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Summary
The collectin surfactant protein D (SP-D) is an important component of the pulmonary innate
host defence. Up to now, little is known about the regulation of eosinophil function by SP-D.
Various murine models of pulmonary hypersensitivity suggest that SP-D may be a potent
anti-allergic protein. We investigated the modulation of eosinophil chemotaxis and
degranulation by human SP-D. SP-D markedly inhibited the chemotaxis of eosinophils
triggered by eotaxin, a major tissue-derived CC-chemokine, as shown in a modified Boyden
chamber assay. In addition, degranulation of ECP in response to Ca21 ionophore, immobilized
IgG and serum from allergic patients was inhibited by SP-D. In a fixed-cell enzyme linked
immunosorbent assay and in flow cytometry, SP-D bound to eosinophils. This binding was
saturable and was inhibited by the addition of maltose and ethylenediaminetetraacetic acid,
suggesting the involvement of the carbohydrate recognition domain of SP-D. In addition,
flow cytometry showed significant interaction of SP-D with CD32 (FcgII receptor) on
eosinophils, which might explain the inhibitory effect of SP-D on the IgG and serum-
triggered eosinophil cationic protein degranulation of eosinophils. Our data further support
the concept of an anti-inflammatory function of SP-D in the lung of patients with allergic
diseases.

Keywords cd32, chemotaxis, degranulation, eosinophil, granulocytes, surfactant protein D
Submitted 18 October 2005; revised 17 June 2006; accepted 04 September, 2006

Introduction

Pulmonary surfactant protein D (SP-D) is a large multi-
meric protein, which belongs to the collectin family of
carbohydrate-binding proteins and that is secreted by
alveolar type-II cells and non-ciliated bronchial epithelial
cells into the airways. SP-D is predominantly assembled
as a cruciform-like dodecamer, consisting of four trimeric
subunits associated at their amino-termini. Each trimeric
subunit contains four major domains: a short N-terminal
cross-linking domain, a triple helical collagen domain, a
neck region and a carboxy-terminal carbohydrate recog-
nition domain (CRD). SP-D is known to play an important
role in the innate immunity of mucosal surfaces, espe-
cially the lung, protecting against inhaled micro organism
and allergen challenge [1–4]. Binding of SP-D to patho-
gens can cause their agglutination, enhanced killing and
clearance by neutrophils and alveolar macrophages in
vitro [5]. Recently, it has become obvious that SP-D may
also be of particular importance in regulating allergic

responses. Besides its ability to bind to various allergens
as well to inhibit specific IgE binding to allergens, it has
been shown to inhibit lymphocyte proliferation and aller-
gen-induced histamine release from human basophils
[6–9]. So far, contradictory data have been reported about
the abundance of SP-D in allergic airway inflammation.
Whereas severalfold increased SP-D levels have been
found in bronchoalveolar lavage (BAL) of patients with
bronchial asthma [10], various murine models of allergic
pulmonary inflammation showed increased or decreased
levels of SP-D in BAL and lung tissue [11–13]. However, in
murine models for allergic pulmonary hypersensitivity
induced by Aspergillus fumigatus (Asp f) or dust mite
allergens, inhaled SP-D reduced airway hypersensitivity
and Th2 cytokine response as well as blood and tissue
eosinophilia [14–16]. In SP-D� /� mice, intrinsic hyper-
eosinophilia, increased pulmonary eosinophilia and pul-
monary damage as well as severalfold increased levels of
IL-5 and IL-13 have been found. Intranasal treatment with
SP-D was effective in rescuing these effects. The authors
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suggest that SP-D plays a role in regulating eosinophil
infiltration and modulation in response to environmental
stimuli [17, 18]. In addition, surfactant protein A (SP-A)
has been shown to moderately suppress the release of IL-8
of purified human eosinophils stimulated with ionomycin,
PMA or sIgA [19, 20]. To date, there are no data on the
interaction of SP-D with eosinophil granulocytes. There-
fore, we examined the interactions of purified SP-D with
isolated human eosinophils.

Eosinophils are considered as important effector cells in
inflammatory reactions associated with asthma, allergic –
inflammatory diseases and parasitic infections. Whereas
IL-5 plays a critical role in the expansion of the eosinophil
pool in the bone marrow and blood in response to allergen
provocation, the recruitment of eosinophils from the
circulation to sites of inflammation is regulated by locally
released chemotactic agents, most notably the CC-chemo-
kine eotaxin-1 [21, 22]. In tissue, eosinophils are activated
by cytokines and other mediators including sIgA and
immobilized IgG, leading to the release of toxic proteins
and reactive oxygen species [22]. These toxic proteins i.e.
eosinophil peroxidase (EPO), eosinophil cationic protein
(ECP), eosinophil derived neurotoxin (EDN) and major
basic protein (MBP) can lead to serious epithelium
damage, when secreted.

Previously, SP-D has been described to stimulate the
chemotaxis of neutrophils and alveolar macrophages and
to inhibit allergen-induced histamine release from human
basophils in vitro [5, 6, 23–25]. So far, no data are
available on the interaction between SP-D and eosino-
phils. The goal of this study was to determine the role of
SP-D in the chemotaxis and the degranulation of human
eosinophils in vitro. Our findings substantiate the hypoth-
esis that SP-D may function as an anti – inflammatory
protein in the lung of patients with allergic diseases.

Materials and methods

Preparation of human surfactant protein D

Native SP-D was isolated by affinity and gel-chromato-
graphy from BAL fluid obtained from patients with idio-
pathic pulmonary alveolar proteinosis (PAP) undergoing
therapeutic lavages as described previously [26]. The
concentration of SP-D (426 mg/mL) in the fraction (GF
88–7) used was determined by enzyme linked immuno-
sorbent essay (ELISA), and SP-D was judged to be pure by
sodium dodecyl sulphate polyacrylamide gel electrophor-
esis silver staining and Western blot analysis with specific
antibodies to SP-D (Fig. 1a). In addition, gel filtration was
performed to characterize the oligomeric state of SP-D
according to Griese et al [27]. We showed that more than
95% of the SP-D was organized as 18-mer or higher
oligomers (data not shown). All preparations were also
examined for endotoxin levels using the Limulus Amebo-

cyte Lysate system (Bio Whittaker, Walkersville, MD USA).
The assay was linear over a range of 0.1 to 1 EU/mL
(10 EU = 1 ng of endotoxin). The amount of endotoxin
was 16.6 pg/mg SP-D, similar to the SP-D preparations
used in previous in vitro studies [5, 6, 14]. The biological
activity of the purified SP-D has been proven by Ca21 and
carbohydrate-dependent agglutination of a clinical iso-
late of Pseudomonas aeruginosa (Ps 12, non-mucoid, from
a patient with cystic fibrosis) as described previously [28].
The chemotactic activity of SP-D for neutrophils was
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Fig. 1. (a): Characterization of purified human surfactant protein D
(SP-D). Native SP-D was isolated by affinity and gel-chromatography
from BAL fluid obtained from a patient with idiopathic pulmonary
alveolar proteinosis undergoing therapeutic lavage. SP-D was judged to
be pure by SDS poly acrylamide gel electrophoresis silver staining (lane
1) and Western blot analysis (lane 2) with specific antibodies to SP-D.
Molecular mass markers are shown on the left. (b): Effect of SP-D on the
chemotaxis of neutrophils. Cells (5�105/well) were allowed to migrate
towards various concentrations of SP-D. In each experiment, cells
transversed a 3 mm pore size membrane, adherent cells to the lower
surface of the membrane were stained with DiffQuick and counted from
4�10 high-power fields by light microscopy (� 400). Data are expressed
as average standard error of the mean of cells/10 high-power fields.
Individual experiments were set up in triplicate and reproduced twice
with different cell preparations.
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tested in a modified Boyden chamber assay as described in
the following paragraphs. We observed that SP-D was
chemotactic at a concentration of 5 ng/mL, decreasing
with higher concentrations (Fig. 1b).

Donors

After informed consent, peripheral venous blood was
obtained from seven healthy, non-atopic donors
(30.1� 2.3 years, four female), who were not taking any
medications for the last 4 weeks. Their serum IgE was less
than 100 U/mL as measured by UniCAP 100 (Pharmacia
Diagnostics, Freiburg, Germany) and eosinophil counts
were less than 5% in differential blood counts.

For cell stimulation, blood was taken from a 25-year-
old female donor, who was allergic to house dust mite
(Prick 111, clinical symptoms of rhinitis when exposed)
taking no medication for the last 4 weeks.

Cell purification

Eosinophils were isolated by negative selection using the
modified method of Hansel et al. [29]. Briefly, the buffy
coat of citrat-anticoagulated venous blood was sedimen-
ted with 6% HEAS (Fresenius Kabi GmbH, Bad Homburg,
Germany). Granulocytes were then isolated by centrifuga-
tion of the leucocyte-rich phase through a 1.077 g/mL
Percoll density gradient (Amersham Pharmacia Biotech,
Uppsala, Sweden). Contaminating erythrocytes were lysed
by hypotonic lysis (1 min, 0 1C) and further purification
was achieved by depletion of neutrophils by a magnetic
cell separation system using anti-CD16 MikroBeads (Mil-
tenyi Biotec, Bergisch Gladbach, Germany). The purity of
the resulting eosinophils was X98% as determined by
microscopic examination of Pappenheim cytospin pre-
parations. Eosinophil viability as tested by exclusion of
trypan blue was 4 98%. To avoid activation during
isolation, cells were kept in Ca21 and Mg21 free medium.

Neutrophils were isolated by eluting the MACS column
after the isolation of the eosinophils outside the magnetic
field. The purity and viability of the resulting neutrophils
was X97% as determined by microscopic examination as
described for eosinophils.

For further experiments, cells were resuspended at
5�105 eosinophils/mL or 5�106 neutrophils/mL in Tyr-
ode buffer (137 mM NaCl, 2.2 mM KCl, 1 mM Tris, 1.5 mM
CaCl2) supplemented with 0.4% bovine serum albumin
(BSA; Paesel & Lorei, Hanau, Germany) and were imme-
diately used for experiments.

Chemotaxis assay

Chemotaxis was performed with a modified Boyden
chamber assay using 24-well flat bottom tissue plates
and 3 mm polyethylenterephtylan membrane inserts

(Becton Dickinson Labware Europe, Le Point de Claix,
France). Briefly, the lower compartment of each chamber
was filled with 500 mL of the stimulus diluted in Tyrode
buffer containing 0.4% BSA. Membrane inserts were filled
with 100 mL of cell suspension and placed in the pre-filled
lower compartments. Negative controls consisting of
medium and positive controls consisting of medium
containing 500 ng/mL recombinant human eotaxin (Pe-
proTech, Rocky Hills, NJ, USA) for eosinophils or 10�7 M
f-MLP (Sigma, Deisenhofen, Germany) for neutrophils
were included in each experiment. In experiments invol-
ving maltose, 10 mM maltose was added to the upper and
lower compartment. The chambers were then incubated
for 60 min, 371C, 5% CO2. After incubation, non-migrated
cells in the upper wells were removed by scraping and the
migrated cells were stained with DiffQuick (Dade Behring
Ag, Düdingen, Switzerland) on the membrane. Mem-
branes were blinded with numbers by an independent
person to reduce bias. Then adherent cells to the lower
surface of the membrane were counted from 4�10-high
power fields by light microscopy (� 400). Data are pre-
sented as cells per high-power field or as chemotactic
index. This index accounts the means of counted cells per
10 high-power fields that migrated towards a specific
stimulus, divided by the means of counted cells per 10
high-power fields that migrated towards medium only.
Basal migration, measured as the number of cells migrat-
ing in the presence of buffer alone, averaged 4.6� 0.6
cells/10 power field for eosinophils. Individual experi-
ments were set up in triplicate and reproduced at least
twice with different cell preparations.

Assessment of eosinophil cationic protein degranulation

Ninty-six – well tissue plates were coated with PBS / BSA
3% for 2 h at 37 1C and washed three times with PBS to
block non-specific sites on the plate. For some experi-
ments, Maxi–Sorb 96-well plates (Nunc, Kamstrup, Den-
mark) were coated overnight at 4 1C with 100 mL of
dilutions of serum from an atopic subject (1 : 10), human
IgG (1 mg/mL; Sigma) and sIgA (1 mg/mL; Sigma, Deisen-
hofen, Germany) made with coating buffer (15 mM
Na2CO3, 35 mM NaHCO3, pH 9.6). After washing,
non-specific sites were blocked with Tyrode/BSA 1% for
2 h at 37 1C, than the plate was washed again. Different
concentrations of SP-D and/or Ca21 ionophore (A 23187,
Sigma) were added to the wells. Purified eosinophils were
suspended at a concentration of 5�105/mL in Tyrode
buffer supplemented with 0.4% BSA. Subsequent degra-
nulation experiments were performed on the previously
prepared plates with 100 mL each of the cell suspension
for 2 h at 371C, 5% CO2. Tyrode-0.4% BSA served as
control medium. After centrifugation for 5 min. at 800 g
cell-free supernatants were collected and ECP concentra-
tions were measured with a commercially available
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radioimmunoassay kit with a lower limit of detection of
2 ng/mL (UniCap 100, Pharmacia Diagnostics, Uppsala,
Sweden).

Binding of pulmonary surfactant protein to eosinophils

A fixed-cell ELISA method was used to detect the SP-D
binding to isolated eosinophil granulocytes. After isola-
tion, cells were fixed with 10% (wt/vol) paraformaldehyde
in PBS for 10 min and resuspended at 5�105/mL in
carbonate-buffer (15 mM Na2CO3, 35 mM NaHCO3,
pH 9.6). 96-well microtiter plates were coated with 100 m
L/well of the cell suspension overnight at 4 1C. After
washing, non-specific sites were blocked with TBS
(50 mM Tris-HCl, 150 mM NaCl, 2 mM Ca21, pH 7.4), 1%
BSA for 1 h at 37 1C. Cells were incubated with various
concentrations of SP-D for 2 h at 37 1C in TBS. Bound
SP-D was cross-linked using 0.125% glutaraldehyde. The
plates were blocked, washed again and bound SP-D was
detected by a specific polyclonal rabbit anti-human SP-D
antibody (1 : 10 000) and consecutive incubation with
horseradish-peroxidase conjugated goat anti-rabbit poly-
clonal IgG (1 : 10 000; Sigma) as a second antibody.
Colour was generated with ABTS (Boehringer-Mannheim,
Mannheim, Germany) and H2O2 and read at 405 nm.
Control preparations including cells without SP-D but the
antibodies served as blanks that were subtracted. All
assays were run in triplicate.

Flow cytometry

After isolation, eosinophils were resuspended in TBS and
incubated with SP-D under varying conditions for 2 h,
4 1C. To study the binding conditions of SP-D to eosino-
phils, 5�105 cells each were incubated with 5 mg/mL
SP-D in 100 mL TBS with and without 10 mM maltose or
10 mM EDTA. Non-SP-D-treated cells served as negative
control.

To study receptor binding of SP-D to eosinophils,
2.5�106 isolated cells were pre-incubated with or without
5 mg/mL SP-D in 500 mL TBS for 2 h at 4 1C. The following
monoclonal antibodies were added to 5�105 pre-incu-
bated eosinophils each: Mouse IgG2b anti-human CD11b-
phycoerythrine (PE), mouse IgG1 anti-human CD18-PE,
mouse IgG2b anti-human CD32-PE, mouse IgG2a anti-
human CCR3-PE (all R&D Systems, Wiesbaden, Germany)
and mouse IgG1 anti-human SIRPa-PE (BD Pharmingen,
Heidelberg, Germany).

The specific polyclonal rabbit anti-human SP-D anti-
body (1 : 5000) and a goat anti-rabbit IgG – fluorescein-
isothiocyanate (FITC) antibody (Imgenex, San Diego, CA,
USA) were used to analyse the binding of SP-D to
eosinophils. Mouse IgG1-PE, mouse IgG2a-PE, mouse
IgG2b-PE and mouse IgG2b-PE (all BD Pharmingen,) were
used as isotype controls to determine non-specific bind-

ing; these values were subtracted from the respective
specific antibody staining.

After the different in vitro treatments as mentioned
above, eosinophils (1�105/tube) were washed two times
and were incubated with the respective monoclonal anti-
bodies for 40 min, washed two times and analysed by flow
cytometry. Ten–thousand eosinophils from each sample
were analysed. The results were expressed as mean fluor-
escence intensity (MFI). Calculations were performed with
Cell Quest analysis software.

Statistical analysis

Experiments were repeated at least twice. Degranulation
and chemotaxis in the presence and absence of SP-D and
binding of SP-D to eosinophils were compared by the
paired t-test or by the ANOVA, followed by the Tukey–Kra-
mer multiple comparison post-test for statistical signifi-
cance (Po 0.05). Data are expressed as means� standard
error of the mean (SEM).

Results

Surfactant Protein D inhibits the eotaxin-triggered chemo-
taxis of eosinophils. As mentioned above, SP-D was
chemotactic for neutrophils with a maximum at 5 ng/mL
decreasing with higher concentrations (Fig. 1b). For
eosinophils, we did not observe any significant chemo-
taxis towards SP-D at physiologic concentrations
(5 ng/mL to 5000 ng/mL/).

We next examined, whether SP-D could influence
the chemotaxis of eosinophils vs. the chemo-attractant
eotaxin. Eotaxin triggered eosinophil chemotaxis in
a dose-dependent manner (chemotactic index (CI):
100 ng/mL: 2.6� 0.5; 500 ng/mL: 12.3� 1.60; 1000 ng/
mL: 15.8� 6.4). The chemotaxis of eosinophils towards
500 ng/mL eotaxin was inhibited by the addition of SP-D
(Fig. 2a). Significant inhibition was observed at SP-D
concentrations from 5 to 500 ng/mL (CI: 5 ng/mL SP-D:
4.5� 1.1, P = 0.01; 50 ng/mL SP-D: 2.7� 0.8, P = 0.003;
500 ng/mL SP-D: 4.2� 1.8, P = 0.04), with a maximum at
50 ng/mL (Fig. 2a). At higher concentrations, this effect
waned (CI: 5000 ng/mL SP-D: 9.9� 2.5, P = 0.47). Dena-
turation of SP-D at 95 1C for 10 min abolished the inhibi-
tory effect on eosinophil chemotaxis towards eotaxin
(CI: 50 ng/mL SP-D: 9.6� 1.6).

The addition of 10 mM maltose abolished the observed
inhibitory effect of SP-D on eosinophil chemotaxis to-
wards eotaxin (Table 1). As the locomotion and activation
of eosinophils are dependent on the presence of sufficient
extracellular Ca21 it was not possible to assess the Ca21

dependency of the inhibitory effect of SP-D.

�c 2006 The Authors
Journal compilation �c 2006 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 36 : 1566–1574

Surfactant protein D regulates chemotaxis and eosinophils 1569



Surfactant Protein D does not influence the C5a-triggered
chemotaxis of eosinophils. To further examine the inhibi-
tory effect of SP-D on eosinophil chemotaxis, we stimu-
lated the cells with the anaphylatoxin C5a. Stimulation of
eosinophils with 100 ng/mL recombinant human C5a-
provoked a similar chemotactic response of eosinophils
as observed for 500 ng/mL eotaxin (CI C5a: 10.1� 1.9 vs.
CI eotaxin: 12.4� 1.6). The addition of SP-D to the
experiment did not inhibit the C5a-triggered chemotaxis
of eosinophils (Fig. 2b).

Surfactant protein D inhibits the eosinophil cationic
protein degranulation of stimulated eosinophils. The in-
hibitory effect of SP-D on the eotaxin-triggered chemo-
taxis prompted us to determine the effect of SP-D on the
ECP release of stimulated human eosinophils. We first
showed that increasing concentrations of SP-D
(5–5000 ng/mL) did not trigger any ECP degranulation.
Next, we stimulated the purified eosinophils with Ca21-
ionophore, immobilized human sIgA, human IgG and
serum from an atopic patient with subsequent inhibition
studies with SP-D. The Ca21-ionophore triggered
ECP degranulation was inhibited by SP-D at 5 ng/mL
(P = 0.04), 50 ng/mL (P = 0.06), 500 ng/mL (P = 0.03) and
5000 ng/mL (P = 0.02) (Fig. 3a). In addition, 500 ng/ml
SP-D could reduce significantly the ECP-release on serum
from an atopic subject (P = 0.007) and IgG (P = 0.047).
For sIgA, the inhibition did not reach statistical signifi-
cance (P = 0.09). The addition of 10 mM maltose to the
experiment itself inhibited the degranulation of ECP of
eosinophils. Therefore, it was not possible to verify the
carbohydrate dependency of SP-D on this inhibitory
effect.

Binding of surfactant protein D to eosinophils. SP-D
bound to purified human eosinophils in a dose-dependent
manner (Fig. 4) using a fixed-cell ELISA. Significant and
reproducible binding of SP-D was observed with concen-
trations as low as 50 ng/mL SP-D. The binding of SP-D to
eosinophils approached saturation at concentrations of
2500–5000 ng/mL SP-D. Higher concentrations were not
assayed as they likely lie beyond the physiological range.
Heat-denaturated SP-D (95 1C, 30 min) failed to bind to
eosinophils [500 ng/mL SP-D: 0.37� 0.07 vs. 0.04� 0.01
OD405–ODblanc� SEM, P = 0.004].

To test carbohydrate and Ca21 dependency of the
binding of SP-D to eosinophils, competition assays were
performed in the presence or absence of maltose or EDTA
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Fig. 2. Effect of surfactant protein D (SP-D) on the chemotaxis of
eosinophils stimulated by (a) eotaxin (500 ng/mL) and (b) C5a (100 ng/
mL). Cells (5�104/well) were allowed to migrate towards various
concentrations of SP-D with/or the stimulus for 1 h at 37% 1C, 5% CO2.
In each experiment, cells transversed a 3mm pore size membrane,
adherent cells to the lower surface of the membrane were stained with
DiffQuick and counted from 4�10 high-power fields by light micro-
scopy (� 400). Data are presented as a chemotactic index accounting the
means of counted cells per 10 high-power fields which migrated towards
a specific stimulus divided by means of counted cells per 10 high-power
fields that migrated towards medium only. Individual experiments were
set up in triplicate and reproduced at least three times with different cell
preparations. Basal migration (control), measured as the number of cells
migrating in the presence of buffer alone, averaged 4.6� 0.6 cells/10
power fields.

Table 1. Carbohydrate dependence of the effect of SP-D on the eotaxin-
triggered chemotaxis of eosinophils

Chemoattractant CI� SEM P�

Maltose 10 mM 1.1� 0.8
Eotaxin 500 ng/ml 17.5� 4.4
Eotaxin 500 ng/ml1maltose 10 mM 18.1� 6.5 0.87
Eotaxin 500 ng/ml1SP-D 50 ng/ml 4.4� 1.5 0.002
Eotaxin 500 ng/ml1maltose 10 mM1SP-D 50 ng/ml 20.6� 10.7 0.45

Eosinophils were allowed to migrate towards different chemoattractants
using a modified Boyden chamber. Data are presented as chemotactic
index accounting the means of counted cells which migrated towards a
specific stimulus divided by means of counted cells which migrated
towards medium only.
�The P-value assessed by paired t-test is referred to the CI of eotaxin
alone.
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using flow cytometry. The addition of 10 mM maltose as
well of 10 mM EDTA significantly inhibited the binding of
SP-D to eosinophils (Fig. 5).

Receptor interaction of surfactant protein D. To examine
possible surface receptors for SP-D on eosinophils, we
performed flow cytometry for various receptors that have
previously been reported to be involved in eosinophil
chemotaxis or degranulation.

For the low-affinity IgG Fc receptor, FcgRII (CD32), we
showed significant inhibition (85� 3%, Po 0.01) of
mouse IgG2b anti-human CD32-PE binding to eosinophils
when cells were pre-incubated with 5 mg/mL SP-D, sug-
gesting a relevant SP-D-receptor interaction for CD32 on
eosinophils (Fig. 6). In addition, we showed that SIRPa
was present on eosinophils, but similar to CCR3, SP-D
only weakly interfered with the specific binding of the

antibody to this receptor. These experiments suggested no
or a minor binding of SP-D to SIRPa and CCR3. No
binding of SP-D to CD11b/CD18 was found.
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Fig. 3. Effect of surfactant protein D (SP-D) on the eosinophil cationic
protein (ECP) degranulation of eosinophils stimulated by Ca21 ionophore
(a) or immobilized sIgA, IgG and serum from an atopic patient (b).
Purified eosinophils (5�105/well) were incubated with SP-D in the
presence or absence of the stimulus on previously prepared plates for
2 h at 371C, 5% CO2. Tyrode-0.4% bovine serum albumin (BSA) served as
control medium. Cell-free supernatants were collected and ECP concen-
trations were measured with a commercially available radioimmunoas-
say kit. Individual experiments were set up in triplicate and reproduced at
least three times with different cell preparations.
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(5�104/well) were fixed in 10% paraformaldehyde, resuspended in
carbonate-buffer pH 9.6 and coated to 96-well microtitre plates. Cells
were incubated for 1 h at 37 1C with various concentrations of SP-D.
Binding was detected by a specific polyclonal rabbit anti-human SP-D
antibody followed by incubation with horseradish-peroxidase-conju-
gated goat anti-rabbit polyclonal IgG. Final detection was assessed after
the addition of ABTS and H2O2 and read at 405 nm. Control preparations
including cells with no SP-D but the antibodies served as blanks, which
were subtracted from each optic density (OD) measured. Individual
experiments were set up in triplicate and reproduced at least three times
with different cell preparations.
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Fig. 5. Carbohydrate and Ca21 dependency of surfactant protein D
(SP-D) binding to eosinophils. 5�105 eosinophils were incubated with
5mg/mL SP-D in 100mL tris buffered saline with and without 10 mM
maltose or 10 mM ethylenediaminetetraacetic acid. Non-SP-D-treated
cells served as negative control. The specific polyclonal rabbit anti-
human SP-D antibody (1 : 5000) and a goat anti-rabbit IgG-fluorescein
isothiocyanate (FITC) antibody were used to analyse the binding of SP-D
to eosinophils. In the following flow cytometry, 103 eosinophils from
each sample were analysed. The results were expressed as mean fluores-
cence intensity. Calculations were performed with Cell Quest analysis
software.
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Discussion

This study demonstrated for the first time the direct effects
of SP-D on eosinophils in vitro. SP-D inhibited eotaxin-
triggered chemotaxis and ECP-degranulation of
eosinophils stimulated by immobilized IgG and serum of
allergic patients. Furthermore, SP-D bound to eosinophils
in a saturable, Ca21- and carbohydrate-dependent
manner, suggesting the involvement of the CRD. Flow
cytometry showed significant interaction of SP-D with
Fcg II (CD32) on eosinophils which might explain the
inhibitory effect of SP-D on the IgG and serum-triggered
ECP degranulation of eosinophils. Taken together, these
data provide new evidence for the role of SP-D in
eosinophil-mediated inflammatory reactions as critical
components in allergic disease.

Previously, numerous experiments have suggested that
SP-D may protect against allergen challenge at various
levels. These protective mechanisms seem to involve
direct binding to allergens [6, 8], inhibition of IgE cross-
linking [6, 8], suppression of the activation of sensitized
basophils [6], suppression of B and T cell proliferation [7,
9] and modulation of dendritic cells, macrophages and T
cell proliferation [4]. In murine models for allergic lung
disease, SP-D might inhibit eosinophil trafficking and
migration to the lungs. Madan et al. [14] showed in a
murine model of ABPA that intranasal administration of
SP-D significantly decreased peripheral and pulmonary
eosinophilia. Levels of IL-2, IL-4 and IL-5 were decreased
in the SP-D-treated groups, indicating a marked shift from
T-helper type 2 (Th2) to Th1 immune response. Similar
protective effects have been reported in murine models of
lung allergy induced by Der p [15, 16]. In SP-D� /� mice,

intrinsic hyper-eosinophilia, increased pulmonary eosi-
nophilia and pulmonary damage as well as increased
levels of IL-5 and IL-13 have been found. Intranasal
treatment with SP-D or with a recombinant fragment
containing the CRD was effective in rescuing these effects.
The authors suggest that SP-D has a role in regulating
eosinophil infiltration and modulation in the lung in
response to environmental stimuli [17, 18].

From our results, a direct inhibitory effect of SP-D on
eosinophil chemotaxis and degranulation may also con-
tribute to the above-observed in vivo effects. Because of
its Ca21 and carbohydrate-dependent binding, it is likely
that this inhibitory effect is mediated by the CRD of SP-D.

For eosinophil chemotaxis, we observed a biphasic
effect with a maximum of inhibition at 50 ng/mL SP-D.
For neutrophils, SP-D was chemotactic at similar low
concentrations decreasing with higher concentrations
consistent with previous findings [5, 24, 25]. Biphasic
dose–response curves are not unusual for chemotaxis and
similar to that observed for other well-characterized
chemo-attractants [30]. However, the underlying mechan-
ism for the biphasic effect remains to be determined.

Of interest is the differential effect of SP-D on the
migration of eosinophils and neutrophils or alveolar
macrophages in vitro. Consistent with previous findings,
we observed that SP-D was chemotactic on neutrophils
[5, 24, 25]. Similar to our findings, for eosinophils, Crouch
et al. [24] determined the CRD as the critical part for the
interaction of SP-D with neutrophils as the addition of
maltose inhibited the observed chemotactic effect. This
conclusion was later confirmed by Cai et al. showing
neutrophil chemotaxis towards a recombinant fragment
of the SP-D CRD [23].

For alveolar macrophages, but not peripheral blood
mononuclear cells, Tino et al. [25] showed that SP-D
stimulated the chemotaxis and actin polymerization at
concentrations ranging from 10 to 25 mg/mL . Up to now,
no specific receptor or pathway has been identified to
explain the observed effects of SP-D on the chemotaxis of
the above-mentioned cells [4].

Previously, some proteins have been suggested to act as
SP-D binding receptors. LPS binds to the cellular (CD14)
and the soluble form (sCD14) of the LPS-receptor CD14.
CD14 has been shown to bind directly to SP-A and SP-D,
thereby modulating the LPS-elicited cellular response
[31]. As eosinophils do not express CD14, this receptor is
not considered to play a role in SP-D binding to eosino-
phils. Gardai et al. [32] recently showed for macrophages
that SP-D can act as an enhancer or suppressor of
inflammatory mediator production depending on the
receptors and SP-D-binding sites involved. When SP-D
bound via the CRD to SIRPa, pro-inflammatory mediator
production was blocked through src-family kinases and
the p38 map kinase (MAPK) [32]. As SIRPa is known to be
expressed by granulocytes, this was considered as a

100

75

50

25

0
CD11b CD18 SIRPα CD32 CCR3

%
 e

xp
re

ss
io

n 
co

m
pa

re
d 

w
ith

bu
ffe

r-
tr

ea
te

d 
eo

si
no

ph
ils

(M
F

I)

Fig. 6. Interaction of surfactant protein D (SP-D) with eosinophil surface
receptors. 2.5�106 isolated cells were preincubated with or without 5 mg/
mL SP-D in 500mL tris buffered saline for 2 h, 4 1C. Monoclonal
antibodies were then added to 5�105 pre-incubated cells each. The
values of isotype controls to determine non-specific binding were
subtracted from the respective specific antibody staining. Using flow
cytometry, 103 eosinophils from each sample were analysed. The results
are presented as % expression of each receptor after SP-D treatment
compared with buffer-treated eosinophils. MFI, mean fluorescence
intensity; � Po 0.01: SP-D-treated vs buffer-treated eosinophils.
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possible receptor involved in the inhibitory effect of SP-D
to eosinophils’ actions.

Glycoprotein 340 (Gp 340) is described as a rather
soluble SP-A and SP-D-binding protein than a cell surface
receptor and was therefore not considered for our experi-
ments [4, 33].

CCR3, CD32 and/or CD18/CD11b have been suggested
to be involved in eosinophil activation, degranulation
and/or migration [21, 22]. To elucidate the interaction of
SP-D with eosinophils, we analysed whether SP-D could
bind to the above-mentioned eosinophil surface receptors.
Here, we found for the first time a significant interaction
of SP-D with FcgII (CD32), the major IgG Fc receptor
expressed by human eosinophils [21, 22]. FcRII is a low-
affinity receptor for IgG that binds IgG immune com-
plexes and is expressed in a diverse range of cells such as
monocytes, macrophages, neutrophils, eosinophils, plate-
lets and B cells [34]. FcRII is involved in a number of
immune responses including antibody-dependent cell-
mediated cytotoxicity, clearance of immune complexes,
release of inflammatory mediators and regulation of anti-
body production [34]. Previously, Kaneko et al. [35]
showed that immobilized IgG1 and IgG3 acting via FcgII
(CD32) are responsible for eosinophil degranulation of
cytotoxic granule proteins to sera from allergic patients
with asthma. These data, taken together with our findings,
may explain the inhibitory effect of SP-D on eosinophil
ECP degranulation to immobilized sera of allergic patients
as well as to IgG.

The reason why SP-D-inhibited eotaxin-triggered eosi-
nophil chemotaxis but not C5a-triggered chemotaxis
remains unclear. Eotaxin-induced chemotaxis has been
shown to be mediated via CCR3, the major CC chemokine
receptor on eosinophils [21, 22]. Kampen et al. [36]
found that extracellular signal-regulated kinase (ERK)-1/
2 and p38 MAPK were involved in eotaxin-induced
chemotaxis and degranulation in eosinophils. However,
the upstream signal of p38 MAPK remains unknown [37].
We observed low binding of SP-D to CCR3, not yet
sufficient to explain the observed inhibitory effects of
SP-D on the eotaxin-triggered chemotaxis. A similar
conclusion can be drawn for the SP-D-binding potential
of SIRPa, which we clearly demonstrated to be present on
human eosinophils.

C5a acts via the G protein-coupled receptor CD88 on
granulocytes. There are few data focusing on the C5a-
mediated signalling pathway in eosinophils [38]. For
neutrophils, it has been demonstrated that, after activa-
tion of CD88, the p38 MAPK pathway plays a crucial role
in chemotaxis [39], too.

The influence of SP-D on the activation of upstream
signals of e.g. p38 MAPK in eosinophils might therefore
be crucial for the inhibitory effect on eosinophil chemo-
taxis and degranulation. Future experiments will investi-
gate these mechanisms in further detail.

In conclusion, the present data suggest that SP-D
regulates chemotaxis and degranulation of eosinophils
potentially mediated via binding to CD32. As eosinophils
are central inflammatory cells for the development of
allergic airway diseases like asthma, our results are
compatible with the hypothesis of a protective role of SP-
D in the pathogenesis and maintenance of allergic asthma.
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