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Staphylococcus aureus causes life-threatening pneumonia in
hospitals and deadly superinfection during viral influenza. The
current study investigated the role of surfactant protein A
(SP-A) in opsonization and clearance of S. aureus. Previous
studies showed that SP-A mediates phagocytosis via the SP-A
receptor 210 (SP-R210). Here, we show that SP-R210 mediates
binding and control of SP-A-opsonized S. aureus by macro-
phages. We determined that SP-A binds S. aureus through the
extracellular adhesin Eap. Consequently, SP-A enhanced
macrophage uptake of Eap-expressing (Eap™) but not Eap-de-
ficient (Eap™) S. aureus. In a reciprocal fashion, SP-A failed to
enhance uptake of Eap™ S. aureus in peritoneal Raw264.7
macrophages with a dominant negative mutation (SP-R210(DN))
blocking surface expression of SP-R210. Accordingly, WT mice
cleared infection with Eap™ but succumbed to sublethal infection
with Eap- S. aureus. However, SP-R210(DN) cells compensated
by increasing non-opsonic phagocytosis of Eap* S. aureus via the
scavenger receptor scavenger receptor class A (SR-A), while non-
opsonic uptake of Eap™ S. aureus was impaired. Macrophages
express two isoforms: SP-R210; and SP-R210g. The results show
that WT alveolar macrophages are distinguished by expression of
SP-R210;, whereas SR-A™/~ alveolar macrophages are deficient
in SP-R210; expressing only SP-R210g. Accordingly, SR-A™/~
mice were highly susceptible to both Eap™ and Eap™ S. aureus.
The lungs of susceptible mice generated abnormal inflammatory
responses that were associated with impaired killing and persist-
ence of S. aureus infection in the lung. In conclusion, alveolar
macrophage SP-R210; mediates recognition and killing of SP-A-
opsonized S. aureus in vivo, coordinating inflammatory responses
and resolution of S. aureus pneumonia through interaction with
SR-A.
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There is limited knowledge about host factors that facilitate
eradication of Staphylococcus aureus infection in the lung.
Methicillin-resistant S. aureus has remained a major cause of
hospital- and health care-associated pneumonia since its ap-
pearance over 40 years ago and has recently become a more
prominent etiology in community acquired pneumonia. Colo-
nization of nasal epithelium with S. aureus, a normal occur-
rence in over 20% of the population, increases the risk for the
development of staphylococcal pneumonia (1). Furthermore,
S. aureus co-infections are a major complication contributing
to high morbidity and mortality during both pandemic and
seasonal influenza virus pneumonia (2). S. aureus deploys a
combination of virulence factors, including adhesins, toxins,
and immunomodulatory molecules, that facilitate infection of
different host tissues (3, 4).

Surfactant protein A (SP-A)? is a crucial component of the
pulmonary innate immune system in the alveolar spaces (5,
6). SP-A is the major protein constituent of pulmonary surfac-
tant; it is involved in organization of large aggregate surfac-
tant phospholipids lining the alveolar surface and acts as an
opsonin for pathogens (7). SP-A is incorporated in the tubular
myelin fraction of pulmonary surfactant that covers the alveo-
lar lining fluid of the distal airway epithelium. The presence of
pathogen-derived molecules may trigger reorganization of
surfactant lipids (8 —11) and exposure of SP-A to bind patho-
gens at points of entry on the surfactant interface. Alveolar
macrophages in the aqueous hypophase may then patrol areas
of disturbance on the surfactant layer binding SP-A-opso-
nized bacteria. SP-A binds pathogens via a carboxyl-terminal
carbohydrate recognition domain in a calcium-dependent
manner. Amino-terminal collagen-like and coiled-coil do-

3 The abbreviations used are: SP-A, surfactant protein A; Eap, extracellular
adhesion protein; SR-A, scavenger receptor class A; SP-R210, surfactant
protein A receptor 210 identical to myosin 18A; SP-D, surfactant protein
D; MBL, mannose-binding lectin; BCG, bacillus Calmette-Guerin; TSB,
tryptic soy broth; MBMM, mouse bone marrow-derived macrophage(s);
DN, dominant negative; KC, keratinocyte chemokine; Myo18A, myosin
18A identical to SP-R210; MyollA, myosin lIA; SERAM, secretable ex-
panded repertoire adhesive molecule; MSCRAMM, microbial surface
component recognizing adhesive matrix molecules; FnBP, fibronectin-
binding protein; LTA, lipoteichoic acid; Dil, 1,1'-dioctadecyl-3,3,3",3'-tet-
ramethylindocarbocyanine; PE, phycoerythrin; AcLDL, acetylated LDL.
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mains form trimers, whereas intermolecular disulfide bonds
contribute to oligomerization of trimers into decaoctamers.
The presence of calcium results in SP-A aggregation that en-
ables carbohydrate recognition domains to bind multiple car-
bohydrate ligands on the surface of microorganisms. SP-A is a
member of the collectin family of proteins, which include sur-
factant protein D (SP-D) in lung and mannose-binding lectin
(MBL) in blood circulation. SP-D and MBL are specific for
carbohydrate ligands (6). However, the carbohydrate recogni-
tion domain of SP-A is more generic, having a wider spectrum
of microbial ligands that include lipid and protein moieties
(12-14). Previous studies determined that SP-A is an opsonin
for the Gram-positive S. aureus-enhancing phagocytosis of
this pathogen by macrophages (15-17). On the other hand,
binding of SP-A to S. aureus does not appear to involve lipo-
teichoic acid (LTA) or peptidoglycan, the major cell wall gly-
coconjugates of Gram-positive bacteria (18).

Previous studies established that SP-A modulates macro-
phage phagocytosis and a host of pro- and anti-inflammatory
responses that help in eradication of infection first and then
resolution of inflammation in vivo (7, 16, 19 —24). Several
macrophage receptors have been implicated in the ability of
SP-A to coordinate clearance of pathogens and apoptotic cells
and temporal control of inflammation in the lungs (6). The
SP-A receptor SP-R210 was identified as cell surface isoforms
of unconventional Myo18A (25). The Myo18A gene encodes
two alternatively spliced SP-R210 isoforms, SP-R210, and
SP-R2104. The longer 230 —240-kDa SP-R210; isoform con-
tains an amino-terminal PDZ protein interaction module that
is absent from the shorter 210-kDa SP-R210g (25). SP-R210g4
is highly expressed in both mature macrophages and in im-
mature monocytic cells. However, SP-R210, is only expressed
in mature macrophages (25). Earlier studies showed that SP-
R210 mediates phagocytosis and killing of SP-A-opsonized
Mpycobacterium bovis BCG (SP-A-BCG) by bone marrow-
derived macrophages (23). These studies showed that ligation
of SP-R210 with SP-A-BCG complexes enhanced expression
of TNFa and nitric oxide that enabled macrophages to con-
trol mycobacterial growth (23, 26). On the other hand, SP-
R210 can control the level of inflammatory cells and media-
tors in the presence of mycobacterial extracts, suggesting a
secondary role of SP-R210 in immune homeostasis (27).

The present studies establish that SP-R210 is an opsonic
phagocytic receptor of SP-A-opsonized S. aureus. Phagocyto-
sis of SP-A-opsonized S. aureus via SP-R210 was coordinated
with secretion of TNFa and suppression of bacterial growth
in macrophages. Furthermore, the present work determined
the mechanism of SP-A binding to S. aureus; expression of
the staphylococcal adhesin Eap is necessary for both SP-A
binding and enhanced phagocytosis of SP-A-opsonized bacte-
ria by SP-R210. Correspondingly, infection of mice with Eap
expressing (Eap™) and Eap-deficient (Eap ™) strains indicate
that mice are highly susceptible to infection with the SP-A-
resistant Eap~ S. aureus. Finally, additional experiments re-
vealed a previously unknown interaction between expression
of SP-R210 isoforms and the scavenger receptor SR-A. In this
model, SP-R210 mediates opsonic bacterial clearance,
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whereas the interaction of SP-R210 with SR-A is necessary for
temporal control of inflammation.

EXPERIMENTAL PROCEDURES

Reagents—The following monoclonal antibodies or isotype-
matched IgGs were purchased: for M5/114.15.2 (PE-conju-
gated anti-mouse MHC-I], rat IgG2b), 2.4G2 (anti-mouse
CD16/CD32 Fc block, rat IgG2b), and N418 (PE/Cy5-conju-
gated anti-mouse CD11c, Armenian hamster 1gG) (all from
eBiosciences (San Diego, CA)); for 2F8 (FITC-conjugated an-
ti-mouse SR-A) (AbD Serotec (Raleigh, NC)). The generation
and purification of rabbit polyclonal antibodies against either
the carboxyl-terminal (anti-SP-R210ct) or SP-A binding neck
domains of SP-R210/Myo18A (anti-SP-R210n) and preim-
mune IgG were obtained as described previously (25, 28). A
commercial affinity-purified anti-SP-R210/Myo18A antibody
raised against a carboxyl-terminal peptide was from Protein-
Tech (Chicago, IL). Secondary Alexa647-conjugated goat
anti-rabbit antibody was from Molecular Probes, Inc. (Eu-
gene, OR). Chemicals, antibiotics, and buffers were from
Sigma-Aldrich or Fisher unless noted otherwise. Fetal bovine
serum (FBS) was from Atlanta Biologicals (Atlanta, GA). The
Improm-II RT-PCR kit was from Promega (Milwaukee, WT).
Taq polymerase was obtained from New England Biolabs
(Beverly, MA). Native human serum lipoprotein (LDL) la-
beled with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-
cyanine (Dil) was purchased from Biomedical Technologies
(Stoughton, MA). Human SP-A was isolated from therapeutic
lung lavage from alveolar proteinosis patients (provided by
Dr. Bruce Trapnell, Rare Disease Consortium (Cincinnati,
OH)), as described previously (25). LPS contamination was
below 0.02 pg/ug SP-A. LPS contamination was tested using a
limulus amebocyte lysate LPS detection kit (BioWhitaker).
SP-A used for ligand blot analyses was first amino-terminally
biotinylated as described previously (29). The staphylococcal
adhesin Eap was purified by LiCl extraction and column chro-
matography from S. aureus Newman (30), and recombinant
Eap proteins from S. aureus strain Mu50 were obtained as
described in detail previously (31, 32). SP-A used in binding
assays was radiolabeled with '*°I using a Chloramine-T-based
procedure (25, 29). Cell culture media and reagents were ob-
tained from CellGro (Manassas, VA). Phosphate-buffered
saline (PBS) without or with CaCl, and MgCl, (CM-PBS) was
purchased from Sigma-Aldrich. Sulfo-NHS-LC-LC-biotin and
streptavidin-agarose were from Thermo Scientific Pierce. A
rabbit polyclonal anti-SP-A antibody was obtained from
Seven Hills Bioreagents (Cincinnati, OH). Fluorescent FITC-
conjugated S. aureus and Escherichia coli bioparticles were
obtained from Molecular Probes.

Cells—Human THP-1 premonocytic cells, mouse Raw264.7
peritoneal macrophages, L-929 fibroblasts, and monkey
COS-1 fibroblasts were obtained from ATCC (Manassas, VA).
Cells were cultured in DMEM or RPMI medium supple-
mented with 10% FBS. The generation of stable COS-1 cells
transfected with control or SP-R2104 expression plasmid was
described previously (25). Mouse bone marrow-derived
macrophages (MBMM) were obtained as described previously
(25). Briefly, mouse femurs were flashed in DMEM containing
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10% FBS, and macrophages were then differentiated in me-
dium supplemented with 20% L-cell conditioned medium as a
source of macrophage colony-stimulating factor. Media were
changed on day 4, and cells were used on day 8 after culture in
L-cell conditioned media. One day prior to experiments,
MBMM monolayers were lifted using a trypsin/EDTA solu-
tion and subcultured overnight in DMEM, 5% FBS at a den-
sity of 300,000 cells/well in 24-well plates.

Bacteria—S. aureus strain Newman was grown for 16—18 h
in 50 ml of tryptic soy broth (TSB). Bacteria were then washed
in PBS, and 40-ul aliquots containing 200 or 400 X 10° bacte-
ria were stored frozen at —80 °C until use. Bacterial cultures
were quantified by spectrophotometry at 600 nm. Bacterial
viability was determined by counting colony-forming units
after culture of serially diluted stocks on TSB-agar plates. The
generation and culture of Eap-deficient S. aureus Newman,
the Eap-deficient strain mAH12, and the Eap-complemented
strain mAH12(pCXEap) were described in detail previously
(33).

Identification of SP-A-binding Proteins on S. aureus Cell
Wall—S. aureus bacteria were grown in TSB for 18 h, washed,
and then treated with either lysostaphin or 0.4% SDS to ex-
tract cell wall-anchored and cell wall-associated adhesins,
respectively. Proteins were resolved on 10% SDS-PAGE gels
and either stained with Colloidal Blue (Bio-Rad) or electro-
blotted to nitrocellulose. Blots were blocked in TBS-T con-
taining 5% milk for 1 h and then incubated overnight with 30
pg/ml biotinylated SP-A in TBS-T. Blots were then washed
and blotted for an additional 30 min with HRP-conjugated
streptavidin (Calbiochem). Bound SP-A was then visualized
by chemiluminescence using the Western Lightning ECL plus
kit (PerkinElmer Life Sciences). Corresponding gel bands con-
taining SP-A-binding proteins were then excised and sub-
jected to in-gel trypsin digestion. Proteins were identified by
MALDI fingerprint analysis of peptide digests (25). MALDI
analysis resulted in identification of Eap as the main SP-A-
binding protein. SP-A binding to Eap was then verified in
solid phase assays using purified or recombinant Eap. Ligand
blot analysis, carried out as described above, determined SP-A
binding to LiCl-extracted cell wall protein from parental
(Eap™), Eap-deficient (Eap ), or Eap-complemented (cEap,
mAH12) S. aureus Newman.

For solid phase assays, 1 ug of purified native or recombi-
nant Eap was coated overnight at 4 °C in 0.1 M sodium car-
bonate buffer on 96-well microtiter plates. Control wells were
coated with BSA. Next, nonspecific binding was blocked in
buffer composed of 5 mm Hepes, pH 7.4, 150 mm NaCl, and 5
mg/ml BSA for 1 h at room temperature with gentle agitation.
Human SP-A (0-20 pg/ml) was added in blocking buffer, and
plates were incubated for 1 h at 37 °C. After washing, plates
were incubated with 1:5000 dilutions of rabbit anti-SP-A
polyclonal antibodies followed by washing and incubation
with 1:10,000 dilution of an HRP-conjugated anti-rabbit anti-
body. Bound protein was visualized colorimetrically at 450
nm using tetraethyl benzidine as the HRP substrate.

Subsequently, binding assays using '**I-labeled SP-A deter-
mined the specificity of Eap-mediated opsonization of S. au-
reus by SP-A. Binding assays were carried out in 0.2 ml of PBS
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containing 5% BSA and either 50 X 10° cfu/ml Eap™ or Eap ™~
S. aureus Newman. Bacteria were incubated with increasing
concentrations of SP-A (0-18 nm) for 1 h at 37 °C. Complexes
of bacteria and '?°I-SP-A were separated over a mixture of
mineral and silicone oil, and bound SP-A was determined
using a y-counter.

RT-PCR—Total RNA from alveolar macrophages was iso-
lated using TRIzol (Invitrogen) according to the manufactur-
er’s directions. The mRNA in 1 pg of total RNA was primed
using oligo(dT), and single strand cDNA synthesis was carried
out using the Improm II kit (Promega). Amplifications of SP-
R210 cDNA representing the carboxyl terminus (Myo18Act)
domain of SP-R210 were carried out using Taq polymerase
(New England Biolabs) with these site-specific primers: sense
Myo18Act primer, 5'-GAGGATGAGATGGAAAGTGAC-3';
antisense Myol8Act primer, 5'-CACTGGTCTCTGT-
CAGCTTG-3'. The PCRs were performed in a 15-ul total
volume containing 1.5 ul of 10X Taq polymerase buffer (New
England Biolabs), 2 mm MgCl,, 10 um each dNTPs, 200 nm
Myo18A primers, 1 ul of cDNA, and 1 unit of Taq polymer-
ase. The cycling conditions were as follows: denaturation at
94 °C for 2 min, 30—40 cycles of 94 °C for 30 s, 60 °C for 30's,
72 °C for 30 s, and extension for 7 min at 72 °C. PCR products
were separated on 2% agarose gels made in TAE buffer and
visualized by EtBr staining. The sequence of PCR products
was verified commercially at SeqWright (Houston, TX).

Dominant Negative Disruption of SP-R210 in Raw264.7
Macrophages—The 300-bp region of SP-R210 expressing the
unique carboxyl-terminal domain of SP-R210 (28) was ampli-
fied from alveolar macrophage total RNA by RT-PCR as de-
scribed above using primers containing 5" and 3’ Ncol and
Notl restriction sites. The 5’ sense primer sequence was 5'-
gaattcccatgGAGGATGAGATGGAAAG-3', and the 3’ anti-
sense primer sequence was 5'-GACAGAGACCAGTGCAgcg-
gcegeataaactat-3'. Amplified cDNA was digested with Ncol
and Notl, gel-purified, and subcloned into the pTRIEX-2-neo
expression vector (Novagen) between Ncol and NotlI sites as
described previously (28). Vector insert was sequenced, prop-
agated in JM109-competent E. coli, and purified using the
EndoFree plasmid purification kit (Qiagen). To obtain stably
transfected cells, the Raw264.7 (ATCC) macrophage cell line
was transfected with empty vector or vector containing SP-
R210ct cDNA (SP-R210(DN)) using GeneJuice (Novagen),
and stable cells were selected and propagated in RPMI me-
dium supplemented with 10% FBS and 600 wg/ml neomycin
sulfate, as described previously (25). Expression of truncated
SP-R210 was verified by RT-PCR and Western blot analysis.

Cell Surface Biotinylation—The Raw264.7 control and SP-
R210(DN) cell lines were seeded in 75-mm? tissue culture
plates at 3—4 X 10° cells/plate for 48 —60 h. Macrophage
monolayers, cultured as described above, were washed three
times in cold CM-PBS adjusted to pH 8.0 and subsequently
incubated for 30 min at 4 °C in CM-PBS, pH 8.0, containing 1
mg/ml sulfo-NHS-LC-LC-biotin. Cells were then washed
once in 50 mm Tris, pH 8.0, and once in PBS. Labeled cells
were detached in a cell stripper and washed, and cell extracts
were generated in lysis buffer (containing 1% Nonidet P-40,
50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1 mm PMSF, 2 pg/ml
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leupeptin, 2 pwg/ml aprotinin, 10 ug/ml chymostatin, and 10
pg/ml trypsin-chymotrypsin) by repeated freeze and thaw
cycles as described previously (27, 34). Cell lysates were then
incubated for 1 h on a rotator at 4 °C with 100 ul of a 50%
suspension of streptavidin-agarose. Bound protein was then
washed three times in lysis buffer at 15,000 X g. Bound pro-
tein was then identified by Western blot analysis using anti-
SP-R210 antibodies.

Preparation of Lung Homogenates—Lungs form WT and
SR-A~'~ mice were perfused in 10 ml of cold PBS to remove
blood cells. The lungs were then excised and homogenized in
2.0 ml of lysis buffer. Lysates were processed through three
freeze and thaw cycles as described previously (34), and insol-
uble material was removed by centrifugation at 15,000 X g.
Protein was quantified using the BCA assay. Expression of
SP-R210 was assessed by Western blot analysis using affinity-
purified anti-Myo18A (Protein Tech) antibodies.

SP-A Binding Assays—Binding assays were carried out us-
ing radiolabeled SP-A as described previously (29). Control
and SP-R210(DN) macrophages were cultured for 2 days until
90% confluent and lifted in a non-enzymatic cell dissociation
buffer (Invitrogen). Binding assays were carried out in 0.1 ml
of binding buffer (29), containing 1.6 million cells/ml, with
increasing concentration of SP-A. Cell-associated SP-A was
separated by centrifugation over oil and quantified using a
y-counter. Nonspecific binding was determined in the pres-
ence of 5 mm EDTA.

Flow Cytometry— Alveolar macrophages were incubated in
blocking buffer containing 1X phosphate-buffered saline, pH
7.4, supplemented with 1% BSA, 2% heat-inactivated FBS or
normal goat serum, and 10 ug/ml Fc block for 1 h on ice.
Then 100 pl cell aliquots containing 100,000 —200,000 cells
were dispensed into 1.5-ml Eppendorf tubes and incubated
with 0.5 ug of PE-conjugated MHC-II, 0.5 ug PE/Cy5-conju-
gated CD11c, and 0.2 ug of affinity-purified anti-SP-R210
antibody for 30 min on ice. The cells were then washed twice
in 1.0 ml of blocking buffer and incubated with 1:1000 dilu-
tions of Alexa647-conjugated anti-rabbit IgG for 15 min on
ice. Control and SP-R210(DN) Raw264.7 macrophages were
stained with FITC-conjugated anti-SR-A antibody. The
stained cells were washed twice in 1.0 ml of blocking buffer,
resuspended in PBS, and analyzed by flow cytometry using a
BD FACSCalibur flow analyzer (BD Pharmingen). Cells were
separated according to forward and side scatter properties
and gated to eliminate events from cellular debris and dead
cells. A voltage adjustment was applied on unstained cells to
set autofluorescent cells as negative events. Quadratic or lin-
ear gating was used to determine the percentage of single or
double positive cells expressing SP-R210 or CD11c compared
with background staining with isotype control antibodies.
Linear gating over fluorescent Gaussian histograms was used
to obtain mean fluorescence.

Uptake of Dil-labeled Native Serum LDL (Dil-LDL) or
Acetylated LDL (Dil-AcLDL)—Control Raw/Triex or SP-
R210(DN) Raw264.7 cells were cultured as described above in
24-well plates and incubated for 30 min at 37 °C with 0.8
pg/ml of Dil-LDL or Dil-AcLDL. The cells were then washed
and analyzed by flow cytometry.
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Binding and Phagocytosis of S. aureus—Live S. aureus New-
man or fluorescent S. aureus Wood bioparticles, 50 X 10°
bacteria/ml, were preincubated with 5, 10, or 20 pwg/ml SP-A
in opsonization buffer, respectively. Mixtures were rotated for
1 hat 37 °C in a humidified 5% CO, chamber. The opsoniza-
tion buffer was composed of Hanks’ balanced salt solution
buffered with 10 mm Hepes, pH 7.4, and 1% BSA as blocking
agent.

Control and SP-R2104-COS-1 cells were cultured overnight
in DMEM, 10% EBS at a density of 200,000 cells/well in 24-
well plates. The media were then replaced with opsonization
buffer containing a 50:1 ratio of unopsonized or SP-A-opso-
nized fluorescent S. aureus bioparticles and incubated for 1 h
at 37 °C. Cells were then washed and harvested, and the per-
centage of cells containing bound bioparticles was determined
by flow cytometry. Cells were viewed using A Nikon TE-100
fluorescent microscope under a X40 phase-contrast lens ad-
justing bright field illumination to visualize both cells and
attached fluorescent S. aureus bioparticles. Images were cap-
tured using a Sensicam Monochrome camera (31 Imaging).

Attachment of live SP-A-opsonized S. aureus was assessed
in undifferentiated THP-1 monocytic cells. THP-1 cells were
suspended in opsonization buffer at a concentration of
500,000 cells/ml and rotated with 1.5 X 10° cfu/ml unopso-
nized or SP-A-opsonized S. aureus Newman for 1 h at 37 °C.
The role of SP-R210 was evaluated after treatment of THP-1
with 50 ng/ml control IgG or neutralizing anti-SP-R210n an-
tibodies for 2 h prior to infection. After incubation with bac-
teria, cells were washed and lysed in 0.1% SDS containing 1%
BSA. Bacterial cfu were enumerated following culture of serial
dilutions of cell extracts on TSB-agar plates.

The role of SP-R210 in growth of S. aureus and secretion of
TNFa was then assessed in matured MBMM. Eight-day-old
MBMM were trypsinized and subcultured overnight in 24-
well dishes in DMEM, 5% FBS at a density of 300,000 cells/
well. Cells were maintained in serum-free medium for 1-4 h
before infection. Cells were then incubated with 1.5 X 10° cfu
of unopsonized or SP-A (10 ng/ml)-opsonized S. aureus. The
role of SP-R210 was determined following a 2—3-h preincuba-
tion with 20 wg/ml control IgG or anti-SP-R210n antibody.
Infected cells were washed and lysed 3 and 8 h after infection
to enumerate cfu by serial dilution of cell lysates on TSB-agar
plates. The concentration of TNFa was measured in media by
ELISA at 3 h after infection. Control and SP-R210(DN)
Raw264.7 macrophages were infected with a 3:1 ratio of un-
opsonized or SP-A (5 pg/ml)-opsonized Eap™ and Eap™
S. aureus as above to assess the effect of deficiencies in either
SP-A opsonization or SP-R210.

The phagocytic activity of control and SP-R210(DN)
macrophages was assessed using FITC-labeled S. aureus,

E. coli, or yeast zymosan bioparticles. Control and SP-
R210(DN) macrophages (350,000 cells/well) were cultured
overnight in RPMI, 10% FCS medium. The cells were then
incubated with a 10:1 ratio of indicated bioparticles for 30
min at 37 °C in a humidified 5% CO,, chamber. Cells were
washed in cold PBS and incubated with a trypsin/EDTA solu-
tion for 1-2 min. After the addition of 1% FBS in PBS, the
cells were placed on ice for 1 h and detached from the plates
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by triturating using a 1-ml pipette. Cell suspensions were ana-
lyzed by flow cytometry before or after the addition of a 0.05%
trypan blue solution to distinguish between surface and inter-
nalized bioparticles. The phagocytic index was then calculated
as a percentage of internalized bacteria.

Mice—Specific pathogen-free C57BL/6 mice 6 — 8 weeks of
age were purchased from Jackson Laboratories (Bar Harbor,
ME) or NCI-Frederick. Transgenic SR-A-deficient (SR-A /")
mice (35, 36) in the C57BL/6 background were maintained in
the University of Texas Health Science Center animal facility
under pathogen-free conditions. All mice were housed in mi-
croisolator cages and were provided autoclaved water and
standard mouse chow ad libitum. The Institutional Animal
Care and Use Committee of the University of Texas Health
Science Center at Tyler approved all animal procedures.

S. aureus Pneumonia—Anesthetized WT or SR-A~/~ mice
6— 8 weeks of age were infected intranasally with either acute
200 X 10° or sublethal doses of 300 X 10° cfu of Eap™ and
Eap™ S. aureus. Bacteria were delivered using a pipette in 40
wl of PBS as described previously (37). Uninfected controls
received PBS only. Anesthesia was induced via intraperitoneal
injection of a ketamine (100 mg/kg)/xylazine (10 mg/kg) mix-
ture. Infected mice were observed at 12-h intervals to monitor
survival from intranasal pneumonia. Moribund mice were
euthanized immediately using an overdose of Beuthanasia-D
followed by cervical dislocation and counted as dead.

Kinetics of pulmonary bacterial clearance and inflamma-
tory responses were determined in at 4 h and then at daily
intervals after subacute infection with S. aureus strains. In-
fected lungs from 8 —10 mice/group were lavaged with 6 ml of
PBS. Lavaged lungs were then homogenized in 2.5 ml of PBS
and stored frozen at —80 °C until further analysis. The lavage
was centrifuged at 250 X g on a table top centrifuge for 10
min. Supernatants were then aliquoted in 1-ml portions and
stored frozen at —80 °C until further use. Cell pellets were
resuspended in 1 ml of PBS and counted using a hemacytom-
eter. Inflammatory cells were identified morphologically as
macrophages or neutrophils by differential staining of cyto-
spins using a HEMA-3 staining kit (Fisher). Serial dilution of
lavage and postlavage homogenates on TSB-agar plates quan-
tified bacterial cfu. ELISAs using commercial kits (Peprotech
or eBiosciences) determined the concentration of TNFa and
the neutrophil chemokine KC in lavage and lung homoge-
nates. Data shown represent the combined values from ho-
mogenates and lung lavage.

Data Analysis—Statistical and graphical analyses of data
were performed with Prism software (GraphPad Software).
Statistical comparisons were performed with the unpaired,
nonparametric Student’s ¢ test. Values of p < 0.05 were con-
sidered statistically significant. Binding data were analyzed by
nonlinear regression of saturation curves fitted to a single site
equilibrium binding equation using Prism software to calcu-
late the number of SP-A binding sites/cell (B,,,,) and binding
affinities (K,). Analysis of flow cytometric data was accom-
plished using Cell Quest software (BD Pharmingen). Survival
curves were generated by the Kaplan-Meier method, and sta-
tistical comparison of survival curves was performed using the
Gehan-Breslow-Wilcoxon test.
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FIGURE 1. SP-R2105 mediates attachment of SP-A-opsonized S. aureus.
A, control and SP-R2104-COS-1 cells were incubated with a 50:1 ratio of
FITC-labeled S. aureus alone or after preincubation with 20 pg/ml SP-A. Rep-
resentative histograms show fluorescence of attached non-opsonized (open
histograms) and SP-A-opsonized bacteria (gray histograms). The percentage
of cells containing SP-A-opsonized bacteria obtained by gating is shown in
the graphs. Data are means = S.D. (n = 4). B, cell-bound bacteria were visu-
alized by partial bright field illumination of fluorescent bacteria under a
X40 phase-contrast lens. Bacteria (arrows) appear as bright dots on control
and SP-R210,-COS-1 cells. C, undifferentiated THP-1 cells were incubated
with 1.5 X 10° unopsonized or SP-A-opsonized S. aureus for 1 h at 37 °Cin
opsonization medium. THP-1 cells were treated with 50 ug/ml control or
anti-SP-R210n antibodies for 2 h before infection. Washed cells were then
lysed, and cell-associated bacterial cfu were enumerated by serial dilution
of lysates on TSB-agar. Data are means = S.D. (error bars) (n = 3).

RESULTS

SP-R2104 Binds SP-A-opsonized S. aureus—Previously de-
scribed COS-1 cells stably transfected with SP-R2104 cDNA
(25) were used to assess the role of SP-R210g in binding SP-A-
opsonized S. aureus bioparticles. The binding of S. aureus in
the absence of SP-A was similar in control and SP-R210 cells.
Expression of SP-R210g conferred a significant 2.2-fold in-
crease in the attachment of fluorescent S. aureus in the pres-
ence of SP-A (Fig. 1A) compared with control cells. Single
S. aureus bioparticles were observed on the surface of SP-
R210-COS-1 cells in the absence of SP-A, whereas bacterial
clusters were observed on the lamellar membrane at the periph-
ery of SP-R2105-COS-1 cells in the presence of SP-A (Fig. 1B).
The premonocytic human THP-1 cell line was then used to as-
sess SP-R210-mediated attachment of live S. aureus. Thus, Fig.
1C demonstrates that binding of SP-A-opsonized S. aureus in-
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creased 3-fold compared with S. aureus in the absence of SP-A.
Importantly, preincubation with neutralizing anti-SP-R210 anti-
bodies (25) blocked the enhanced binding of SP-A-S. aureus
complexes. It should be noted that undifferentiated THP-1 cells
are poorly phagocytic, although they express opsonic immuno-
globulin and complement receptors (38, 39). Immature THP-1
cells selectively express high levels of SP-R2104 but not SP-R210;
(25). In addition, THP-1 cells do not express the non-opsonic
scavenger SR-A (CD204) and mannose receptor, limiting back-
ground attachment of unopsonized bacteria (40 —42). Therefore,
the experiments on Fig. 1C measured attachment rather than
uptake of bacteria. These results indicate that SP-R210 is a spe-
cific receptor for SP-A-opsonized S. aureus.

SP-R210 Suppresses Growth of S. aureus Infection via Secre-
tion of TNFa—Earlier studies in rat bone marrow-derived
macrophages demonstrated that SP-R210 mediates the phagocy-
tosis of SP-A-opsonized Mycobacterium bovis BCG and killing of
intracellular bacteria through secretion of TNFa (23, 26). Previ-
ous studies determined that TNFa is crucial for clearance of
S. aureus in vivo (43). Here, we investigated the link between
SP-R210 and S. aureus infection using MBMM. Fig. 2A shows
that, consistent with the earlier findings with BCG, MBMM
challenged with SP-A-opsonized S. aureus secreted 4-fold more
TNFa than cells infected with S. aureus alone (Fig. 24). How-
ever, anti-SP-R210 antibodies but not control IgG blocked the
enhanced secretion of TNFa in cells infected with SP-A-opso-
nized S. aureus (Fig. 2A). Control and anti-SP-R210 antibodies
alone did not influence secretion of TNFe« in the absence of
SP-A. In addition, SP-A alone also did not stimulate secretion of
TNF« in uninfected cells (not shown). Quantification of bacterial
cfu in macrophage lysates over time (Fig. 2B) demonstrated an
8-fold increase in growth of S. aureus in the absence of SP-A,
indicating that macrophages do not kill unopsonized S. aureus
despite secretion of TNFa. On the other hand, growth of S. au-
reus was essentially blocked in the presence of SP-A. Impor-
tantly, anti-SP-R210 antibodies blocked not only enhanced se-
cretion of TNFa (Fig. 24) but also the ability of macrophages to
suppress growth of S. aureus (Fig. 2B).

SP-A Binding to S. aureus Requires Expression of the Staph-
ylococcal Adhesin Eap—In the course of these studies, binding
assays revealed saturable high affinity binding of SP-A both in
the absence and presence of calcium, suggesting a protein
rather than carbohydrate SP-A ligand on S. aureus. Analysis
of binding curves revealed 3443 = 0.31 SP-A binding sites/cell
and an affinity of 3.58 = 0.31 nM (Fig. 3A) in the absence of
calcium. The presence of 1.5 mm Ca®" increased the number
to 12,232 = 530 sites/cell but lowered the binding affinity to
12.71 = 0.4 nMm, suggesting that calcium modifies SP-A bind-
ing capacity and avidity to S. aureus (not shown). Previous
studies also found that SP-A does not bind cell wall glycocon-
jugates peptidoglycan and LTA on Gram-positive bacteria
(18). Therefore, ligand blot analysis and MALDI mass spec-
trometry were used to search for protein ligands on the staph-
ylococcal cell wall (Fig. 3, B and C). Cell wall proteins were
extracted with lysostaphin or SDS to obtain anchored and
peripheral cell wall proteins, respectively. Ligand blots re-
vealed SP-A-binding proteins only in the SDS-sensitive frac-
tion (Fig. 38). MALDI fingerprint analysis of trypsin-digested
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FIGURE 2. SP-R210 mediates TNF« secretion and control of S. aureus
growth in macrophages. Mouse bone marrow-derived macrophages were
cultured overnight in 24-well dishes at a density of 500,000 cells/well in DMEM,
10% FCS. Serum-deprived macrophages were then preincubated with 20
g/ml control or anti-SP-R210 antibodies for 1 h before infection with 5 X 10°
unopsonized or SP-A-opsonized S. aureus. A, the concentration of TNFa was
measured by ELISA in media collected 3 h after infection. Data are means = S.D.
(error bars) (n = 4). ***, p < 0.005 compared with controls in the absence of
SP-A. B, infected macrophages were washed in DMEM, and cell-associated bac-
terial cfu were quantified after serial dilution of cell lysates on tryptic soy broth-
agar plates at 3 and 8 h after infection. Data are means = S.D. (n = 4). ***,p <
0.005 compared with cfu at 3 h after infection.

protein in corresponding gel bands identified three staphylo-
coccal proteins: the adhesin Eap, also known as MHCH-like
adhesin or Map (44) in 64 and 43 kDa bands, the adhesin Emp
(44) in the 43 kDa band, and a leukocidin-like subunit (45) in
the 43 kDa band. The leukocidin-like protein is identical to
the recently described component S of leukocidin G on the
surface of S. aureus (46).

Because Eap was found to be the major component of both
64 and 43 kDa bands, the role of this protein in SP-A binding
was pursued further. Identified peptides are shown in red on
the Eap protein sequence (Fig. 3C). Purified Eap (Fig. 3D) was
used to verify the binding of SP-A in ligand blotting (Fig. 3E)
and solid phase assays (Fig. 3F). The binding affinity of SP-A
to purified Eap was 2.92 = 0.37 nwm, similar to the binding af-
finity for SP-A with live S. aureus (Fig. 3A). Importantly, SP-A
failed to interact with Eap-deficient S. aureus (Fig. 3A). Bind-
ing assays using an inducible Eap-complemented S. aureus
strain mAH12(pCXEap) were not feasible due to the low level
of Eap induction in this strain (33, 44). However, SP-A was
able to detect even low levels of Eap induced in the comple-
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FIGURE 3. SP-A binding to S. aureus requires expression of the adhesin Eap. A, binding properties of SP-A to Eap™ or Eap ™~ S. aureus Newman were de-
termined by incubating increasing concentrations of '2°I-SP-A with 50 X 10° bacteria for 1 h at 37 °C in PBS, 1% BSA without Ca?*. Complexes of bacteria
and '?°-SP-A were separated over oil, and bound SP-A was determined using a y-counter. Data are means =+ S.D. (error bars) (n = 4). B, cell wall proteins
released from the S. aureus cell wall with either lysostaphin (Ly) (lanes 1, 2, 5, and 6) or 0.4% SDS (lanes 3, 4, 7, and 8) were separated on 10% SDS-polyacryl-
amide gels. Separated protein was either stained with Coomassie Blue (lanes 1-4) or electrotransferred to nitrocellulose and blotted with biotinylated SP-A
(lanes 5-8). MALDI fingerprinting identified the major 64-kDa SP-A-binding protein as the adhesin Eap/Map. The minor 43 kDa band contained peptides
from Eap, Emp, and a leukocidin subunit. The results of duplicate experiments are shown. C, the protein sequence of Eap is shown. Identified peptides,
shown in red, cover over 50% of the protein. D, native Eap purified from S. aureus Newman (1 ng) was applied on a 10% SDS-polyacrylamide gel and stained
with Colloidal Blue. E, purified Eap (1 ng) was visualized by blotting with biotinylated SP-A. F, binding of SP-A to purified Eap was assessed in solid phase
assays. Native Eap or BSA adsorbed onto 96-well microtiter plates were incubated with human SP-A (0-20 wg/ml) in blocking buffer for 2 h at 37 °C. Bound
SP-A was measured following sequential incubations with rabbit anti-SP-A antibodies and rabbit HRP-conjugated secondary antibody and visualized using

1X tetramethylbenzidine at 450 nm. Data are means = S.D. (n = 3).

mented mAH12(pCXEap) S. aureus strain using the more
sensitive ligand blot analysis assay.* Importantly, SP-A bound
full-length recombinant Eap from a different S. aureus strain
Mu50 (47) as well; binding of SP-A requires two tandem re-
peat domains of Eap.* Eap is specifically expressed by S. au-
reus and not by other bacterial or staphylococcal species (48,
49), indicating that SP-A is involved in selective recognition of
S. aureus via Eap.

Dominant Negative Disruption of SP-R210 Inhibits SP-A
Binding and Uptake of SP-A-opsonized S. aureus—In order to
study SP-R210 function in more detail, a dominant negative
approach was used to disrupt SP-R210 in macrophages. West-
ern blot analysis shows that stable expression of the carboxyl-
terminal domain of SP-R210 in Raw264.7 macrophages sup-
pressed expression of endogenous SP-R210 (Fig. 44, upper
band). A cross-reactive 160-kDa protein was not suppressed.
The localization of SP-R210 in these dominant negative cells,
hereafter called SP-R210(DN) cells, was characterized further.
Densitometry indicated a 75% reduction in the expression of
SP-R210 in cell lysates of SP-R210(DN) macrophages (not

4Z. Sever-Chroneos and Z. C. Chroneos, unpublished data.
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shown). To determine the effect of the SP-R210(DN) muta-
tion in surface localization of SP-R210, cells were surface-
biotinylated, and labeled protein was precipitated using
streptavidin-Sepharose. Western blot analysis of precipitated
protein on Fig. 4B shows that the reduction of SP-R210 ex-
pression in SP-R210(DN) cells (Fig. 44) was accompanied by
diminished surface localization of SP-R210 as well. The SP-
R210(DN) mutation inhibited surface localization of both the
240-kDa SP-R210; and the 210-kDa SP-R210g isoforms (25).
However, SP-R210g is the major isoform in Raw264.7 macro-
phages. Binding assays demonstrated that the SP-R210(DN)
mutation resulted in a partial 50% reduction in SP-A binding
sites from 101,811 * 14,230 sites/cell in control macrophages
to 50,732 * 6891 sites/cell in SP-R210(DN) cells (Fig. 4C).
Flow cytometry analysis indicated a 60% reduction in cell sur-
face SP-R210 (not shown). The binding affinity constants
were similar, with K, of 8.8 = 1.8 and 7.7 = 1.7 nMm in control
and SP-R210(DN) cells, respectively.

Simultaneous assays using S. aureus and macrophages defi-
cient in SP-A binding affirmed the specific role of SP-R210 in
binding and uptake of SP-A-bound bacteria. Thus, Fig. 4D
demonstrates that SP-A enhanced uptake of Eap™ S. aureus

VOLUME 286-NUMBER 6-FEBRUARY 11, 2011



SP-A, SP-R210, and SR-A in Clearance of S. aureus

SP-R210(DN) B. Control SP-R210(DN)

250 kDa —» -

A. Control

250 kDa — » -
- F
150 kDa —
= !

Actin
(43 kDa)

C
g 207 =+ Control

B2 = SP-R210(DN)

2 8 157

Zg

<3S 101

5 €

g2
0 T T T T 1
0 5 10 15 20 25

1251.SP-A added (nM)

©

150 kDa —»

Il Control, Eap+ 3§ SP-R210(DN), Eap+
[ Control, Eap- [ SP-R210(DN), Eap-

CFU (1x107%)

FIGURE 4. SP-R210 mediates uptake of SP-A-opsonized bacteria. A, dominant negative inhibition of SP-R210 in Raw264.7 macrophages. Western blot
analysis assessed expression of SP-R210 in control and SP-R210(DN) macrophages. Proteins (30 wg/lane) were separated on 7% SDS-polyacrylamide gels
and electroblotted to nitrocellulose. SP-R210(DN) cell extracts were obtained from two independently derived SP-R210(DN) cells. Probing blots with actin
served as loading control. B, control and SP-R210(DN) cells were surface-biotinylated, and extracts were obtained in lysis buffer. Biotinylated protein was
precipitated using streptavidin-agarose, and bound protein was separated on 7% SDS-PAGE. Western blot analysis determined the presence of biotinylated
SP-R210. A representative blot from two separate experiments is shown. C, binding properties of SP-A to control and SP-R210(DN) cells were measured by
incubating cells with increasing concentrations of '2°I-SP-A in a 0.1-ml assay volume for 1 h on ice. Bound radioactivity was measured after separation of
cells by density centrifugation over oil. Saturation curves were drawn using Prism software. Data shown are means = S.D. (error bars) (n = 4). D, SP-R210
mediates uptake of SP-A-opsonized Eap™ S. aureus. Control (black and white bars) and SP-R210(DN) (dotted and lined bars) macrophages were infected with
a 1:3 ratio of either Eap™ or Eap ™ S. aureus before or after preincubation with SP-A. After washing, macrophage-associated bacterial cfu were quantified by
serial dilution of macrophage lysates. Data shown are means =+ S.D. (n = 4 triplicate experiments). ###, p < 0.0001 for SP-A opsonized versus unopsonized
Eap™ S. aureus in control macrophages (black bars). ***, p < 0.001 for Eap- versus Eap™ S. aureus infection of SP-R210(DN) macrophages in the absence of
SP-A. & p < 0.05 for Eap™ S. aureus infection between control and SP-R210(DN) cells in the absence of SP-A. $, p < 0.05 for SP-R210(DN) macrophages in-

fected with Eap ™~ S. aureus in the presence versus absence of SP-A.

almost 4-fold (Fig. 4D, black bars), whereas SP-A did not alter
uptake of Eap ™~ S. aureus in control macrophages (Fig. 4D,
white bars). Furthermore, SP-A failed to induce uptake of SP-
A-opsonized Eap™ S. aureus (Fig. 4E, dotted bars) in SP-
R210(DN) cells.

SP-R210(DN) Macrophages Display Enhanced Non-opsonic
Uptake of S. aureus—The experiments depicted on Fig. 4D
produced two unexpected results. First, SP-A enhanced up-
take of the non-SP-A binding Eap™ S. aureus by 2-fold in
SP-R210(DN) cells (compare stripped bars on Fig. 4D), suggest-
ing that SP-A may have a secondary role in enhancing non-
opsonic uptake when the density of SP-R210; is significantly
reduced. Second, in the absence of SP-A, the SP-R210(DN)
cells displayed a small but consistent 35% increase in uptake
of Eap™ S. aureus compared with control macrophages (dot-
ted versus black bars), whereas the uptake of Eap™ S. aureus
decreased by 2.5-fold compared with Eap™ S. aureus (1.56 +
0.25 cfu versus 0.66 = 0.10 cfw; striped versus dotted bars) in
the absence of SP-A. Differences were statistically significant.
These results indicate compensatory induction of a non-opso-
nic phagocytic receptor in SP-R210(DN) cells.

The Non-opsonic Scavenger Receptor SR-A Is Induced in
SP-R210(DN) Cells—Non-opsonic phagocytosis in SP-
R210(DN) cells was probed using commercially available
killed fluorescent S. aureus, E. coli, or yeast zymosan biopar-
ticles (Fig. 5A). The experiments depicted in Fig. 54 measured
the phagocytic index, an assessment of internalized bacteria
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(50, 51). Fig. 54 shows a 3—4-fold increase in phagocytosis of
S. aureus and E. coli but not zymosan bioparticles by SP-
R210(DN) cells. Previous studies identified the scavenger re-
ceptor SR-A in phagocytosis of S. aureus and E. coli K-12 bio-
particles (52). Enhanced SR-A expression should also lead to
increased endocytosis of chemically modified acetylated LDL
(53). As shown in Fig. 5B, SP-R210(DN) cells endocytosed 4
times more AcLDL than control cells. The flow cytometry
analysis in Fig. 5C shows a 3-fold higher surface expression of
SR-A in SP-R210(DN) cells. These results indicate a previ-
ously unknown role of SP-R210 in constitutive cross-modula-
tion of the scavenger receptor SR-A. Previous studies showed
that SR-A has dual roles in non-opsonic bacterial clearance
and dampening of inflammatory responses in vivo (54 —57).
Based on the above in vitro findings, the following studies
investigated in vivo outcomes of S. aureus acute pneumonia in
WT and SR-A™'" mice.

WT Mice Are Susceptible to Infection with Eap~ S. aureus—
Although SP-R210-deficient mice are not yet available, the
Eap™ and Eap™~ S. aureus strains modeled SP-A opsonization
and hence SP-R210 function in vivo. This is predicated from a
range of in vitro data in the present and previous work (23)
that firmly place SP-R210 as an opsonic receptor for SP-A-
bacterial complexes. An intranasal model of S. aureus pneu-
monia was used to determine survival and bacterial clearance
of the SP-A-binding Eap™ or the non-SP-A-binding Eap™
S. aureus strains. The reported LD, for intranasal infection
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FIGURE 5. Increased expression and function of SR-A in SP-R210(DN)
macrophages. A, phagocytic activity of control and SP-R210(DN) macro-
phages was assessed using FITC-labeled S. aureus, E. coli, or yeast zymosan
bioparticles. Control and SP-R210(DN) were incubated with a 10:1 ratio of
the indicated bioparticles for 30 min at 37 °C. Data are expressed as phago-
cytic index, representing the percentage of cells containing internalized
bioparticles. Data are means =+ S.D. (error bars) (n = 12). ***, p < 0.001 com-
pared with control macrophages. B, scavenger receptor activity of control
and SP-R210(DN) was assessed using fluorescently labeled acetylated LDL
(DiAcLDL) as an endocytic ligand of scavenger receptors. Native fluorescent
LDL (DiLDL) was used as control. Macrophages were incubated with 0.8
ng/ml native fluorescent LDL or fluorescently labeled acetylated LDL for 30
min at 37 °C. Uptake of LDLs was analyzed by flow cytometry. Data are
means * S.D. (n = 8).***, p < 0.001 compared with control macrophages.
G, surface expression of the scavenger receptor SR-A in control and SP-
R210(DN) cells was assessed using a monoclonal rat anti-mouse SR-A anti-
body clone 2F8. Grey-shaded and unshaded histograms show staining with
isotype control and anti-SR-A antibodies, respectively. Linear gating was
used to calculate fluorescent intensity, and the percentage of SR-A-positive
cells in control and SP-R210(DN) cell cultures is shown in histogram insets.
Data are means = S.D. (n = 8).

with S. aureus Newman was determined to be 4 X 10® cfu
(37). Here, mouse survival was monitored after infection with
3 X 10® cfu of Eap™ or Eap~ S. aureus Newman (Fig. 6A) or
75% of the reported LDy,. Mice infected with Eap ™ S. aureus
succumbed to the infection with a mean survival of 24 h,
whereas mice infected with the parental Eap™ S. aureus had a
median survival of >48 h. There were no additional deaths of
surviving Eap* S. aureus-infected mice after 2 weeks of obser-
vation (not shown). Pulmonary bacterial clearance was then
monitored in lung homogenates from mice infected with a
lower 0.5 LD, dose of Eap™ or Eap™~ S. aureus. However, the
SP-A-resistant Eap ™~ S. aureus strain was cleared slowly with a
half-life of 40.3 h, whereas the Eap™ S. aureus was cleared 4
times faster with a half-life of 9.5 h. The lungs of Eap™ and
Eap™ S. aureus-infected mice retained 0.0001 and 19% of cfu
compared with the 4 h time point 96 h after infection (Fig. 6B).
Differential staining of cells in lung lavage over time (Fig. 7)
revealed several notable differences in the handling of infec-
tions with Eap™ and Eap ™ S. aureus. First, alveolar macro-
phages were the dominant cell type 4 h after infection with
Eap™ S. aureus (Fig. 7A), whereas the lavage of Eap ™~ S. aureus
was already infiltrated with neutrophils (Fig. 7B, open head
arrows). Macrophages from mice infected with Eap™ S. aureus
contained internalized and aggregated bacteria on the cell
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FIGURE 6. Survival and pulmonary bacterial clearance of mice infected
with Eap™ or Eap~ S. aureus. A, survival of 6-8-week-old C57BL/6 male
mice was monitored at 12-h intervals after intranasal infection with 300 X
10° cfu of Eap™ or Eap ™~ S. aureus Newman. Data shown are from a total of
n = 40 mice/group in three independent experiments. Survival curves were
generated using the Kaplan-Meier method. The mean survival of mice in-
fected with Eap ™ S. aureus was 24 h. Differences in survival were statistically
significant with p < 0.0001. Statistical analysis of survival curves was per-
formed using the Gehan-Breslow-Wilcoxon test tool using Prism software.
B, pulmonary clearance of intranasal infection of mice with 200 X 10° cfu of
Eap™ and Eap~ S. aureus was monitored in lung homogenates at the indi-
cated time intervals. Data shown are means = S.E. (error bars) (n = 7-9 at
the 4, 24, and 72 h time points, n = 4 at the 96 h time point).

surface (Fig. 7A, closed head arrows), consistent with SP-A-
mediated agglutination and phagocytosis of the Eap™ strain at
the early stage of infection. In contrast, Eap- S. aureus had
been taken up by both macrophages (Fig. 7B, closed head ar-
rows) and neutrophils. However, neutrophils were engorged
with Eap ™~ staphylococci 4 h (Fig. 7B, open head arrows) and
24 h (Fig. 7D, open head arrows) after infection, indicating
that Eap~ S. aureus were phagocytosed but not killed by neu-
trophils. The outcome of this deficiency was persistent infec-
tion of neutrophils and macrophages at 48 h (Fig. 7F), 72 h
(Fig. 7H), and up to 96 h (Fig. 7)) after infection with Eap™

S. aureus, consistent with the slow clearance of the Eap ™
strain from the lungs (Fig. 6B). In addition, the cells in 96-h
lavage from surviving mice infected with Eap ™~ S. aureus were
vacuolated, suggesting that persistent Eap ™~ S. aureus elabo-
rated cytotoxic factors inside cells (Fig. 7/, diamond head ar-
rows). In contrast, the Eap™ S. aureus infection was essentially
cleared after 48 h; macrophages with oval- or kidney-shaped
nuclei without detectable bacteria repopulated the lavage,
whereas neutrophils declined 48 —96 h after infection (Fig. 7,
E, G, and ]). It is noteworthy that heavily infected neutrophils
were closely associated with macrophages (Fig. 7, B and D).
Previous studies have demonstrated that normal host re-
sponses involve recruitment of neutrophils that kill bacteria
but undergo apoptosis in the process. Apoptotic neutrophils
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FIGURE 7. Cytospin analysis of alveolar lavage from mice infected with EAP* and Eap™~ S. aureus. Bronchoalveolar lavage was collected at 4 h (A and B), 24 h
(Cand D), 48 h (Eand F), 72 h (G and H), and 96 h (/ and J) after intranasal infection of mice with 200 X 10° cfu Eap™ (A, G, E, G, and |, left panels) or Eap~ (B, D, F, H,
and J, right panels) S. aureus. Cells were deposited onto glass slides by cytospin centrifugation and stained with HEMA-3 to evaluate inflammatory cells and cell-
associated bacteria. Images in E and F were captured at X40 magnification. All other images were photographed at X 20 magnification. Open and closed head ar-
rows (A-F, H, and J) point to infected neutrophils and macrophages, respectively. The diamond head arrows (J) indicate vacuolated cells.

are then ingested by macrophages, limiting neutrophilic in-
jury to host cells and tissues (58). Here, it is possible that ab-
normal neutrophil turnover resulted in superinfection and
lysis of neutrophils with Eap™ S. aureus, causing persistent
infection of macrophages. The present findings indicate that
SP-A binding to S. aureus via Eap drives initial recognition
and clearance by alveolar macrophages, mediating subsequent
resolution of acute S. aureus infection by macrophages and
neutrophils.

Inflammatory Responses in WT Mice Infected with Eap™
and Eap~ S. aureus—Quantitative analysis of inflammatory
cells and mediators measured differences in lung inflamma-
tory responses to Eap™ and Eap™~ S. aureus infections. The
number of neutrophils peaked at 48 h in both infections (Fig.
8A) but was persistently higher in mice infected with Eap™
S. aureus. Differences were statistically significant at the early
and late time points after infection (Fig. 84). Consistent with
the results in Fig. 7, A and B, the number of neutrophils 4 h
after infection with Eap™ or Eap ™~ S. aureus was 0.25 = 0.06 X
10° and 4.23 = 0.55 X 10°, respectively. However, the levels of
the neutrophil chemokine KC (Fig. 94) were not significantly
different, indicating normal KC production in response to
both infections in WT mice. KC was not detectable in unin-
fected mice. However, the present (Fig. 2A4) and previous
studies (23, 26) showed that SP-A-opsonized bacteria induced
secretion of TNFa in macrophages. TNFa is crucial for or-
chestrating recruitment of neutrophils and resolution of in-
flammation (59, 60), whereas TNFa primes neutrophils to kill
S. aureus infection in vivo (61). Here, TNF« levels peaked 48 h
after infection with Eap™ S. aureus (Fig. 9B), whereas TNFa
peaked at least 24 h earlier in Eap ™ S. aureus infection. How-
ever, the TNFa levels in Eap ™ infection were always lower
than the Eap™ infection at any time point and indeed 50%
lower at the earlier time points (Fig. 9B), indicating that in-
flammatory responses are regulated differently in the absence
of SP-A opsonization. Thus, although both neutrophils and
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FIGURE 8. Recruitment of neutrophils and macrophages in mice in-
fected with Eap™ and Eap~ S. aureus. Cellular infiltrates were evaluated in
bronchoalveolar lavage (BAL) after intranasal infection of WT mice with

200 X 10° cfu Eap™ or Eap~ S. aureus. Total cell numbers were counted us-
ing a hemacytometer. Cell types were identified by differential staining fol-
lowing cytospin centrifugation of lavaged cells. Counting of neutrophils (A)
and macrophages (B) in 5-10 microscopic fields determined the percentage
of each cell type in bronchoalveolar lavage. The percentage of each cell
type was multiplied by the total number of cells in bronchoalveolar lavage
to obtain the number of neutrophils and macrophages. Data shown are
means * S.E. (n = 7-9 mice at the 4, 24, and 72 h time points; n = 4-6 mice
at the 96 h time point). **, p < 0.03 indicates significant differences in neu-
trophil and macrophage numbers between Eap* and Eap ™ S. aureus-in-
fected mice at the indicated time points.

exudate macrophages peaked 48 h after Eap™ S. aureus infec-

tion (Fig. 8, A and B), peak recruitment of macrophages in
response to Eap™ S. aureus was delayed to 72 h in relation to
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FIGURE 9. Levels of KC and TNF« in WT mice infected with Eap™ or Eap™
S. aureus. The concentration of KC (A) and TNFa (B) was determined by
ELISA in lung homogenates after infection of mice with 200 X 10° cfu Eap™
or Eap™ S. aureus. Data shown are means = S.E. (n = 7-9 mice at the 4, 24,
and 72 h time points; n = 4-6 mice at the 96 h time point). Statistical differ-
ences in TNFa levels at each time point are p < 0.01 (**) at the 4and 48 h
time points and p < 0.05 (*) at the 72 h time point.

Eap™ S. aureus (Fig. 8B), whereas neutrophil recruitment was
not delayed. These findings support the conclusion that SP-A
opsonization mediates coordinated recruitment of inflamma-
tory cells and clearance of S. aureus through modulation of
TNF« levels by alveolar macrophages.

Expression of SR-A Is Required for Effective Clearance and
Control of Neutrophilic Inflammation in Eap™ S. aureus
Infection—Disruption of SP-R210 in macrophages (Figs. 4 and
5) resulted in enhanced expression and function of the scav-
enger receptor SR-A. Previous studies reported independent
roles for SR-A in clearance of S. aureus and control of chemo-
kine-driven neutrophil recruitment in the peritoneal cavity
(55, 56). The role of SR-A in pulmonary clearance of S. aureus
is not known. In the context of the present study, we consid-
ered that modulation of SP-R210 levels during clearance of
SP-A-opsonized S. aureus may coordinate inflammatory re-
sponses through SR-A. Therefore, the role of SR-A was as-
sessed using SR-A-deficient mice. It is noteworthy that the
numbers of initial cfu in both WT (Fig. 6B) and SR-A '~ (Fig.
10B) lungs 4 h after infection were similar among S. aureus
strains, indicating that humoral clearance of S. aureus in the
very early phase of infection is not dependent on Eap. Previ-
ous studies showed that initial killing of S. aureus and other
bacteria occurs through non-phagocytic mechanisms (62—
64), whereas the subsequent phagocytic phase of the infection
is slower, with an estimated half-life of 10.8 h for S. aureus
survival in macrophages (62). This rate of clearance is similar
to the half-life of Eap™ S. aureus measured in the present
study in WT mice in vivo (Fig. 6B). Interestingly, the number
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FIGURE 10. Assessment of pneumonia in SR-A~’~ mice infected with
Eap™* and Eap~ S. aureus. A, survival of 6 —8-week-old SR-A~/~ mice was
monitored at 12-h intervals after infection with 300 X 10° cfu of Eap™ or
Eap ™~ S. aureus Newman. Data shown are from a total of n = 20 mice/group
from two independent experiments. Survival curves were generated using
the Kaplan-Meier method. B, pulmonary clearance after infection with

200 X 10° cfu of Eap™ or Eap ™ S. aureus was monitored in lung homoge-
nates at the indicated time intervals. Data shown are mean = S.E. (error
bars) (n = 6-8 at the 4, 24, and 48 h time points). C, the number of neutro-
phils in lavage 4 h after infection was counted as described in the legend to
Fig. 8. Data shown are means = S.E. (error bars) (n = 8) in two independent
experiments. D, cytospin analysis of lung lavage 4 h after infection with the
indicated S. aureus strains. E, the concentration of TNFa was measured in
lung homogenates 4 h after infection with the indicated S. aureus strains.
Data shown are mean = S.E. (n = 8) in two independent experiments per
group. F, the concentration of KC was measured in lung homogenates 4 h
after infection with Eap™ S. aureus. Data are mean *+ S.E. (n = 8) in two inde-
pendent experiments.

of initial cfu at the 4 h time point was 42.7 * 7.0 X 10° cfu for
Eap™ and 37.5 + 11.5 X 10° cfu for Eap~ S. aureus. The num-
ber in SR-A ™/~ mice was 50% lower than in WT mouse lungs,
containing 95.7 * 6.8 X 10° cfu for Eap™ and 85.7 = 33.8 X
10° cfu for Eap~ S. aureus, suggesting increased early humoral
host defense in SR-A ™/~ mice. However, Fig. 104 shows that,
unlike WT mice (Fig. 6A), lack of SR-A impaired the ability of
mice to survive sublethal infection with Eap™ S. aureus. Most
SR-A"'" mice infected with a sublethal dose of S. aureus
strains died 4 days after infection (not shown). Importantly,
phagocytic clearance of Eap™ S. aureus by SR-A™/~ lungs was
attenuated, as indicated by similar bacterial burden for both
Eap™ and Eap™ S. aureus 4—48 h after infection (Fig. 10B).
Both strains declined about 2-fold between 4 and 24 h in SR-
A~'" mice (Fig. 10B), compared with 6- and 1.6-fold declines
in Eap™* and Eap~ S. aureus cfu WT mice (Fig. 6B), respec-
tively. Although WT mice cleared Eap™ S. aureus slowly com-
pared with the Eap™ strain after 24 h, both S. aureus strains
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FIGURE 11. Differential expression of SP-R210 isoforms in WT and SR-A~'~ mice. Flow cytometric analysis determined expression of CD11c and SP-
R210 on alveolar macrophages from WT and SR-A~/~ mice. A, representative dual color histograms following staining of alveolar macrophages with either
isotype-matched IgG in upper panels or anti-CD11c and anti-SP-R210 antibodies in lower panels. B, combined flow cytometric data were expressed as a per-
centage of single or double positive cells for the indicated markers in WT or SR-A™/~ alveolar macrophages. Data are means = S.E. (error bars) (n = 6 inde-
pendent experiments on pooled alveolar macrophages from 5 mice/genotype). *, p < 0.05; **, p < 0.01 SR-A~/~ compared with WT mice. C, lung or alveo-
lar macrophage extracts were prepared in lysis buffer, separated on 7% SDS-PAGE, and evaluated by Western blot analysis using anti-SP-R210 antibodies.
Lanes were loaded with 20 g of protein. Blots are representative of two separate experiments.

proliferated between 24 and 48 h after infection in SR-A ™/~
mice. These results indicate decreased capacity of SR-A~/~
mice to control Eap™ S. aureus infection in the lung.
Furthermore, assessment of inflammatory responses shows
that a lack of SR-A was associated with accelerated influx of
neutrophils. The number of neutrophils increased 30-fold
more in SR-A™’~ mice than in WT mice 4 h after infection
with Eap™ S. aureus (Fig. 10C). Interestingly, the number of
neutrophils in Eap~ S. aureus infection increased only 2-fold
more in SR-A™’~ mice than in WT mice (Fig. 10C). However,
cytospin analysis revealed necrotic neutrophils engorged with
bacteria 4 h after infection with both Eap™ and Eap ™~ strains
(Fig. 10D, black arrows), suggesting decreased killing of bacte-
ria by neutrophils. This deficiency in bacterial killing was se-
lectively observed in WT mice infected with Eap™ S. aureus
(Fig. 7, B and D) above but was a prominent early feature of
the infection in SR-A~’~ mice. The Eap ™~ S. aureus infection
was particularly cytotoxic (Fig. 10D, bottom, black arrows).
However, the Eap™ strain produced a similar overwhelming
infection in neutrophils but was more evident 24 h after infec-
tion (not shown). Neutrophil destruction was reflected by a
2-3-fold lower number of neutrophils in SR-A~/~ mice com-
pared with WT mice counted 24 h after infection with both
S. aureus strains (not shown). Sparse macrophages were ei-
ther uninfected or filled with bacteria (Fig. 10D, white arrow-
heads), suggesting impaired clearance of bacteria by these
cells as well. In contrast to WT mice (Fig. 9), SR-A~/~ mice
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displayed enhanced secretion of inflammatory mediators. Se-
cretion of TNFa was significantly higher in both Eap™ and
Eap~ S. aureus infection (Fig. 10E). In addition, the levels of
KC, measured in the Eap™ S. aureus infection were signifi-
cantly higher in SR-A™/" mice compared with WT mice (Fig.
10F). These results indicate that SR-A~/" mice lost the ability
to both control inflammation and clear SP-A-opsonized Eap™
S. aureus.

Differential Expression of the SP-R210, Isoform Is Associ-
ated with Increased Differentiation of Alveolar Macrophages
in SR-A~"~ Mice—Given the above findings (Figs. 4B and 10),
the following experiments determined the effect of SR-A-
deficiency on expression of SP-R210. Alveolar macrophages
from WT and SR-A~/~ mice were stained with antibody to
CD11c, a marker for terminal alveolar macrophage differenti-
ation (65, 66), along with anti-SP-R210 antibodies. Represent-
ative two-color histograms in Fig. 11A and the combined data
from several experiments on Fig. 11B show that about 50% of
CD11c™ alveolar macrophages also express SP-R210 in WT
alveolar macrophages. Remaining SP-R210 expression was
found in CD11c™ alveolar macrophages. The expression level
of SP-R210 was lower in both alveolar macrophage subpopu-
lations in SR-A~/~ mice. The mean fluorescence intensity of
SP-R210 was 104.3 * 9.7 and 88.7 = 14.3 in WT SP-R210*
CD11c™ and SP-R2107CD11c™ cells, respectively. In compar-
ison, the mean fluorescent intensity of SP-R210 in SR-A~/~
mice was 49.2 = 2.6 and 32.3 * 1.1 in SP-R210"CD11c~ and
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SP-R210"CD11c™ alveolar macrophage populations, respec-
tively. However, the percentage of SP-R210™ alveolar macro-
phages in SR-A ™/~ mice increased 3-fold to over 60% of alve-
olar macrophages with more than 95% of SP-R210™ alveolar
macrophages also expressing CD11c. Interestingly, the per-
centage of CD11c™ alveolar macrophages increased signifi-
cantly, indicating that more SR-A ™/~ alveolar macrophages
reach terminal differentiation. Flow cytometry analysis does
not distinguish expression of SP-R210 receptor isoforms.
Therefore, Western blot analysis assessed expression of SP-
R210 isoforms in whole lung and alveolar macrophage ex-
tracts. Fig. 10C demonstrates that the loss of SR-A is associ-
ated with an altered expression profile of SP-R210 isoforms.
SP-R210, is the most abundant isoform in whole lung extracts
from both WT and SR-A~/" lung extracts. Expression of the
SP-R210, isoform was reduced in SR-A™'" lung extracts,
whereas expression of SP-R210g increased (Fig. 11C, top).
However, SP-R210; is the main isoform expressed in WT al-
veolar macrophages, whereas SR-A™/ " alveolar macrophages
express mainly SP-R210g (Fig. 11C, bottom). In this regard,
the expression profile of SP-R210 isoforms in WT alveolar
macrophages differs from that observed in macrophages de-
rived from extrapulmonary sites; SP-R2104 rather than SP-
R210, is the major isoform in peripheral bone marrow-de-
rived macrophages (25, 29), human monocyte-derived
macrophages (27), and peritoneal Raw264.7 macrophages
(Fig. 4B). A third 160-kDa species recognized by the affinity-
purified antibody also increased in SR-A~/~ macrophages
(Fig. 11C). This species is similar in molecular weight to an
intracellular form in Raw264.7 cells (Fig. 44) and was also
detected in human monocyte-derived macrophages (27).
These results indicate that expression of SR-A is linked to
differential expression of SP-R210 isoforms; alveolar macro-
phages expressing SP-R210; in WT mice were replaced with
alveolar macrophages that express SP-R210 in SR-A '~
mice. As shown earlier (Fig. 1), SP-R2104 mediates attach-
ment but not internalization of SP-A-opsonized S. aureus. In
addition, loss of SP-R210; and partial inhibition of SP-R2104
in SP-R210(DN) cells blocked the uptake of SP-A-opsonized
S. aureus (Fig. 4D). Taken together, the results of the present
study support the conclusion that SP-R210; is crucial for in-
ternalization and clearance of SP-A-opsonized S. aureus by
alveolar macrophages, with SR-A having a regulatory role
modulating expression and inflammatory functions of
SP-R210.

DISCUSSION

The interaction of surfactant protein A and alveolar macro-
phages is the first line of communication between the hu-
moral and innate immune systems in the lower respiratory
tract. The goal of the current study was to elucidate the role
of SP-A and its receptor SP-R210 in opsonization and clear-
ance of S. aureus both in vitro and in vivo. Previous in vitro
work showed that SP-R210 orchestrates macrophage activa-
tion and phagocytosis of SP-A-opsonized M. bovis BCG (23,
26). The results of the present study not only corroborate ear-
lier findings but also define new roles of SP-A and SP-R210 in
linking bacterial opsonization and clearance with appropriate
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FIGURE 12. Proposed interaction of SP-R210 and SR-A in alveolar macro-
phages. Resting alveolar macrophages AM1 express SP-R210, . Ligation of
SP-R210, with SP-A-opsonized bacteria in AM1 macrophages induces
macrophage activation and secretion of TNFq, timing recruitment and acti-
vation of neutrophils. Polarization of AM1 to AM2 macrophages results in
expression of SP-R2105 and SR-A, coordinating phagocytosis via an SP-
R2104'SR-A complex with regulation of the inflammatory response.

host responses to acute infection with S. aureus. The first ad-
vance of the current study was the identification of Eap as the
SP-A ligand on S. aureus. The second advance was the identi-
fication of a previously unknown cross-modulation between
expression of SP-R210 isoforms SP-R210; and SP-R2104 and
the scavenger receptor SR-A, helping to balance inflammatory
responses during SP-A-mediated clearance of S. aureus in
vivo. The outcome of dual deficiency in SP-R210; and SR-A in
SR-A"/" alveolar macrophages was impaired clearance of the
SP-A-opsonized Eap™ S. aureus along with an accelerated
inflammatory response attracting neutrophils that were not
able to clear the infection. The present findings support the
model in which SP-A-opsonized bacteria encounter SP-R210;,
on alveolar macrophages mediating initial clearance and ap-
propriate priming of the inflammatory response through se-
cretion of TNFa. In this model, counterregulatory interac-
tions between SP-R2104 and SR-A control the timing,
intensity, and duration of the inflammatory response during
infection facilitating clearance and resolution of S. aureus
pneumonia in vivo (Fig. 12).

SP-A is the principal lung opsonin that associates with
S. aureus within 30 min after intranasal infection in mice (67,
68). The present and previous studies demonstrate that two
members of the collectin family of proteins, SP-A and MBL,
are crucial for eradication of acute infections with S. aureus.
Mice deficient in MBL were highly susceptible to systemic
S. aureus infection (69). MBL limits hematogenous spread of
the bacteria to lung and other tissues. MBL binding to S. au-
reus cell wall glycoconjugates activates the lectin pathway of
complement, enhancing recruitment and clearance of S. au-
reus through macrophages and neutrophils (69, 70). In the
lung, however, MBL appears later in inflammatory fluid from
the periphery, associating with S. aureus 6 h after infection
(67, 68). Unlike MBL, SP-A does not bind cell wall glycocon-
jugates, such as LTA or peptidoglycan, on S. aureus. Accord-
ingly, the present studies identified Eap (44) as a critical pro-
tein ligand for SP-A binding to S. aureus. Importantly, Eap is
necessary for the in vivo clearance of acute S. aureus infection;
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the absence of Eap presents a defect in SP-A-mediated opso-
nization consistent with the reduced clearance and high mor-
bidity of WT mice exposed to Eap- S. aureus. In addition to
SP-A, lung surfactant contains SP-D, another member of the
collectin family of proteins. Both MBL and SP-D share similar
binding specificities for cell wall glycoconjugates LTA and
peptidoglycan (18, 71). However, MBL and SP-D did not pro-
tect mice against acute Eap ™~ S. aureus infection. These results
demonstrate that SP-A plays a primary non-redundant role in
opsonic clearance of acute S. aureus infection in the lung.

In addition, the present findings indicate that Eap is tar-
geted by both opsonic SP-R210 and non-opsonic SR-A recep-
tors on alveolar macrophages. The alteration in non-opsonic
properties of the SP-R210(DN) cells was observed as a small
but consistent 30 —40% increase in the uptake of Eap™* S. au-
reus. This assay measured total uptake rather than phagocytic
internalization; it was not feasible to distinguish internalized
from surface-attached live bacteria. However, flow cytometry
using killed fluorescent bacteria, which preferentially interact
with SR-A, measured a clear 3—4-fold increase in phagocytic
index following quenching of surface-attached bacteria. A
significant 2—3-fold reduction in uptake of Eap ™~ S. aureus was
measured in the SR-A-enriched SP-R210(DN) macrophages,
suggesting that SR-A binds Eap. Recent studies expanded the
ligand repertoire of SR-A ligands to surface proteins of Neis-
seria meningitides (72). Mutation in N. meningitides SR-A-
binding protein NMBO0667 was lethal in WT mice. It remains
to be established whether Eap is also recognized by SR-A.

The adhesin Eap is unique to S. aureus (48, 49). Binding of
SP-A to Eap represents a novel mechanism for SP-A recogni-
tion of virulent S. aureus. The ability of SP-A to interact with
an adhesin widely expressed among diverse S. aureus strains
(49) may aid in rapid recognition and clearance of dangerous
S. aureus by alveolar macrophages in the distal lung. In con-
trast, recognition of S. aureus by MBL and SP-D could be lim-
ited by common modifications of cell wall glycoconjugates.
For example, the acylation status of lipoteichoic acid may ab-
rogate binding of MBL to different S. aureus strains (73).
There are two types of S. aureus adhesins: the SERAMs and
the MSCRAMMs (74—76). The SERAMs are soluble proteins
that reattach to the cell wall upon secretion, whereas
MSCRAMMs are covalently anchored on the cell wall. Eap is
a member of the SERAM group of staphylococcal adhesins.

S. aureus Eap was initially identified as a binding protein for
matrix and plasma proteins, interactions that result in tissue
invasion and immune modulation (33, 77). Eap contributes to
abscess formation, invasion, and persistence of S. aureus in
host tissues (78, 79). On the other hand, previous studies
showed that deletion of the major MSCRAMM adhesin FnBP
(80) enhanced rather than impaired virulence of S. aureus in
the lung, although FnBP-deficient S. aureus was less virulent
in peripheral tissues. However, FnBP was deleted in the labo-
ratory strain 8325-4, which also does not express Eap (81).
The clinical strain S. aureus Newman used here expresses
high levels of Eap but lacks surface expression of FnBP (82). It
remains to be determined whether modulation of Eap in the
host represents a novel invasion strategy for different methi-
cillin-resistant S. aureus strains causing health care- and com-
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munity-acquired pneumonia. The present results indicate
that SP-A binding through Eap is crucial in limiting invasion
of S. aureus in the lung.

In this study, we show that recognition of SP-A-opsonized
S. aureus by SP-R210 results in enhanced macrophage uptake
and clearance of S. aureus. SP-A was not able to induce up-
take in the absence of either SP-R210 or Eap, which disabled
opsonic recognition of S. aureus. Furthermore, only WT mice
infected with the SP-A-targetable S. aureus could elaborate
bacterial clearance, accurate timing, and coordination of the
inflammatory response in vivo. Agglutinated S. aureus was
initially presented on the surface of alveolar macrophages in
association with moderate secretion of TNF« that increased
gradually until 48 h, coinciding with peak neutrophil recruit-
ment and eradication of over 90% of the bacterial inoculum by
this time point. In contrast, mice infected with Eap™ S. aureus
that is not recognized by SP-A displayed impaired killing and
persistent infection in association with elaboration of low but
unsustainable levels of TNFa, more intense neutrophilic in-
flammation, and delayed repopulation of the lung with
macrophages. Previous studies reported that SP-A mediates
both clearance and restoration of alveolar immune homeosta-
sis in mice infected with Mycoplasma pneumoniae (83). How-
ever, the relative importance of SP-A binding to macrophages
or bacteria has not been clear because SP-A may have indirect
activities on macrophages. The present results indicate that
SP-A mediates optimal presentation of S. aureus to alveolar
macrophages through its capacity to act as an opsonin, result-
ing in appropriate priming and modulation of the inflamma-
tory response in the lung.

Furthermore, the present findings support the conclusion
that SP-A coordinates innate host defense through two differ-
entially expressed isoforms of SP-R210, SP-R210; and SP-
R210g, in collaboration with the scavenger receptor SR-A on
the macrophage surface. We show that SP-A-opsonized S. au-
reus encounters alveolar macrophages that express mainly
SP-R210; in WT mice but SP-R210g in SR-A~/~ mice. The
first symptom associated with the dual alveolar macrophage
deficiency in SR-A and SP-R210; was the inability of SR-A ™/~
mice to survive sublethal infection with the SP-A-opsonized
Eap*' S. aureus. The SR-A~/" mice developed an untrained
inflammatory response characterized by an extraordinary
number of neutrophils rushing into the alveolar space within
4 h rather than over an extended 48-h window observed in
WT mice. Accelerated influx of neutrophils at the early stage
of infection in SR-A™/~ mice was associated with a marked
3—4-fold increase in secretion of both TNF« and the neutro-
phil chemokine KC compared with WT mice. As indicated
earlier, the levels of TNFa were moderately increased by
2-fold in Eap™ compared with Eap™ S. aureus infection in
WT mice at 4 h, but KC was not affected. In addition, SP-
R2105 mediated uptake of SP-A-opsonized Eap™ S. aureus
along with enhanced secretion of TNF« in bone marrow-de-
rived macrophages. Because SR-A /"~ alveolar macrophages
express SP-R210g similar to bone marrow-derived macro-
phages, the SP-R210g isoform was probably responsible for
the stronger TNFa response in the absence of SR-A. On the
other hand, the present findings show that SR-A controls
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neutrophil recruitment through secretion of the chemokine
KC. An earlier study on sterile peritonitis revealed that SR-A
regulates the rate of neutrophil chemotaxis through down-
modulation of neutrophil chemokines, including KC (55).
Inappropriate levels of KC during infection, however, may
counteract TNFa priming of neutrophil bactericidal activities.
In this regard, KC and other CXC chemokines are known to
potentiate intracellular survival of S. aureus by diverting

S. aureus to macropinosomes rather than phagolysosomes
(84, 85). Here, cytospin analysis of inflammatory cells in the
lavage of SR-A~/~ mice showed that neutrophils contained
large numbers of S. aureus, indicating defective killing of in-
ternalized bacteria. Increased relative concentration of KC
and TNFa in WT mice infected with Eap ™~ S. aureus may
have contributed to the intracellular persistence of the patho-
gen as well. Therefore, SP-R210-regulated expression of SR-A
is probably critical for the development of effective innate
immunity against S. aureus infection in the lung. In support of
this hypothesis, previous studies showed that SP-A induced
surface localization of SR-A in alveolar but not peritoneal
macrophages during infection with Streptococcus pneumoniae
(86). In the present work, SP-R210(DN) mutant macrophages
compensated with induction of non-opsonic phagocytosis
through SR-A, indicating constitutive cross-modulation be-
tween one or both isoforms of SP-R210 with SR-A. Con-
versely, SR-A ™/~ alveolar macrophages had a reciprocal in-
crease in the number of macrophages expressing SP-R210s.
However, the expression level of SP-R2104 was more than
50% lower than SP-R210; in WT alveolar macrophages, indi-
cating reduced ability of the shorter SP-R210g isoform to lo-
calize to the cell surface in the absence of SP-R210, and SR-A.
In this manner, SR-A~/~ mice are deficient in both opsonic
SP-R210-mediated and non-opsonic SR-A-mediated clear-
ance of S. aureus. The mechanism behind the constitutive
cross-modulation between SP-R210 and SR-A is not yet
known but could be related to the ability of SR-A to enhance
macrophage adhesion. Adhesion modulates differentiation,
intercellular communication, and inflammatory responses in
macrophages (87, 88). Here, SR-A"'" alveolar macrophages
display a state of increased differentiation, as indicated by the
higher expression of CD11c with more alveolar macrophages
having a SP-R210*CD11c" phenotype compared with WT
mice. On the other hand, treatment of macrophages with sur-
factant lipids or SP-A was shown to induce SR-A expression
(89), indicating that local host factors control basal levels of
SR-A on alveolar macrophages. Several signaling pathways
were shown to regulate expression and activation of SR-A
involving arachidonic acid metabolites of iPLA2 and 12/15
lipoxygenase (87). Such lipid mediators contribute to initia-
tion and resolution of inflammation (90). In addition, SR-A is
involved in combinatorial feedback inhibition of proinflam-
matory signaling mediated by Toll-like receptors (91). In this
regard, anti-inflammatory activities of SP-A that were previ-
ously attributed to direct binding of SP-A to Toll-like recep-
tors (92, 93) may also involve indirect regulation of SR-A via
SP-R210. It is noteworthy that TLR2 (Toll-like receptor 2)
contributes to intracellular survival of S. aureus in macro-
phages (94). TLR2 activation that was not properly controlled
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by the SP-R210/SR-A pathway could be the mechanism be-
hind the intracellular persistence of Eap™ S. aureus in alveolar
macrophages of WT mice. Together, these results indicate
that homeostatic conditions modulate cross-talk influencing
relative expression levels of SP-R210,; , SP-R210g, and SR-A in
alveolar macrophages. Upon infection, recognition of SP-A-
opsonized S. aureus by SP-R210; is a critical early host re-
sponse through which SP-R2104 and SR-A are engaged to
facilitate clearance of infection and the development of bene-
ficial inflammatory responses.

The molecular aspects of SP-R210-mediated phagocytosis
were beyond the scope of the present work. However, SP-
R210, as a surface isoform of unconventional myosin 18A
(Myo18A) (25), represents a novel phagocytic receptor. Reor-
ganization of the actin cytoskeleton is essential for engulf-
ment of surface-bound particles. The likely downstream trig-
ger for SP-R210-induced phagocytosis is non-muscle myosin
ITIA (MyolIA). MyolIA is essential for phagocytic internaliza-
tion via complement and IgG receptors in macrophages (95).
SP-R210 co-precipitated with MyolIA in pull-down assays
with either anti-SP-R210 antibodies or immobilized SP-A
(25). Expression of SP-R210 in COS-1 cells conferred attach-
ment but not internalization of SP-A-opsonized bacteria;
COS-1 cells do not express MyolIA or SR-A. Antibodies to
SP-R210 neutralized attachment of SP-A-opsonized bacteria
in immature THP-1 cells; phagocytic internalization is not
functional in undifferentiated THP-1 cells (38, 39). Undiffer-
entiated THP-1 cells express high levels of SP-R2104 but lack
expression of SP-R210;, SR-A, and MyolIA. In other cells,
Myo18A isoforms link indirectly with the MyolIA cytoskele-
ton in different subcellular compartments. Myo18A controls
retrograde membrane flow through formation of a tripartite
complex between the PDZ domain of Myo18A large isoform
with a novel protein LRP35a and a Cdc42-related kinase
called MRCK in motile cells. Phosphorylation of Myo18A in
this system results in activation of MyolIA and remodeling of
the actin cytoskeleton in lamellipodia (96). Myo18A associ-
ates with the actin cytoskeleton underlying the Golgi appara-
tus via GOLPH3, a phosphatidylinositol 4-phosphate-binding
protein (97). This interaction modulates formation of vesicles
and structure of the trans-Golgi network. Besides Golgi, phos-
phatidylinositol 4-phosphate that is also enriched at the
plasma membrane modulates macrophage phagocytosis via
IgG receptors (98, 99) and may have a role in cytoskeleton
reorganization during SP-R210-mediated phagocytosis. It
remains to be determined whether physical association be-
tween SP-R210 isoforms, SR-A, and MyolIA mediates phago-
cytosis of SP-A-opsonized bacteria.

Collectively, the present findings support the model in
which binding of SP-A-opsonized bacteria to SP-R210; in
alveolar macrophages (AM1) is essential for initial uptake and
priming of the proinflammatory response through secretion
of TNFa, mediating recruitment and activation of neutrophils
(Fig. 12). In this model, ligation of SP-R210, (depicted as a
heterodimer of L and S isoforms in Fig. 12) results in alveolar
macrophage polarization, inducing expression of SP-R210g
and SR-A (AM2). Binding of SP-A to SP-R210g4 induces phag-
ocytosis and anti-inflammatory mediators via association with
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SR-A (e.g IL-10 in Fig. 12), enhancing bacterial killing and
resolution of the infection. Based on previous findings, SP-
R2104 (27) and SR-A (100) may coordinate secretion of IL-10,
TGEFB, and hydrogen peroxide in AM2. Importantly, it is pro-
posed that temporal control of inflammatory responses via
SP-R2104 and SR-A contributes to proper recruitment and
activation of neutrophils, facilitating eradication of S. aureus
infection in the lung. Both IL-10 and TGFS would contribute
to resolution of inflammation and restoration of alveolar ho-
meostasis during clearance of apoptotic neutrophils via SR-A
(101, 102). On the other hand, moderate levels of hydrogen
peroxide would suppress inflammation through inactivation
of NF-kB (103, 104) but enhance bacterial killing through ac-
tivation of NADPH oxidase (105) during the resolution phase
of the disease.
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