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Abstract

Surfactant Protein D (SP-D) is critical for maintenance of lung homeostasis and provides a first
line of defense to pathogens at mucosal surfaces. Polymorphisms in the SP-D-encoding gene
SFTPD have been associated with chronic obstructive pulmonary disease and ulcerative colitis.
Identification of the immunoreceptors that bind SP-D is essential for understanding its
contribution to lung homeostasis and mucosal defense. We located a putative binding motif for the
Osteoclast-associated Receptor (OSCAR) within the SP-D collagenous domain. An OSCAR-Fc
fusion protein specifically bound to the collagenous region of recombinant SP-D and captured
native SP-D from human bronchoalveolar lavage. OSCAR localized in an intracellular
compartment of alveolar macrophages together with SP-D. Moreover, we found OSCAR on the
surface of interstitial lung and blood CCR2* inflammatory monocytes, which secreted TNF-a
when exposed to SP-D in an OSCAR-dependent fashion. OSCAR and SP-D did not exclusively
co-localize in lung as they were also highly expressed in atherosclerotic plaques of human aorta
supporting a role for this interaction in atherosclerosis. Our results identify the OSCAR-SP-D
interaction as a potential therapeutic target in chronic inflammatory diseases of the lung as well as

Corresponding Author: Marco Colonna, Tel: (314) 362-0367; Fax: (314) 747-0809. mcolonna@pathology.wustl.edu.
DISCLOSURES

A.D.B. is a named inventor on a patent application from the University of Cambridge: Modulation of the Activity and Differentiation
of Cells Expressing the Osteoclast-associated Receptor, United States patent application number 13122637.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barrow et al.

Page 2

other diseases involving tissue accumulation of SP-D, infiltration of inflammatory monocytes and
release of TNF-a.

INTRODUCTION

Surfactant Protein D (SP-D) is a member of the collagenous lectins (collectins), which
provide a first line of humoral innate immune defense (1-3). The collectin family also
includes, but is not limited to, Mannan-binding lectin (MBL) and Surfactant Protein A (SP-
A). Collectins are soluble proteins, which are structurally characterized by an N-terminal
collagenous region, a flexible coiled coil ‘neck’ (N) region and a C-terminal Carbohydrate
Recognition Domain (CRD), which binds various sugars in a calcium-dependent fashion (4).
The hydrophobic N-terminal region of the SP-D polypeptide encodes two cysteine (Cys)
residues (Cys15 and Cys20). Multimeric SP-D dodecamers can be formed through N-
terminal disulfide bonding of trimeric SP-D monomers. Within the collectin family the
formation of dodecamers is unique to SP-D, which can be observed as the characteristic
cruciform structures by electron microscopy (5). The collectin family are expressed in a
range of different mucosal tissues where they are thought to play important tissue-specific
roles in the innate immune response (4).

SP-D is predominantly secreted by alveolar type Il epithelial cells, but is also produced
outside of the lung, in the gastrointestinal and genital mucosae, salivary glands, prostate,
kidney, pancreas, skin and endothelial cells (6). SP-D can act as a pattern recognition
receptor through binding of the CRD to evolutionary conserved glycolipids and
glycoproteins associated with infectious agents, such as LPS from certain bacterial species
or viral envelope glycoproteins. SP-D can thus opsonize, neutralize and agglutinate
infectious microorganisms predisposing to elimination by phagocytes. In the lung, SP-D also
plays an important homeostatic role through CRD-dependent scavenging of surfactant
phospholipids by alveolar macrophages (7, 8). SP-D deficient (Sftpd~'~) mice developed
accumulation of surfactant phospholipids in the lungs, as well as infiltration of monocytes
and the pro-inflammatory activation of alveolar macrophages, leading to chronic
inflammation, emphysema and fibrosis (9, 10). Correction of some, but not all, of the
pulmonary abnormalities in Sftpd~~ mice required the transgenic expression of SP-D with
an intact collagenous domain (11). SP-D deficient children were susceptible to more
frequent pneumonias and long-term outcome was worse than SP-D sufficient control
children (12).

Human SFTPD genotype can influence the assembly, concentration and biological function
of SP-D in vivo (13). Interestingly, polymorphisms in SFTPD have been associated with
susceptibility to chronic and infectious lung diseases, such as chronic obstructive pulmonary
disease (COPD) (14, 15), emphysema (16), pneumococcal lung disease (17), tuberculosis
(18) and may even influence clinical outcome following lung transplantation (19). Serum
SP-D levels have been associated with lung function or health status in patients with severe
COPD (20). SFTPD genotype has also been associated with inflammatory bowel diseases,
such as Crohn’s disease and ulcerative colitis (21). SP-D is also produced by vascular
endothelial cells and has been implicated in lipid homeostasis and vascular lipid deposition.
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Sftpd~/~ mice were protected from diet-induced atherosclerosis (22), whereas a
polymorphism of SFTPD has been associated with coronary artery disease (23). These data
suggest an important role for SP-D in regulating pulmonary homeostasis in addition to roles
in the gut and vascular system, although the molecular basis for this remains ill defined.

Identification of the immunoreceptors that capture SP-D and transduce intracellular
signaling is therefore essential for understanding how SP-D contributes to lung homeostasis
and innate mucosal defense and SFTPD disease associations (3, 24). OSCAR is an
activating receptor for collagen expressed by osteoclasts that co-stimulates
osteoclastogenesis (25). OSCAR transmits intracellular signals through the associated
adapter FcRy (26), which contains an Immunoreceptor Tyrosine-based Activation Motif
(ITAM) that recruits the protein tyrosine kinase Syk. While in mouse OSCAR is exclusively
expressed in osteoclasts, human OSCAR was reported to be also expressed on monocytes,
macrophages, neutrophils and dendritic cells (DC) (26) and shown to enhance the pro-
inflammatory response of monocytes, although the monocyte subset that specifically
expressed OSCAR was not described (26, 27). The wider expression of OSCAR by human
myeloid immune cells suggested to us that OSCAR might play a role in innate immunity in
addition to the reported role in osteoclastogenesis. Here, we identified SP-D as a candidate
ligand for OSCAR by a bioinformatics search for proteins encoding OSCAR-binding motifs
(25). We further demonstrated that OSCAR and SP-D colocalize in alveolar macrophages
and that the OSCAR:SP-D interaction triggers TNF-a production by inflammatory
monocytes.

MATERIALS AND METHODS

Bioinformatics

To initially identify putative OSCAR-binding candidate proteins for further scrutiny, an
exhaustive protein BLAST search was carried out using all permutations of the 9 amino acid
‘minimum’ OSCAR-binding motif and side chain binding variants defined previously (25):
G[AIP|G]IPGIP|AI[AISIGIFIDIS|YI[AIR|PIQ]. In addition, a less stringent but longer 12
amino acid ‘consensus’ OSCAR-binding sequence, derived from the same data and used to
generate the minimum OSCAR-binding sequence, was also used: GXPGPX'GFX'GXP
(where X is any amino acid). BLAST searches were done with an expect threshold of 20000,
a word size of 2 and using the PAM30 matrix, as recommended by NCBI when searching
for short, nearly exact matches. Candidate motifs in both collagen and non-collagen proteins
were identified. For non-collagen proteins, putative motifs were selected where protein
BLAST provided an alignment of 80% or better, with some leeway for the substitution of
physicochemically similar amino acids. As an additional crucial criterion, putative motifs
were also required to lie within a collagenous domain, as had previously been identified
either experimentally or through computational approaches. For collagens, an 8/9 amino
acid sequence alignment with one of the minimum OSCAR-binding motif variant sequences
was required for a motif to be recognized, although for the vast majority a perfect alignment
was obtained. In the non-collagen proteins, the biological roles of each protein could be
broadly classified into receptor proteins, secreted proteins, or (extracellular matrix) ECM
proteins.
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The human OSCAR-Fc construct has been described before (25). The extracellular domain
of human Leukocyte Associated Ig-like Receptor (LAIR)-1 was amplified from plasmid
DNA containing the human LAIR-1 cDNA with Platinum Pfx DNA Polymerase
(Invitrogen) using the following forward 5’-catcctcgagcaggaggaagatctgcccag-3’ and reverse
5’-gaattctagaatgctcagctttcaggcecttg-3’ primers (Xho | and Xba I restriction sites underlined).
Xho I and Xba I restricted PCR products were cloned into the Signal Ig plus vector, which
encoded the LAIR-1 ectodomain in frame with human IgG1 Fc. Cloning and expression of
immunoglobulin-like transcript (ILT)-1, 3 and -7 and Triggering Receptor expressed on
myelod cells (TREM)-1 and -2 Fc-fusion proteins were as described (28).

Cell culture, expression and purification of recombinant Fc-fusion proteins

293T were transiently transfected with 48ug of plasmid DNA/10cm dish using
Lipofectamine 2000 diluted in Optimem (both Invitrogen), according to the manufacturer’s
instructions. Fc-fusion proteins were purified from serum-free culture supernatants by
Protein A affinity chromatography.

Recombinant collectin and collectin-like molecules

The cloning and expression of recombinant full length human SP-D and the full-length and
mutant isoforms of rat SP-D have been described in detail before (5, 29). Briefly, S15, 20 is
a recombinant rat SP-D mutant with a substitution of serine for Cys15 and Cys20 that is
assembled exclusively as SP-D trimers (29). Mini SP-D is a mutant form of rat SP-D that
lacks two internal exons (3 and 4) encoding the SP-D collagenous domain. The Neck
Carbohydrate Recognition Domain (NCRD) (trimeric neck + CRD) is a rat SP-D truncation
mutant lacking the N-terminal peptide and collagen domains that retains lectin activity (5).
Recombinant human Mannan-binding lectin (MBL) was purchased from Sino Biological
Inc. (Beijing, China) and Complement component 1q (C1q) purified from human serum was
purchased from Complement Technology Inc. (Texas, USA). The endotoxin level in our
stock (112ug/ml) human SP-D reagent was determined at 120EU/ml by Limulus amebocyte
lysate (LAL) assay (Lonza).

Immobilization of antibodies, proteins and peptides

Collagen | from rat tails and BSA were purchased from Sigma. BSA (2%), Collagens
(2.5ug/ml), recombinant SP-D and isoforms (2.5pug/ml) were immobilized onto either tissue
culture or ELISA plates overnight in 0.01M Acetic acid at 4°C. All peptides were certified
LPS-free by LAL assay (Lonza). For soluble-phase SP-D binding asays, 0.25ug/ml of each
Fc-fusion protein was immaobilized to plates in 100ul of coating buffer (15 mM Na,CO3, 35
mM NaHCOg, pH 9.6) overnight at 4°C. All wells were washed 3 times in TBS to remove
excess proteins before blocking in 5% BSA in TBS for 1 hour at 37°C prior to performing
binding assays.

Solid- and soluble-phase SP-D binding assays

For solid-phase SP-D binding assays, 5ug/ml of each Fc-fusion protein in 100ul of TBS
binding buffer: 10mM Tris.HCI pH7.5, 150mM NaCl + 0.1% BSA + 0.05% Tween-20 +
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5mM CaCl, (TBS + 5mM Ca?*) were incubated at room temperature for 1 hour in ELISA
plates. Wells were then washed five times in TBS + 5mM Ca2* before incubating with
1:5000 goat anti-human Ig-HRP conjugate (Southern Biotech) for 1 hour in TBS £ 5mM
Ca®*. Wells were then washed a further five times in TBS + 5mM Ca2* before developing
with O-Phenylenediamine dihydrochloride and the absorbance at 490nM recorded. For
soluble-phase SP-D binding assays, two-fold dilutions of either recombinant human SP-D
dodecamer starting 125ng/ml or human bronchoalveolar lavage (BAL) (starting at ¥4
dilution) were made in TBS and incubated in Fc-fusion coated wells for 3h. Captured SP-D
was detected using 2ug/ml of the anti-human SP-D mAb (Hyb-246-04) for 1 hour at room
temperature, followed by rabbit anti-mouse 1gG-HRP (Dako).

Generation and purification of monoclonal antibodies

Antibodies

To generate blocking mAbs to the OSCAR ectodomain, NMRI mice were immunized
subcutaneously three times with 20 ug of human OSCAR-Fc. For generation of mAbs to the
OSCAR cytoplasmic tail, mice were immunized with a synthetic peptide, representing the
last 14 C-terminal residues (Cys-DWRSQNRAPAGIRP) of human OSCAR. The synthetic
peptides were coupled to diphtheria toxoid via the cysteine using amine-to-sulfhydryl
crosslinker (Thermo Scientific). Three days prior to the fusion the mice received an
intravenous injection with 50 pg of immunogen administered together with adrenalin. The
fusion and selection were done essentially as described (30). The SP2/0-AG14 myeloma cell
line was used as fusion partner. Positive clones for the OSCAR ectodomain were selected by
differential screening of OSCAR-Fc versus an irrelevant Fc-fusion by ELISA. Positive
clones for the OSCAR C-terminal cytoplasmic tail were identified by screening to the
peptide used for immunization, described above. Cloning was performed by limited dilution.
Single clones were grown in culture flasks in RPMI + 10% FCS and mAbs were purified
from culture supernatant by Protein A affinity chromatography.

Goat anti-human OSCAR polyclonal antibody was purchased from Santa Cruz
Biotechnologies (25). The SP-D mAb 245-01 was purchased from Enzo Life Sciences. The
anti-SP-D mAb 246-04 was purchased from Bioporto Diagnostics, Gentofte, Denmark. The
mAb KP1, which recognizes human CD68, was purchased from Serotec. Donkey anti-goat
IgG Alexa 568 and donkey anti-mouse IgG Alexa 488 were purchased from Invitrogen.
Purified and PE-conjugated anti-human OSCAR mAb 11.1CN5 was purchased from Becton
Coulter. The HLA-DR-APC, CD16-FITC and CD56-PE-Cy7 anti-human antibodies, used to
define human monocytes, granulocytes and Natural Killer cells, respectively, were
purchased from BD Pharmingen and the CD14-Pacific Blue, CD45-AF700, CCR2-PerCP-
Cy5.5 anti-human antibodies were all purchased from BioLegend. Mouse mAb to thyroid
transcription factor 1 (TTF1), clone SPT24, was from Novocastra Laboratories Ltd. Mouse
mAb to human CD163, which recognizes cells of the monocyte/macrophage lineage, was
from Neomarkers. MADb clone 13-9-17 was used in immunostainings for the OSCAR C-
terminus. Rabbit anti SP-D clone H-120 was from Santa Cruz. Rabbit isotype control
antibody was from Cell Signaling and mouse 1gG1 isotype control was from BD
Biosciences. For immunohistochemistry, primary antibodies were revealed with Envision
Dako Polymer HRP.
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Microscopy

Paraffin embedded human lung sections from COPD and normal control subjects were
deparaffinized using citrisolve (Vector laboratories). Sections were then rehydrated in a
graded ethanol series before antigen retrieval by boiling in antigen retrieval solution (Vector
labs) in a microwave, according to the manufacturer’s instructions. Sections were blocked in
fish gel (Sigma) for 1 hour before incubating with primary antibodies diluted in fish gel
overnight at 4°C. Slides were then washed three times in large volumes of PBS before
incubating individually with secondary antibodies, respectively. Tiramide enhancement of
fluorescent immunostaining was performed after each individual secondary antibody step,
according to the manufacturer’s instructions (Invitrogen). For confocal microscopy, lung
sections were mounted with vectashield containing DAPI, which stained nuclei blue (Vector
labs), and analyzed on an Olympus Fluoview ™ FV1000 confocal microscope. For light
microscopy, sections stained immunohistochemically were photographed using the DP-70
Olympus digital camera mounted on the Olympus BX60 microscope.

Human subjects and BAL isolation

Human clinical samples were obtained from lung transplant donors and recipients, as
described previously (31). In brief, lung explants were harvested at the time of lung
transplantation from COPD recipients (n=2) with very severe disease (GOLD Stage 4).
Control samples were obtained from normal donors (n=3) using lung explants that were
otherwise not useable for transplantation. BAL was performed under general anesthesia
using standard procedures: briefly, the bronchoscope was placed in the right middle lobe and
the lavage was performed using 3 x 50 ml sterile saline and aspirated under low pressure.
The concentration of SP-D in BAL was determined at 3495ng/ml, as previously described
(32).

Flow cytometry

Cells were prepared from human lung explant tissue using protease digestion as described
previously (31). Single cell suspensions were generated from minced lung tissue that was
subjected to collagenase (Liberase Blendzyme I1l, Roche), hyaluronidase (Sigma), and
DNAse I (grade I, Roche) digestion for 45 min at 37 °C. For flow cytometry, frozen
aliquots of cell preparations were thawed and washed in complete medium before analysis.
Following FcR blockade, cell suspensions were incubated with labeled antibodies on ice
prior to flow cytometric analysis. For peripheral blood leukocytes, granulocytes were
defined by electronic gating as SSCHICD45*CD56"CD16* cells and monocytes as
SSCL°CD45*HLA-DR*CD56™. Monocytes were further distinguished based on expression
of CD14, CD16 and CCR2 (27).

OSCAR internalization assays

Purified monocytes were left untreated (0 mins) or treated with 2.5ug/ml recombinant
human SP-D at 37°C for 5, 15, 30 and 60 mins, respectively. Monocytes were then placed
on ice and washed twice with ice cold PBS before fixing with 2% paraformaldehyde for 10
mins on ice. After washing 3 times in PBS, OSCAR internalization was determined by flow
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cytometry as a reduction in monocyte cell surface staining with non-blocking anti-OSCAR
mAb, 11.1CN5.

Monocyte isolation

Human monocytes were isolated from 50 ml of blood using the Monocyte Negative
Isolation Kit (Invitrogen).

Cytokine analysis

100,000 monocytes in a flat-bottomed 96-well plates were stimulated with 2.5ug/ml
recombinant hSP-D in the presence or absence of 5pg/ml purified mAbs, TNF-a in tissue
culture supernatants was determined using the BD™ CBA human inflammatory cytokine kit
(Becton Dickinson).

Statistical analysis

Statistical significance was determined using GraphPad Prism 6.0. Statistical differences
were determined by 2-tailed Student’s t test. A P value of <0.05 was considered significant.

Study approval

All studies were reviewed and approved by institutional human and animal studies
committees and all experiments were carried out according to national and regional
legislation and regulations. Informed consent was obtained from all subjects included in this
study.

RESULTS

OSCAR is a receptor for SP-D

We hypothesized that OSCAR may interact with collagenous molecules other than ECM
collagens, which may have immunological roles. We conducted a bioinformatics search
using two partially overlapping linear amino-acid sequences (see Materials and Methods)
derived from the previously defined triple-helical OSCAR-binding motif (25). The search
yielded twenty-two non-collagen based sequences (Table 1) and sixteen putative collagen
based OSCAR-binding motifs (Supplemental Table I). The collectins SP-A, SP-D and MBL,
and collectin-like molecules, such as C1q (Table 1), represented good candidates for
interacting with OSCAR-expressing leukocytes because they play central roles in tissue-
specific immunity (1). Focusing on SP-D, the ‘minimum’ 9 amino acid OSCAR-binding
motif used in the bioinformatics search aligned with 77.8% direct amino-acid sequence
identity to the SP-D sequence 106-114 (GPPGPPGVP) (Supplemental Fig. 1A). The 12
amino acid ‘consensus’ OSCAR-binding motif used in the bioinformatics search aligned
with 83.3% direct amino acid identity with the SP-D sequence 106-117
(GPPGPPGVPGPA) (Supplemental Fig. 1B). The putative OSCAR-binding-motifs are
encoded by exon 3 of human SFTPD, which encodes part of the SP-D collagenous domain
(Supplemental Fig. 1A). Since the 9 and 12 amino acid search motifs are largely
overlapping, we conclude that each trimeric sub-unit of the SP-D monomer encodes one
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triple-helical OSCAR-binding sequence. Dodecameric SP-D, comprised of four trimeric
sub-units, would thus be expected to encode four triple-helical OSCAR-binding motifs.

We next determined whether OSCAR could bind to some of the collectin or collectin-like
molecules identified from the motif search (Table I). We assayed for binding of a human
OSCAR Fc-fusion protein (OSCAR-Fc) to recombinant forms of SP-D, in addition to C1q
and MBL proteins (Fig. 1). OSCAR-Fc bound to full-length dodecameric human and rat SP-
D and trimeric sub-units of rat SP-D (Fig. 1A). OSCAR-Fc did not bind to ‘Mini SP-D’, a
recombinant rat SP-D lacking the SP-D collagenous domain encoded by exons 2 and 3 of
the SP-D gene (5), or a recombinant protein encoding the Neck-CRD (NCRD) region of rat
SP-D (Fig. 1A). OSCAR-Fc binding was specific for SP-D since OSCAR-Fc did not bind to
either C1q or MBL (Fig. 1A), even though these proteins were predicted to encode putative
OSCAR-binding motifs (Table I). OSCAR-Fc binding to full-length dodecameric or trimeric
SP-D or collagen I was significantly increased by, but not wholly dependent on, the
presence of 5 mM Ca2* (Fig. 1A). Since collagen lacks lectin activity and neither
recombinant lectin domains (NCRD) nor ‘Mini SP-D’, which encodes an intact lectin
domain, bind to OSCAR (Fig. 1A), we conclude the small increase in calcium-dependent
binding of OSCAR-Fc to SP-D or collagen must be mediated through OSCAR binding to
collagen domains and not the SP-D lectin domain. SP-D binding was not observed for Fc-
fusion proteins that encoded the extracellular domains of human LAIR1 or ILT3, which are
known to bind collagen (33, 34), or TREM1, TREM2, ILT1 and ILT7 (Fig. 1A and data not
shown). Although SP-D was recently shown to bind LAIR1 (35), we only detected SP-D
binding to mouse LAIR1 but not human LAIR1 (data not shown). This discrepancy may
depend on the sensitivity of our assay and the relative affinities of mouse and human LAIR1
for SP-D. In conclusion our results show that OSCAR can bind specifically to the SP-D
collagenous domain.

Since SP-D is secreted as a soluble protein associated with lung surfactant, we next
determined whether OSCAR could bind to soluble SP-D, as might reflect conditions in vivo.
We incubated dilutions of human BAL (Fig. 1B) in wells coated with OSCAR-Fc or LAIR1-
Fc. The amount of protein captured by the immobilized Fc-fusion proteins was then detected
using the Hyb-246-04 mAb, which is specific for the SP-D CRD (6). Dose-dependent
binding of a protein reactive with the Hyb-246-04 mAb was observed to immobilized
OSCAR-Fc, but not to LAIR1-Fc (Fig. 1B). These results suggest OSCAR-Fc can capture
native SP-D from human BAL. However, since we have detected a putative OSCAR-
binding motif in SP-A (Table 1) and SP-A has been shown to bind to immunoglobulins (36),
it may be possible that solid-phase OSCAR-Fc could also be capturing SP-A from BAL.
Captured SP-A may, in turn, bind to the Fc portion of the secondary antibodies used to
detect bound SP-D. We therefore determined whether immobilized OSCAR-Fc could
capture soluble recombinant human SP-D dodecamer in the absence of SP-A. Solid-phase
OSCAR-Fc, nut not LAIR1-Fc, captured soluble recombinant human SP-D dodecamer (Fig.
1C). These results show that OSCAR can bind to soluble SP-D dodecamer.

To test whether OSCAR could act as a receptor for SP-D, we performed a sensitive GFP-
inducible assay using NFAT-GFP reporter cells, which have been successfully used to
determine immunoreceptor:ligand interactions (37) (Fig. 1D). In this assay, clustering of the
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OSCAR ectodomain fused to the T cell receptor CD3( signaling chain will result in ITAM
signaling and transactivation of a transgene encoding GFP (25, 37). GFP was induced by
OSCAR-CD3{/NFAT-GFP reporter cells cultured on tissue culture plates coated with
human SP-D, collagen I, recombinant rat dodecameric or trimeric (S15, 20) SP-D, but not
BSA, Mini SP-D or NCRD (Fig. 1D). OSCAR-CD3{/NFAT-GFP reporter cells also
expressed GFP when cultured with soluble human SP-D dodecamer, but not soluble
collagen I (Fig. 1E). These results show that OSCAR is a receptor for dodecameric SP-D
either as a plate-bound ‘aggregated’ ligand or as soluble SP-D dodecamer.

OSCAR is expressed in intracellular compartments of human alveolar macrophages that
contain SP-D

Human OSCAR has previously been located by immunohistochemistry in osteoclasts and
their precursors but not in monocytes or macrophages in tissues outside of bone (25). Since
SP-D is secreted in lung surfactant where it is readily taken up by alveolar macrophages and
monocytes exhibit greater infiltration of inflamed lung airways (38), we next determined
OSCAR and SP-D expression in lungs from control and COPD subjects. OSCAR was
expressed in alveolar macrophages with a seemingly intracellular granular pattern, whereas
SP-D was predominantly expressed in alveolar type Il epithelial cells (Fig. 2A).
Immunofluorescence analysis for OSCAR and the monocyte/macrophage marker CD68
confirmed the localization of OSCAR in intracellular compartments of CD68* alveolar
macrophages in both normal and COPD lung sections (Fig. 2B). A few infiltrating CD68*
interstitial monocytic cells displayed a membrane pattern of OSCAR staining in COPD
sections (Fig. 2B). Since immunohistochemical and immunocytochemical electron
microscopy studies had found SP-D localized to endocytic compartments and associated
with phagolysosomal structures in human and rat alveolar macrophages (6, 39), we
hypothesized that OSCAR and SP-D may co-localize in the same intracellular compartments
of alveolar macrophages. Accordingly, double immunofluorescence for OSCAR and SP-D
in lung sections demonstrated intracellular co-localization of OSCAR and SP-D in alveolar
macrophages (Fig. 2C). These data show that OSCAR interacts with SP-D in alveolar
macrophages and OSCAR is expressed by tissue infiltrating monocytes in COPD.

Lung interstitial myeloid cells and blood monocytes express OSCAR on the cell surface

Immunofluorescence analysis of lung tissues showed that OSCAR was expressed not only in
alveolar macrophages but also in few CD68™ interstitial myeloid cells (Fig. 2B).
Interestingly, in these cells OSCAR displayed a membrane pattern. Flow cytometric analysis
revealed a marked OSCAR surface expression also on monocytes (Fig. 3A, upper
histograms), whereas alveolar macrophages showed poor OSCAR surface expression,
consistent with a predominant intracellular distribution (Fig. 3A, lower histograms).
Although OSCAR had been previously found on blood monocytes and neutrophils (26), it
was unclear whether it was expressed on a specialized monocyte subset. A recent mMRNA
profiling of human monocyte subsets suggested that OSCAR maybe expressed on the
CCR2* “inflammatory’ monocytes but not CCR2~ “patrolling” monocytes (40). We
conclusively demonstrated that OSCAR was preferentially expressed on CCR2*
‘inflammatory’ monocytes by flow cytometry (Fig. 3B). In contrast to a previous report
using the anti-human OSCAR mAb 11.1CN5 (26), we did not detect OSCAR staining on
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neutrophils (Fig. 3B). We conclude that OSCAR has two distinct patterns of expression. In
alveolar macrophages OSCAR is predominantly found in an intracellular compartment; in
lung interstitial myeloid cells and blood inflammatory monocytes OSCAR is mainly
expressed on the cell surface.

OSCAR stimulates the secretion of TNF-a by CCR2* inflammatory monocytes

To study the impact of OSCAR in monocyte functions, we immunized mice with our human
OSCAR-Fc and generated a panel of novel mAbs to human OSCAR (Supplemental Fig. 2).
Amongst several mADb that stained OSCAR-CD3{/NFAT-GFP reporter cells (Supplemental
Fig. 2A) and human blood monocytes (Supplemental Fig. 2B), we selected mAb that could
block binding of OSCAR-Fc to collagen | (Supplemental Fig. 3A). Using this approach, we
identified four blocking mAbs (11.20.02, 11.20.06, 11.20.08 and 11.20.25), which were
subsequently purified and titrated based on their ability to block OSCAR-CD3{/NFAT-GFP
reporter cell signaling on plates coated with either collagen I (Supplemental Fig. 3B), rat SP-
D (Supplemental Fig. 3C) or human SP-D (Supplemental Fig. 3D). Two mAbs, 11.20.08
and 11.20.25, were most effective in blocking GFP expression in reporter cells with peak
blocking activities observed at 5ug/ml. We next determined whether SP-D could stimulate
the release of pro-inflammatory cytokines by human blood CCR2* monocytes through
engagement of OSCAR. A recombinant human SP-D dodecamer stimulated TNF-a release
by blood CCR2" monocytes from two different donors, which was blocked by the anti-
human OSCAR mAbs 11.20.08 and 11.20.25, respectively (Fig. 4A). OSCAR was not
internalized by monocytes exposed to SP-D (Supplemental Fig. 3E). We conclude the SP-D/
OSCAR interaction triggers a pro-inflammatory response in CCR2* monocytes.

OSCAR is expressed in lipid-laden macrophages infiltrating atherosclerotic plaques

Although SP-D has been implicated in atherosclerosis (22, 23), the mechanism is poorly
understood. We hypothesized that SP-D may engage OSCAR in the atherosclerotic plaque,
promoting inflammation. To test this hypothesis, we investigated OSCAR expression in
atherosclerotic lesions of human aorta. OSCAR was strongly expressed in numerous lipid-
laden macrophages infiltrating the tunica intima and in fewer macrophages penetrating the
tunica media. SP-D was found in the vascular endothelium as well as in many smooth
muscular cells of the tunica media, consistent with previous reports (22, 41) (Fig. 4B). These
data suggest that SP-D may contribute to atherosclerosis by binding OSCAR on
inflammatory monocytes that infiltrate the atherosclerotic plaque and stimulating the release
of TNF-a, which will exacerbate the vascular lesion.

DISCUSSION

In humans and mice, OSCAR is expressed by osteoclasts and their precursors and can bind
to collagens exposed on bone surfaces to co-stimulate osteoclastogenesis (25). In humans,
OSCAR is additionally expressed on monocytes, macrophages and DC (26), suggesting
OSCAR may play a role in the immune response. Motivated by this hypothesis, we designed
a bioinformatics search for OSCAR-binding motifs in collagenous molecules that might
provide insight into OSCAR immunobiology. We identified putative OSCAR-binding
motifs in the collectins, MBL, SP-A and SP-D, and collectin-like molecules, such as C1q,
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and ficolins, that all play important roles in innate immunity (1). Of the putative ligands
tested, we detected binding of OSCAR-Fc to SP-D but not to MBL or C1g. OSCAR may not
bind to C1q because we only detected OSCAR-binding motifs in the B and C chains of C1q
and none in the A chain (Table 1). Since OSCAR only binds to triple-helical motifs in
collagenous molecules and not to linear motifs (25), C1q therefore lacks a motif in the A
chain to form a triple-helical sequence capable of binding OSCAR. Further structural and
biophysical studies are required to determine the precise molecular binding specificities of
OSCAR for collectin and collectin-like molecules.

Our study demonstrates that human OSCAR is a novel myeloid immunoreceptor for SP-D
expressed by alveolar macrophages and inflammatory CCR2* monocytes, which triggers the
release of TNF-a in inflammatory CCR2* monocytes exposed to SP-D. The identification of
SP-D receptors is essential to fully understand the function of SP-D in different tissues and
organs in the context of infections and inflammation. Previous studies have shown that SP-D
or the closely related collectin SP-A can interact with distinct immunoreceptors resulting in
different functional outcomes. When not bound to a pathogen, SP-D and SP-A bind through
their lectin domains to SIRP-a, delivering an inhibitory signal, which prevents activation of
mononuclear phagocytes and secretion of inflammatory cytokines (24). In contrast, when
microrganisms or cell debris are bound to the C-type lectin domain, SP-D and SP-A interact
through their free collagen-like domain to CD91/calreticulin, promoting cell activation (24).
SP-D also binds to CD14, interfering with the binding of LPS to the CD14-TLR4-MD?2
complex, thereby reducing macrophage inflammatory responses elicited by LPS (42, 43).
Finally, a recent study showed that the 1g-superfamily receptor LAIR1, which is known to
bind collagen, also binds to SP-D, delivering an inhibitory signal that reduces inflammation
(35). Since the OSCAR-SP-D interaction promotes activation of inflammatory monocytes,
we conclude that the ultimate functional effect of SP-D depends on the balance between
inhibitory and activating receptors engaged at any one time in a given tissue.

Our study also demonstrates that in alveolar macrophages OSCAR is predominantly found
in an intracellular compartment where it colocalizes with SP-D. This result suggests that
OSCAR may capture SP-D in the alveolar space and drive SP-D internalization into a
phagolysosomal compartment in alveolar macrophages where SP-D and its cargo are
processed and degraded. The internalization of SP-D may be crucial for phagocytosis and
killing of pathogens as well as removal of necrotic and apoptotic cells in the lung as well as
in various mucosae and organs (2, 44). However, we did not detect any OSCAR
internalization in monocytes exposed to SP-D. Since macrophages are more phagocytic than
monocytes, it is possible alveolar macrophages are capable of internalizing OSCAR:SP-D
complexes. The distribution of OSCAR between the cell membrane and the endosomal
compartment in different myeloid cells might also depend on the relative abundance of SP-D
to which these cells are exposed in their microenvironment. Alternatively, the contrasting
sub-cellular localizations of OSCAR in alveolar macrophages and monocytes could be
caused by the alternative splicing of OSCAR transcripts encoding OSCAR isoforms with
different sub-cellular trafficking properties (45). Future studies to determine the role, if any,
OSCAR isoforms may play in the cell biology and antigen processing of SP-D for alveolar
macrophages and dendritic cells are therefore merited.
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Previous studies have implicated SP-D in atherosclerosis and coronary heart disease (22, 23,
41). We found that OSCAR is highly expressed in CD163* monocytes and macrophages
infiltrating the atherosclerotic plaques in aorta. We envision that exposure of these OSCAR*
monocytes and macrophages to SP-D produced by endothelial cells in the tunica intima and
by smooth muscular cells in the tunica media may lead to production of TNF-a,
exacerbating the degenerative process. Similar mechanisms may operate in lung tissue. For
example, monocytes can traffic into the lung during the steady state (46) but do not
preferentially enter airway mucosal surfaces unless there is a pro-inflammatory or
chemotactic stimulus (38). Therefore, CCR2* monocytes that patrol lung interstitial tissues
in the steady state may not become exposed to SP-D secreted in airway lung surfactant. In
contrast, monocytes increasingly infiltrate the airways in response to a pro-inflammatory or
chemotactic stimuli (38). Thus, upon tissue damage and/or pro-inflammatory stimuli, as
would be expected to be operating in pathologies, such as COPD or atherosclerosis, CCR2*
monocytes will traffic from blood to the damaged tissues whereupon they may then become
exposed to SP-D and release TNF-a. Thus, our characterization of the OSCAR-SP-D
interaction and its functional impact in the secretion of pro-inflammatory cytokines by
CCR2* monocytes recruited to the tissues may have important therapeutic implications not
only for inflammatory diseases of the lung and the mucosae but also for atherosclerosis and
its complications.
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Refer to Web version on PubMed Central for supplementary material.
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MBL Mannan-binding lectin
N Neck
OSCAR Osteoclast-associated receptor
SP-A Surfactant Protein A
SP-D Surfactant Protein D
TREM Triggering Receptor Expressed on Myeloid cells
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FIGURE 1.
OSCAR is a novel SP-D receptor. (A) OSCAR-Fc, LAIR1-Fc, ILT3-Fc and TREM1-Fc

binding to different human (h) and rat (r) SP-D isoforms and collagen | (+ 5mM Ca2*) in
solid-phase (*, P <0.05). (B) Capture of Hyb-246-04 mADb reactive protein from human
BAL (n=1 donor) or (C) soluble recombinant hSP-D dodecamer by plate-immobilized
OSCAR-Fc (circles) or LAIR1-Fc (triangles) (*, P <0.05). (D) GFP expression from
OSCAR-CD3; NFAT-GFP reporter cells incubated with recombinant SP-D isoforms in
solid- or (E) soluble-phase. Data were performed in triplicate and are representative of three
independent experiments.
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FIGURE 2.
OSCAR expression in lung resident immune cells. (A) Representative light microscopy

sections of normal lung immunostained with: (i) rabbit (brown) and mouse 1gG1 (blue; x200
objective) control antibodies; (ii) rabbit anti-SP-D (brown; x200 objective); (iii) rabbit anti-
SP-D and TTF1 mAb (blue; x600 objective); or (iv) OSCAR C-terminus mAb (brown; x200
objective). (B) Representative confocal sections of hormal (i—iii) or COPD (iv-vi) lungs
immunostained with: (i) goat (red) and mouse 1gG2a (green) control antibodies; (ii—vi) goat
anti-OSCAR (red) and CD68 mADb (green; co-localization, yellow), Bar=20uM; (iii & v)
Higher magnification confocal microscopy of areas demarcated by white squares in (ii) and
(iv), respectively, Bars=5uM. (vi) Alveolar macrophage (arrow) and smaller interstitial lung
monocyte (arrowhead), Bar=5uM. (C) Representative confocal sections of normal lungs
immunostained with: (i) SP-D mAb 245-01 (green) and goat anti-OSCAR (red), Bar=20uM.
(ii) Higher magnification confocal microscopy of area demarcated by white square in (i),
Bar=2uM.
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FIGURE 3.

Lung and blood monocytes express cell surface OSCAR. (A) Representative histogram plots
for lung cells triple-stained with mAbs to CD14, OSCAR and HLA-DR (open histograms)
compared to isotype control mAb (gray histograms) for low (Lo) Forward Scatter (FSC)/
side scatter (SSC) lung tissue monocytes (Gate R1, upper histogram panels) or high (Hi)
FSC/SSC “alveolar macrophages’ (Gate R2, lower histogram panels). (B) Representative
plots for OSCAR immunostaining of peripheral blood SSCHICD45*CD56CD16*
granulocytes (upper panels). Within the SSCLCD45*CD56 HLA-DR* monocytic
population, CCR2*CD14HiICD16™ ‘inflammatory’ monocytes express OSCAR (bottom
panels) but not CCR2-CD14-°CD16Hi ‘non-inflammatory’ monocytes (center panels) (n=3
donors).
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FIGURE 4.
SP-D functionally interacts with OSCAR. (A) TNF-a release by human CCR2* monocytes

from two different donors treated with soluble SP-D in the presence of either IgG1 or anti-
OSCAR blocking mAbs, 11.20.08 or 11.20.25. (B) Representative sections of
atherosclerotic lesions (tunica intima, i—iv; tunica media, v-viii) from human aorta
immunostained with: (i & v) rabbit anti-SP-D (brown; x100 objective); (ii & vi) anti-
OSCAR C-terminal mAb 13-9-17 (brown; x100 objective); (iii & vii) x200 objective of
areas demarcated by black rectangles in (ii) and (vi), respectively; (iv) OSCAR C-terminal
mAb 13-9-17 (brown) and anti-CD163 mAb (blue, x600 objective); (viii) rabbit (brown) and
mouse IgG1 (blue) control antibodies (x200 objective).
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