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Surfactant protein D deficiency influences allergic immune responses
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Summary

Background The collectin surfactant protein D (SP-D) confers protection against pulmonary
infection and inflammation. Recent data suggest a role for SP-D in the modulation of allergic
inflammation.

Objective The aim of this study is to characterize the immune responses of SP-D-deficient (SP-D /™)
mice in a kinetic model of allergic inflammation. We determined whether allergic parameters were
enhanced in SP-D ™/~ mice in vivo. Further, we examined whether functional immune responses
in vitro such as lymphocyte proliferation (LP) and cytokine production were modulated in the
absence of SP-D.

Methods In vivo, wild-type (WT) and SP-D /'~ mice were sensitized and challenged with the
allergen ovalbumin (OVA) and assessed for allergic parameters (bronchoalveolar lavage (BAL)
eosinophils, 1L-13 production, pulmonary IFN-y, IL-10 expression) at early time points (1 and 3
days of challenge) in comparison with late time points (7 days of challenge). In vitro, spleen cells from
WT and SP-D ~/~ mice were stimulated with the mitogen concanavalin A (ConA) and lipid A (LpA)
and analysed for LP, IL-13 and IFN-y production. Toll-like receptor 4 (TLR4), ligand for LpA, was
assessed by mRNA expression and immunohistochemistry in vivo.

Results  Following allergen exposure in vivo, SP-D ~/~ mice expressed higher BAL eosinophils and
IL-13 concentrations and lower IFN-y expression at early time points compared with WT mice. IL-
10 expression was increased at early time points in SP-D ~/~ compared with WT mice. Allergen-
induced TLR4 expression was increased in WT, but not in SP-D =/~ mice. After stimulation with
LpA and ConA in vitro LP was increased and IFN-y concentration was decreased in SP-D ~/~ mice.
Conclusion SP-D may be critical for the modulation of early stages of allergic inflammation in vivo.
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Introduction

The collectin family, which includes surfactant protein D (SP-
D) and A (SP-A) as well as mannose-binding proteins, exerts
important protective functions in host defence [1-8]. As a
member of the collagenous C-type lectin family, SP-D is
primarily produced in the lung by alveolar type II cells and by
non-ciliated Clara cells, a subset of bronchiolar epithelial cells
[9]. Pulmonary collectins may contribute to protection against
local pulmonary inflammation including cytokine production
[1, 10, 11] elicited by Gram-positive and Gram-negative
bacteria [3, 4, 12-18]. More recently, it has been proposed
that SP-D plays a role in allergic inflammation by immune
modulation via communication between B and T lympho-

Correspondence: Patricia W. Finn, Pulmonary and Critical Care, Division
PBB 3rd floor, Clinics Building, Brigham and Women’s Hospital, 75
Francis Street, Boston, MA 02115, USA.

E-mail: pwfinn@rics.bwh.harvard.edu

© 2004 Blackwell Publishing Ltd

cytes [19-21]. SP-D deficiency (SP-D  ~/7) results in
persistent T cell activation in a murine model [21]. In vitro
human studies reveal that SP-D suppresses allergen-induced
lymphocyte proliferation (LP) and IL 2-dependent T cell
proliferation [19]. Further, SP-D inhibits allergen-induced
histamine release and proliferation of peripheral blood
mononuclear cells from asthmatic and non-asthmatic chil-
dren [22]. Increased SP-D is present in the bronchoalveolar
lavage (BAL) fluid of asthmatic adults [23] and we and
others have previously demonstrated increased SP-D expres-
sion in a murine allergic model [24, 25]. Application of
endogenous SP-D can further suppress allergic airway
inflammation [26].

To date, no in vivo study has examined SP-D ~/~ mice for
the kinetics of allergic inflammation. SP-D ~/~ mice are
described to gradually develop an altered phenotype with
impaired alveolar macrophages [27, 28] and alveolar lipopro-
teinosis [29, 30], increasing up to 7 months of age, when lungs
exhibit pulmonary fibrosis and emphysema [29, 30]. We chose
to examine 6-week-old SP-D ~/~ mice, where few baseline
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secondary changes are seen. As an example, SP-D ~/~ mice in
this study exhibited low-grade chronic inflammation char-
acterized by macrophage influx.

Based on work suggesting that SP-D decreases LP [19, 21,
22], we postulated that allergic responses in vivo may be
increased in SP-D deficiency in an in vivo murine model of
allergic inflammation. Also, previous data indicate a depen-
dence of SP-A on the innate TLR4 in signalling pathways and
cytokine secretion [20]. SP-D and SP-A both have similar
effects on T-helper (Th) cell function in allergic immune
responses [22, 31]; thus we posited a potential association of
SP-D and TLR4, both mediators in the innate immune
system. To further characterize the in vitro response of SP-
D/~ mice, we analysed LP and cytokine responses of spleen
cells of wild-type (WT) and SP-D ~/~ mice in vitro following
stimulation with the TLR4 agonist lipid A (LpA) as one
component of Gram-positive bacteria, and the mitogen
concanavalin A (ConA). SP-D deficiency increased para-
meters of allergic inflammation at early stages in our in vivo
allergen model and enhanced LP to LpA and ConA in vitro.

Materials and methods
Mice

Six-week-old inbred C57BL/6 female and male mice were
purchased from Jackson Laboratory (Bar Harbor, ME,
USA). C57BL/6 mice deficient in SP-D ~/~were generated
as previously described and backcrossed 10 generations into a
C57BL/6 background [29]. The mice were maintained
according to the guidelines of the Committee on Animals
of the Harvard Medical School and the Committee on the
Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources National Research Council.

In vivo study: allergen sensitization and challenge

In this model of allergic inflammation, mice were sensitized
with the allergen ovalbumin (OVA) as previously described
[24, 32, 33]. In brief, WT and SP-D =/~ mice were sensitized
by intraperitoneal (i.p.) injection of 10 pug chicken OVA and
1 mg Al (OH); on days 0 and 7 (WT OVA, SP-D /= OVA).
Control mice received i.p. injection of phosphate-buffered
saline (PBS) and 1 mg AI(OH); (WT PBS, SP-D "/~ PBS).
After sensitization, mice were assigned to one of three
protocols (Fig. 1). The 15-day protocol comprises challenge
with aerosolized 6% OVA dissolved in 0.5 x PBS through an
ultrasonic nebulizer (Model 5000, DeVilbiss, Somerset, PA,
USA) for 20 min on day 14 and killing 24 h after challenge
(day 15). In the 17-day protocol, mice received aerosolized
challenge for 3 days (days 14-16) and were killed 24 h after
the last challenge (day 17). In the 21-day protocol, mice were
challenged with aerosolized OVA for 7 days (days 14-20) and
were killed 24 h after the last challenge (day 21). The control
groups followed the identical protocols, but were sensitized
and challenged with PBS instead of OVA. Two experimental
and two control groups were analysed at all three time points.
Naive control mice received no treatment and were kept in
the same environment in the laboratory for 21 days (n = 4-6
mice/group).

15 day Day 15
protocol i killing
early
Day 14 challenge
17 day Day 17
protocol killing
early
Day 14-16 challenge
2:0(:23701 Day 21
P killing
Day 0 i.p. Day 7i.p. Day 14-20 challenge late
OVA/PBS OVA/PBS OVA/PBS

Fig. 1. Murine model of allergic inflammation. In this model of allergic
inflammation, wild-type (WT) and surfactant protein D deficient (SP-D /")
mice received intraperitoneal (i.p.) allergic sensitization on days 0 and 7 or
phosphate-buffered saline (PBS) in control mice. The 15-day protocol
comprises allergen ovalbumin (OVA) challenge (compared with PBS) on
day 14 and killing on day 15. In the 17-day protocol, mice were challenged
for 3 days (days 14-16) and killed on day 17. In the 21-day protocol mice
were challenged for 7 days (days 14-20) and killed on day 21. Two OVA
(WT and SP-D ~/~) and two PBS groups were analysed on the 3 time points
(n=4-6 mice/group).

Bronchoalveolar lavage, cytokine concentrations and
histological analysis

Mice were anaesthetized with ketamine/xylazine i.p. and
killed by cardiac puncture 24 h after challenge (days 15, 17,
21). Each mouse underwent BAL, as previously described [24,
32, 34]. BAL cells were pelleted, and following centrifugation
the supernatant of BAL cells was stored at —80°C. Cells
were resuspended in RPMI (5 x 10° cells/mL). Slides for differ-
ential cell counting were prepared with Cytospin (Shandon
Inc., Pittsburgh, PA, USA), fixed and stained with Diff-Quik
(Dade Behring, Newark, DE, USA). For each sample, an
investigator blinded to the treatment groups performed two
counts of 400 cells. Cytokine concentrations were measured
with ELISA according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN, USA) and were deter-
mined by comparison with known standards. Lower limit of
detection for IL-13 was 1.5pg/mL (n = 4-6 mice/group).
For histological analysis, tissue samples from the left lung
were removed from the thoracic cavity and snap-frozen in
liquid nitrogen; additional lung tissue samples were fixed in
4% paraformaldehyde and routinely processed into paraffin
blocks. Frozen sections, 5 pm thick, were cut and the tissues
were screened with haematoxylin and eosin to verify the
presence of at least three bronchioles per section. For
immunostaining, 5pm thick paraffin-embedded samples were
cut. The primary antibodies included polyclonal goat anti-
Toll-like receptor 4 (TLR4) (sc-12511, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) used at 1:750 dilutions. The
identity of cell types staining for TLR4 was assessed by
staining serial sections with well-characterized cell markers,
such as Mac-3 (purified rat anti-mouse mac-3 mAb, 1:30
dilution, clone M3/84, BD Pharmingen, San Diego, CA, USA)
for macrophage staining. Negative controls to verify specificity
of immunostaining consisted of pre-absorbing the primary
antibody against a 10-fold excess of specific peptide (TLR4)
(sc-12511-p, Santa Cruz) and substituting an irrelevant IgG,
non-immune goat-IgG (Sigma Aldrich, St Louis, MO, USA),
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used at the same concentration as the anti-TLR4 antibody, for
the primary antibody. Slides were stained with an avidin—
biotin technique with tyramide enhancement [24]. An experi-
enced reader (K. J. H) examined the slides in a blinded fashion
using a semi-quantitative (0—4+) method to assess the
abundance of immunostaining (n = 4-6 mice/group).

Serum IgE

Blood was withdrawn by cardiac puncture and centrifuged at
18890 x g at room temperature for 20 min to recover serum.
Total serum IgE levels were determined by ELISA as
previously described [34]. Total serum IgE concentrations
were calculated using a standard curve generated with a
commercial IgE standard (BD Pharmingen).

Real-time quantitative polymerase chain reaction

Total RNA was isolated from right lung tissue with TRI
Reagent (Sigma-Aldrich). Isolated RNA was reverse tran-
scribed with SuperScript II RNAse reverse transcriptase (Life
Technologies, Carlsbad, CA, USA). Specific primer pairs for
GAPDH (as housekeeping gene: M32599), SP-D, IFN-y, IL-
10 and TLR4 were designed with the Primer Express software
(Applied Biosystems, Foster City, CA, USA). The sequences
of the forward (FW) and reverse (RE) primer pairs used in
the experiments were as follows: SP-D: AGCAGAAATGA
AGAGCCTCTCG (FW), AGGGTGCAGGTGTTGGGT
AC (RE), IFN-y: AGGTGTCACAACTGCTGCCA (FW),
ACACCCGAATGAGCTGCTCT (RE), IL-10: CCAGTAC
AGCCGGGAAGACA (FW), CTCTGGCCGACTGGGA
AGT (RE), TLR4: CCTGGCTGGTTTACACGTC (FW),
GACATTGCAGAAACATTCGC (RE). Direct detection of
the PCR product was monitored by measuring the increase in
fluorescence caused by the binding of SYBR Green to
dsDNA. Using 5pL of cDNA, 5uL of primer, and 10 pL of
SYBR Green Master Mix (Applied Biosystems) per well, the
gene-specific PCR products were measured continuously by
means of GeneAmp 5700 Sequence Detection System
(Applied Biosystems) during 40 cycles. All experiments were
run in duplicate, and the same thermal cycling parameters
were used. Non-template controls and dissociation curves were
used to detect primer—dimer conformation and non-specific
amplification. The threshold cycle (Ct) of each target product
was determined and set in relation to the amplification plot of
GAPDH. The Cr is the number of PCR cycles required for the
fluorescence signal to exceed the detection threshold value.
The detection threshold was set to the log linear range of the
amplification curve and kept constant (0.3) for all data analysis.
The difference in Ct values of two genes was used to calculate
the fold change. The level of mRNA of the individual gene is
described as gene expression. The relative quantitation results
were used to determine changes in gene expression in WT and
SP-D ~/~ mice compared with naive mice [35, 36].

In vitro study: lymphocyte proliferation and cytokine
concentrations

Murine spleen cells were isolated [37], washed with RPMI-
1640 and suspended in RPMI-1640 with 10% fetal calf serum
and antibiotics. For the LP assay, 0.5 x 10° cells/well were
cultured in quadruplicates in 96-well round-bottom tissue-

culture plates (Corning, NY, USA) for 48 h, and stimulated
with the TLR4 agonist LpA (Salmonella Minnesota Re-595,
R mutans, Sigma-Aldrich), the mitogen ConA or kept un-
stimulated. Cells were pulsed with 1puCi *H-Thymidine for
an additional 8h. Cultures were performed at 37°C in a
humidified 5% CO, incubation chamber. Cells were harvested
with a Tomcat Mach II harvester (Wallac, Turku, Finland)
onto filter plates, which were read using a pB-Counter.
Proliferation was quantified by stimulation index (SI), which
is calculated as the ratio of mean counts per minute (c.p.m.)
of stimulated over unstimulated replicates. For analysis of
cytokine production in vitro, cell culture supernatants
were harvested following 48 h of stimulation with LpA, ConA
or without stimulation. Cytokine concentrations were
measured with ELISA according to the manufacturer’s
instructions (R&D Systems) and were determined by com-
parison with known standards (n=3-5 mice/group).
Lower limit of detection for IL-13 was 1.5 pg/mL, for IFN-y
2.0 pg/mL.

Statistical analysis

Data analysis was performed with Sigma Stat software.
Statistically significant differences were determined by one-
way ANOVA analysis followed by a comparison of groups with
the Tukey—Kramer analysis. Data are reported as mean +
SEM. Statistical significance was defined by P<0.05.

Results

Allergen challenge induced an increase in bronchoalveolar
lavage eosinophils and interleukin-13 at early time points
in surfactant protein deficient (SP-D~’~) compared with
wild-type mice

We have previously demonstrated that sensitization and 7
days of challenge were required to induce maximal allergic
inflammation in our model [33, 38]. Figure 1 describes the
kinetic model of allergic inflammation for this study (see
Materials and methods). SP-D gene expression in lung tissue
of WT OVA mice was significantly increased at days 15 and
17 as compared with PBS controls (Fig. 2A). We postulated
that allergic responses in vivo would be enhanced in SP-D ~/~
mice. The allergic parameters (eosinophils and IL-13) were
both significantly increased in WT OVA and SP-D~/~ OVA
mice as compared with PBS controls on day 17 and 21 for
eosinophils or on day 15, 17 and 21 for IL-13, respectively
(Figs 2B and C). On days 17 and 21, SP-D /=~ OVA mice
showed significantly increased eosinophil counts as compared
with WT OVA mice (*P<0.05). IL-13 concentration, a
representative Th2 cytokine critical in allergic inflammation,
was significantly increased in SP-D ~/~ OVA mice compared
with WT OVA mice on days 15 and 17 (*P<0.05) (Fig. 2C).
Total serum IgE levels showed a trend to increased levels in
SP-D /= OVA mice as compared with WT OVA mice on all
time points, though not significant (Fig. 2D). Together, these
results demonstrate, that SP-D =/~ mice showed increased
allergic parameters compared with WT mice after 1 or 3 days
of challenge, respectively, and for eosinophils also after 7 days
of challenge.
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Fig. 2. Increased bronchoalveolar lavage
(BAL) eosinophils and IL-13 production in
surfactant protein-D (SP-D) deficiency. (A)
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expression was significantly increased in wild-
type (WT) ovalbumin (OVA) as compared with
WT PBS mice on days 15 and 17 (*P<0.05).
(B) On days 17 and 21, SP-D ~/~ OVA mice
showed increased BAL eosinophils as com-
pared with WT OVA mice (*P<0.05). Each
mouse underwent BAL as previously de-
scribed. Cell counts were determined by dif-
ferential staining of cells isolated from BAL
fluid. (C) Concentration of BAL IL-13 was
increased on days 15 and 17 in SP-D~/~ OVA
compared with WT OVA mice (*P<0.05). (D)
Total serum IgE was not significantly increased
in SP-D~/~ OVA mice as compared with WT
OVA mice on all time points. (C, D) Cytokine

SPD~~ spD
PBS OVA

WT PBS WTOVA SPD™~ spD™~
PBS  OVA

Differential interferon-y and interleukin-10 gene expression
in surfactant protein deficient compared with wild-type mice

Pulmonary IFN-y gene expression, examined as a represen-
tative potentially allergy-protective Thl cytokine, was de-
creased in SP-D ~/~ OVA, compared with WT OVA mice
on day 15 (*P<0.05) (Fig. 3A). On day 21, IFN-y gene
expression was increased in SP-D =/~ OVA, compared with
WT OVA, mice (*P<0.05). Interestingly, IL-10 as an anti-
inflammatory cytokine, showed significantly increased gene
expression on day 15 in SP-D =/~ OVA mice, compared with
WT OVA mice and decreased gene expression on day 21
(*P<0.05) (Fig. 3B).

Toll-like receptor 4 gene expression was decreased in
surfactant protein deficient ovalbumin mice compared with
wild-type ovalbumin mice

TLR4 is a receptor of the innate immune system recently
shown to be critical for SP-D-mediated activation. We
analysed pulmonary TLR4 gene expression in our in vivo
model of allergic inflammation in both WT and SP-D ~/~
mice. TLR4 gene expression was significantly increased in
both WT and SP-D /=~ OVA mice compared with PBS
controls on day 15 (¥P<0.05) (Fig. 4A). Interestingly,
pulmonary TLR4 gene expression of allergen-challenged
SP-D ~/~ mice was significantly decreased compared with
WT mice on day 15 (*P<0.05) and similar on day 21 (Fig.
4A). The total number of BAL macrophages, a major cell
type expressing TLR4, was similar in WT OVA and SP-D ~/
~ OVA mice on day 21, and lower in WT OVA as compared
with SP-D ~/~ OVA mice on day 15 (Fig. 4B). Analysing the
reagent OVA by Limulus assay and for functional ability to
stimulate unprimed splenocytes, we found no evidence for
endotoxin contamination (data not shown), which was
implicated in other models to modify allergen responses
[39]. We confirmed the increase of TLR4 following allergen
challenge by immunohistochemical (IH) analysis of TLR4
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Fig. 3. Effect of surfactant protein D (SP-D) deficiency on pulmonary IFN-
v and IL-10 gene expression. (A) Pulmonary IFN-y gene expression was
significantly decreased on day 15 and increased on day 21 in SP-D~/~ OVA
mice as compared with WT OVA mice (*P<0.05). (B) In contrast, IL-10
expression was significantly increased on day 15 and decreased on day 21 in
SP-D~/~ OVA mice as compared with WT OVA mice (*P<0.05). (A, B) Total
RNA was isolated from lung tissue and mRNA expression of IFN-y and IL-10
was measured by real-time PCR as described in Materials and methods. Data
are shown as mean fold change + SEM (n = 4—-6 mice/group).

protein distribution in allergen-induced WT mice (Fig. 4C, b),
which revealed increased immunostaining for TLR4 in
mononuclear alveolar cells on day 21 compared with WT
PBS mice (Fig. 4C, a). Our IH results were consistent with
mRNA gene expression (Fig. 4A). TLR4 positive cells
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showed increased staining with the macrophage marker Mac-
3 (not shown). No significant immunostaining was observed
following pre-absorbing the primary antibody with specific
peptide for TLR4 (Figs 4C, ¢ and d).
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Increased lymphoproliferative responses, decreased
interferon-y (IFN-y) and sustained IL-13 concentrations in
SP-D~’~ mice following in vitro stimulation with Lipid A

To characterize the lymphoproliferative responses of SP-D ~/~
mice, we stimulated spleen cells with the TLR4 agonist LpA,
a major component of lipopolysaccharide (LPS), at dif-
ferent doses. The lymphoproliferative response of SP-D ~/~
mice was increased compared with WT mice in doses ranging
from 0.1 to 100pg/mL LpA (*P<0.05) (Fig. 5A). To
determine the capacity of SP-D~/~ mice to produce
cytokines following innate stimulation, we examined IFN-y
and IL-13 concentrations as cytokines relevant to allergic
inflammation after stimulation with different doses of LpA
(Figs 5B and C). IFN-y concentration was significantly
diminished in SP-D ~/~ compared with WT mice following
stimulation with LpA at any dose (*P<0.05) (Fig. 5B). In
contrast, IL-13 concentration was similar compared with WT
mice following stimulation with LpA (Fig. 5C).

Mitogen stimulation increased lymphocyte proliferation,
and decreased interferon-y and IL-13 concentrations in
surfactant protein deficient mice

To contrast the phenotypic immune responses in SP-D ~/~
following innate stimulation, we investigated whether the
proliferative response to a T cell mitogen (ConA) was also
increased in SP-D ~/~ mice in vitro. Mitogen-induced proli-
feration was significantly enhanced in SP-D~/~ mice as
compared with WT mice (*P<0.05) (Fig. 5D). Mitogen-
induced IFN-y and IL-13 concentrations were significantly
reduced in SP-D ~/~ mice as compared with WT controls
(*P<0.05) (Figs 5E and F). These results support the concept
that stimulation of TLR4 with LpA and ConA increases LP
in the absence of SP-D and may influence the immune system
to inhibit IFN-y secretion.

Discussion

Our results indicate that SP-D influences allergic immune
responses, which are characterized as predominant Th2
cytokine responses. We present a temporal profile of allergic

<

Fig. 4. Toll-like receptor 4 (TLR4) expression in allergen-challenged SP-
D/~ and wild-type (WT) mice. (A) TLR4 gene expression was comparable
in WT PBS and SP-D~/~ PBS mice on days 15 and day 21. TLR4 gene
expression was significantly increased in WT and SP-D ~/~ OVA mice
compared with both PBS controls on day 15 (P<0.05). Gene expression of
TLR4 in SP-D~/~ OVA was significantly decreased as compared with WT
OVA mice on day 15 (*P<0.05). Total RNA was isolated and real-time PCR
performed as described in Materials and methods. Data are shown as mean
fold change + SEM. (B) Total bronchoalveolar lavage (BAL) macrophage
counts were similar in SP-D~/~ as compared with WT mice before and
after allergen challenge on day 21, and higher on day 15. BAL cell counts
were determined as described in Material and methods. Data are shown as
total cell counts + SEM. (C) Immunohistochemistry showed increased
TLR4 expression after allergen exposure on day 21 in WT OVA (b) as
compared with PBS mice (a). Arrows designate alveolar cells immunopo-
sitive for TLR4. Co-localized Mac-3 staining for macrophages showed the
identity of TLR4-positive cells. (c) Immunostaining with TLR4. (d) Negative
control demonstrating no immunostaining on a serial section, which was
stained using TLR4 antibody pre-absorbed against specific peptide.
Immunohistochemistry was performed as described in Material and
methods. The staining of one representative mouse is shown. (A-C)
n=4-6 mice/group.
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Fig. 5. Altered immune responses: increased proliferative responses and decreased IFN-y production in SP-D =/~ following Lipid A (LpA) and concanavalin
A (ConA) stimulation. (A) Lymphocyte proliferation (LP) was increased in SP-D ~/~ mice following stimulation with LpA at multiple doses (0.1-100 pg/mL) as
compared with WT controls (*P<0.05). (B) IFN-y production was absent in SP-D ~/ ~mice after low doses of LpA stimulation (0.1 and 1 png/mL, *P<0.05) and
decreased compared with wild-type (WT) mice after higher doses of LpA (10 and 100 pg/mL, *P<0.05). (C) IL-13 production was dose independent and

similar in SP-D ™/~

and WT controls. (D) LP was increased in SP-D deficiency following stimulation with the mitogen ConA as compared with WT controls

(*P<0.05). (E, F) IFN-y and IL-13 production was decreased in SP-D ~/~ mice as compared with WT controls after ConA stimulation (*P<0.05). (A-F). LP
was determined following stimulation with the indicated doses of LpA or ConA for 48 h by ®H-Thymidine uptake as described in Materials and methods.
Supernatants of spleen cells were harvested 48 h after LpA or ConA stimulation and cytokine concentrations were measured with ELISA as described in

methods (n = 3-5 mice/group).

responses in a murine model in vivo and the impact of SP-D
deficiency. Early in allergen challenge, lack of SP-D skews
allergic responses in favour of a greater Th2-like response,
suggesting that SP-D may participate in the early immune
response by dampening the subsequent allergic reactivity.
However, later in the allergic response, potentially other
mediators predominate, leading to a late rise in IFN-y and a
decrease in IL-10 expression. Further, we provide novel data
demonstrating that allergen-induced TLR4 expression is
increased in WT, but decreased in SP-D-deficient mice. These
data suggest additional pathways by which SP-D and TLR4
may influence allergic responses.

This study suggests that SP-D contributes to decrease
pulmonary allergic inflammation at early time points in
allergic challenge. BAL eosinophils and IL-13 production
were increased in SP-D ~/~ mice at early time points. These
data complement prior studies, which demonstrate that SP-D
administration suppresses LP and the development of allergy
in sensitized mice [21, 22, 31, 40-42]. SP-D may influence
allergic immune responses in several ways. One potential
explanation is that mannosylated glycoprotein OVA may be
bound and cleared by SP-D, since recombinant SP-D was
shown to bind mannose-glucose [43]. The multifaceted
immunoregulatory potential of SP-D is also shown by direct
binding to allergens. SP-D can bind allergens from Aspergillus
Sfumigatus [44, 45] and glycoprotein allergens of house dust
mite [40, 46] via interaction with carbohydrate components.
SP-D further inhibits the binding of specific IgE to these
allergens, possibly through direct, CRD-dependent binding to
lymphocytes [46]. SP-D may modulate T cell responses [19,
22, 31, 47] and enhance antigen presentation by dendritic cells

[48]. Further, SP-D coupled to OVA may increase the
effective activation of macrophages and also contribute to
the clearance of apoptotic cells by macrophages [30, 49]. At
early time points in our study, WT OVA mice express a lower
degree of allergic inflammation than allergen-challenged SP-
D/~ mice. However, at later time points, the immuno-
modulatory effects of SP-D, whether by direct binding or
cytokine production, may not be sufficient to dampen a
maximal allergic response.

Production of cytokines is one potential mechanism
contributing to a modulatory effect of SP-D. Decreased
IFN-y production in SP-D deficiency at early time points in
our study may indicate that IFN-y is an allergy-protective
marker in the presence of SP-D. Consistent with our data,
Takeda et al. [50] showed increased IFN-y secretion following
application of SP-D with allergen, although in an isolated
population of alveolar macrophages. We analysed an
additional cytokine, IL-10, with known anti-inflammatory
properties and secreted by T cells, non-T cells, epithelial cells
and dendritic cells as well as macrophages [51, 52]. Prior
work indicates that culture of allergen sensitized macro-
phages with SP-D results in increased production of IL-10 [50].
These data suggest a potential negative regulatory property of
SP-D in allergic inflammation in part by modulating the
function of alveolar macrophages [50]. Our data, showing
that allergen-induced IL-10 levels are increased over time in
WT OVA mice as allergic responses increase, support
the concept that IL-10 may be anti-inflammatory [53, 54].
The decrease in IL-10 over time in SP-D deficiency may
be due to dysfunctional alveolar macrophages in SP-D
deficiency.

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:1819-1826
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The in vitro analyses in SP-D deficiency suggest a role for
SP-D in suppressing LP following mitogen (ConA) as well
as innate (LpA, a TLR4 agonist) stimulation. Our work
complements studies indicating that administration of SP-D
can dampen lymphocyte responses [55, 56] and that lymphoid
aggregates are seen in SP-D-deficient mice [21].

We postulate that factors in addition to SP-D may mediate
an allergy-protective mechanism. Previous reports indicate
that an intact TLR4 complex is necessary for SP-A-induced
activation of the transcription factor nuclear factor kB and of
several cytokines such as TNF-o and IL-10 [20]. In this study,
we describe for the first time, that TLR4 expression is
increased in WT mice in vivo after one allergen challenge.
TLR4 expression was diminished at early stages of allergen
challenge in the absence of SP-D. Vandivier et al. [49, 30]
showed that SP-D enhanced apoptotic cell ingestion in vitro
and apoptotic cell clearance in vivo. Clark confirmed that SP-
D/~ mice have increased alveolar macrophages, which
are known to express TLR4 and an increased number of
apoptotic and necrotic alveolar macrophages. In our model,
spleen cells of SP-D ~/~ mice showed intact in vitro responses
after TLR4 stimulation as exemplified by increased lympho-
proliferation and sustained IL-13 production. In other
studies, SP-D was shown to alter interactions between LPS
and the cofactor CD-14, associated with TLR4, which are
critical for innate immune responses [57]. Whether TLR4
expression may be SP-D dependent or co-acting in allergen-
induced immune responses requires further investigation.

In summary, our data add to the emerging role of SP-D in
modulating cellular immune responses after allergen chal-
lenge [19, 22-24, 31, 50]. SP-D influences allergic responses,
potentially by suppressing T cell activation and influencing a
distinct cytokine pattern. At maximal allergen exposure, SP-
D may not be sufficient to reduce allergic inflammation.
Administration of SP-D to SP-D~/ “mice is a potential
means to assess SP-D effects, taking into consideration the
type of SP-D, dose, time and site of application and
distribution. Interestingly, several studies have highlighted
the potential of collectins and their recombinant fragments as
well as protein-free synthetic phospholipid-based surfactant
as therapeutic molecules [11, 26, 43, 58-60]. Taken together,
we suggest that the pulmonary collectin SP-D participates in
the modulation of allergic inflammation. Whether SP-D will
be shown protective in allergic inflammation in humans has
yet to be elucidated.
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