variety of infl ammatory mediators 
( 1–4 ). Inappropriate or excessive innate immune re-
sponses of respiratory epithelia could likely contribute to 
the development of respiratory diseases, as activation of 
these cells is documented in a variety of human diseases, 
such as asthma, chronic obstructive pulmonary disease, 
cystic fi brosis, and respiratory infections ( 2, 5–7 ). 

 Stimulation of respiratory epithelial cells with infl am-
matory mediators and infectious stimuli causes the in-
creased expression and secretion of a number of cytokines 
with chemoattractant and pro-infl ammatory functions ( 1, 
3, 4, 8, 9 ). Interleukin-8 (IL-8), a principal chemokine re-
leased by lung epithelial cells, plays a pivotal role in the 
recruitment of infl ammatory cells into the lung ( 10, 11 ). 
In addition, this cytokine upregulates the expression of 
adhesion molecules on neutrophils ( 12 ), promotes their 
transendothelial migration ( 13 ), and stimulates the oxida-
tive burst and the release of lysosomal enzymes ( 14 ). Thus, 
IL-8 plays a pivotal role in the recruitment of neutrophils 
into the lung and their activation to clear infection. 

 However, several studies have suggested that overex-
pression of IL-8 is central to pathophysiologic changes in 
the airways and to the severity of airfl ow obstruction in 
chronic infl ammatory lung diseases, such as chronic ob-
structive pulmonary disease, cystic fi brosis, and bron-
chiectasis ( 9, 15–17 ). There is also accumulating evidence 
that Gram-negative bacterial infections play a role in the 
pathology and exacerbation of the infl ammatory responses 
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 As a primary interface between the lung and pathogens, 
the epithelial cells lining the airways and the alveoli are 
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is taken up by cells and intercalates into the cell membrane ( 31, 
40 ). 

 LPS 
 LPS from  Escherichia coli  O111.B4 was made up as stock solu-

tions at 10  � g/ml in sterile phosphate buffered saline with vortex 
mixing and kept in depyrogenated glass vials at  � 80°C. This 
commercial LPS preparation was found to be free from protein 
and nucleic acid contamination by Coomassie Blue binding and 
260/280 nm absorbance, respectively, and from proteinase and 
DNase/RNase treatment and cellular responses as described 
recently ( 41 ). 

 Induction of IL-8 
 Confl uent monolayers of cells (10 5  cells/ml) were stimulated 

with LPS (100 ng/ml) in the presence of recombinant human 
sCD14 (250  � g/ml) for various times (see fi gure legends). After 
incubation, the total RNA was isolated from cell pellets for RT-
PCR, and the supernatants were collected and stored at  � 80°C for 
cytokine determination (see below). To investigate the effect of 
surfactants on IL-8 expression, cells were preincubated with DPPC 
(500  � g/ml) or Curosurf® or Survanta® (both at 250  � g/ml) for 
2 h, followed by washing with PBS three times before being stimu-
lated with LPS (100 ng/ml, 18 h). Preliminary dose-response ex-
periments and our previous data ( 31, 32 ) showed that preincubation 
of cells with these concentrations of lipids were optimal for the 
inhibition of cytokine expression in these cells. In some experi-
ments to investigate the reversibility of the surfactant effects, cells 
were preincubated with surfactants or DPPC, which were then 
washed off as above, but the cells were incubated in fresh medium 
for various times (0–24 h) before stimulation with LPS. 

 ELISA for IL-8 production 
 IL-8 in the cell supernatants was assayed by ELISA using a Duo-

Set Kit (R and D Systems, Oxford, UK) according to the manufac-
turer’s instructions. 

 Expression of Toll-like receptor 4 
 Surface expression of Toll-like receptor 4 (TLR4) was assessed 

in A549 cells by fl ow cytometry using anti-TLR4-PE conjugated 
antibody and isotype control (H-80; eBioscience, CA) on a FACS 
calibur fl ow cytometer (BD Biosciences). The data were acquired 
using CELLQuest (BD Biosciences) and analyzed using WinMDI 
2.8 software (Joe Trotter, Pharmingen, CA). Mean fl uorescence 
index (mfi ) was calculated as a percentage as: mfi % = fl uores-
cence (test) – fl uorescence (isotype control)/fl uorescence (isotype 
control) × 100%. 

 LPS binding assay 
 A549 cells were preincubated for 2 h with DPPC or Survanta®; 

they were then thoroughly washed with PBS and treated with 
trypsin solution. The cells were resuspended in fresh medium 
(with serum), and 10 5  cells in 15  � l of staining buffer (PBS-1% 
BSA) were transferred to 96 well plates. FITC-conjugated LPS 
(100 ng/ml) [ E. coli  O111.B4 LPS (Sigma), shown to be free 
from protein and nucleic acids as described for LPS above] was 
added, and the cells were incubated at 4°C in the dark for 30 min. 
The cells were then washed and resuspended in fresh buffer, and 
binding of FITC-LPS to the cells was determined by fl ow cytom-
etry. The data were acquired using CELLQuest (BD Biosciences) 
and analyzed with WinMDI 2.8 software (Joe Trotter). The bind-
ing of LPS to the lung epithelial cells was analyzed after gating 
on side and forward scatters. The mfi  was calculated as a per-
centage as: mfi % = fl uorescence (LPS) – fl uorescence (control)/
fl uorescence (control) × 100%. 

in some of these chronic lung diseases ( 18–20 ). Regula-
tion of epithelial cell IL-8 responses is thus crucial to pre-
vent excessive infl ammatory reactions that are injurious to 
the lung. 

 The epithelial cells of the alveoli and the lower airways 
secrete pulmonary surfactant, a complex mixture of lipids 
and proteins ( 21 ). Although the major physiologic func-
tion of pulmonary surfactant is to confer mechanical sta-
bility to the alveoli and the small airways ( 22–24 ), there is 
growing evidence that pulmonary surfactant also has a po-
tential role in modulating infl ammation in normal and 
injured lungs ( 25–30 ). Our previous work ( 31, 32 ) and 
that of others ( 33–36 ) have shown that surfactant lipids 
modulate the release of oxidative and infl ammatory me-
diators from infl ammatory cells. However, the potential 
role of surfactant in modulating infl ammatory responses 
from lung epithelial cells, which synthesize and secrete 
surfactant components, and the mechanisms by which sur-
factant lipids affect the immune response are poorly 
understood. 

 This study investigates the role of pulmonary surfactant, 
and in particular, the major phospholipid component, in 
modulating IL-8 production by alveolar epithelial cells. 
The molecular mechanisms by which surfactant downreg-
ulates the infl ammatory responses of these cells are also 
determined. 

  MATERIALS AND METHODS  

 All of the reagents were obtained from Sigma (Poole, UK) un-
less otherwise stated. 

 Cell lines 
 The human lung epithelial cell line A549 (CCL-185) and 

Calu-3 (HTB-55) were obtained from American Type Culture 
Collection and maintained as described by the supplier. The 
A549 cell line was used because it has been shown to produce 
IL-8 and many other mediators in response to lipopolysaccharide 
(LPS) ( 37 ) and human lung epithelial cells are diffi cult to ob-
tain. However, it should be noted that although these cells retain 
many features of type II alveolar epithelial cells, they exhibit 
some differences from primary human type II cells and show al-
terations in surfactant production ( 38 ). 

 Surfactant preparations 
 Survanta® (Abott Laboratories, Kent, UK), a modifi ed bovine 

lung surfactant, contains 79.1 mol% phosphatidylcholine (PC) 
[of which dipalmitoyl PC (DPPC) constitutes 75%] and only one-
tenth of the surfactant protein (SP)-B and half of SP-C of native 
surfactant. Curosurf® (Chiesi Farmaceutici, Parma, Italy), a 
modifi ed porcine surfactant, contains only 30–50% SP-B and 
SP-C of the natural porcine surfactant. The major lipid species is 
PC (73 mol%), of which 50% is DPPC ( 39 ). 

 DPPC (Avanti Polar Lipids, Alabaster, AL) was provided by the 
supplier in chloroform and was aliquoted in silanized bijoux vials 
and dried in a fume hood under a gentle stream of nitrogen gas. 
The dried fi lm of DPPC was resuspended in RPMI medium, 
which was prewarmed to 50°C in a water bath for 15 min. The 
resuspended DPPC was kept for 1 h at 50°C while being vortexed 
intermittently. After the phospholipid preparation was hydrated, 
it was sonicated for three 20 s bursts. DPPC prepared in this way 
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sCD14, are provided ( 3 ). Thus, all experiments with LPS 
stimulation of A549 cells in this study were done in the 
presence of recombinant sCD14 or pooled human 
serum. 

 We have previously shown that surfactant lipids have a 
suppressive effect on monocyte infl ammatory responses 
when coincubated with the cells for up to 9 days ( 44 ). 
However, the same study also showed that the surfactants 
are effective when preincubated with cells for 2 h prior to 
LPS stimulation. Since the use of 2 h point simplifi es the 
setup of experiments, this time was routinely used here. 
To determine the optimal concentrations for the anti-
infl ammatory actions of the surfactant preparations on 
LPS-induced response, a dose-dependent experiment was 
set up using a concentration from 0–500  � g/ml of surfac-
tant phospholipids preparations (  Fig. 1A  ).  

 When A549 were preincubated for 2 h with Survanta® 
or Curosurf® at a concentration  � 50  � g/ml, the amount 
of LPS-induced IL-8 was markedly reduced. DPPC alone 
also had a signifi cant suppressive effect on LPS-induced 
IL-8 production from A549 epithelial cells when used at 
concentration of >100  � g/ml. For most of this work, a con-
centration of 500  � g/ml DPPC, which is within the physi-
ological ranges for surfactants ( 45, 46 ) and showed a 
higher reduction of LPS-induced response, has been used. 
The comparable level of reduction in the level of LPS-
mediated IL-8 release was seen when Survanta® or Curo-
surf® were used at a concentration of 250  � g/ml. 

 The effect of DPPC (500  � g/ml), Survanta® (250  � g/
ml), or Curosurf® (250  � g/ml) on the expression of LPS-
induced IL-8 mRNA was also determined. The results of 
the semiquantitative PCR experiments ( Fig. 1C, D ) show 
that all these surfactant preparations signifi cantly down-
regulated the expression of LPS-stimulated IL-8 mRNA 
expression. 

 To investigate whether pulmonary surfactant also regu-
lates the release of IL-8 induced by infl ammatory cyto-
kines, the release of IL-8 from A549 cells stimulated with 
tumor necrosis factor- �  (TNF- � ) or IL-1 �  was studied. 
There was no marked reduction in the level of IL-8 in-
duced by TNF- �  or IL-1 �  when the cells were preincubated 
with either whole surfactant preparations or DPPC prior 
to being stimulated with these cytokines (data not shown). 
This result implies that the IL-8-inhibitory effects of the 
surfactants might be specifi c for LPS-induced responses. 

 In order to show that the immunomodulatory role of 
the surfactant preparations and DPPC was not specifi c to 
the A549 cell line, another bronchial epithelial cell line, 
Calu-3, was used. The LPS-induced chemokine release 
from Calu-3 cells was also downregulated by Survanta® or 
DPPC to a similar extent as that observed with the A549 
cell line (data not shown). 

 The effect of surfactants on the expression of TLR4 and 
LPS binding to A549 cells 

 As surfactant lipids showed no effect on TNF � - or IL-1 � -
induced IL-8, they must have been modulating LPS-
induced responses at the receptor level, as these cytokines 
share common signaling pathways with LPS downstream 

 Isolation of lipid rafts 
 The lipid raft domains were isolated from A549 cells as de-

scribed by Triantafi lou et al. ( 42 ), with slight modifi cations. 
Briefl y, cells were lysed in 300 µl MEB buffer (150 mM NaCl and 
20 mM MES, pH 6.5) containing 200 mM Na 3 VO4, 1% Triton 
X-100, and protease inhibitor cocktail for 1 h on ice. Lysates were 
homogenized by sonicating for three 10 s bursts and mixed with 
an equal volume of 90% sucrose in MEB and placed at the bot-
tom of polyallomer centrifuge tubes. Samples were overlaid with 
1 ml of 30% sucrose and 500  � l 5% sucrose in MEB buffer and 
centrifuged at 100,000  g  for 16 h using TLS-55 rotor and Opti-
ma TM  TL ultracentrifuge. Fractions (250  � l) were gently removed 
from the top of the gradient, and 4 µl of 5% sodium deoxycholate 
was added to each fraction to solubilize rafts. 

 Lipid raft containing fractions were identifi ed by dot-blotting 
for GM-1 ganglioside with HRP-conjugated cholera toxin (Sigma, 
Poole, UK). Proteins in lipid raft fractions were concentrated by 
methanol precipitation as previously described [ 43 ]. 

 TLR4 detection in membrane fractions by 
Western blotting 

 Cell membrane fractions with equal amounts of protein were 
separated on 10% SDS-PAGE and blotted onto a nitrocellulose 
membrane using a blot module (Invitrogen, Paisley, UK). TLR4 
in each fraction was determined by immunoblotting with anti-
TLR4 antibody (H-80; Santa Cruz Biotechnology, CA) and de-
tected using an ECL Plus detection kit (Amersham Biosciences, 
Buckinghamshire, UK) as a major band at 96 kDa. 

 RT-PCR 
 Total RNA was isolated using an Ambion RNAqueous TM  kit 

(Cambridgeshire, UK) according to the manufacturer’s instruc-
tions. The total RNA (2  � g) was reverse transcribed, and cDNA 
was amplifi ed by PCR using oligonucleotide primers specifi c for 
IL-8 (5 ′ -CGATGTCAGTGCATAAAGACA-3 ′ and 5 ′ -GAATTCT-
CAGCCCTCTTCAAAAA-3 ′ ) and GAPDH (5 ′ -TGCTGGGGCTG-
GTGGTC-3 ′  and 5 ′ -TCAAGTGGGGCGATGCTG-3 ′ ). As a negative 
control, 2  � g of RNA was subjected to PCR without the RT step. 
PCR products were separated by agarose gel electrophoresis and 
detected with ethidium bromide. 

 Data analysis 
 Statistical comparisons among groups were determined by 

one-way ANOVA. To determine differences between groups, 
Tukey’s all pairwise comparison was used. A  P  value of <0.05 was 
considered signifi cant. Minitab software version 14 (Minitab, 
UK) was used for all statistical analyses. 

  RESULTS  

 Effect of surfactants on the viability of A549 cells 
 The viability of the cells was determined after 2–24 h 

incubation with the surfactants. It was found that none of 
the preparations signifi cantly affected cell viability (data 
not shown). Cell viability after surfactant treatment was al-
ways >90% in all experiments. 

 Effect of surfactant on LPS-induced IL-8 expression in 
A549 cells 

 Recent observations show that A549 epithelial cells do 
not respond to low but physiologically relevant concentra-
tions of LPS ( � ng/ml) unless accessory molecules, such as 
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The pretreatment of A549 cells with Survanta®, Curosurf®, 
or DPPC had no effect on the binding of LPS to A549 cells 
(  Fig. 3  ).  

 Pulmonary surfactants regulate LPS-induced IL-8 by 
preventing translocation of TLR4 into lipid raft domains 

 It has been recently shown that membrane microdo-
mains known as lipid rafts are used as platforms for the 
assembly of a functional receptor complex for LPS. The 
lateral mobility of TLR4 into the membrane lipid raft do-
mains has been shown to be crucial for LPS signaling ( 42, 
53 ). Molecules that disrupt lipid raft integrity, such as my-
costatin, are known to inhibit signal transduction in re-
sponse to LPS in monocytic cell lines ( 42 ). 

of their receptors ( 47–50 ). To elucidate the possible 
mechanisms by which the surfactant preparations and 
DPPC were regulating the LPS-induced IL-8 responses, we 
fi rst investigated whether the surfactants had any effect 
on the binding of LPS to the cells or the expression of the 
LPS receptor TLR4 on the cell surface. It has been re-
cently demonstrated that A549 epithelial cells express 
functional TLR4 on their surfaces ( 51, 52 ). When the 
A549 cells were incubated with Survanta® or DPPC and 
the expression of TLR4 was studied by fl ow cytometry, it 
was found that the surfactants had no effect on expression 
of this LPS receptor (  Fig. 2  ).  The effect of surfactant prep-
arations or DPPC on the LPS binding to A549 was also in-
vestigated by fl ow cytometry using FITC-conjugated LPS. 

  Fig.   1.  Surfactant lipids downregulate the production of LPS-induced IL-8 in A549 cells. A: ELISA results for IL-8 released by A549 cells 
pretreated with Survanta®, Curosurf®, or DPPC for 2 h at 0 to 500  � g/ml and stimulated with LPS (100 ng/ml) in the presence of sCD14 
(250 ng/ml) for 18 h. Pretreatment of cells with Survanta® ( � 50 � g/ml), Curosurf® ( � 50  � g/ml), or DPPC ( � 100  � g/ml) signifi cantly 
suppressed the release of IL-8. *  P  < 0.05 versus no surfactant. B: IL-8 released by A549 cells pretreated with Survanta® (250  � g/ml), Curo-
surf® (250  � g/ml), or DPPC (500  � g/ml) for 2 h and then stimulated with LPS (100 ng/ml) in the presence of sCD14 (250 ng/ml) for 18 
h. Induction of IL-8 was signifi cantly reduced when the cells were preincubated with the surfactant preparations. C and D: RT-PCR for IL-8 
mRNA expression in A549 cells pretreated with Survanta® or Curosurf® (250  � g/ml) (C) or liposomal DPPC (500 � g/ml) (D) for 2 h 
followed by stimulation with LPS for 4 h in the presence of sCD14. The graphs show the densitometric analyses of the IL-8 mRNA relative 
to GAPDH mRNA control. Values are mean ± SD (n = 4). * P  < 0.05 versus cells without surfactant pretreatment.   
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were prepared from A549 cells treated with LPS/pooled 
human serum for an hour with or without preincubation 
with the surfactants. The fractions containing the lipid 
rafts were identifi ed by expression of the ganglioside GM1, 
known to be located in lipid raft domains ( 42 ). All the 
membrane fractions were then immunoblotted for TLR4 
to visualize the location of the LPS receptor.   Figure 5A –E  
shows the results of these experiments. It can be seen that 
in control untreated A549 cells, TLR4 is normally found 
outside the lipid raft domains ( Fig. 5B ). However, on stim-
ulation of the cells with LPS, TLR4 translocates into the 
lipid raft domains to form the signaling receptor complex 
( Fig. 5C ). When the cells are preincubated with DPPC, 
TLR4 is prevented from moving into lipid raft domains 
and remains in membrane fractions outside the rafts ( Fig. 
5D ). Densitometric analysis of the blots in  Fig. 5  was per-
formed to confi rm the amounts of TLR4 in each mem-
brane fraction ( Fig. 5E ). This shows that in unstimulated 
cells, 94% of TLR4 is in the nonraft fractions (fractions 
5–8), whereas this falls to 66% in cells stimulated with LPS 
(as TLR4 translocates to the raft fractions) and is 88% in 
LPS-stimulated cells pretreated with DPPC. These results 
show that DPPC inhibits the translocation of a signifi cant 
proportion of TLR4 into raft fractions. 

 The effect of surfactant preparation on the LPS-induced 
response is reversible 

 Previously, we found that surfactant lipids were most ef-
fective in inhibiting LPS-induced cytokine responses if 
added 2 h prior to LPS stimulation of cells, and their ef-
fectiveness decreased when added 15 min after LPS stimu-
lation ( 31, 32 ). To determine how long the A549 cells 
treated with the surfactants remained refractory to LPS 
stimulation, cells pretreated with surfactant preparations 
were washed and placed in fresh medium for various times 
between 0 and 24 hours before stimulation with LPS. It 
was found that the immunomodulatory effect of the sur-
factant preparations on IL-8 production was reversible 
with time and decreased after 8 h (  Fig. 6A  ).  The immuno-
blot data also suggested that the effect of surfactant phos-
pholipids on LPS-induced TLR4 translocation into raft 
fractions would be lost when cells were preincubated in 
fresh media for 24 h before being stimulated with LPS, 
indicating that the effect of the surfactant lipids is revers-
ible ( Fig. 6C, D ), correlating the ELISA results ( Fig. 6A ). 

  DISCUSSION  

 In addition to its biophysical properties, pulmonary sur-
factant has been suggested to play an important immuno-
modulatory role in the lung ( 21 ). It has been hypothesized 
that under normal conditions, pulmonary surfactant might 
suppress excessive infl ammatory responses to inhaled 
stimuli and thus prevents infl ammatory tissue damage 
within the lung. Indeed, alterations in surfactant composi-
tion have been measured in several infl ammatory lung dis-
eases and may play a part in exacerbating the resultant 
lung damage ( 54, 55 ). Although defi ned antimicrobial 
and immunoregulatory properties have been attributed to 

 The role of lipid raft involvement in the induction of 
chemokine release by A549 cells was examined in this 
study fi rst by disrupting the raft microdomains with my-
costatin. The cells were preincubated with increasing con-
centrations of mycostatin (5–75  � g/ml) for 30 min and 
stimulated with LPS (100 ng/ml) for 18 h in the presence 
of sCD14 (250 ng/ml). Mycostatin treatment (75  � g/ml) 
disrupted membrane rafts as confi rmed by the distribu-
tion of the raft marker, GM-1, into all membrane fractions 
(data not shown), as has been reported previously ( 42 ). 
The disruption of the lipid rafts caused a dose-dependent 
inhibition of LPS-mediated IL-8 production, which sug-
gested that raft microdomains are important in LPS signal-
ing in lung epithelial cells (  Fig. 4A  ).  Experiments showed 
that mycostatin did not affect the cell surface expression 
of TLR4 ( Fig. 4B ) but disrupts the partitioning of TLR-4 
into raft and nonraft domains ( Fig. 4C ). The disrupting 
effect of mycostatin on the lipid rafts was independent of 
LPS treatment of the cells (data not shown). Mycostatin 
was therefore inhibiting the LPS response via disruption 
of lipid raft assemblies rather than direct effects on 
TLR4. 

 The effect of the surfactant preparations on the translo-
cation of TLR-4 into lipid raft was next examined as de-
scribed in Materials and Methods. Membrane fractions 

  Fig.   2.  Effect of surfactant on the surface TLR-4 expression in 
A549 cells. The cells were preincubated with surfactant lipid prepa-
rations Survanta® (250  � g/ml) (A) or DPPC (500  � g/ml) (B) and 
the surface TLR4 expression determined by fl ow cytometry with 
phycoerythrin-conjugated anti-human TLR4. “Cells only” indicates 
untreated A549 cells stained with anti-TLR4 antibody. Mean fl uo-
rescence index (%); cells only 67.02 ± 17.9; DPPC-treated cells 
70.08 ± 19.2 and Survanta®-treated cells 72.3 ± 20.4 (NS). Back-
ground autofl uorescence was produced by A549 cells without an-
tibody. Representative fl ow cytometry histograms from three 
independent experiments are shown.   
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suppress infl ammatory and oxidative responses of innate 
immune cells ( 31, 32 40, 46, 58 ). Moreover, in this study, 
the artifi cial surfactant preparations used are devoid of 
the hydrophilic proteins SP-A and SP-D and contain re-
duced amounts of the hydrophobic proteins SP-B and 
SP-C ( 39 ). Furthermore, we show that equivalent anti-
infl ammatory activity was produced by the major surfac-
tant phospholipid species, DPPC, at concentrations that 
have been measured for this lipid in natural surfactant 
( 44, 45 ). Previous studies, from our laboratories and 
others, have shown that DPPC has an immunoregulatory 
role on leukocytes ( 31–36, 40, 46 ). In this study, we extend 
this potential immunoregulatory role of surfactant lipids 
to lung epithelial cells. Although a few studies have investi-
gated the role of DPPC in group B  Streptococcus -induced 
injury to A549 cells ( 59, 60 ) none, that we are aware, have 
demonstrated a relation between DPPC and LPS-induced 
IL-8 gene expression. 

 Despite many studies highlighting a role for pulmonary 
surfactant lipids in controlling infl ammatory responses, 
little data exist on the potential mechanisms by which this 
is accomplished. Our previous studies on the modula-
tion of monocyte respiratory burst by DPPC suggest a 
membrane-perturbing effect that alters PKC activation ( 46 ). 
Such a notion is supported by a recent study demonstrat-
ing that surfactant modulates cAMP accumulation in 
monocytes through a membrane-controlled mechanism 
( 61 ). Alterations of plasma membrane phospholipids, re-
sulting from incorporation of surfactant lipids that may 

the surfactant proteins, little is known of the immunomod-
ulating properties of the surfactant lipids. 

 In this study, we have investigated, for the fi rst time, the 
immunoregulatory actions of lipid-rich surfactants and the 
surfactant phospholipid, DPPC, on LPS-induced IL-8 re-
sponses in lung epithelial cells. Furthermore, we demon-
strate that the immunoregulatory properties of surfactants 
on LPS-induced epithelial cell responses are mediated, at 
least partly, via inhibition of TLR4 translocation into mem-
brane lipid raft domains. The results of this study have sev-
eral important implications: First, they demonstrate that 
the infl ammatory responses of lung epithelial cells may be 
downregulated, at least partly, by surfactant phospholipid 
components in the absence of surfactant proteins. Second, 
they suggest that these surfactant phospholipid compo-
nents act by disrupting the translocation of TLRs into 
membrane lipid raft microdomains. Moreover, these re-
sults support the idea that under normal conditions, pul-
monary surfactant, and particularly the lipid components, 
plays an immunoregulatory role, preventing excessive in-
fl ammatory responses in the delicate gas-exchanging re-
gions of the lung ( 32–36, 46 ). 

 Recent reports suggest that SPs, particularly SP-A and 
SP-D, regulate a variety of immune cell functions in vitro, 
including enhanced chemotaxis and phagocytosis, and al-
terations in the production of reactive oxygen species and 
cytokines ( 56, 57 ). However, work from our laboratories 
and those of others indicate that surfactant lipids, particu-
larly the major surfactant lipid species DPPC, consistently 

  Fig.   3.  Effect of surfactant lipid preparations on the LPS binding to A549 cells. Flow cytometry of A549 cells incubated with FITC-conjugated 
LPS for 30 min after either no treatment (A) or preincubation with DPPC (500  � g/ml) (B), Survanta® (250  � g/ml) (C), or Curosurf® 
(D) for 2 h. Pretreatment of the cells with surfactant preparations did not affect the binding of LPS to the cells. Mean fl uorescence percent-
age values: cells alone = 59.1 ± 11; DPPC-treated = 58.2 ± 27; Survanta®-treated = 64.9 ± 18, and Curosurf®-treated = 61.49 ± 14.2 (NS). 
Representative data from three independent experiments are shown.   
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apparent after 30 min of incubation with the lipids prior 
to cell stimulation with LPS (data not shown). However, 
incubation of the epithelial cells with the surfactants prior 
to stimulation with the infl ammatory cytokines IL-1 �  or 
TNF- �  failed to suppress IL-8 production (data not shown). 
This result implies that the surfactants do not affect IL-8 
expression or processing per se. In support of this, it was 
noted that surfactant lipids do not inhibit the basal release 
of IL-8 from the lung epithelial cell line Calu3, although 
DPPC could inhibit release of this cytokine in response to 

change transmembrane receptor signaling, has been hy-
pothesized as a possible mechanism of action for surfac-
tant lipids ( 36, 62 ). In support of this hypothesis, previous 
studies from our laboratory on monocytes ( 40 ) and those 
of others on lymphocytes ( 63 ) have shown membrane per-
turbations and altered membrane fl uidity after exposure 
to liposomes containing PC. 

 Consistent with this membrane-centered view of surfac-
tant lipid action, it was noted in this study that the suppres-
sive effects of the surfactants on IL-8 production was 

  Fig.   4.  The role of lipid raft microdomain integrity 
on LPS-induced cytokine release from A549 cells. A: 
IL-8 ELISA results from A549 cells preincubated with 
mycostatin (0–75  � g/ml) for 30 min before stimulation 
with LPS for 18 h. Mycostatin signifi cantly inhibited the 
LPS-induced IL-8 production in A549 cells (*  P  < 0.05 
versus untreated cells). Values are mean ± SD, n = 3. B: 
Flow cytometry results showing that mycostatin treat-
ment did not affect the cell surface TLR4 expression. 
Mean fl uorescence index (%); 0  � g/ml mycostatin = 
63.6 ± 19; 75  � g/ml mycostyatin = 62.9 ± 16 (NS). Rep-
resentative data from three independent experiments 
are shown. C and D: Immunoblot results showing that 
the marker GM-1 is exclusively located in lipid raft do-
mains (C), while TLR-4 is exclusively found in the non-
raft fractions in untreated cells untreated (D). When 
cells were preincubated with mycostatin (75  � g/ml) for 
half an hour, it disrupted the partition of TLR-4 into 
lipid raft and nonraft domains (E), whereas DPPC (500 
 � g/ml) alone did not disrupt the partition of TLR-4 
into lipid raft and nonraft fractions (F). G: Densitomet-
ric analysis of the TLR-4 protein in the membrane frac-
tions 1–8 for D–F.   
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 Results of fl ow cytometry experiments with fl uorescent-
labeled LPS indicate that the surfactants used did not pre-
vent binding of LPS to the epithelial cells. This suggests that 
the surfactant lipid components do not directly compete 
with LPS for binding to TLR4 or other membrane receptor 
components. In agreement with this, it has been previously 
demonstrated in our laboratory that DPPC has no effect on 

LPS stimulation (data not shown). Furthermore, signaling 
in response to LPS and IL-1 � /TNF- �  has been shown to 
share the same molecular pathways downstream from their 
receptors ( 47–50 ), suggesting that the inhibitory effects of 
the surfactants are specifi cally acting at the level of the 
LPS receptor complex. Although DPPC and surfactant lip-
ids signifi cantly downregulated IL-8 production in lung 
epithelial cells, the inhibition was not total. This probably 
refl ects that the relationship between TLR4 translocation 
and cytokine production is not directly linear or that other 
nonraft-dependent mechanisms of stimulation are also 
operative. 

 Interference with effi cient LPS signaling by surfactant 
lipids at the level of the LPS membrane receptor could 
occur by several mechanisms. These include direct inter-
action with TLR4 and inhibition of LPS binding, down-
regulation of the expression of membrane TLR4 or 
accessory molecules, and interference with the assembly of 
the TLR4 receptor complex. Each of these possibilities was 
investigated in this study. 

  Fig.   5.  Surfactant inhibits the translocation of TLR4 into lipid 
raft microdomains. A549 cells were treated with MBE buffer with 
1% Triton X-100 for 1 h on ice and then subjected to zonal cen-
trifugation at 100,000  g . Fractions were collected from the top of 
the gradient (F1–F8); 5 µl of 5% sodium deoxycolate was added to 
each fraction, and equal amounts of each fractions were analyzed 
by dot blotting and Western blotting after the proteins in each frac-
tion was concentrated. A:The lipid raft marker, GM-1, was detected 
by dot blot using HRP-conjugated cholera toxin. B: TLR4 receptor 
in nonraft fractions in resting cells. C and D: TLR4 receptor trans-
locates into raft fractions in cells stimulated with LPS (C) and ef-
fect of DPPC preincubation on TLR4 receptor translocation in 
cells that were stimulated with LPS (D). E: Densitometric analysis 
of the TLR4 protein in the membrane fractions 1–8 from the above 
experiments. The blots shown are representative of four indepen-
dent experiments. (*  P  < 0.05 versus DPPC pretreated).     Fig.   6.  The inhibition of IL-8 production in A549 cells treated 

with surfactant lipid preparations is reversible. A: A549 cells were 
preincubated with Survanta® (250  � g/ml), Curosurf® (250  � g/
ml), or DPPC (500  � g/ml) for 2 h. Following this, the cells were 
washed and placed in fresh medium for various times (0–24 h) be-
fore stimulation with LPS. The inhibitory effects of the surfactant 
lipids on IL-8 were lost with longer incubation time (>6 h). Immu-
noblot results showing the raft marker GM-1 (B), cells preincu-
bated with DPPC for 2 h and stimulated with LPS immediately (C), 
and cells preincubated with DPPC for 2 h washed and incubated 
for a further 24 h in fresh medium before being stimulated with 
LPS (D). The effect of DPPC on the translocation of TLR-4 was lost 
compared to when cells were incubated for 24 h in fresh medium 
before stimulated with LPS. Values are mean ± SD, n = 3. * P  < 0.05 
versus cells without surfactant pretreatment. E: Densitometric anal-
ysis of the TLR-4 blots in C and D.   
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alveolar epithelial cell line in response to LPS. We suggest 
that the mechanism of this modulation is at least partly via 
inhibition of TLR4 translocation into membrane lipid raft 
domains. Understanding the molecular mechanisms by 
which infl ammation is controlled in the lungs is a prereq-
uisite to the development of more effective therapies for 
infl ammatory lung disease. Pulmonary surfactant is nor-
mally present in the lung, and it is also well tolerated as a 
replacement therapy ( 39, 68 ). Moreover, the surfactants 
used here, Survanta® and Curosurf®, have already been 
used as surfactant replacement treatments in infant respi-
ratory distress syndrome and bronchiolitis ( 69 ). The results 
from this study suggest that artifi cial surfactant prepara-
tions based on DPPC might be effective for restoring the 
homeostatic anti-infl ammatory balance in lung infl amma-
tory diseases in which natural surfactant compositions 
might be altered.  
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