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Innate Defense against Influenza A Virus: Activity of Human
Neutrophil Defensins and Interactions of Defensins with
Surfactant Protein D!

Kevan L. Hartshorn,”* Mitchell R. White,* Tesfaldet Tecle,* Uffe Holmskov,” and
Erika C. Crouch*

Surfactant protein D (SP-D) plays important roles in innate host defense against influenza A virus (IAV) infection, in part by
modifying interactions with neutrophils. Human neutrophil defensins (HNPs) inhibit infectivity of enveloped viruses, including
IAYV. Our goal in this study was to characterize antiviral interactions between SP-D and HNPs. Recombinant and/or natural forms
of SP-D and related collectins and HNPs were tested for antiviral activity against two different strains of IAV. HNPs 1 and 2 did
not inhibit viral hemagglutination activity, but they interfered with the hemagglutination-inhibiting activity of SP-D. HNPs had
significant viral neutralizing activity against divergent IAV strains. However, the HNPs generally had competitive effects when
combined with SP-D in assays using an SP-D-sensitive IAV strain. In contrast, cooperative antiviral effects were noted in some
instances when relatively SP-D-resistant strains were treated with SP-D and HNPs. HNPs were found to bind to the neck and/or
carbohydrate recognition domain of SP-D. This binding was specific because no, or minimal, binding to other collectins was found.
HNPs precipitated SP-D from bronchoalveolar lavage fluid and reduced the antiviral activity of bronchoalveolar lavage fluid.
HNP-1 and -2 differed somewhat in their independent antiviral activity and their binding to SP-D. These results are relevant to
the early phase of host defense against IAV, and suggest a complex interplay between SP-D and HNPs at sites of active

inflammation. The Journal of Immunology, 2006, 176: 6962—6972.

bidity and mortality, causing ~40,000 deaths per year in the

United States (1). Recent episodes of transmission of avian
IAV infection 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 IFNs, TNF, the collectins, and defensins (3—6). Surfactant pro-
tein D (SP-D) has a particularly important role both in restricting
IAV replication and limiting the severity of inflammatory re-
sponses during the first several days of infection (7-13). SP-D has
strong antiviral activity and mediates several other important func-
tions some of which may be important during infection, including
maintenance of surfactant homeostasis in the lung, clearance of
apoptotic cells, enhancement or inhibition of uptake of various
organisms by phagocytes, and inhibition of inflammatory reactions
in the lung (8, 14-19). SP-D could also contribute to adaptive

I nfluenza A virus (IAV)? infections are a major cause of mor-
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immune responses through facilitating presentation of Ag by den-
dritic cells (20) and decreasing lymphocyte activation and prolif-
eration (21). SP-D has also been shown to bind to a select few host
molecules including scavenger receptor rich gp340, microfibril-
associated protein 4, decorin, and DNA (22-26). gp340 has sig-
nificant anti-influenza activity in its own right (27). Relatively few
studies have evaluated the functional antimicrobial interactions be-
tween innate defense proteins in the respiratory tract or other por-
tals of infection (28, 29).

Like the collectins, defensins have antimicrobial activity against
a variety of organisms including bacteria, fungi, and enveloped
viruses (30). Both a- and 3-defensins are present in the respiratory
tract and gastrointestinal tract, sites where they could potentially
interact with SP-D (31). In humans, a-defensins are stored and
released in large quantities from neutrophil granules during infec-
tious and inflammatory states (32, 33) and are referred to as human
neutrophil peptides (HNP) 1, 2, or 3. HNPs are basic peptides
29-30 aa in length. HNPs 1-3 differ by a single N-terminal amino
acid. The peptides have a cyclic structure with spatial segregation
of charged and hydrophobic residues. It has been proposed that this
amphiphilic structure could permit defensins to insert into the
membranes of target organisms. In addition to their direct antimi-
crobial activities, defensins have a variety of other activities rele-
vant to innate or adaptive immunity. HNPs inhibit complement
activation, through interaction with the collagen domain of Clq
(34). Defensins have chemotactic activity for monocytes, T cells,
and dendritic cells, stimulate IL-8 production by epithelial cells,
bind to lipid bilayers, and contribute to respiratory cell activation,
injury or growth under some circumstances (35-41).

During ongoing studies of the interactions of various known or
suspected antiviral proteins present in respiratory or oral secre-
tions, we noted that HNPs interfered with the ability of SP-D to
block hemagglutination (HA) activity of IAV. In the current paper
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we demonstrate for the first time that SP-D binds to HNPs, and
characterize the mechanism of binding and the functional interac-
tions of HNPs with SP-D with respect to IAV. These findings are
relevant to infection with IAV (and other pathogens) because neu-
trophils are recruited to the respiratory tract early in the course of
IAV infection where they can interact with SP-D (12, 42, 43).
SP-D also inhibits the deactivation of neutrophils by IAV, a prop-
erty that could prevent bacterial superinfection, a major cause of
morbidity and mortality during IAV epidemics (44, 45). Recently,
neutrophil-derived serine proteases were shown to impair micro-
bial-binding activity of SP-D (46). Our findings indicate that sim-
ilar effects could result from interaction of neutrophil defensins
with SP-D at sites of active inflammation.

Materials and Methods
Buffers

Dulbecco’s PBS (PBA) containing 0.9 mM calcium and 0.493 mM mag-
nesium and PBS without calcium and magnesium were purchased from
Invitrogen Life Technologies. PBS with added calcium and magnesium
(pH 7.2) was used unless otherwise indicated.

Virus preparations

TAV was grown in the chorioallantoic fluid of 10-day-old chicken eggs and
purified on a discontinuous sucrose gradient as previously described (47).
The virus was dialyzed against PBS without added calcium or magnesium
to remove sucrose, aliquoted, and stored at —80°C until needed. Philip-
pines 82/H3N2 (Phil82) strain was provided by Dr. E. Margot Anders
(University of Melbourne, Melbourne, Australia). The A/PR/8/34/HIN1
(PR-8) strain was a gift from Dr. J. Abramson (Bowman Gray School of
Medicine, Winston-Salem, NC). The HA titer of each virus preparation
was determined by titration of virus samples in PBS with thoroughly
washed human type O, Rh(—) RBC as described previously (47). Post-
thawing the viral stocks contained ~5 X 10% PFU/ml.

Defensin and SP-D preparations

The collectins used in this study are summarized in Table I. Viral neutral-
izing and aggregating activities as shown in prior studies are indicated.
Recombinant human SP-D (RhSP-D) was produced in stably transfected
CHO-K1 cells as previously described (9). For these studies, the dodecam-
eric fraction of RhSP-D was used unless otherwise specified. A chimeric
collectin containing the human SP-D N-terminal and collagen domains and
human mannose-binding lectin (MBL) neck and carbohydrate recognition
domains (CRD; called SP-D/MBL, rp) Was produced as expressed in
CHO cells as previously described (48). RfSP-D, -, is a trimeric prepa-
ration containing the neck and carbohydrate recognition domains (CRD) of
human SP-D that was prepared in Escherichia coli as recently described
(49). Human alveolar proteinosis SP-A was provided by J. Whitsett (Chil-
dren’s Hospital Medical Center, Cincinnati, OH). RhMBL was expressed
in CHO-K1 cells, purified as described (50), and was provided (along with
the mAb 113.1) by Drs. K. Takahashi and R. A. B. Ezekowitz (Department
of Pediatrics, Harvard Medical School, Boston, MA).

Natural human SP-D was isolated from amniotic fluid as previously
described (51). A pool of amniotic fluid (n = 6) was centrifuged at 4000
rpm and 4°C for 30 min and purified by maltosyl agarose affinity chroma-
tography. SP-D eluted as two structural different forms and was collected

Table 1. Collectin preparations used in this paper
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in fractions 3, 4 (high molecular mass SP-D), and 6, 7 (low molecular mass
SP-D), respectively. As previously demonstrated, the high molecular mass
fraction consists predominantly of dodecamers, whereas the low molecular
mass fraction consists of trimers.

The collectin preparations used in this report were tested for degree of
contamination with endotoxin using a quantitative endotoxin assay (Limu-
lus Amebocyte Lysate; BioWhittaker). The final concentrations of endo-
toxin in protein samples containing 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.
The levels of endotoxin in the HNP preparations were 15 and 25 pg/ug
protein, respectively, for HNP-1 and -2. Normal volunteer donor BAL fluid
was obtained under a protocol approved by the Boston University Medical
Center Institutional Review Board. The amniotic fluid from which natural
SP-D was purified was obtained from Caesarian sections performed at
38-42 wk gestation. This was approved by the local ethics committee in
Copenhagen and Fredericksburg.

Measurement of binding of collectins to HNPs

Binding of collectins to HNPs was assessed by ELISA. Plates were coated
with 10 wg/ml HNP-1 or -2 in coating buffer overnight at 4°C. Following
washing with PBS, the plates were blocked with PBS containing 2.5% fatty
acid and endotoxin-free BSA (Sigma-Aldrich; fraction V, fatty acid free
and low endotoxin; A8806) for 3 h. These HNP-coated plates were then
incubated with collectin samples, followed by addition of mAbs against
SP-D (mAb 246-04), SP-A (mAb 238-01), or MBL (mAb 113.1 for MBL
or SP-D/MBL, ... crp)- Incubation of collectins with HNPs was per-
formed in PBS (2 mM calcium and magnesium), but in some instances
either EDTA (10 mM) or maltose (100 mM) was included during the
incubation. Binding was detected using mAbs directed against SP-D, SP-A,
or MBL and HRP-labeled goat-anti-mouse Abs. The only exception was
that binding of RfSP-D, g, was detected by first biotinylating the collectin
as described (52) and detecting with streptavidin-HRP. TMB substrate
(Bio-Rad) was added and the reaction was stopped using 1 N sulfuric acid
(H,SO,). The OD was measured on an ELISA plate reader at a 450-nm
wavelength. Each individual data point was performed in duplicate. Back-
ground nonspecific binding was assessed by coating plates with fatty acid-
free BSA but no HNP and performing the collectin-binding assay as out-
lined above. Fig. 3A shows results of binding of SP-D to BSA. In
subsequent results, binding to BSA was subtracted from the collectin-bind-
ing values.

Coprecipitation of SP-D and HNPs

HNPs and RhSP-D or RfSP-D, ~r, were incubated alone or in combination
for 10 min at room temperature followed by centrifugation at 16,000 X g
for 5 min in a microfuge. The supernatants were removed carefully and
precipitated protein was resuspended in an equal volume of PBS. The
samples were then SDS-PAGE under reducing conditions.

HA inhibition assay

HA inhibition was measured by serially diluting collectin or other host
defense protein preparations in round-bottom 96-well plates (Serocluster
U-Vinyl plates; Costar) using PBS as a diluent. After adding 25 ul of IAV,
giving a final concentration of 40 HA units (HAU)/ml or 4 HAU/well, the
IAV/protein mixture was incubated for 15 min at room temperature, fol-
lowed by addition of 50 ul of a type O human erythrocyte suspension. The
erythrocytes were suspended at a ratio of 200-ul erythrocytes/30 ml of
PBS. The minimum concentration of protein required to fully inhibit the
hemagglutinating activity of the viral suspension was determined by noting

Viral Viral
Neutralizing Aggregation
Collectin Source Reference Comments Activity Activity
RhSP-D CHO cells 9 Wild-type RhSP-D 3+ 3+
SP-D/MBL, crp CHO cells 48 Chimera with RhSP-D N terminus and 4+ 4+
collagen domain and MBL neck and CRD
RESP-D, crp E. coli 72 Trimer composed only of neck and CR 0 0
domains of human SP-D
SP-A Human BAL Alveolar proteinosis 1+ 1+
RhMBL CHO cells 50 Octadecamers 2+ 1+
Natural human SP-D Amniotic fluid 51 Trimeric SP-D 2+ 0
Natural human SP-D Amniotic fluid 51 Dodecameric SP-D 3+ 2+
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the highest dilution of protein that still inhibited HA. 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 concentration used then the value is expressed as greater
than the maximal protein concentration. HNPs did not cause any lysis of
erythrocytes at concentrations up to 50 ug/ml (data not shown).

Fluorescent focus assay of IAV infectivity

Madin-Darby canine kidney (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, followed by washing
of the monolayer three times in serum-free DMEM containing 1% peni-
cillin and streptomycin. The monolayers were then incubated for 7 h at
37°C with 5% CO, in DMEM. The monolayers were subsequently washed
three times with PBS and fixed with 80% acetone (v/v) for 10 min at 4°C.
The monolayers were then labeled by incubating with mAb directed
against the influenza A viral nucleoprotein (provided by Dr. N. Cox, Cen-
ters for Disease Control, 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 ~50 fluorescent foci per high powered (X40)
field. These foci appeared to be single infected cells in general. In most
experiments, IAV was preincubated for 30 min at 37°C with HNPs and/or
SP-D or control buffer, followed by addition of these viral samples to the
MDCK cells.

Statistics

Statistical comparisons were made using the Student paired, two-tailed ¢
test or ANOVA with post hoc test (Tukey’s).

Results
Antiviral activities of HNPs

We initially tested antiviral activities of HNPs 1 and 2 against two
divergent strains of IAV, the Phil82 strain, which is representative
of recently circulating H3N?2 strains, and the PR-8 strain, which is
a mouse-adapted HIN1 strain used frequently in in vivo studies of
pathogenesis of IAV. These strains are also of interest because the
former strain contains high mannose carbohydrates on envelope
glycoproteins that render it sensitive to inhibition by calcium-de-
pendent lectins (e.g., SP-D), whereas the latter does not.

The TAV hemagglutinin mediates attachment to host glycocon-
jugates. Neither HNP1 nor HNP2 had any activity on the hemag-
glutinin inhibition assay at concentrations up to 25 wg/ml (Table
II). However, the HNPs had clear dose-related viral-neutralizing
activity using the infectious focus assay (Fig. 1). This assay tests
the ability of HNPs to inhibit initial infection of MDCK cells be-
fore the point of generation of viral nucleoprotein. Hence, the

Table II. HA inhibition of Phil§82 IAV strain by SP-D preparations and
SP-A: interactions with HNPI and 2¢

Control Buffer ~ HNPI Added HNP2 Added

RhSP-D dodecamers 48 + 2 >700” 80 = 9»
RhSP-D multimers 25+ 4 >760" >760”
SP-D/MBL, cxp 55+ 26 74 + 40 74 + 45
Dodecamers

SP-A 4357 =326 2620 = 530° 5630 = 380
MBL 720 *+ 30 623 + 84 553 = 117

“ Results shown are mean * SEM of three or more experiments and are expressed
in nanograms per milliliter of collectin preparation needed to inhibit 40 HAU of the
Phil82 strain of IAV. HNPs were added at 25 wg/ml and neither HNP1 nor HNP2 had
any measurable HA-inhibiting activity at this concentration (n = 4; data not shown).
SP-D preparations, SP-A, and MBL had HA-inhibiting activity comparable to that
obtained in prior studies. Note the much lower concentration of RhSP-D required to
achieve HA inhibition compared to SP-A.

> Addition of HNP1 or 2 significantly reduced HA inhibitory activity of RhSP-D
dodecamers using ANOVA analysis.

< HNP-1 significantly increased the HA inhibitory activity of SP-A by ANOVA.

DEFENSIN INTERACTIONS WITH SP-D AND INFLUENZA

HNPs inhibit replication of two divergent IAV strains during the
first round of viral infection. Of interest, HNP1 had greater activity
than HNP2 against both viral strains. Furthermore, both HNP1 and
HNP2 had greater activity against the PR-8 strain than against the
Phil82 strain.

Combined antiviral effects of HNPs and SP-D

In preliminary studies, we found that HNPs antagonize the HA-
inhibiting activity of SP-D against the Phil 82 strain of IAV (see
Table II). This antagonistic effect occurred with both RhSP-D do-
decamers and high molecular mass multimers of RhSP-D. Of note,
the competitive effect was not observed when combining HNPs
with SP-A, MBL, or with the SP-D/MBL, , chimera. The SP-
D/MBL, rp chimera differs from SP-D in that the neck and CRD
are replaced with those of MBL. In the case of SP-A and HNP1,
additive HA-inhibiting activity was observed. These results indi-
cate a specific interaction between the SP-D neck and/or CRD and
HNPs. A somewhat different pattern was observed with respect to
the PR-8 strain of IAV. HNPs 1 or 2 again did not have any
independent HA-inhibiting activity against this strain of IAV at
concentrations up to 25 ug/ml (data not shown). As previously
reported, RhSP-D at concentrations up to 800 ng/ml had no HA-
inhibiting activity against the PR-8 strain (data not shown). How-
ever, addition of 25 wg/ml HNP-1 to SP-D allowed SP-D to have
measurable HA inhibitory activity (i.e., 46 = 4 ng/ml SP-D inhib-
ited 40 HAU of PR-8 strain of IAV; n = 3). Hence, in this instance
HNP-1 and SP-D had a cooperative antiviral effect.

Competitive effects of SP-D and HNPs were also seen with re-
spect to neutralization of the Phil 82 strain using the infectious
focus assay (Fig. 2). When HNP 1 or 2 was preincubated with
SP-D before incubating with the virus, a significant reduction in
neutralizing activity occurred as compared with either SP-D or

120

4 HNP1 PR8
~ HNP2 PR8

®HNP1 Phig2
©+ HNP2 Phig2

% of Control Infectious Foci

0 3 6 9 12

HNP Concentration (pg/ml)

FIGURE 1. Neutralization of IAV strains by HNP1 and HNP2. Viral
neutralization by HNPs 1 and 2 was measured using the infectious focus
assay. Upper panel, Results shown involved preincubation of the indicated
TAV strains with HNPs. Both HNPs caused significant reduction in viral
infectivity at all the concentrations tested. Results are mean = SEM of five
experiments. Both HNPs caused significantly greater inhibition of the PR-8
strain than of the Phil82 TAV strain. HNPI caused greater inhibition of
either strain than HNP2. Significant differences were determined by
ANOVA with Tukey’s post hoc testing.
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FIGURE 2. Effect of recombinant SP-D trimers or dodecamers on neu-
tralizing activities of HNP1 or HNP2 against the Phil82 strain of IAV.
Upper panel, The effect of HNPs (5 wg/ml) or RhSP-D multimers (90
ng/ml) on infectivity of the Phil 82 strain of IAV (assessed as in Fig. 1).
Results are expressed as the percent of control infectious foci and are
mean * SEM of at least three experiments. RhSP-D, HNP1, and HNP2
caused significant reduction in viral infectivity. However, preincubation of
SP-D with either HNP resulted in significantly less inhibition of infectivity
than was obtained with either RhSP-D or the HNPs alone (indicated by ).
If RhSP-D was added to virus first and then cells were infected followed 10
min later by addition of HNPs (“SP-D then HNP”), HNPs caused no re-
duction in neutralizing activity of SP-D. Similar results were obtained if
HNPs were first added followed by delayed addition of RhSP-D (“HNP
then SP-D”). Lower panel, The effects of preincubating HNPs with RfSP-
D,crp- RfSP-D, cgrp is a trimeric preparation composed of just the neck
and CR domains of human SP-D. RfSP-C, rp, trimers had no significant
effect on viral infectivity (data not shown). HNP1 or 2 (10 pg/ml) alone
inhibited viral infectivity as expected. However, preincubation of HNPs
with RfSP-C, rp trimers significantly reduced neutralizing activities of
HNP1 or 2 (where indicated by *; p < 0.05 as assessed by ANOVA).

HNP alone. In additional control experiments, we preincubated the
virus with SP-D alone and then added this mixture to the MDCK
cells followed 10 min later by addition of HNPs. Under these
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conditions, HNPs did not inhibit the activity of SP-D. Similarly, if
HNPs were added first followed by delayed addition of SP-D, no
competitive effect was observed. This result suggests that SP-D
and HNPs bind to each other in such a way that subsequent binding
of either protein to the virus is reduced.

RfSP-D, gp is a truncated, trimeric form of SP-D containing
only the neck and CRD of human SP-D. RfSP-D, ~r, shows no
independent IAV neutralizing activity (Ref. 49 and data not
shown). However, preincubation of HNP1 or 2 with RfSP-D,
significantly reduced the neutralizing activity of the HNPs (Fig. 2,
lower panel). This suggests that the neck and CRD of SP-D are
sufficient to interfere with the antiviral activity of HNPs.

HNPs bind to human SP-D: mechanism of binding

In solid-phase ELISA, RhSP-D dodecamers bound to HNP1 and 2
in a dose-dependent manner (Figs. 3-5). Low ionic strength and
low pH are known to increase binding of HNPs to some microbial
ligands. As shown in Fig. 3, these conditions also increased bind-
ing of HNPs to RhSP-D dodecamers. SP-D bound most strongly to
HNPs at acidic pH and binding diminished progressively with in-
creasing pH. This was in contrast to binding of SP-D to IAV,
which was optimal at physiological pH and diminished at either
acidic or basic pH. As shown in the lower panel of Fig. 3, RfSP-
D,crp bound significantly to HNP indicating that the neck and
CRD of SP-D are sufficient for binding to HNPs. Given the low
levels of endotoxin found in the HNP preparations, it is unlikely
that endotoxin associated with HNPs caused binding to SP-D. To
further test this, we preincubated HNPs with various concentra-
tions of endotoxin. This addition of endotoxin (even at concentra-
tions up to 500 ng/ml) did not alter binding of SP-D to HNPs (data
not shown). Binding of SP-D was not calcium dependent (Fig. 4)
nor was it inhibited by maltose (data not shown). Overall, these
results indicate that binding of SP-D to HNPs differs mechanisti-
cally from its binding to IAV or other microbial ligands.

SP-A and MBL have markedly less binding to HNPs than SP-D

RhMBL showed minimal binding to HNPs (Fig. 5). Similarly,
SP-A did not bind to HNPs at the concentrations tested (Fig. 5).
Binding of MBL and SP-A to IAV was confirmed in parallel as-
says. These results suggest that binding of SP-D to HNPs is rela-
tively specific and may not involve binding to the collagen domain
as in the case of binding to Clq. In fact, C1q caused only minimal
inhibition of binding of SP-D to HNPs (data not shown). These
results suggest that HNPs bind specifically to the neck and CRD of
SP-D. To further confirm this, we tested binding of the SP-D/
MBL, rp chimera (48). Binding of RhSP-D dodecamers to HNP1
significantly exceeded binding to dodecamers of the SP-D/
MBL, crp chimera (Fig. 5). Similar results were obtained for bind-
ing of RhSP-D and the chimera to HNP2 (data not shown). This
result indicates that the neck and/or CRD of SP-D are critical for
binding to HNPs. It is possible that some of the variation in ap-
parent binding of SP-D and the other collectins resulted from dif-
ferences in recognition by the different Abs. However, we feel this
is unlikely given strong binding of SP-A and MBL to IAV. Also,
prior studies showed that mAbs gave very similar levels of detec-
tion of SP-D and the SP-D/MBL, g, chimera and gave compa-
rable results to binding assays using biotinylated collectins (53).

Natural SP-Ds bind to HNPs

Natural human SP-D varies in degree of multimerization and se-
rum concentration depending on a polymorphisms, including one
involving amino acid 11 in the N-terminal domain of the molecule
(51). Subjects homozygous for threonine at this position (17% of
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FIGURE 3. Binding of RhSP-D to HNPs. Binding of SP-D to HNPs was tested by ELISA in which plates were coated with HNP2 (25 ug/ml). A, Dose
response of binding of RhSP-D dodecamers to HNP2. Background binding to plates coated with fatty acid and endotoxin-free BSA is shown in the upper panel.
Binding of SP-D to HNP2 was significantly greater than biding to BSA at all concentrations of SP-D tested (p < 0.05; n = 5 experiments). B, Reducing ionic
strength of PBS by one-half during incubation of RhSP-D dodecamers with HNP2 increased binding as compared with normal ionic strength PBS. C, The effect
of buffer pH on binding of RhSP-D to HNP2 or IAV (4 ug/ml) was tested using PBS adjusted to the indicated pH values (» = 3 independent ELISAs) Similar
results were obtained with HNP1 (data not shown). D, Binding of to HNP2 to RfSP-D, p,. Binding was assessed using biotinylated RfSP-D, -, Binding of
RfSP-D, rp to HNP2 was significantly greater than background binding to BSA-coated plates (subtracted from results shown) (p < 0.05; n = 3).

Danish population) have lower serum levels of SP-D and the mol-
ecule exists predominantly in a trimeric form, whereas those ho-
mozygous for methionine (35% of Danish population) have higher
serum levels and the protein is predominantly present in the form
of dodecamers. We isolated high molecular mass (predominantly
dodecameric) and low molecular mass (predominantly trimeric)
SP-D from amniotic fluid as described. These natural human SP-D
fractions isolated from amniotic fluid also bound to HNPs (Fig. 6).
As a control, binding of natural SP-Ds to IAV was tested in par-
allel. As previously reported, the natural SP-D dodecamers bound
more strongly to IAV than trimers. Of interest, however, the two
fractions bound equally to HNP1 and 2. This finding again indi-
cates that the mechanism of binding of SP-Ds to HNPs differs from
that of binding to IAV.

HNPs modify binding of SP-D to IAV

We tested binding of RhSP-D to the Phil 82 and PR-8 strains and
as previously reported binding to Phil 82 was significantly greater

than binding to PR-8 (Fig. 7). Preincubation of SP-D with either
HNP1 or 2 reduced binding to the Phil 82 strain of IAV. In con-
trast, if either strain of IAV was first incubated with HNPs fol-
lowed by addition of SP-D, binding of SP-D was significantly
increased. Hence, the effect of HNPs on binding of SP-D to IAV
can differ depending on the sequence of addition of HNP, and that
under some circumstances HNPs may increase binding of SP-D to
IAV (including to SP-D-resistant strains like PR-8).

HNPs bind to, and cause precipitation of, SP-D in normal
donor bronchoalveolar lavage (BAL) fluid

As shown in Fig. 84, SP-D in normal donor BAL fluid bound to
HNPI or 2. This indicates that SP-D binds to HNP in presence of
other normal lung fluid components. Similar results were obtained
with BAL fluid from an additional donor (data not shown). Addi-
tion of HNPs to normal donor BAL fluid caused precipitation of
SP-D (Fig. 8B). In these assays, HNPs were incubated with BAL
fluid for 30 min at 37°C followed by centrifugation at 16,000 X g
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FIGURE 4. Effect of calcium on binding of SP-D to HNP2. HNP2 was
coated onto ELISA plates as in Fig. 3. RhSP-D dodecamers were added at
the indicated concentrations in PBS containing calcium, PBS without
added calcium, or PBS without added calcium and with added EDTA (10
mM). The pH for all buffers was maintained at 7.2. Binding of SP-D was
measured as in Fig. 3. Background binding to BSA coated plates was
subtracted from the results shown before analysis. Results shown are
mean * SEM of three independent experiments. There was no significant
difference in binding of SP-D to HNP2 in the different buffers as assessed
by ANOVA.

for 5 min. Compared with HNP1, HNP2 caused a greater degree of
precipitation of SP-D in this assay. Using BAL fluid from an ad-
ditional donor, various concentrations of HNPs were added before
centrifugation (Fig. 8C). In this case, SP-D concentrations in the
supernatant were measured before and after centrifugation. A stan-
dard curve for calculation of SP-D levels was obtained using
rSP-D. Both HNPs caused the majority of SP-D to precipitate at
concentrations of 12.5 wg/ml or higher. No significant difference
was seen between HNP1 or 2 in these experiments. We also tested
whether the HNPs would cause precipitation of SP-D from BAL
fluids using lower speed centrifugation. After incubation of BAL
fluid with 100 pwg/ml HNPs and centrifuging at 1000 X g for 5
min, nearly all SP-D was lost from the supernatant: the mean con-
trol SP-D level was 116 = 17 and levels after incubation with
HNP1 and 2 were, 4.3 = 1.6 and 3.4 = 1.3 ng/ml, respectively
(n = 3; p < 0.02 for either HNP compared with control).

A similar assay was performed using rSP-D preparations and
HNPs (Fig. 9A). There was minimal precipitation of RfSP-D g p
or HNPs alone in this assay. However, the SP-D preparations and
HNPs precipitated when coincubated before centrifugation. Simi-
lar results were obtained with RhSP-D dodecamers (data not
shown). Western blots were also performed to detect SP-D in BAL
fluid after incubation with HNP2 as described in Fig. 8 (Fig. 9B).

We tested the effect of adding HNP1 to BAL fluid of two
healthy volunteer donors (Table III). As previously reported, nor-
mal donor BAL fluid inhibited HA activity of the Phil 82 strain of
IAV (Table III and Ref. 27). When HNPs alone were tested in
parallel in these experiments, no HA inhibition was observed.
However, addition of HNP1 to BAL fluids of two different volun-
teer donors significantly reduced HA inhibitory activity of the
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FIGURE 5. Minimal binding of SP-A, MBL or SP-D/MBL, |, to
HNPs - Binding of MBL or SP-A to HNP1 or 2 was tested by ELISA (as
in Fig. 3). A, Binding of RhMBL to IAV (Phil82 strain) or HNPs 1 and 2.
MBL had very low (although statistically significant; p < 0.05) binding to
HNP2. Results are mean = SEM of four experiments. Binding of MBL to
HNP-1 was not significantly greater 