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Abstract

Background: Surfactant protein D (SP-D) plays important roles in innate host defense against
influenza A virus (IAV) infection. Common human polymorphisms of SP-D have been found in many
human populations and associated with increased risk of certain infections. We recently reported
that the Thr/Thr || form of SP-D is associated with low serum levels and assembles predominantly
as trimers as opposed to the more common multimeric forms of SP-D.

Methods: Preliminary experiments were done to establish the effects of different monoclonal
antibodies against SP-D on ability of SP-D to bind to or neutralize the virus. We then purified
natural human trimeric and multimeric forms of SP-D from amniotic fluid and tested ability of these
preparations to bind to AV, to inhibit infectivity and hemagglutination activity of IAV in vitro.

Results: In initial experiments mAbs directed against different areas on the CRD of SP-D were
found to have differing effects on antiviral activity. Using an mAb that did not interfere with antiviral
activity of SP-D, we confirm that natural SP-D trimers had reduced ability to bind to IAV. In
addition, the trimers had reduced ability to neutralize IAV as compared to natural human SP-D
multimers as well as reduced hemagglutination inhibiting activity against several strains of IAV.
Natural SP-D trimers also had different interactions with human neutrophil peptide defensins
(HNPs) in viral neutralization assays as compared to multimeric SP-D.

Conclusion: These studies indicate that a common human polymorphic form of SP-D may
modulate host defense against IAV and give impetus to clinical studies correlating this genotype
with risk for IAV infection in susceptible groups. We also show that mAbs directed against different
areas on the carbohydrate recognition domain of SP-D can be useful for dissecting out different
functional properties of the protein.
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Background

IAV infections are a major cause of morbidity and mortal-
ity, causing ~40,000 deaths per year in the United States
[1]. Recent episodes of transmission of avian IAV infec-
tion to humans underscore the ongoing potential for pan-
demic caused by IAV [2]. Innate immune mechanisms
provide important protection against IAV in the naive
host. Among the innate immune proteins with significant
anti-IAV activity are Type I interferons, tumor necrosis fac-
tor, the collectins, and defensins [3-6]. Surfactant protein
D (SP-D) has particularly important roles in restricting
TAV replication and limiting the severity of inflammatory
responses during the first several days of infection [7-13].

SP-D has strong antiviral activity and mediates several
other important functions some of which may be impor-
tant during infection, including maintenance of surfactant
homeostasis in the lung, clearance of apoptotic cells,
enhancement or inhibition of uptake of various organ-
isms by phagocytes, and inhibition of inflammatory reac-
tions in the lung [8,14-19]. SP-D could also contribute to
adaptive immune responses through facilitating presenta-
tion of antigen by dendritic cells [20] and decreasing lym-
phocyte activation and proliferation [21]. SP-D has also
been shown to bind to a few host molecules including
scavenger receptor rich glycoprotein 340 (gp-340), CD14
[22], microfibril-associated protein 4 (MFAP4), decorin,
DNA and human neutrophil defensins (HNPs) [23-28].
Gp-340 and HNPs have significant anti-influenza activity
in their own right and have complex interactions with SP-
D in various assays of antiviral activity [28-32].

SP-D is a collagenous lectin that assembles as a trimer
with a globular carbohydrate recognition domain (CRD)
and an extended collagenous domain. These trimers can
further multimerize into assemblies of 4 or more trimers
linked at the N-terminus by disulfide bonds [33]. There
are several common polymorphic forms of SP-D some of
which appear to be of functional and clinical significance.
We have recently shown that the Thr/Thr11 form of SP-D
assembles in vivo and in recombinant preparations pre-
dominantly as trimers, lacking the usual higher mul-
timeric forms observed for other polymorphic forms of
SP-D [34]. The Thr/Thr11 variant occurs in approximately
17% of the Danish population and is also associated with
lower serum levels of SP-D. The trimeric form of SP-D had
reduced binding to mannan, several types of bacteria and
IAV, as compared to binding by the multimeric Met/
Met11 form of SP-D. Interestingly, despite reduced bind-
ing to these microbes, the trimeric form of SP-D had
equivalent binding to LPS [34] and to HNPs [28]. Binding
to LPS or HNPs was not found to be mediated by the cal-
cium-dependent lectin activity of SP-D (in contrast to
binding to bacteria or IAV).
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Additional studies in other populations have found a sim-
ilar frequency of the Thr/Thr 11 variant of SP-D [35] sug-
gesting that the polymorphism has been conserved in
many populations. Furthermore, the Thr/Thr 11 variant
has been associated with increased risk of Mycobacterium
tuberculosis infection [36]. Conversely, the Met/Metl1
form is associated with increased severity of respiratory
syncytial virus (RSV) infection [37]. We have speculated
that the Thr/Thr 11 form of SP-D may modify risk for
severe IAV infection. In the current paper we demonstrate
that natural SP-D in the trimeric form not only has
reduced ability to bind IAV, but has less viral neutralizing
activity, supporting the hypothesis that the Thr/Thr 11
form of SP-D may be associated with reduced innate
defense against IAV.

Methods

Virus preparation

IAV was grown in the chorioallantoic fluid of ten day old
chicken eggs and purified on a discontinuous sucrose gra-
dient as previously described [38]. The virus was dialyzed
against phosphate buffered saline (PBS) to remove
sucrose, aliquoted and stored at -80°C until needed. Phil-
ippines 82/H3N2 (Phil82) and Brazil79/HIN1 (Braz79)
strains were kindly provided by Dr. E. Margot Anders
(University of Melbourne, Melbourne, Australia). The A/
PR/8/34/H1N1 (PR-8) strain was a gift of Dr. Jon Abram-
son (Bowman Gray School of Medicine, Winston-Salem,
NC). The HA titer of each virus preparation was deter-
mined by titration of virus samples in PBS with thor-
oughly washed human type O, Rh(-) red blood cells as
described [38]. Post thawing the viral stocks contained ~5
x 108 plaque forming units/ml.

SP-D and HNP preparations

Recombinant human SP-D (RhSP-D) was produced in
stably transfected CHO-K1 cells as previously described
[9]. The recombinant preparation used contains the Thr11
sequence in the N-terminus and could be separated into
distinct fractions containing predominantly trimers,
dodecamers or high molecular weight multimers as previ-
ously described [8,9]. In general the dodecameric fraction
was used, except for experiments in which the activity of
purified recombinant trimers and multimers were com-
pared. Natural human SP-D was isolated from amniotic
fluid as previously described [34]. A pool of amniotic
fluid (n = 6) was centrifuged 4000 rpm, 4°C for 30 min
and purified by maltosyl agarose affinity chromatogra-
phy. SP-D eluted as two structural different forms and was
collected in fractions 3, 4 ("high molecular weight SP-D)
and 6, 7 ("low molecular weight SP-D"), respectively. As
previously demonstrated, the high molecular weight frac-
tion consists predominantly of dodecamers, whereas the
low molecular weight fraction consists of trimers. The SP-
D preparations were aliquoted and stored at -80°C and
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after thawing were kept at 4°C for short periods (1-2
weeks) in general.

The innate defense protein preparations used in this
report were tested for degree of contamination with endo-
toxin using a quantitative endotoxin assay (Limulus Ame-
bocyte Lysate; Bio-Whittaker, Walkersville, MD). The final
concentrations of endotoxin in protein samples contain-
ing the highest concentrations of collectins were ~20-100
pg/ml (or 6-12 Endotoxin Units/ml using internal assay
standard). HNP-1 and HNP-2 were purchased from
Bachem Bioscience (King of Prussia, PA). The levels of
endotoxin in the HNP preparations were 15 and 25 pg/ug
of protein, respectively for HNP-1 and 2.

mAbs against SP-D

MADbs 246-04 and 246-07 were raised against SP-D by
inoculating mice with 10 pg/ml of human SP-D as previ-
ously described [39]. The 245-01 was raised against a
recombinant fragment of human SP-D composed of only
the neck and carbohydrate recognition domain (CRD),
recognizes human SP-D by Western blot in reduced and
unreduced form, and was shown to be effective for immu-
nolocalization of SP-D in human tissues. By ELISA 246-04
and 246-07 react with full length human SP-D as well and
neck plus CRD fragments; 245-01 reacts well with neck
plus CRD fragments of human SP-D but not with full
length human SP-D (data not shown). Using recom-
binant fragments of SP-D we have found that the 245-01
mAD reacts with the neck region of human SP-D. The 246-
04 and 246-07 mAbs only recognize SP-D in non-reduced
form and bind to distinct epitopes on the CRD. The 246-
07 mAb probably binds to the primary calcium and sac-
charide binding region of the CRD since it blocks binding
of SP-D to mannan [31]. In contrast, the 246-04 mAb
binds to a distinct region of the CRD and does not block
binding to mannan. The 246-04 mAb does, however,
block binding of SP-D to gp-340 [31].

Measurement of binding of SP-D to IAV

Binding of collectins to IAV were assessed by ELISA.
Briefly, wells were incubated overnight at 4°C with a
1:250 dilution of Phil82 stock in coating buffer. Follow-
ing washing with PBS, the plates were blocked with PBS
containing 2.5% fatty acid and endotoxin free BSA
(Sigma, fraction V, fatty acid free and low endotoxin;
A8806) for 3 hrs. These IAV-coated plates were then incu-
bated with SP-D preparations, followed by addition of the
246-04 monoclonal antibody (mAb) against SP-D as indi-
cated. Secondary HRP-labeled donkey anti-mouse anti-
bodies were then added. TMB substrate (BioRad Labs,
Hercules, CA) was then added and the reaction was
stopped using 1N sulfuric acid (H,SO,). The optical den-
sity was measured on an ELISA plate reader at 450 nm
wavelength. Each individual data point was performed in
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duplicate. In some experiments SP-D was pre-incubated
with mAbs (as indicated in figure 1) prior to binding to
IAV.

Hemagglutination (HA) inhibition assay

HA inhibition was measured by serially diluting collectin
or other host defense protein preparations in round bot-
tom 96 well plates (Serocluster U-Vinyl plates; Costar,
Cambridge, MA) using PBS as a diluent. After adding 25
ul of TAV, giving a final concentration of 40 HA units per
ml or 4 HA units/well, the IAV/protein mixture was incu-
bated for 15 min. at room temperature, followed by addi-
tion of 50 ul of a type O human erythrocyte suspension.
The minimum concentration of protein required to fully
inhibit the hemagglutinating activity of the viral suspen-
sion was determined by noting the highest dilution of
protein that still inhibited hemagglutination. Inhibition
of HA activity in a given well is demonstrated by absence
of formation of an erythrocyte pellet. If no inhibition of
HA activity was observed at the highest protein concentra-
tion used then the value is expressed as > the maximal
protein concentration.

Fluorescent focus assay of IAV infectivity

MDCK monolayers were prepared in 96 well plates and
grown to confluency. These layers were then infected with
diluted IAV preparations for 30 min. at 37°C in PBS, fol-
lowed by washing of the monolayer three times in serum
free Dulbecco's Modified Eagle Medium (DMEM) con-
taining 1% penicillin and streptomycin. The monolayers
were then incubated for 7 hours at 37°C with 5% CO, in
DMEM. The monolayers were subsequently washed three
times with PBS and fixed with 80% acetone (volume/vol-
ume) for 10 minutes at 4°C. The monolayers were then
labeled by incubating with monoclonal antibody directed
against the influenza A viral nucleoprotein (provided by
Dr. Nancy Cox, CDC, Atlanta, GA) in reagent A (PBS with
0.1% BSA, 1% heat inactivated human serum, 0.02%
NaN3) for 30 min. at 4°C. The monolayers were washed
three times in PBS and incubated with FITC-labeled goat
anti-mouse IgG. The fluorescent foci were counted
directly under fluorescent microscopy. Initially, various
dilutions of virus were used to find the dose yielding
approximately 50 fluorescent foci per high powered (40x)
field. These foci appeared to be single infected cells in gen-
eral. In most experiments IAV was pre-incubated for 30
min. at 37°C with SP-D and/or HNPs or control buffer,
followed by addition of these viral samples to the MDCK
cells.

Statistics
Statistical comparisons were made using Student's paired,
two-tailed t test or ANOVA with post hoc test (Tukey's).
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Figure |

Effect of mAbs on viral neutralizing and binding activity of SP-D. Three mAbs directed against the CRD of SP-D were
tested as indicated. In panel A, a fixed dose of recombinant SP-D multimers (100 ng/ml) was used to neutralize the Phil82 strain
of IAV. This concentration of SP-D reduced the number of infectious foci to 4.4 £ 1.2% of control (shown at 0 on the y axis).
Neutralization was assessed by fluorescent focus assay and expressed as % of control infectious foci in SP-D treated samples
compared to control. Increasing concentrations of the mAbs were pre-incubated with SP-D prior to the neutralization assay.
The 246-07 markedly inhibited neutralizing activity (* indicates p < 0.05 vs control). Although 246-04 also inhibited neutralizing
activity modestly as indicated its effect was significantly less than 246-07. The 245-01 antibody did not inhibit neutralizing activ-
ity but slightly increased neutralization at one concentration (indicated by *¥). In panel B, the 246-07 and 246-04 mAbs were
used to detect SP-D bound to Phil82 IAV by ELISA. Recombinant SP-D multimers were used at 200 ng/ml. Where indicated the
antibodies were added after SP-D bound to IAV or added to SP-D prior to adding SP-D to IAV. The 246-07 mAb significantly
reduced binding of SP-D when pre-incubated with SP-D prior to addition to the virus (indicated by **). Results are mean + SEM
of 4 experiments.
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Results

Testing of MAbs against SP-D in viral binding and
neutralization assays

In our prior report we showed that natural human SP-D
multimers bind more strongly to 1AV using polyclonal
anti-SP-D antibodies. We wanted to confirm this finding
using mAbs. In addition, we wanted to determine if mAbs
alter functional interactions of SP-D with IAV. As shown
in figure 1, three different mAbs were tested (245-01, 246-
04 and 246-07). The 246-07 mAb inhibits binding of SP-
D to mannan [31]. The 246-04 mAb inhibits binding of
SP-D to gp-340 but does not inhibit binding to mannan
[31]. As shown in figure 1, pre-incubation of the 246-07
mAb with SP-D strongly interfered with the IAV neutraliz-
ing activity of SP-D against the Phil82 strain of IAV. The
246-04 only slightly interfered with neutralizing activity
by comparison. The 245-01 binds to the neck region of
SP-D and did not interfere and at one concentration with
neutralizing activity of SP-D. Similar results were obtained
in HA inhibition assays: 246-07 interfered with HA inhib-
iting activity of SP-D but the other mAbs did not (Table

1).

We next tested the effects of the mAbs in an ELISA assay
for binding of SP-D to TAV. In the first set of experiments
we incubated IAV with recombinant human SP-D
dodecamers and then added mAbs. Bound antibodies
were detected with HRP labeled goat anti-mouse antibod-
ies. As shown in panel B of figure 1, the 246-04 and 246-
07 mAbs recognized SP-D bound to IAV to a roughly sim-
ilar extent. We then tested the effect of pre-incubating SP-
D with the mAbs followed by addition of the mixture to
the virus-coated plates. Using this method, binding of SP-
D was unaffected by the 246-04 mAb but was markedly
reduced by the 246-07 mAb.

Natural and recombinant SP-D trimers bind less strongly to
IAV than multimers

In initial experiments we coated natural SP-D multimers
and trimers on ELISA plates and tested for detection with
MAb 246-04. This mAb was found to detect natural
human SP-D trimers to a similar, if not greater, extent
than it detected natural SP-D multimers (data not

Table |: Effect of mAbs on ability of SP-D to inhibit viral
hemagglutination activity

MADbD added: None  245-012 246-04 246-07
HA inhibiting conc. of SP-D 49+ 14 37+ 11 55+17 >420
(ng/ml)b p <0.001

2 Recombinant human SP-D multimers were pre-incubated with the
indicated MAbs prior to adding SP-D to virus and assaying HA
inhibition.

b The values shown are mean + SEM (n = 4) amounts of SP-D needed
to inhibit 40 HA units of the Phil82 strain of IAV.
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shown). Since the 246-04 mAb also did not alter func-
tional interactions of SP-D with IAV, we used this mAb to
detect binding of the natural and recombinant human
trimers and multimers to AV (figure 2). These assays con-
firmed that the natural multimers bound much more
strongly to IAV (figure 2; panel A). Of interest, recom-
binant SP-D containing the Thr11 sequence forms a com-
plex mixture of trimers, dodecamers and high molecular
weight multimers in vitro which can be separated isolated
using gel filtration [9]. We compared IAV binding activity
of purified trimers and high molecular weight multimers
(figure 2; panel B) and found greater binding activity for
the multimers using these preparations also.

Natural human SP-D multimers have greater viral
neutralizing and HA inhibiting activity than trimers

Using a fluorescent focus assay for viral neutralization, SP-
D multimers had significantly greater neutralizing activity
against the Phil82 strain of IAV compared to trimers (fig-
ure 3). Although neutralizing activity of the trimers was
reduced compared to multimers, the trimers did have sig-
nificant neutralizing activity. SP-D multimers also had sig-
nificantly greater activity in the HA inhibition assay
against three different IAV strains (Table 2). Similar results
were obtained with multiple independent preparations of
the natural SP-Ds (data not shown). Of interest the natu-
ral multimers had measurable HA activity against the PR-
8 strain of IAV. This strain is generally resistant to col-
lectins due to a lack of high mannose carbohydrates on its
envelope proteins [7,40-42]. Activity of the SP-D multim-
ers against PR-8 was significantly less than activity against
the representative recent human strains, Phil82 and
Braz79.

SP-D multimers have distinct interactions with HNP in
viral neutralization assays

We have previously reported that SP-D binds to HNPs via
its CRD through a mechanism that is not dependent on
calcium or saccharides, but increased at low pH and low
ionic strength [28]. As in the case of gp-340, complex
functional interactions between HNPs and SP-D were
observed in antiviral assays. In some cases HNPs inhibited
antiviral activity of SP-D (and vice versa); less often addi-
tive effects were observed. Of interest, we found that nat-
ural human SP-D multimers and trimers had equivalent
binding to HNPs [28]. As shown in figure 4, HNPs 1 and
2 had strong viral neutralizing activity against the Phil82
strain of IAV. Natural SP-D multimers had additive effects
when combined with HNP1 or HNP2 in these assays. As
in figure 3, SP-D multimers had greater independent neu-
tralizing activity than trimers. SP-D trimers did not have
additive effects with the HNPs, rather they showed a trend
toward interference with the antiviral activity of HNPs.
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A. Binding of Natural SP-D to IAV
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Natural SP-D multimers bind more strongly to IAV than SP-D trimers. Natural SP-D multimers and trimers were
purified from amniotic fluid and tested for binding to Phil82 IAV by ELISA using the 246-04 mAb for detection of bound SP-D.
Natural SP-D multimers showed significantly greater binding than trimers (** indicates p < 0.01; n = 3; Panel A). Binding of nat-
ural SP-D trimers was significantly above background binding to BSA at 640 ng/ml only (* indicates p < 0.01). In panel B we
compared binding of recombinant human trimers and multimers isolated by gel filtration. Again binding of multimers was signif-
icantly greater than binding of trimers. In panel B background binding to BSA coated plates was subtracted from the results

shown.
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Table 2: Comparison of HA inhibition of IAV strains by SP-D multimers and trimers

Viral Strain: Phil82 H3N2 PR-8 HINI Braz79 HINI
SP-D multimers 266 + 472 2200 + 423 259 + 40
SP-D trimers >2062 + 437 >2500 >1750 + 459

p < 0.0l vs multimers

p <0.0l vs multimers

2HA inhibition was measured using human Type O erythrocytes as described. The results shown are the minimal concentrations of SP-D needed to
inhibit 40 HAU of the indicated viral strains (mean + SEM; n = 3—5 experiments). Where > is shown some of the values were above the maximum

concentration of SP-D added (i.e., 2500 ng/ml).

Discussion

There is increasing evidence that the relatively common
Thr/Thr11 polymorphism of SP-D has important implica-
tions for innate host defense against infection. This poly-
morphism is associated with reduced serum levels of SP-
D and generation of predominantly trimeric SP-D in vitro
and in vivo [34]. Furthermore the Thr/Thr11 polymor-
phism has been associated with increased risk for M. tuber-
culosis in Mexico [36]. We now confirm that natural SP-D
trimers have reduced ability to bind to IAV, and further
demonstrate that the trimers have reduced neutralizing

80 —

= Trimers

% of Control Infectious Foci

407 = Multimers
20 —
0 T T T \
0 200 400 600 800
SP-D Concentration (ng/ml)
Figure 3

Natural SP-D multimers cause greater neutraliza-
tion of IAV than trimers. Neutralization of IAV was
assessed as in figure |. Phil82 IAV was pre-incubated with SP-
D at the indicated concentrations prior to infection of
MDCK cells. Both SP-D multimers and trimers caused neu-
tralization of IAV (* p < 0.05 compared to control); however,
the effect of multimers was significantly greater than trimers
(** indicates p < 0.05 compared to control or SP-D trimers).
Neutralization by trimers and multimers was also significantly
different when analyzed by ANOVA. Results are mean + SEM
of 5 experiments.

and HA inhibiting activity against IAV. It will be impor-
tant to confirm these results with more preparations of
natural SP-D, including samples obtained from broncho-
alveolar lavage fluid, and recombinant forms of the Thr/
Thr11 and Met/Met11 variants; however, the findings are
consistent with prior studies using other full length
trimeric and more highly multimerized forms of recom-
binant SP-D [9,33,43]. The difference in activity appears
to relate predominantly to differences in multimerization
since trimers and multimers of recombinant SP-D (both
of which were derived from a plasmid containing the
Thr11 sequence) also showed differences in viral binding
activity. Recent studies have also shown that a recom-
binant mutant form of SP-D that lacks the collagen
domain altogether but can still form multimers by
disulfide bond formation at the N-terminus retains strong
antiviral activity in vitro and in vivo [44]. This finding
strongly supports the concept that multimerization is a
major determinant of antiviral activity.

An unresolved question is why subjects with the Thr11/
Thr11 genotype tend to predominantly form trimers and
to have lower blood levels of SP-D in vivo, whereas
recombinant proteins with this genotype can form
dodecamers and multimers as well as trimers. It is possi-
ble that the Thr11/Thr11 variant, or multimers formed by
it, are less stable in vivo for reasons yet to be determined.

Our findings obtained with mAbs directed against SP-D
are of independent interest, since they show that an anti-
body directed against the region of the SP-D CRD that
mediates binding to gp-340 does not interfere with antivi-
ral activities of SP-D. Furthermore, we confirm that the
carbohydrate binding activity of SP-D (as assessed with
the 246-07 mAD that blocks SP-D binding to mannan) is
critical for antiviral activity. Further studies of epitope
mapping of the SP-D CRD coupled with studies on the
ability of mAbs to interfere with functional activities will
be of interest.

Overall our findings suggest that the Thr/Thr11 variant
may be associated with increased susceptibility to AV
infection and that studies correlating SP-D genotype with
IAV susceptibility should be pursued. Since SP-D is one of
a number of innate factors involved in defense against
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Figure 4

Viral neutralization by HNPs alone or in combination
with natural SP-D multimers and trimers. Viral neu-
tralization was assessed as in figure | and expressed as % of
control infectious foci in samples treated with SP-D prepara-
tions alone (control; black and gray bars), HNPI or 2 alone
(HNPI or HNP2; 5 pg/ml; white bars), or combination of
HNPI or 2 with the SP-D preparations (HNPI or HNP2;
black and gray bars; SP-D concentration 350 ng/ml). SP-D
multimers caused significantly greater neutralization than
trimers as in figure 3 (n =5; p < 0.01). HNPs | and 2 also
caused significant neutralization on their own. When SP-D
multimers were combined with HNPs a significant increase in
neutralization was observed (* indicates significantly different
from control or SP-D multimers or HNPs alone by
ANOVA).

IAV, such studies may be most fruitfully carried out in
high risk populations (e.g., the elderly, infants, or subjects
with other impairments of host defense) where effects of
SP-D would be more likely to manifest themselves. The
trimers also had different interactions with HNPs. The
findings could have implications for host defense in some
circumstances (e.g., inflammatory conditions where high
concentrations of HNPs are present in the lung).

It is unclear what evolutionary pressure may have led to
retention of an apparently less active form of SP-D. Man-
nose-binding lectin (MBL) deficiency is also present in a
percentage of many populations and is associated with
increased severity of a variety of infections. However, MBL
deficiency also seems to play a deleterious pro-inflamma-
tory role in some circumstances and subjects with MBL
deficiency are protected against leishmaniasis and Myco-
bacterium tuberculosis associated meningitis [45]. One pos-
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sibility, therefore, is that the Thr/Thr11 or other common
polymorphic forms of SP-D are associated with reduced
morbidity for some infections. SP-D plays an important
role in innate defense against RSV infection based on in
vitro and murine in vivo studies [46]. It is interesting there-
fore that the Met/Met11 polymorphism is associated with
more severe RSV infection [37]. We speculate that this
may reflect increased inflammatory responses to RSV
among subjects with higher levels and/or predominantly
multimeric SP-D. The only basis for this speculation is
that we found that natural SP-D trimers caused less poten-
tiation of neutrophil respiratory burst responses to 1AV
than multimers [32]. It may be, therefore, that despite
reduced neutralizing activity of SP-D trimers, they are less
likely to promote inflammatory responses that could be
harmful. Findings of Gardai et al suggest that SP-D may
play either pro- or anti-inflammatory roles depending on
whether it binds to macrophages via its CRD or its colla-
gen domain [47]. These domains have distinct receptors
on macrophages which mediate anti- or pro-inflamma-
tory effects, respectively. It is unclear how oligomerization
of SP-D impacts on these interactions.

Studies in SP-D knockout mice show that the absence of
SP-D is associated with increased replication of IAV and
RSV and increased inflammatory responses and illness
[12,48]. In the case of RSV instillation of trimeric neck and
CR domain fragments of SP-D reduces severity of infec-
tion in mice [49]. In the case of IAV over-expression of a
mutant trimeric form of SP-D in the lung of SP-D -/- mice
reduces both viral titers and inflammatory responses with-
out correcting any of the baseline abnormalities of the
mice [50]. Hence, it is possible that the neutralizing activ-
ity of SP-D trimers is sufficient to contain RSV or IAV
infection. Whether trimeric SP-D holds any advantage
with regard to inflammatory responses is not clear as yet.
Hopefully epidemiological studies will clarify the role of
SP-D oligomerization with respect to various infections
like IAV. Another important clinical study will be to deter-
mine the impact of the Thr/Thr 11 polymorphisms on lev-
els of SP-D in BAL fluid, since this also could have an
impact on host defense.

Conclusion

Polymorphic variations in SP-D result in differences in
serum levels and oligomeric structure of the protein. Most
importantly, the common Thr/Thr11l polymorphism is
associated with assembly predominantly as trimers,
whereas the more common forms of SP-D are assembled
into dodecamers or higher molecular weight multimers.
Natural trimeric SP-D has reduced ability to bind to and
neutralize IAV as well as distinct interactions with HNPs
as compared to natural SPD multimers. These findings
suggest that polymorphisms of SP-D could contribute to
susceptibility of certain individuals to IAV infection. In
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addition, mAbs directed against different areas on the
CRD of SP-D have differing effects on antiviral activity
and may be useful in future studies to dissect out, or inter-
fere with, various functional properties of SP-D.

Competing interests
The author(s) declare that they have no competing inter-
ests.

Authors' contributions
KLH planned experiments and prepared the manuscript.

MRW carried out viral preparation and most of the exper-
iments involving viral binding and inhibition and
reviewed manuscript.

TT assisted in viral preparation and in some of the viral
binding assays and reviewed the manuscript.

IT purified SP-D fractions from amniotic fluid and in
preparation of mAbs and reviewed the manuscript.

GLS assisted in purification of SP-D fractions from amni-
otic fluid and in preparation of mAbs and reviewed the
manuscript.

ECC prepared recombinant human SP-D and polyclonal
antibodies and participated in developing experimental
plans and revision of manuscript.

UH originally developed mAbs to SP-D and the tech-
niques involved in purification of SP-D fractions from
amniotic fluid and participated in developing experimen-
tal plans and revision of manuscript.

References

I.  Morens DM: Influenza-related mortality: considerations for
practice and public health. JAMA 2003, 289:227-229.

2. Webby R}, Webster RG: Are we ready for pandemic influenza?
Science 2003, 302:1519-1522.

3. Daher KA, Selsted ME, Lehrer RI: Direct inactivation of viruses
by human granulocyte defensins. | Virol 1986, 60:1068-1074.

4.  Seo SH, Webster RG: Tumor necrosis factor alpha exerts pow-
erful anti-influenza virus effects in lung epithelial cells. | Virol
2002, 76:1071-1076.

5. Wang X, Ming L, Zheng H, Muster T, Palese P, A AB, Garcia-Sastre A:
Influenza A virus NS| protein prevents activation of NFkB
and induction of alphal/beta interferon. | Virol 2000,
74:11566-11573.

6. LiW,LiH,LuR,LiF, Dus M, Atkinson P, Brydon E, Johnson KL, Gar-
cia-Sastre , Ball LA, Palese P, Ding S: Interferon antagonist pro-
teins of influenza and vaccinia viruses are suppressors of
RNA silencing. Proc Natl Acad Sci USA 2004, 101:1350-1355.

7. Hartshorn KL, Crouch EC, White MR, Eggleton P, Tauber Al, Chang
D, Sastry K: Evidence for a protective role of pulmonary sur-
factant protein D (SP-D) against influenza A viruses. | Clin
Invest 1994, 94:311-319.

8. Hartshorn KL, Reid KBM, White MR, Morris S, Jensenius JC, Crouch
E: Neutrophil deactivation by influenza A viruses: mecha-
nisms of protection after viral opsonization with collectins
and hemagglutination-inhibiting antibodies.  Blood 1996,
87:3450-3461.

20.

21.

22.

23.

24,

25.

26.

27.

http://respiratory-research.com/content/8/1/9

Hartshorn K, Chang D, Rust K, White M, Heuser ], Crouch E: Inter-
actions of recombinant human pulmonary surfactant pro-
tein D and SPD multimers with influenza A. Amer | Physiol
1996, 271:L753-762.

Hartshorn KL, White MR, Shepherd V, Reid K, Jensenius ], Crouch
EC: Mechanisms of anti-influenza activity of pulmonary sur-
factant proteins A and D: comparison with other collectins.
Amer | Physiol 1997, 273:L1156-1166.

Hartshorn KL, White MR, Voelker D, Coburn J, Zaner K, Crouch EC:
Mechanism of binding of surfactant surfactant protein D to
influenza A viruses: importance of binding to hemagglutinin
to antiviral activity. Biochemical Journal 2000, 35 1:449-458.
LeVine AM, Whitsett JA, Hartshorn KL, Korfhagen TR: Surfactant
protein D enhances clearance of influenza A virus from the
lung in vivo. | Immunol 2001, 167:5868-5873.

LeVine AM, Hartshorn KL, Elliot J, Whitsett ], Korfhagen T: Sur-
factant protein A modulates both innate and adaptive
defense responses to pulmonary influenza A virus infection.
Am | Physiol Lung Cell Mol Physiol 2001, 282:L563-572.

Palaniyar N, clark H, Nadesalingam ], Hawgood S, Reid KBM: Sur-
factant protein D binds genomic DNA and apoptotic cells,
and enhances their clearance, in vivo. Ann NY Acad Sci 2003,
1010:471-475.

Clark H, Palaniyar N, Hawgood S, Reid KBM: A recombinant frag-
ment of human surfactant protein D reduces alveolar mac-
rophage apoptosis and pro-inflammatory cytokines in mice
developing pulmonary emphysema. Ann N Y Acad Sci 2003,
1010:113-116.

Korfhagen TR, Sheftlyevitch V, Burhans MS, Bruno MD, Ross GF,
Wert SE, Stahlman MT, Jobe AH, Ikegami M, Whitsett JA, Fisher JH:
Surfactant Protein D regulates surfactant phospholipid
homeostasis in vivo. | Biol Chem 1998, 273:28438-28443.

Botas C, Poulain F, Akiyama |, Brown C, Allen L, Goerke |, Clements
J, Carlson E, Gillespie AM, Epstein C, Hawgood S: Altered sur-
factant homeostasis and alveolar type Il cell morphology in
mice lacking surfactant protein D. Proc Natl Acad Sci 1998,
95:11869-11874.

Wert SE, Yoshida M, LeVine AM, lkegami M, Jones T, Ross GF, Fisher
JH, Korfhagen TR, Whitsett JA: Increased metalloproteinase
activity, oxidant production, and emphysema in surfactant
protein D gene-inactivated mice. Proc Natl Acad Sci 2000,
97:5972-5977.

Hartshorn KL, Crouch EC, White MR, Colamussi ML, Kakkanatt A,
Tauber B, Shepherd V, Sastry K: Pulmonary surfactant proteins
A and D enhance neutrophil uptake of bacteria. Amer J Physiol
1998, 274:1.958-69.

Brinker KG, Martin E, Borron P, Mostaghel E, Doyle C, Harding CV,
Wright JR: Surfactant protein D enhances bacterial antigen
presentation by bone-marrow derived dendritic cells. Am |
Physiol 2001, 281:L1453-1463.

Borron PJ, Crouch EC, Lewis JF, Wright R, Possmayer F, Fraher LJ:
Recombinant rat surfactant-associated protein D inhibits
human T lymphocyte proliferation and IL-2 production. |
Immunol 1998, 161:4599-4603.

Sano H, Chiba H, Iwaki D, Sohma H, Voelker DR, Kuroki Y: Sur-
factant proteins A and D bind CDI4 by different mecha-
nisms. | Biol Chem 2000, 275:22442-22451.

Nadesalingam J, Bernal AL, Dodds AW, Willis AC, Mahoney D], Day
AJ, Reid KBM, Palaniyar N: Identification and Characterization
of a Novel Interaction between Pulmonary Surfactant Pro-
tein D and Decorin. | Biol Chem 2003, 278:25678-25687.
Palaniyar N, Nadesalingam |, Reid KBM: Innate immune collectins
bind nucleic acids and enhance DNA clearance in vitro. Ann
N Y Acad Sci 2003, 1010:467-470.

Lausen M, Lynch N, Schlosser A, Tornoe |, Saekmose SG, Teisner B,
Willis AC, Crouch E, Schwaeble W, Holmskov U: Microfibril asso-
ciated protein 4 is present in lung washings and binds to the
collagen region of lung surfactant protein D. | Biol Chem 1999,
274:32234-32240.

Holmskov U, Lawson P, Teisner B, Tornoe |, Willis AC, Morgan C,
Koch C, Reid KBM: Isolation and characterization of a new
member of the scavenger receptor family, glycoprotein-340
(gp340), as a lung surfactant protein D binding molecule. |
Biol Chem 1997, 272:13743-13749.

Holmskov U, Mollenhauer |, Madsen }, Vitved L, Gronlund J, Tornoe
I, Kliem A, Reid KBM, Poustka A, Skjodt K: Cloning of gp340, a

Page 9 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12517235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12517235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14645836
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3023659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3023659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11773383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11773383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11090154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11090154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11090154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14745017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14745017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14745017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8040272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8040272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8605364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8605364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8605364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8944718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8944718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8944718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9435570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9435570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11023831
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11023831
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11023831
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11698462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11698462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11698462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9774472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9774472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9774472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9751757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9751757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9751757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10801980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10801980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10801980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9609735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9609735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9794387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9794387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9794387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10801802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10801802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10801802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12730206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12730206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12730206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10542261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10542261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10542261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9153228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9153228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9153228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10485905

Respiratory Research 2007, 8:9

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

putative opsonin receptor for lung surfactant protein D. Proc
Natl Acad Sci 1999, 96:10794-10799.

Hartshorn KL, White MR, Tecle T, Holmskov U, Crouch EC: Innate
Defense against Influenza A Virus: Activity of Human Neu-
trophil Defensins and Interactions of Defensins with Sur-
factant Protein D. | Immunol 2006, 176:6962-6972.

Hartshorn KL, White MR, Mogues T, Ligtenberg T, Crouch E, Holm-
skov U: Lung and salivary scavenger receptor glycoprotein-
340 contribute to the host defense against influenza A
viruses. Am | Physiol Lung Cell Mol Physiol 2003, 285:L1066-76.
Hartshorn KL, Ligtenberg A, White MR, van Eijk M, Hartshorn M,
Pemberton L, Holmskov U, Crouch E: Salivary agglutinin and
lung scavenger receptor cysteine-rich glycoprotein 340 have
broad anti-influenza activities and interactions with sur-
factant protein D that vary according to donor source and
sialylation. Biochem | 2006, 393:545-553.

White MR, Crouch E, van Eijk M, Hartshorn M, Pemberton L, Tornoe
I, Holmskov U, Hartshorn KL: Cooperative anti-influenza activi-
ties of respiratory innate immune proteins and neuramini-
dase inhibitor. Am | Physiol Lung Cell Mol Physiol 2005, 288:L831-40.
White MR, Crouch E, Vesona |, Tacken PJ, Batenburg JJ, Leth-Larsen
R, Holmskov U, Hartshorn KL: Respiratory innate immune pro-
teins differentially modulate the neutrophil respiratory
burst response to influenza A virus. Am | Physiol Lung Cell Mol
Physiol 2005, 289:L606-16.

Brown-Augsburger P, Hartshorn KL, Chang D, Rust K, Fliszar C, Wel-
gus HG, Crouch EC: Site directed mutagenesis of Cysl5 and
Cys20 of pulmonary surfactant protein D: expression of a
trimeric protein with altered anti-viral properties. | Biol Chem
1996, 271:13724-13730.

Leth-Larsen R, Garred P, Jensenius H, Meschi |, Hartshorn K, Madsen
J, Tornoe |, Madsen HO, Sorensen G, Crouch E, Holmskov U: A
Common Polymorphism in the SFTPD Gene Influences
Assembly, Function, and Concentration of Surfactant Pro-
tein D. | Immunol 2005, 174:1532-1538.

Heidinger K, Konig IR, Bohnert A, Kleinsteiber A, Hilgendorff A,
Gortner L, Ziegler A, Chakraborty T, Bein G: Polymorphisms in
the human surfactant protein-D (SFTPD) gene: strong evi-
dence that serum levels of surfactant protein-D (SP-D) are
genetically influenced. Immunogenetics 2005, 57:1-7.

Floros J, Lin HM, Garcia A, Salazar MA, Guo X, DiAngelo S, Montano
M, Luo J, Pardo A, Selman M: Surfactant protein marker alleles
identify a subgroup of tuberculosis patients in a Mexican pop-
ulation. | Infect Dis 2000, 182:1473-1478.

Lahtl M, Lofgren ], Martilla T, Renko M, Klaavenuniemi T, Haataja R,
Ramet M, Hallman M: Surfactant Protein D Gene Polymor-
phism Associated with Severe Respiratory Syncytial Virus
Infection. Pediatr Res 2002, 51:696-699.

Hartshorn KL, Collamer M, Auerbach M, Myers |B, Pavlotsky N, Tau-
ber Al: Effects of influenza A virus on human neutrophil cal-
cium metabolism. | Immunol 1988, 141:1295-1301.

Madsen J, Kliem A, Tornoe I, Skjolt K, Koch C, Holmskov U: Local-
ization of lung surfactant protein D on mucosal surfaces in
human tissues. | Immunol 2000, 164:5866-5870.

Hartshorn KL, Sastry K, White MR, Anders EM, Super M, Ezekowitz
RA, Tauber Al: Human mannose-binding protein functions as
an opsonin for influenza A viruses. | Clin Invest 1993,
91:1414-1420.

Hartshorn KL, Sastry K, Brown D, White MR, Okarma TB, Lee Y,
Tauber Al: Conglutinin acts as an opsonin for influenza A
viruses. | Immunol 1993, 151:1-9.

van Eijk M, White MR, Batenburg JJ, Vaandrager AB, van Golde LM,
Haagsman HP, Hartshorn KL: Interactions of influenza A virus
with sialic acids present on porcine surfactant protein D. Am
J Respir Cell Mol Biol 2004, 30:871-879.

White MR, Crouch EC, Chang D, Sastry KN, Guo N, Engelich G,
Takahashi K, Ezekowitz RAB, Hartshorn KL: Enhanced antiviral
and opsonic activity of a human mannose binding lectin and
surfactant protein D fusion protein. | Immunol 2000,
165:2108-2155.

Kingma PS, Zhang L, lkegami M, Hartshorn K, McCormack FX, Whit-
sett JA: Correction of pulmonary abnormalities in Sftpd-/-
mice requires the collagenous domain of surfactant protein
D. ] Biol Chem 2006, 281:24496-24505.

Ezekowitz RA: Role of the mannose-binding lectin in innate
immunity. | Infect Dis 2003, 187 Suppl 2:5335-9.

46.

47.

48.

49.

50.

http://respiratory-research.com/content/8/1/9

LeVine AM, Elliott ), Whitsett JA, Srikiatkhachorn A, Crouch E,
DeSilva N, Korfhagen T: Surfactant protein-d enhances phago-
cytosis and pulmonary clearance of respiratory syncytial
virus. Am | Respir Cell Mol Biol 2004, 31:193-199.

Gardai §), Xiao Y, Dickinson M, Nick JA, Voelker DR, Green KE, Hen-
son PM: By binding SIRP or calreticulin/CD91, lung collectins
act as dual function surveillance molecules to suppress or
enhance inflammation. Cell 2003, 115:13-23.

LeVine AM, Elliott J, Whitsett }, Srikiatkhochorn A, Crouch E, DeSilva
N, Korfhagen T: Surfactant protein-D enhances phagocytosis
and pulmonary clearance of respiratory syncytial virus.
AJRCMB 2004, in press:.

Hickling TP, Bright H, Wing K, Gower D, Martin SL, Sim RB, Malhotra
R: A recombinant trimeric surfactant protein D carbohy-
drate recognition domain inhibits respiratory synctitial virus
infection in vitro and in vivo. Eur | Immunol 1999, 29:3478-3484.
Zhang L, Hartshorn KL, Crouch EC, lkegami M, Whitsett JA: Com-
plementation of pulmonary abnormalities in SP-D (-/-) mice
with an SP-D/Conglutinin fusion protein. | Biol Chem 2002,
277:22453-22459.

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 10 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10485905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16709857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16709857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16709857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871854
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871854
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871854
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16190864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16190864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16190864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15951332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15951332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15951332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8662732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8662732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8662732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15661913
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15661913
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15661913
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15700120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15700120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15700120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11023470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11023470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11023470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3135328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3135328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10820266
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10820266
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10820266
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7682571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7682571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8392095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8392095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14672916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14672916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10925296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10925296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10925296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16787926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16787926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16787926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12792848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12792848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15016617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15016617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15016617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14531999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14531999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14531999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10556802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10556802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10556802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11956209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11956209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11956209
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

