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SP-A (surfactant protein A) is a lipid-binding collectin primarily
involved in innate lung immunity. SP-A interacts with the bac-
terial rough LPS (lipopolysaccharide) Re-LPS (Re595 mutant of
LPS from Salmonella minnesota), but not with smooth LPS. In
the present study, we first examined the characteristics of the
interaction of human SP-A with Re-LPS. Fluorescence intensity
and anisotropy measurements of FITC-labelled Re-LPS in the pre-
sence and absence of SP-A indicated that SP-A bound to Re-LPS
in solution in a Ca2+-independent manner, with a dissociation con-
stant of 2.8 × 10−8 M. In the presence of calcium, a high-mobility
complex of SP-A and [3H]Rb-LPS (Rb mutant of LPS from
Escherichia coli strain LCD 25) micelles was formed, as detected
by sucrose density gradients. Re-LPS aggregation induced by
SP-A was further characterized by light scattering. On the other
hand, human SP-A inhibited TNF-α (tumour necrosis factor-α)
secretion by human macrophage-like U937 cells stimulated with
either Re-LPS or smooth LPS. We further examined the effects

of human SP-A on the binding of Re-LPS to LBP (LPS-binding
protein) and CD14. SP-A decreased the binding of Re-LPS to
CD14, but not to LBP, as detected by cross-linking experiments
with 125I-ASD-Re-LPS [125I-labelled sulphosuccinimidyl-2-(p-
azidosalicylamido)-1,3-dithiopropionate derivative of Re-LPS]
and fluorescence analysis with FITC-Re-LPS. When SP-A,
LBP and CD14 were incubated together, SP-A reduced the ability
of LBP to transfer 125I-ASD-Re-LPS to CD14. These SP-A effects
were not due to the ability of SP-A to aggregate Re-LPS in the pre-
sence of calcium, since they were observed in both the absence
and the presence of calcium. These studies suggest that SP-A
could contribute to modulate Re-LPS responses by altering the
competence of the LBP–CD14 receptor complex.
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INTRODUCTION

Bacterial LPS (lipopolysaccharide) is the major component of the
outer leaflet of the outer membrane of Gram-negative bacteria.
LPS is the major inducer of host responses to Gram-negative bac-
teria. Such bacteria express either smooth (S-form or wild-type)
LPS or rough (R-form) LPS mutants. Bacteria with R-LPS pheno-
types are more common among pathogens that colonize the upper
aerodigestive tract [1]. All rough LPS mutants (Ra, Rb, Rc, Rd
and Re) lack O-antigen, but possess lipid A and progressively
shorter core oligosaccharides [1].

Myeloid cells use at least four proteins to mount a sensitive
cellular response to LPS: LBP (LPS-binding protein), CD14,
TLR4 (Toll-like receptor 4) and MD2 [2–6]. LBP is a 60 kDa
glycoprotein found in the serum [2] and also in the alveolar fluid
[7]. In the lung, LBP is produced by alveolar epithelial type II
cells [7]. LBP catalyses the transfer of LPS to a binding site of
CD14, increasing the binding affinity of CD14 to LPS [2]. CD14 is
a 55 kDa glycoprotein, glycosylphosphatidylinositol-linked to the
surface of mature myeloid cells (mCD14) or present as a soluble
form (sCD14) in serum [3] or in the alveolar fluid [8]. CD14 is
required to bring LPS into close proximity to the TLR4–MD2

complexes present at the cell surface [4–6]. The transmembrane
TLR4 serves as the primary mediator of LPS signalling [6].

Due to inhalation of airborne particles containing bacteria and
LPS, the thin alveolar epithelium is continuously exposed to this
potent pro-inflammatory molecule. When LPS molecules enter
the host via airways, they interact with alveolar macrophages in
a fluid environment characterized by the presence of surfactant
membranes, which are involved in reducing the surface tension
of the fluid lining the alveoli and in host defence. Several com-
ponents present in this lipid-rich alveolar fluid are involved in
the down-regulation of LPS responses that promote excessive
inflammation and compromise gas exchange. First, given the lipo-
philic nature of LPS, surfactant membranes might incorporate this
molecule, making LPS unavailable for signalling. Secondly, SP-A
(surfactant protein-A), SP-C and SP-D interact with LPS and/or
inhibit LPS responses [9,10]. The alveolar fluid also contains
other proteins and peptides with capability of binding to LPS that
have direct antimicrobial activity (e.g. α-defensin or cathelicidin)
[11]. In animal models, LPS can induce lung injury and acute
respiratory distress syndrome. In humans, acute inhalation of
LPS induces systemic and airway inflammation [12]. Host de-
fence in the alveolar interface is extremely demanding, since even

Abbreviations used: bis-ANS, 1,1′-bis-(4-anilino)naphthalenesulphonic acid; BPI, bactericidal permeability-increasing protein; CMC, critical micellar
concentration; FBS, fetal bovine serum; KDO, 2-keto-3-deoxyoctulosonic acid; LPS, lipopolysaccharide; Re-LPS, Re595 mutant of LPS from Salmonella
minnesota; 125I-ASD-Re-LPS, 125I-labelled sulphosuccinimidyl-2-(p-azidosalicylamido)-1,3-dithiopropionate derivative of Re-LPS; LBP, LPS-binding
protein; Rb-LPS, Rb mutant of LPS from Escherichia coli strain LCD 25; SP-A, surfactant protein A; TLR4, Toll-like receptor 4; TNF-α, tumour necrosis
factor-α.

1 To whom correspondence should be addressed (email ccasalsc@bio.ucm.es).

c© 2005 Biochemical Society
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moderate degrees of inflammation and exudation compromise the
primary function of the lung.

SP-A belongs to the structurally homologous family of
innate immune defence proteins known as collectins for their
collagen-like and lectin domains. SP-A is involved in innate host-
defence and inflammatory immunomodulator processes of the
lung, as demonstrated by skilful experiments with mice deficient
in SP-A. These SP-A knockout mice show increased susceptibility
to bacterial and viral infections and enhanced inflammatory re-
sponses in the lung to a variety of stimuli [9,10].

SP-A binds to the lipid A and rough LPS but not to smooth
LPS [13–16] and induces aggregation of these molecules in the
presence of calcium [13,16–18]. On the other hand, several studies
have shown that SP-A can modulate smooth LPS responses
in vitro and in vivo. Human SP-A inhibits TNF-α (tumour necrosis
factor-α) release from human alveolar macrophages [19,20] or
human macrophage-like cell line U937 [15,16] stimulated with
smooth LPS. In vivo experiments show that SP-A-deficient mice,
intratracheally challenged with smooth LPS, produce more nitric
oxide and pro-inflammatory cytokines than do wild-type mice [9].
These results are consistent with the anti-inflammatory action of
SP-A in the alveolar lavage, opposite in direction to the effect
of LBP. Previous studies indicate that SP-A may inhibit smooth
LPS response through a direct interaction with CD14 [15,21].
While there seems to be an agreement on the role of SP-A in
the suppression of stimulation of smooth LPS, to which SP-A
hardly binds, there is a controversy over whether SP-A enhances
or suppresses the host inflammatory response to rough LPS, to
which SP-A binds [15,16,21–23].

The first objective of the present study was to investigate the
affinity and characteristics of the binding of SP-A to Re-LPS
(Re595 mutant of LPS from Salmonella minnesota), which have
not yet been studied in detail. The second objective was to deter-
mine whether SP-A stimulates or decreases the inflammatory
response to rough LPS and subsequently investigate the effect of
SP-A on the binding of rough LPS to either LBP alone or CD14
in the absence and presence of LBP. In the present study, we
have used 125I-labelled Re-595-LPS with covalently attached UV-
activated phenylazide that is capable of cross-linking to nearby
proteins in order to check the effect of SP-A on the interaction
between Re-LPS and LBP and/or CD14. Our results show that
SP-A does not affect the binding of LBP to rough LPS but inhibits
the binding of CD14 to rough LPS in the presence or absence of
LBP.

EXPERIMENTAL

Materials

Rough LPS from S. minnesota (serotype Re 595), smooth LPS
from Escherichia coli (serotype 055:B5) and PMA were pur-
chased from Sigma (St. Louis, MO, U.S.A.). Tritium-labelled
LPS from the LCD 25 strain of E. coli K12 (Rb mutant)
was obtained from List Biological Laboratories (Campbell, CA,
U.S.A.). Fluorescein, FITC isomer I and bis-ANS [1,1′-bis-
(4-anilino)naphthalenesulphonic acid] were purchased from
Molecular Probes (Eugene, OR, U.S.A.). The organic solvents
(methanol and chloroform) used to dissolve rough LPS were
HPLC-grade (Scharlau Chemie, Barcelona, Spain). RPMI 1640
medium, heat-inactivated FBS (fetal bovine serum) and the
Limulus amebocyte lysate kit were obtained from BioWhittaker
(Walkersville, MD, U.S.A.). ELISA kit for TNF-α immunoassays
was obtained from BD PharMingen (San Diego, CA, U.S.A.).
Macrophage-like cell line U937 cells were supplied by the
A.T.C.C. (Manassas, VA, U.S.A.). Lavages from alveolar pro-

teinosis patients were donated by Dr K. B. M. Reid (Oxford
University, Oxford, U.K.).

SP-A, CD14 and LBP

Broncho-alveolar lavages from alveolar proteinosis patients were
used as a source of human SP-A. The structural properties and
lipid-related functions of human SP-A from alveolar proteinosis
patients are similar to those of human SP-A from healthy subjects
[17]. SP-A was purified from isolated surfactant using sequential
butanol and octyl glucoside extractions as described previously
[16,17,24]. Quantification of SP-A was carried out by amino acid
analysis in a Beckman System 6300 High Performance analyser
as described elsewhere [24]. The purity of SP-A was checked by
one-dimensional SDS/PAGE in 12% polyacrylamide gel under
reducing conditions. Endotoxin content of human SP-A isolated
by this method was approx. 0.3 pg of endotoxin/µg of SP-A, as
determined by Limulus amebocyte lysate assay.

For the analysis of thermal stability of the collagen-like domain
of human SP-A, melting curves were obtained on a Jasco J-715
spectropolarimeter fitted with a 150 W xenon lamp as described
previously [16,17]. Molar ellipticities were monitored at 207 nm
while the sample temperature was raised from 20 to 70 ◦C and
dropped from 70 to 20 ◦C with an average heating rate of 20 ◦C/h.
SP-A concentrations were 120 µg/ml and quartz cells with a 1 mm
path length were used. The folded fraction (F) was calculated
as described elsewhere [16,17]. The temperature at which the
collagen triple helix of SP-A was 50% unfolded (F = 0.5) was
taken as the melting temperature (Tm).

Recombinant human soluble CD14 and LBP were expressed in
a baculovirus system and purified as described previously [25,26].

Preparation of LPS

For experiments in which concentrations of Re-LPS (molecular
mass 2.5 kDa) were in the range 10 to 10−7 M, Re-LPS was
prepared from a stock solution of the LPS in chloroform/
methanol/water (17:7:1, by vol.). The required amounts of Re-
LPS were taken and the solvent evaporated to dryness under a
gentle stream of nitrogen. Traces of solvent were subsequently
removed by evacuation under reduced pressure overnight. Re-
LPS (or lipid A, molecular mass 2 kDa) films were hydrated for
1 h at 41 ◦C in 5 mM Tris/HCl buffer (pH 7.4) containing 0.1 mM
EDTA. After vortex-mixing, the LPS solution was sonicated
for 2 min. For experiments in which LPS concentrations were
higher than 10−6 M (LPS aggregation experiments), the required
amounts of LPS were directly dissolved in 5 mM Tris/HCl buffer
(pH 7.4) containing 150 mM NaCl and 0.1 mM EDTA. LPS
supramolecular aggregates were allowed to swell for 1 h at a
temperature above that for the gel-to-liquid crystalline (β ↔ α)
phase transition of the acyl chains of the corresponding LPS [27].
After intense vortex-mixing, the LPS solution was sonicated for
2 min.

The CMCa (where CMC is critical micellar concentration)
of Re-LPS, defined as a transition value from aggregate to
supra-aggregate structures, was determined using fluorescence
spectroscopy. Bis-ANS (0.5 × 10−6 M) was incubated in the
absence and presence of increasing amounts of Re-LPS (0–
34 µM) in 20 mM Tris/HCl (pH 7.4), 150 mM NaCl and 0.2 mM
EDTA for 15 min at 37 ◦C. The samples (either Re-LPS alone or
bis-ANS with and without Re-LPS) were excited at 395 nm and
fluorescence emission recorded from 460 to 600 nm in an SLM-
Aminco AB-2 spectrofluorimeter with a thermostated cuvette
holder (+−0.1 ◦C), using 5 × 5 mm path-length quartz cuvettes.
As the bis-ANS molecule partitioned into the hydrophobic
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compartment of the Re-LPS supra-aggregates, its emission peak
shifted from 525 to 500 nm and the quantum yield increased. This
is consistent with a decrease of the microenvironment polarity
around the probe upon binding to Re-LPS supra-aggregate struc-
tures. The CMCa was determined at the point where the two slopes
of the curve intersected.

A fluorescent Re-LPS derivative (FITC-Re-LPS), in which the
phosphoethanolamine groups of Re-LPS were bound to FITC,
was prepared as described in [2]. The Re-LPS concentration of
the fluorescent derivative was determined by quantification of the
KDO (2-keto-3-deoxyoctulosonic acid), and the content of fluor-
escein in FITC-Re LPS was determined spectrophotometrically
at 493 nm, using a molar absorption coefficient of 77000 M−1 ·
cm−1 (pH 9) [2]. Typically, the fluorescent Re-LPS derivative
had substitution ratios of 15–20 mol% fluorescein. In addition,
125I-ASD-Re-LPS [125I-labelled sulphosuccinimidyl-2-(p-azido-
salicylamido)-1,3-dithiopropionate derivative of Re-LPS] was
prepared as described in [28]. These derivative-formation pro-
cedures did not alter the biological activity of the unsubstituted
molecule [2].

LPS-binding assays

Fluorescence assays of FITC-Re-LPS

Fluorescence measurements were carried out using an SLM-
Aminco AB-2 spectrofluorimeter with a thermostated cuvette
holder (+−0.1 ◦C), using 5 × 5 mm path-length quartz cuvettes.
Fluorescence emission spectra of FITC-Re-LPS (4 × 10−7 M)
were measured in the absence and presence of one among SP-A,
LBP and CD14 in a buffer containing 150 mM NaCl, 1 mM
EDTA and 5 mM Tris/HCl (pH 8) at 25 or 37 ◦C. The blanks
(protein alone) and FITC-Re-LPS samples (with and without pro-
tein) were excited at 470 nm and emission spectra recorded
from 500 to 650 nm. The apparent dissociation constant (KD)
for FITC-Re-LPS–SP-A complexes was obtained by analysing
the time dependence of the fluorescence change when 2 × 10−8 M
FITC-Re-LPS reacted with various concentrations of SP-A (0–
120 µg/ml) at 37 ◦C. Fluorescence emission was monitored at
520 nm for 30 min. These experiments were performed exactly
as described previously for KD determination for Re-LPS–LBP
and Re-LPS–CD14 complexes [2]. On the other hand, kinetics
of FITC-Re-LPS binding to either LBP or CD14 was studied in
the absence and presence of SP-A to determine whether SP-A
hindered the binding of LBP and CD14 to FITC-Re-LPS.

Fluorescence emission anisotropy measurements of FITC-Re-
LPS (4 × 10−7 M) in the absence and presence of one among
SP-A, LBP and CD14 were obtained with Glan Prism polarizers.
Excitation wavelength λx and emission wavelength λm were set
at 470 and 520 nm respectively. For each sample, fluorescence
emission intensity data in parallel and perpendicular orientations
with respect to the exciting beam were collected ten times each
and then averaged. Anisotropy r was calculated as

r = (I‖ − G I⊥)/(I‖ + 2G I⊥) (1)

where I‖ and I⊥ are the parallel and perpendicular polarized
intensities measured with the vertically polarized excitation light
and G is the monochromator grating correction factor.

125I-ASD-Re-LPS cross-linking assays

SP-A, LBP, CD14 and combinations were preincubated for 15 min
at 37 ◦C in darkness with 2 × 10−7 M 125I-ASD-Re-LPS in a
buffer (150 mM NaCl and 25 mM Tris/HCl, pH 7.4) containing
either 2.5 mM EDTA or 0.5 mM Ca2+. Afterwards, samples were
irradiated with UV-light for 5 min at 4 ◦C for photolysis as

described elsewhere [2,28]. The proteins were then separated
by one-dimensional SDS/PAGE (12 % acrylamide separating
gel) under reducing conditions (5 % 2-mercaptoethanol). The
125I-labelled proteins were detected by autoradiography after
Coomassie Blue staining to detect protein molecular-mass
standards.

Sedimentation analysis of [3H]Rb-LPS (Rb mutant of LPS from E. coli
strain LCD 25)

[3H]Rb-LPS (10−7 M) and human SP-A (0–0.3 µM) were in-
cubated in a buffer (150 mM NaCl and 25 mM Tris/HCl, pH 7.4)
containing either 2 mM Ca2+ or 2 mM EDTA, for 45 min at 37 ◦C.
The LPS–SP-A complexes were chilled to 4 ◦C before 0.2 ml were
layered on the top of a linear 5–50% sucrose gradient (4 ml) in
a buffer (150 mM NaCl and 25 mM Tris/HCl, pH 7.4) containing
either 2 mM Ca2+ or 2 mM EDTA, layered on to 0.25 ml of 70%
sucrose. The gradients were centrifuged for 1 h 45 min at 4 ◦C
in a prechilled TV-865 rotor (DuPont, Burbank, CA, U.S.A.) at
50000 rev./min, to improve resolution of small LPS aggregates
formed in the presence of EDTA, or at 30000 rev./min for 30 min,
to improve the resolution of large LPS aggregates formed in the
presence of CaCl2. Fractions of 350 µl were collected and
the amount of [3H]Rb-LPS was determined by liquid-scintillation
counting. In addition, aliquots of the samples were removed before
centrifugation to determine the total radioactive material for
calculation of recovery. Typically, recovery of radioactive material
from the gradient was 65–90% as described previously [2].

LPS aggregation assays

LPS aggregation induced by SP-A was studied at 37 ◦C by
measuring the change in turbidity at 400 nm in a Beckman
DU-640 spectrophotometer as described elsewhere [16–18].
The potential contribution of SP-A self-association to the light
absorption at 400 nm was routinely checked under the experi-
mental conditions in which Re-LPS aggregation assays were
performed [16–18]. The calcium requirement for Re-LPS aggre-
gation induced by SP-A was studied by titration experiments
[29,30] in which increased amounts of a concentrated solution
of CaCl2 were added to the protein solution in the presence of
Re-LPS. The assay buffer consisted of 5 mM Tris/HCl, 150 mM
NaCl and 150 µM EDTA (pH 7.4). The free-Ca2+ concentration at
each point of the titration experiment was estimated by a computer
program as described elsewhere [29]. The turbidity at 400 nm was
registered once stabilized after each change of Ca2+ concentration.

Cell assays

Human monocyte-like U937 cells were grown in RPMI 1640
supplemented with 10% (v/v) heat-inactivated FBS, 2 mM
glutamine and penicillin G sodium (100 units/ml)/streptomycin
sulphate (100 µg/ml), and 0.25 µg/ml amphotericin B under a
95% air/5% CO2 humidified atmosphere at 37 ◦C. U937 cells
were dispensed into 24-well plates at 1 × 106 cells/ml and differ-
entiated into macrophages by incubation with 10 nM PMA for
24 h at 37 ◦C in a 5% CO2 humidified atmosphere. Then,
the adhered cells were washed with the medium and, 24 h
later, washed and pretreated with increasing concentrations (1–
20 µg/ml) of SP-A for 10 min before 4 h Re-LPS (4 × 10−8 M)
or smooth LPS (5 × 10−8 M) stimulation in the presence of 5%
heat-inactivated FBS at 37 ◦C. Cell viability was confirmed by
Trypan Blue exclusion.

For measurement of TNF-α production, cell-free culture super-
natants were collected and assayed for TNF-α with an enzyme-
linked immunoassay kit. Three different cell cultures were used
(n = 3). The assays from each U937 cell culture were performed
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in triplicate, the triplicate values were averaged, and their mean
treated as a single point. The results are presented as the means
(+−S.E.M.) obtained by combining the results from each cell
preparation. Results were expressed as a percentage of the level of
TNF-α production by cells stimulated with LPS in the absence
of SP-A. For statistical analysis, mean comparison between
groups was done by one-way ANOVA followed by Bonferroni
post hoc analysis; a confidence level of 95% or greater (P < 0.05)
was considered significant.

RESULTS

LPS and lipid A, as amphiphilic molecules, form aggregates
in aqueous environments above a critical concentration (CMC).
Below this value, LPS molecules are present only as monomers.
Above CMC, monomers are in equilibrium with micelles
(‘micelles’ as synonym for amphiphilic aggregates). At higher
concentrations of LPS, the amphiphilic aggregates form nearly
spherical supramolecular aggregate structures, which can be
multilamellar or non-lamellar depending on the physicochemical
environment [27].

Monomers
CMC−→←− micelles

CMCa−→←− supra-aggregates

The CMC for Re-LPS, determined experimentally by applying
equilibrium dialysis, is 3.3 × 10−8 M at 22 ◦C and 2.8 × 10−8 M
at 37 ◦C [31]. CMCa can be defined as a transition value from ag-
gregate to supra-aggregate structures. Using fluorescence spectro-
scopy of bis-ANS, we found that the CMCa value for Re-
LPS from S. minnesota was 3.2 × 10−6 M (8 µg/ml). This is in
accordance with the CMCa value of 14 µg/ml for LPS from
E. coli (serotype 026:B6) obtained by dynamic light-scattering
spectroscopy [32]. The molecular mass of the supramolecular
aggregates above CMCa is approximately three times larger than
those LPS aggregates below CMCa [32]. Bivalent cations stabilize
LPS aggregates by forming bridges among phosphate groups
located in the 1 and 4′ positions of the diglucosamine backbone
and in the first KDO of LPS [27].

SP-A binds to Re-LPS monomers or Re-LPS micelles in a
Ca2+-independent manner

The binding of SP-A to rough LPS in solution was followed by
changes in FITC-Re-LPS fluorescent properties, such as intensity
and anisotropy, in comparison with those changes produced by
LBP and CD14 as representative LPS-binding proteins (Figure 1).
FITC-Re-LPS has been widely used to study the interaction of
Re-LPS with LBP, CD14 and MD2 [2,25,26,33].

Figures 1(A) and 1(B) show the fluorescence excitation and
emission spectra respectively of 4 × 10−7 M FITC-Re-LPS in the
absence and presence of SP-A. Addition of SP-A in the presence
of 1 mM EDTA produced an increase of total fluorescence ex-
citation and emission intensities (Figures 1A and 1B) and a red-
shift of the emission maximum of FITC-Re-LPS from 516 to
518 nm (Figure 1B). CD14 and LBP also produced an increase of
fluorescence intensity as reported previously [2,25,26] (results not
shown). These results indicated that the binding of any of these
proteins to FITC-Re-LPS generated a different environment of
the dye relative to that in the absence of bound protein. In order to
confirm that the changes observed in FITC-Re-LPS fluorescence
properties in the presence of SP-A, CD14 and LBP were due to
the binding of these proteins to the Re-LPS moiety, but not due
to the fluorescent moiety of the labelled LPS, we studied the
potential interaction between these proteins and fluorescein.

Figure 1 Ca2+-independent binding of SP-A to Re-LPS monitored by
changes in FITC-Re-LPS fluorescence

(A, B) Fluorescence excitation (λm = 520 nm) and emission (λx = 470 nm) spectra of
4 × 10−7 M FITC-Re-LPS in the absence (a) and presence (b) of human SP-A (76.9 nM) in
a buffer containing EDTA. (C) Human SP-A (76.9 nM) (b) (black bar), CD14 (72.7 nM)
(c) (striped bar) and LBP (23.3 nM) (d) (open bar) induce a significant increase in fluorescence
anisotropy upon binding to 4 × 10−7 M FITC-Re-LPS (a) (shaded bar) in a buffer containing
either 1 mM EDTA or 1 mM Ca2+. All data points are the means +− S.D. for experiments performed
in triplicate. *P < 0.01 versus control.

The addition of SP-A, CD14 or LBP to fluorescein did not
affect the fluorescence spectrum of the dye (results not shown).

We also examined the effect of SP-A, CD14 and LBP on the
fluorescence anisotropy of FITC-Re-LPS and free fluorescein
(Figure 1C). FITC-Re-LPS (4 × 10−7 M) possessed an emission
anisotropy r of approx. 0.067 +− 0.003 in the presence of 1 mM
EDTA and 0.084 +− 0.006 in the presence of 1 mM Ca2+ in a
buffer containing 5 mM Tris/HCl and 100 mM NaCl (pH 8), at
25 ◦C (λx = 470 nm; λm = 520 nm). The formation of complexes
between FITC-Re-LPS and one among SP-A, CD14 and LBP
led to an increase in fluorescence emission anisotropy, indicating
that the binding of these proteins to Re-LPS caused mechanical
restrictions in the rotational mobility of the dye. Control experi-
ments with free fluorescein were performed to determine whether
the protein-induced changes in FITC-Re-LPS emission anisotropy
were due to the specific binding of these proteins to the LPS
moiety or due to the fluorescent probe. The fluorescence emission
anisotropy of free fluorescein was very low and was not affected
by addition of 3-fold excess of any of these proteins (results not
shown).

We then measured the time dependence of the fluorescence
change when 2 × 10−8 M FITC-Re-LPS reacted with increasing
amounts of SP-A in 150 mM NaCl, 2 mM EDTA and 25 mM
Tris/HCl buffer (pH 7.4) at 37 ◦C. The magnitude of the fluor-
escence change increased as a function of SP-A concentration
and was saturable (results not shown). The apparent equilibrium
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Figure 2 SP-A enhances the sedimentation velocity of [3H]Rb-LPS micelles
in the presence of calcium

[3H]Rb-LPS (10−7 M) was preincubated with or without SP-A (195 µg/ml) for 45 min at 37◦C
in the presence of either 2 mM Ca2+ or 2 mM EDTA. Afterwards, linear (5–50 %) sucrose density
gradients were performed as described in the Experimental section. Sedimentation direction is
from right to left. The radioactivity of each fraction is presented as percentage of total recovered
radioactivity.

dissociation constant (KD) for FITC-Re-LPS–SP-A complexes,
calculated from the saturation curve fitted to a rectangular
hyperbola, was (2.8 +− 0.6) × 10−8 M (n = 3) considering a mol-
ecular mass of 650 kDa for octadecameric human SP-A. Using
the same methodology and the same ionic conditions, KD values
for FITC-Re-LPS–LBP and FITC-Re-LPS–sCD14 complexes are
3.5 × 10−9 and 2.9 × 10−8 M respectively [2]. These data indicate
that octadecameric human SP-A binds to Re-LPS as well as
sCD14 and approx. 10-fold less tightly than LBP.

SP-A enhances the sedimentation velocity of [3H]Rb-LPS micelles

We used sucrose density gradients to analyse the state of Re-LPS
upon binding to human SP-A. Figure 2 shows the sedimentation
measurements of [3H]Rb-LPS (10−7 M) in the absence and
presence of SP-A. The binding of SP-A to [3H]Rb-LPS did not
have any effect on the sedimentation velocity of [3H]Rb-LPS in
the presence of EDTA. The presence of calcium would enhance
and stabilize [3H]Rb-LPS micelles. Figure 2 shows that, in the
presence of calcium, Rb-LPS micelles floated to low density
and that SP-A greatly increased the sedimentation velocity of
[3H]Rb-LPS micelles. This indicates the formation of Rb-LPS–
SP-A complexes with high size and density. Results indicated
that, at SP-A concentrations higher than 10 µg/ml, SP-A induced
an increase in the sedimentation velocity of [3H]Rb-LPS micelles
in a concentration-dependent manner (results not shown). This
is consistent with the Ca2+-dependent activity of SP-A to induce
aggregation of rough LPS micelles [13,16–18].

Characteristics of Re-LPS aggregation induced by SP-A

The process of Re-LPS aggregation induced by SP-A in the
presence of calcium was further analysed by measuring changes
in turbidity at 400 nm. These experiments were carried out
under the same ionic conditions as the sedimentation studies,
except that concentrations of Re-LPS 50–100 times higher were
needed to produce detectable light absorption at 400 nm. In
these experiments, turbidity at 400 nm is continuously monitored
as a function of time to measure changes in particle size as a
consequence of SP-A-induced Re-LPS aggregation. Given that
SP-A self-associates in the presence of calcium [30], control
experiments to determine the potential contribution of SP-A self-
association to the turbidity change at 400 nm were routinely
performed.

Figure 3 Characteristics of Re-LPS aggregation induced by SP-A

(A) Extent of SP-A-induced Re-LPS aggregation as a function of Re-LPS concentration. Different
kinetic assays were performed in which increasing amounts of Re-LPS were added to both the
sample and reference cuvette in 5 mM Tris/HCl buffer (pH 7.4), containing 150 mM NaCl
and 0.2 mM EDTA at 37◦C. After 10 min equilibration at 37◦C, 10 µg/ml SP-A was added
to the sample cuvette in each experiment. Re-LPS aggregation induced by SP-A started after
the addition of 2.5 mM calcium to both the sample and reference cuvette. The contribution of
self-association of SP-A (10 µg/ml) to the turbidity change at 400 nm was negligible. (B) Extent
of SP-A-induced Re-LPS aggregation as a function of SP-A concentration. Different kinetic
assays were performed as described in (A), but increasing amounts of SP-A were added to
both the sample and reference cuvettes to eliminate the contribution of self-association of SP-A
to the light absorption change at 400 nm. Re-LPS aggregation induced by SP-A started after
the addition of 4 × 10−6 M Re-LPS (20 µg/ml) to the sample cuvette and Ca2+ (2.5 mM) to
both the sample and reference cuvettes. (C) Ca2+ dependence of SP-A-induced Re-LPS aggreg-
ation. Titration experiments were performed at 37◦C as described in the Experimental section.
(A–C) Results of one representative experiment from three experiments performed are shown.

Figure 3(A) shows that the minimal concentration of Re-LPS
to produce detectable aggregation by this method was 5 µg/ml
(2 × 10−6 M), showing a saturation effect at 20 µg/ml (8 ×
10−6 M) at an SP-A concentration of 10 µg/ml. At this SP-A
concentration, Ca2+-dependent SP-A self-association is hardly
detected by measuring changes in turbidity at 400 nm. Figure 3(B)
shows that SP-A triggered off aggregation of Re-LPS micelles in
a dose-dependent manner. The concentration of SP-A required for
half-maximal Re-LPS aggregation, calculated from the saturation
curve fitted by non-linear regression, was in the nanomolar range
(9.2 nM). This suggests that calcium might increase the binding
affinity of SP-A to Re-LPS. Figure 3(C) shows that the Ca2+

concentration required for half-maximal Re-LPS aggregation at
physiological ionic strength was approx. 150 +− 60 µM (n = 3).
In the absence of NaCl, the threshold concentration of Ca2+

required to induce Re-LPS aggregation was 0.5 mM (results not
shown). The calcium requirement for this process is similar to
that calculated for human SP-A self-association in the presence
and absence of salts [30]. Both processes, SP-A-induced Re-
LPS aggregation and Ca2+-dependent SP-A self-association, were
completely reversed by the addition of EDTA [16–18,30].

Re-LPS aggregation induced by SP-A was inhibited by poly-
myxin-B but not by mannan or by acidic pH (results not shown). At
acidic pH, the lectin activity of SP-A and other collectins such as
MBP or conglutinin, is abrogated [34]. These results indicate that
the lectin activity of the protein is not involved in the aggregation
of Re-LPS micelles in the presence of calcium.

A structurally intact collagen-like domain is needed for Ca2+-
dependent SP-A self-association [30]. That the folding of the col-
lagen domain might also play an important role in Re-LPS aggre-
gation was inferred from the finding that Re-LPS aggregation
induced by recombinant human SP-A2 and co-expressed SP-A1/
SP-A2, produced in insect cells, was inhibited at 37 ◦C by unfold-
ing of the collagen-like domain of these recombinant proteins
[18]. These insect cell-derived recombinant human SP-A lack
proline hydroxylation, showing reduced thermal stability of
the collagen domain, with Tm values around 33 ◦C [18]. The
requirement of a folded collagen-like domain for Re-LPS
aggregation induced by human SP-A was also analysed here.
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Figure 4 Effects of partial denaturation of the SP-A collagen-like domain
on the ability of SP-A to induce Re-LPS aggregation

In the left panel, SP-A-induced Re-LPS aggregation is shown as described in the text, but
SP-A was preheated at the indicated temperatures before being added to the sample cuvette
(10 µg/ml). After a 10 min equilibration at 37◦C, Ca2+ (2.5 mM) was added to the sample
and reference cuvettes, and the change in absorbance at 400 nm was monitored. In the right
panel, unfolding and refolding curves of human SP-A are shown. F was calculated as described
in the Experimental section. The results shown are from a representative experiment of three
experiments performed.

Figure 4, left-hand panel, shows kinetics of Re-LPS aggregation
at 37 ◦C, in which human SP-A was previously heated at the
indicated temperature for 10 min and then cooled to 37 ◦C before
assessment of Re-LPS aggregation. The process was partially
inhibited when SP-A was preheated over 47 ◦C. Figure 4, right-
hand panel, shows the thermal denaturation of the collagen triple
helix of human SP-A, monitored by CD spectroscopy and the
renaturation profile when the temperature was cooling down from
70 to 20 ◦C. This experiment indicates that partial renaturation
occurred after cooling to 37 ◦C, which might explain why SP-A
maintained some of its ability to induce Re-LPS aggregation after
preheating at 65 ◦C and cooling down to 37 ◦C. On the other
hand, the extent of rough LPS aggregation induced by SP-A
also depended on the rigidification of the acyl chains of Re-LPS,
as observed for SP-A-induced phospholipid vesicle aggregation
[24]. The extent of rough LPS aggregation was higher below the
(β ↔ α) phase-transition temperature for the acyl chains of Re-
LPS from S. minnesota (around 33 ◦C) [27] than above it (results
not shown).

SP-A inhibits TNF-α production by macrophages stimulated with
either rough or smooth LPS

To investigate whether human SP-A stimulates or decreases the
inflammatory response to LPS, increasing amounts (0–10 µg/ml)
of SP-A were preincubated with human macrophage-like cells
10 min before 4 h activation with an optimal concentration of
either rough LPS (4 × 10−8 M) or smooth LPS (5 × 10−8 M)
(Figure 5). SP-A alone (without LPS) had no effect on TNF-
α production by resting differentiated U937 cells for 4 h after
SP-A addition (results not shown), which is consistent with
several studies [15,16,22]. Human SP-A showed a clear inhibitory
effect upon rough or smooth LPS-induced TNF-α secretion,
which was dependent upon the SP-A concentration. This is in
line with previous studies that demonstrate that pretreatment of
alveolar macrophages with recombinant human SP-A1 expressed
in mammalian cells [16] or natural human SP-A [23] causes a
marked inhibition of LPS-induced responses independent of the
LPS chemotype. Given that SP-A hardly binds and aggregates
smooth LPS, the anti-inflammatory effect of SP-A must be
mediated by blocking the binding of LPS to its receptor complex
and/or by direct SP-A modulation of signal pathways that decrease
pro-inflammatory cytokine production.

Figure 5 SP-A inhibits TNF-α production by macrophages stimulated with
either rough or smooth LPS

Differentiated macrophage-like U937 cells (1 × 106 cells/ml) were preincubated in the absence
or presence of various concentrations of human SP-A for 10 min before 4 h activation with either
4 × 10−8 M rough LPS (black bars) or 5 × 10−8 M smooth LPS (open bars) in the presence
of 5 % FBS at 37◦C. Cell-free supernatants were collected at 4 h after LPS treatment and the
levels of TNF-α were measured by ELISA. The results are presented as the means (+−S.E.M.)
from three different cell cultures. Results were expressed as percentage of LPS-induced TNF-α
levels. *P < 0.05 compared with response elicited by LPS in the absence of SP-A.

SP-A does not inhibit the binding of LBP to Re-LPS

To investigate whether SP-A interferes in the binding of LBP to
Re-LPS, we used a radioactive photoactivatable derivative of Re-
595 LPS (125I-ASD-Re-LPS). LBPs are detected by covalent
attachment of the radiolabelled group to the protein after
photolysis [2,33]. Figure 6(A) shows the results of a photo-
affinity labelling experiment in which photoactivatable LPS was
incubated with LBP in the absence and presence of various
concentrations of SP-A at 37 ◦C. SP-A did not inhibit the cross-
linking of photoactivatable rough LPS with LBP, at the molar
ratios tested, in the presence of either 0.5 mM Ca2+ or 2 mM
EDTA. In addition, preincubation of SP-A with 125I-ASD-Re-
LPS in the presence of calcium had no effect on the subsequent
binding of LBP to the labelled LPS (results not shown).

To corroborate these results, we next studied whether the
preincubation of SP-A with FITC-Re-LPS affected the subsequent
binding of LBP to FITC-Re-LPS (Figure 6B). To this end, the
fluorescence emission of FITC-Re-LPS was monitored both after
preincubation of Re-LPS with different amounts of SP-A for
25 min and after the subsequent addition of LBP. Figure 6(B)
clearly indicates that LBP bound to the complexes formed
from Re-LPS and SP-A. Moreover, addition of LBP produced
a similar increase in fluorescence when FITC-Re-LPS had been
preincubated in the absence or presence of SP-A. Together, these
results indicate that SP-A did not inhibit the binding of LBP to
Re-LPS.

SP-A decreases the binding of CD14 to Re-LPS

We next examine whether SP-A affects the interaction of CD14
with Re-LPS. Figure 7(A) shows a photoaffinity labelling ex-
periment in which photoactivatable LPS was incubated with CD14
in the absence and presence of various concentrations of SP-
A at 37 ◦C. The cross-linking of CD14 with photoactivatable
rough LPS decreased when the concentration of SP-A increased.
Identical results were found in the presence of either 0.5 mM Ca2+

or 2 mM EDTA.
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Figure 6 SP-A does not inhibit the binding of LBP to Re-LPS

(A) LBP (0.7 µg) was preincubated with increasing amounts of SP-A (0–30 µg) in a
buffer containing 2 mM EDTA at 37◦C. Afterwards, proteins were incubated with 20 ng of
125I-ASD-Re-LPS for 15 min at 37◦C in 50 µl of buffer and photolysed. The labelled proteins
were then separated by SDS/PAGE (12 % acrylamide separating gel) under reducing conditions
and detected by autoradiography after Coomassie Blue staining. (B) Time dependence of the
fluorescence change when 2 × 10−8 M FITC-Re-LPS (0.05 µg/ml) reacts with either 0.08 µM
LBP alone (black line) or first with 0.09 µM human SP-A and then with 0.08 µM LBP (grey
line) at 37◦C. Fluorescence emission intensity was monitored at 520 nm. The net change in
fluorescence emission intensity after the addition of LBP to FITC-Re-LPS preincubated in the
absence or presence of SP-A is indicated. Similar experiments were performed with different
SP-A:Re-LPS molar ratios (from 11.5:1 to 0.25:1) with similar results.

To confirm that SP-A decreased the binding of CD14 to Re-
LPS in solution, we examined the time dependence of the fluor-
escence change when FITC-Re-LPS was incubated in the absence
(Figure 7B, line E) or presence of CD14 alone (line A), CD14 +
SP-A (line B), CD14 + 1 µg/ml 28C5, an anti-CD14 antibody that
has been shown to block Re-LPS binding to CD14 [25] (line C)
and SP-A alone (line D) at 37 ◦C. Figure 7(B) shows that CD14
preincubated with SP-A binds to FITC-Re-LPS to a significantly
lesser extent than CD14 alone.

Our findings are quite different from the results of Sano et al.
[15], who observed that the apparent binding of CD14 to Re-LPS
augmented in the presence of SP-A. The differences between the
two studies may depend on the different experimental approaches
used to determine binding of Re-LPS to CD14. In Sano et al.
[15], solid phase-binding assays were used. The effect of SP-A
on the binding of CD14 to Re-LPS coated on to microtitre wells
was detected by an anti-CD14 polyclonal antibody. It is possible
that CD14-SP-A complexes could bind to immobilized LPS via
SP-A rather than via CD-14, given that SP-A binds to Re-LPS by
the globular domain [21] and to CD14 through the neck domain
[21]. The different structural domain topology of the binding of
SP-A to its ligands (either CD14 or Re-LPS) enables the protein to
interact with both ligands. We do not know which CD14 domain
SP-A recognizes, nor whether this domain is the same as that

Figure 7 SP-A decreases the binding of CD14 to Re-LPS

(A) CD14 (2 µg) was preincubated with increasing amounts of SP-A (0–40 µg) in a
buffer containing 2 mM EDTA at 37◦C. Afterwards, proteins were incubated with 20 ng of
125I-ASD-Re-LPS for 15 min at 37◦C in 50 µl of buffer and photolysed. The labelled proteins
were then separated as described in Figure 6. When the buffer contained 0.5 mM Ca2+ instead
of EDTA, similar results were obtained. (B) Time dependence of the fluorescence change when
2 × 10−7 M FITC-Re-LPS was incubated in the absence (line E) or presence of 0.075 µM CD14
alone (line A), 0.075 µM CD14 +0.03 µM SP-A (line B), 0.075 µM CD14 +1 µg/ml of an
anti-CD14 antibody (28C5) (line C) and 0.03 µM SP-A alone (line D) in a buffer containing
1 mM EDTA at 37◦C.

Figure 8 SP-A reduces the ability of LBP to transfer LPS to CD14

SP-A (20 µg), LBP (0.7 µg), CD14 (2 µg) and combinations were preincubated for 15 min at
37◦C with 11 ng of 125I-ASD-Re-LPS in 25 µl of a buffer containing 2 mM EDTA. Afterwards,
samples were irradiated with UV-light for 5 min at 4◦C for photolysis. The labelled proteins were
then separated by SDS/PAGE (12 % acrylamide separating gel) and identified by autoradiography.
When the buffer contained Ca2+ instead of EDTA, similar results were obtained. Numbers on
the right denote molecular-mass standards. SP-Ad and SP-Am denote dimers and monomers
of SP-A respectively.

recognized by Re-LPS. However, our LPS-binding studies in fluid
phase suggest that SP-A blocks the LPS-binding site on CD14.

SP-A reduces the ability of LBP to transfer LPS to CD14

Figure 8 shows experiments with radioactive photoactivatable Re-
LPS in the presence of combinations of LBP, CD14 and SP-A.
Lanes 1, 2 and 7 show the cross-linking of Re-LPS with one
among CD14, SP-A and LBP respectively when these proteins
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were incubated alone. When SP-A and LPB were incubated
together, SP-A did not affect the binding of LBP to Re-LPS, but the
labelling of SP-A was enhanced by LBP (comparison of lanes 1,
6 and 7). As reported above, SP-A decreased the cross-linking of
Re-LPS with CD14 (lanes 2 and 3) and LBP did the opposite,
i.e. catalysed the binding of Re-LPS to CD14 (lanes 2 and 5).
When the three proteins were incubated together, SP-A reduced
the catalysing activity of LBP to transfer LPS to CD14 (lanes 4
and 5). Photoaffinity labelling experiments were performed in the
absence and presence of Ca2+ with identical results. Together,
these results indicate that SP-A decreases the binding of CD14 to
Re-LPS in the absence or presence of LBP.

DISCUSSION

Pathogen-derived components such as LPS, peptidoglycan or
zymosan are potent stimulators of inflammation. SP-A does not
bind to smooth LPS, peptidoglycan or zymosan [10]. In contrast,
SP-A binds to rough LPS, which contains fewer sugar residues
than smooth LPS because of the absence of the O domain
[13,14]. The affinity of rough LPS–SP-A interaction is still
unknown. In addition, there is no consensus on whether rough
LPS–SP-A binding is calcium-dependent [13,14,21]. The present
study documents that SP-A was able to bind to FITC-Re-LPS
monomers in solution, in a calcium-independent manner, with a
KD of 2.8 × 10−8 M. Comparison with KD values for FITC-Re-
LPS–LBP and FITC-Re-LPS–CD14 complexes, determined
under the same conditions and methodology [2], indicates that
the affinity of octadecameric human SP-A for Re-LPS appears to
be similar to that of soluble CD14, but approx. 10-fold less than
LBP.

The fact that SP-A–Re-LPS binding is Ca2+-independent, and
that mannan has no inhibitory effect on SP-A binding to Re-LPS in
the presence of calcium [13], strongly supports the concept that the
phosphorylated diglucosamine backbone of Re-LPS or lipid A in-
teracts with an SP-A site different from the carbohydrate-binding
domain. The recent determination of the crystal structure of
the trimeric carbohydrate recognition domain and neck domain
of SP-A [35] has provided new insights in understanding the
potential mode of SP-A interaction with lipids such as DPPC or
Re-LPS. These two SP-A ligands are structurally related. It is
conceivable that some of the acyl chains of Re-LPS or DPPC
could fit in the apolar pocket formed by four tyrosine side chains
(Tyr161, Tyr164, Tyr208 and Tyr192) that belong to a discontinuous
beta sheet structure in the globular domain of SP-A. In addition,
numerous electrostatic interactions can be formed between the
polar moieties of Re-LPS or DPPC and a cluster of basic or
amine side chains on SP-A created by Arg216, Arg222 and Gln220

[35]. BPI (bactericidal permeability-increasing protein), another
LPS-binding protein produced by neutrophils that is a powerful
bactericidal for Gram-negative bacteria, also contains apolar
pockets that bind phosphatidylcholine or the lipid A region of
LPS [36]. It is believed that the phospholipid molecule binds to
BPI with its acyl chain buried in the BPI apolar pocket whereas
the head group lies at the opening of the pocket and is exposed
to the solvent. The interaction of SP-A with Gram-negative
bacteria that express rough LPS phenotype also causes increased
bacterial permeability [37], presumably by a direct effect of SP-A
on the physical properties of the microbial cell membrane. The
effect of SP-A interaction on the structure and physical properties
of Re-LPS membranes remains to be determined.

In the presence of Ca2+, SP-A induced Re-LPS aggregation
in a dose-dependent manner. This process was inhibited by
polymyxin-B but not by mannan or low pH, indicating that

the lectin activity of the protein is not implicated. The mech-
anism involved in the Re-LPS aggregation phenomenon is
poorly understood. We hypothesize that SP-A-induced Re-LPS
aggregation can be mediated by Ca2+-self-association of the
protein. This hypothesis is based on several observations: (i) both
processes were reversed by the addition of EDTA; (ii) the calcium
activation constant (Ka

Ca2+) for SP-A-induced LPS aggregation
(Figure 3C) was similar to that for human SP-A self-associ-
ation [30]; (iii) both processes were inhibited by the unfolding
of SP-A collagen-like domain (Figure 4 of this paper and [17,30]
for SP-A self-association); and (iv) the supratrimeric assembly of
human SP-A is essential for both protein self-association and SP-
A-induction of Re-LPS aggregation [16]. Thus trimers of SP-A
cannot either self-associate or induce aggregation of Re-LPS.
These results strongly suggest that the ability of human SP-A to
induce Re-LPS correlates with the ability of SP-A to self-associate
in the presence of calcium.

Calcium causes conformational changes in the globular domain
of SP-A [16–18,30,38]. Protein association might occur among
adjacent globular heads and nearby regions provided that a
supratrimeric assembly and a structurally intact collagen domain
ensure the correct grouping and orientation of globular heads in
the oligomer [16]. Self-associated SP-A could bind to the surface
of Re-LPS aggregates or bacteria by its globular heads. This would
result in bacterial aggregation while the SP-A collagen tails of
these aggregates would be free to interact with receptors on the
surface of macrophages initiating phagocytosis. It is thought that
significant self-association of SP-A is required for the optimal
stimulation of macropinocytosis induced by interaction of SP-A
collagen tails with the calreticulin/CD91 system on the surface
of phagocytic cells [20]. The α2 macroglobulin receptor CD91
interacts with the cell-surface calreticulin, which is known as a
receptor for the collagen-like domain of C1q, which is structurally
similar to SP-A [9,10].

The large excess of SP-A in the lung air-spaces probably
minimizes the biological effects of LPS or microbes that enter the
alveolus. Aggregation of rough LPS could be important to reduce
LPS toxicity [31] and facilitate phagocytosis of large aggregates,
preventing adherence of endotoxins to the alveolar epithelium.
SP-A-induced aggregation of Gram-negative bacteria that express
the rough LPS phenotype can also aid phagocytosis of bacteria
[9,10], affect microbial physiology by inducing bacteria to down-
regulate microbial synthetic functions, and favour or potentiate
SP-A bactericidal activity [37].

SP-A is also involved in inflammatory immunomodulator pro-
cesses of the lung. Consistent with previous results [16,23] we
found that human SP-A inhibited activation of human macro-
phage-like U937 cells by either Re-LPS or smooth LPS in a dose-
dependent manner. Because SP-A does not bind to smooth LPS,
the fact that SP-A inhibits smooth or rough LPS inflammatory
response suggests a direct anti-inflammatory effect of SP-A
by binding to cell receptors or to soluble accessory molecules
present in serum or in the alveolar fluid. In the present study, we
showed that SP-A inhibited the binding of Re-LPS to CD14, but
not to LBP. The cross-linking of CD14 with photoactivatable
125I-ASD-Re-LPS decreased when the concentration of SP-A
increased. Because the hydrophobic region of the SP-A neck
domain interacts with CD14 [21], these results suggest that the
binding of SP-A to CD14 inhibits the subsequent binding of
CD14 to Re-LPS. Alternatively, these results might be explained
by the ability of SP-A to aggregate Re-LPS in the presence of
calcium, which could block the subsequent binding of CD14 to
Re-LPS–SP-A aggregates. However, this possibility must be ruled
out because the SP-A-mediated inhibition of the cross-linking
between CD14 and 125I-ASD-Re-LPS was observed both in the
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absence and presence of calcium. While the interaction of SP-A
with CD14 does not require calcium [21], Re-LPS aggregation
induced by SP-A does.

The present study also shows that when SP-A, CD14 and
LBP were incubated together with photoactivatable 125I-ASD-
Re-LPS, SP-A reduced the catalysing activity of LBP to transfer
LPS to CD14 in a calcium-independent manner. These results
suggest that SP-A might partly inhibit Re-LPS inflammatory
response by altering the competence of the LBP–CD14 receptor
complex. This mechanism, which has already been suggested to
explain the inhibitory effect of SP-A on smooth LPS inflammatory
response [15,21], could also explicate the inhibitory effect of
SP-A on rough LPS responses. SP-A-mediated alteration of the
coupling of the LBP–CD14 receptor complex might be one of
the protective mechanisms that help to maintain the resting lung
in a quiet, non-inflamed state. SP-A also inhibits inflammatory
cytokine production in a CD14-independent manner [20]. A
mechanism independent of the LPS signalling pathway involves
SP-A stimulation of SIRPα (signal-inhibitory regulatory protein
α) on alveolar macrophages through their globular heads. SIRPα
activation by SP-A might suppress the inflammatory response
induced by LPS and other pro-inflammatory stimuli present in
the oxygen-rich environment of this highly exposed organ.

In conclusion, the present study provides evidence that SP-A
binds Re-LPS in a Ca2+-independent manner and promotes
Re-LPS aggregation in the presence of Ca2+ by a mechanism
independent of SP-A lectin activity. SP-A-induced Re-LPS
aggregation seems to be mediated by Ca2+-dependent self-associ-
ation of the protein. On the other hand, SP-A might partly inhibit
Re-LPS inflammatory response by altering the competence of the
LBP–CD14 receptor complex, since SP-A decreases the binding
of CD14 to Re-LPS and reduces LBP activity to transfer LPS to
CD14. These SP-A effects are independent of the ability of SP-A
to aggregate Re-LPS.
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