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‘We have previously shown that human tear fluid protects corneal epithelial cells against Pseudomonas aeru-
ginosa in vitro and in vivo and that protection does not depend upon tear bacteriostatic activity. We sought to
identify the responsible tear component(s). The hypothesis tested was that collectins (collagenous calcium-
dependent lectins) were involved. Reflex tear fluid was collected from healthy human subjects and examined
for collectin content by enzyme-linked immunosorbent assay (ELISA) and Western blot with antibody against
surfactant protein D (SP-D), SP-A, or mannose-binding lectin (MBL). SP-D, but not SP-A or MBL, was de-
tected by ELISA of human reflex tear fluid. Western blot analysis of whole tears and of high-performance liquid
chromatography tear fractions confirmed the presence of SP-D, most of which eluted in the same fraction as
immunoglobulin A. SP-D tear concentrations were calculated at ~2 to 5 pg/ml. Depletion of SP-D with
mannan-conjugated Sepharose or anti-SP-D antibody reduced the protective effect of tears against P. aerugi-
nosa invasion. Recombinant human or mouse SP-D used alone reduced P. aeruginosa invasion of epithelial cells
without detectable bacteriostatic activity or bacterial aggregation. Immunofluorescence microscopy revealed
SP-D antibody labeling throughout the corneal epithelium of normal, but not gene-targeted SP-D knockout
mice. SP-D was also detected in vitro in cultured human and mouse corneal epithelial cells. In conclusion,
SP-D is present in human tear fluid and in human and mouse corneal epithelia. SP-D is involved in human
tear fluid protection against P. aeruginosa invasion. Whether SP-D plays other roles in the regulation of other
innate or adaptive immune responses at the ocular surface, as it does in the airways, remains to be explored.

The opportunistic gram-negative bacterial pathogen Pseudo-
monas aeruginosa is a leading cause of human morbidity and
mortality from acute pneumonia in patients with immunocom-
promised states, burn wound infections, chronic respiratory
disease with cystic fibrosis, or sight-threatening corneal infec-
tions. Corneal infection by P. aeruginosa progresses quickly,
can be highly destructive, and is difficult to treat. The most
common predisposing factor is contact lens wear, but infection
can also follow corneal injury or ocular surface disease. At
least two types of P. aeruginosa have been isolated from infec-
tions: those that invade epithelial cells (13) and those that
cause ExoU-dependent cytotoxicity mediated by the ExsA-
regulated type III secretion system (12). Both invasive and
cytotoxic strains can target surface cells on intact corneas in
vitro (11, 14), but neither can infect healthy corneas in vivo in
the absence of surface injury. This suggests that factors found
only in vivo are required for protecting the corneal epithelium
against these P. aeruginosa virulence mechanisms.

A common assumption is that tear fluid protects the cornea
from bacterial infection through the bacteriostatic or bacteri-
cidal actions of antimicrobials such as lysozyme, lactoferrin,
secretory phospholipase A2, and B-defensins. It was previously
reported that whole human tear fluid, which normally bathes
the ocular surface, protects corneal epithelial cells in vitro
from P. aeruginosa invasion and cytotoxicity (10) and that in

* Corresponding author. Mailing address: School of Optometry,
University of California, Berkeley, CA 94720-2020. Phone: (510) 643-
0990. Fax: (510) 643-5109. E-mail: fleiszig@socrates.berkeley.edu.

2147

vivo it protects the cornea against P. aeruginosa colonization
and disease in a murine model of bacterial keratitis (M. Ni, M.
Kwong, and S. M. J. Fleiszig, Abstr. Investig. Ophthalmol. Vis.
Sci. 44 [Suppl.], 2003, abstr. no. 4757, 2003). However, in vitro
protective activity was not dependent upon inhibition of bac-
terial growth or loss of bacterial motility (10).

Surfactant protein D (SP-D) is part of the collectin (collag-
enous calcium-dependent lectin) family of innate defense mol-
ecules, other family members in humans being SP-A and man-
nan-binding lectin (MBL) (6). These oligomeric proteins share
certain structural and functional traits. For example, they rec-
ognize clustered sugar residues common to microbial sur-
facesincludingmannose,glucose,L-fucose,andN-acetylglucos-
amine via acarbohydrate recognition domain and bind those
residues in a calcium-dependent fashion (19). Collectins do not
readily recognize common mammalian cell carbohydrates, e.g.,
sialic acid, thereby facilitating self versus non-self discrimination.

Collectin binding to microorganisms (bacteria, viruses, pro-
tozoa, etc.) has been associated with microbial aggregation, in-
hibition of microbial growth, complement activation, stimula-
tion of macrophage cytokine production, and the enhancement
of microbial phagocytosis by immune cells (5, 21, 29, 33, 39).
However, these antimicrobial effects vary between different mi-
crobial genera, species, or strains. For example, SP-D can also
reduce microbial phagocytosis by immune cells for Mycobac-
terium tuberculosis (9) and Pneumocystis carinii (40), and the
aggregative and growth inhibitory actions of SP-D are strain
dependent (5, 39). However, SP-D-deficient animals are more
susceptible to lung infection by Haemophilus influenzae (25)
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and exhibit delayed clearance of P. carinii (3) and respiratory
syncytial virus (24) from the airways. Cystic fibrosis sufferers, who
are vulnerable to chronic respiratory infection by P. aeruginosa,
exhibit markedly reduced levels of SP-D in their lungs (30).

The effects of SP-D on bacterial invasion of epithelial cells
have not been studied. In this study, we hypothesized that
SP-D was present in human tear fluid and contributed to tear
fluid protection of corneal epithelial cells against P. aeruginosa
invasion. This hypothesis was based upon previously published
data showing (i) the presence of SP-D in the human lacrimal
gland (37) and in the lacrimal gland and tear film of C57BL/6
mice (1) and (ii) that SP-D can interact with gram-negative
bacteria via the core region of the bacterial lipopolysaccharide
(LPS) (26); the LPS core is involved in P. aeruginosa invasion
of and survival within corneal epithelial cells (8, 41).

MATERIALS AND METHODS

Tear collection. Tear fluid was collected from the lower conjunctival sacs of
healthy human volunteers by the capillary tube method previously described
(10). This method was approved by the Committee for the Protection of Human
Subjects, University of California, Berkeley, Calif. A tear volume of 100 nl was
collected over approximately 15 min on each occasion. Collected tears were
pooled, frozen, and stored at —20°C for use in experiments.

Cell culture. Rabbit and human immortalized corneal epithelial cells were
cultured on 6-well (for preparation of cell lysates) or 96-well (for gentamicin
survival assays) tissue culture plates (Becton Dickinson, Franklin Lake, N.J.), as
previously described (12, 28). Cells were fed on alternate days with supplemented
hormonal epithelial medium, which has been described previously (20). Cells
were used for experiments 3 to 6 days after passage.

Primary cultures of mouse corneal epithelial cells were grown on 6-well tissue
culture plates and prepared as previously described (16). Female C57BL/6 mice
(8 to 10 weeks old) were obtained from Jackson Laboratories (Bar Harbor,
Maine). Gene-targeted C57BL/6 SP-D-deficient mice were generated as de-
scribed previously (4). All procedures were conducted in accordance with the
policies established by Association for the Research in Vision and Ophthalmol-
ogy and under protocols approved by the institutional animal care and use
committee.

Prior to each experiment, wells containing cultured cells were each washed
once with phosphate-buffered saline (PBS) to remove residual supplemented
hormonal epithelial medium that contains antibiotics.

Bacteria. P. aeruginosa strain PAK was used. PAK is classified as an invasive
clinical isolate, i.e., it invades corneal epithelial cells as demonstrated by genta-
micin survival assays (10, 12, 14). Bacterial inocula were prepared from overnight
cultures grown on Trypticase soy agar plates at 37°C before suspension in Hank’s
balanced salt solution (HBSS). Bacteria were initially suspended to a concen-
tration of 108 CFU/ml (determined by a spectrophotometer optical density at 650
nm of 0.1). This suspension was then diluted to a concentration of 10° CFU/ml
of HBSS, human tear fluid, or HBSS containing recombinant SP-D for use in
experiments. Bacterial numbers were confirmed by viable counts after serial
dilution.

Assessment of bacterial invasion. P. aeruginosa invasion of corneal epithelial
cells was quantified by gentamicin exclusion assays as previously described (10,
12). Cultured rabbit corneal epithelial cells were incubated with bacterial sus-
pensions for 3 h at 37°C and then treated with gentamicin solution (200 wg/ml)
to kill extracellular bacteria. After being washed to remove the antibiotic, the
corneal cells were lysed by exposure to PBS containing Triton X-100 (0.25%
[vol/vol]) for 15 min. Viable counts of the cell lysate allowed quantification of
previously intracellular bacteria. Trypan blue exclusion assays were used to assess
corneal epithelial cell health (15).

Assays of bacterial growth, motility, and aggregation. The effects of human
tear fluid and recombinant SP-D on bacterial growth, mobility, and aggregation
were tested as previously described (10). Briefly, bacterial growth and viability
were assessed with and without the corneal epithelial cells present. Thus, 40 pl
of bacterial suspension, in either HBSS, tear fluid, or HBSS containing recom-
binant SP-D, was added to the empty wells of tissue culture dishes or to wells
containing corneal epithelial cell cultures. Following a 3- or 5-h incubation at
37°C, 5 ul of bacterial suspension was collected for quantification by viable
counting after serial dilution. The number of bacteria present in each well at the
end of the experiment was compared to the starting inoculum to study bacterial
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growth and/or killing. Bacterial mobility and aggregation were assessed by phase-
contrast light microscopy of the same samples.

Reagents. Rabbit anti-mouse polyclonal SP-D antibody (4) and recombinant
mouse SP-D (31) were used. Rabbit anti-human SP-D antibody and recombinant
human SP-D were generously provided by Erika Crouch (Washington Univer-
sity, St. Louis, Mo.). All other reagents were obtained from Sigma (St. Louis,
Mo.) unless otherwise stated.

ELISA for SP-D detection. Wells of a flexible polyvinyl microtiter plate (Dy-
natech) were coated overnight at room temperature with 50 pl of yeast mannan
at 100 wg/ml in TBS (20 mM Tris-HCI, 140 mM NaCl [pH 7.4]) and then blocked
for 1 h with 10 mg of bovine serum albumin (BSA) per ml. After this and sub-
sequent steps, plates were washed five times with TBS containing 0.05% (vol/vol)
Tween-20 (TBST). For each tear sample, serial twofold dilutions were prepared
in TBST containing 5 mg of BSA per ml and either 5 mM CaCl, (BSA5-TBST-
Ca®>") or 5 mM EDTA (BSAs-TBST-EDTA) and applied to coated wells in
50-pI volumes. Dilutions of recombinant human SP-D were prepared similarly to
produce a calibration curve, commencing at a concentration of 1 pg/ml in the
first well. Plates were incubated overnight and then washed. Binding of SP-D was
detected by the addition of rabbit antiserum against human SP-D (dilution, 1:400
in BSAs-TBST-Ca") for 3 h followed, after washing, by horseradish peroxidase
(HRPO)-conjugated swine anti-rabbit immunoglobulin (Ig) (Dako; 1:400 in the
same diluent) for 1 h. After further washing, 100 pl of ABTS [2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid)] substrate solution (0.2 mM in 50 mM citrate
buffer [pH 4.0] containing 0.004% H,0,) was added to the wells. Color devel-
opment was stopped after 20 min by the addition of 50 pl of NaF (1.92 mg/ml),
and absorbance was read at dual wavelengths of 405 and 450 nm. The concen-
tration of SP-D in samples was determined by reference to the standard curve.

Removal of SP-D from human tear fluid. Two separate methods were used to
deplete tear fluid of SP-D: (i) adsorption with mannan-conjugated Sepharose
and (ii) immunoprecipitation with antibody specific for SP-D.

(i) Adsorption with mannan-conjugated Sepharose. Mannan was coupled to
CNBr-activated Sepharose 4B-CL (Pharmacia) according to the manufacturer’s
instructions to give 10 mg of mannan per ml of packed beads. The gel was stored
at 4°C in final wash buffer (0.1 M Tris-HCI, 0.5 M NaCl [pH 8]) with 0.1% NaNj,.
Since TBS adversely affected corneal cells (data not shown), complement fixation
test buffer (veronal-buffered saline [VBS]), which was not toxic, was used as the
diluent for adsorption of tears with mannan-Sepharose. VBS (4 mM barbitone,
140 mM NaCl, 1.8 mM MgCl,, 0.25 mM CaCl,) was supplemented with an
additional 10 mM CaCl, for adsorption experiments. An aliquot of mannan-
Sepharose beads was washed three times with VBS-10 mM Ca?*, and the pellet
of packed beads was gently resuspended in an equal volume of human tear fluid.
The mixture was incubated on ice for 2 h with occasional gentle agitation. The
mixture was then centrifuged, and the supernatant was taken and further cen-
trifuged in a microfuge (~10,000 X g) to ensure complete removal of beads from
the tear fluid. The procedure resulted in a 1:2 dilution of tears (final concentra-
tion of Ca®>", 5 mM); to establish an “unadsorbed” tear control, an aliquot of
tears was diluted directly 1:2 in VBS-10 mM Ca®*. The samples were assayed for
SP-D by ELISA, as described above, to determine the extent of SP-D removal by
the adsorption process.

(ii) Immunoprecipitation with antibody specific for SP-D. For the removal of
SP-D from human tear fluid by immunoprecipitation, volumes of whole tear fluid
(100 to 300 pl) were mixed with 5 to 10 g of rabbit anti-human SP-D antibody
and incubated overnight at 4°C with gentle agitation. Complexes of SP-D bound
to specific antibody were then removed from the tear fluid with protein A and by
standard methods.

High-performance liquid chromatography (HPLC). Human tear fluid (0.150
to 1 ml) was separated isocratically on an SW 3000 preparative column in 0.5 M
NaCl-0.1 M phosphate buffer (pH 5.0) at a flow rate of 2 ml/min with the eluent
monitored at 254 nm. Fractions were collected based upon the apparent molec-
ular size in a fashion similar to that detailed previously with an SW 400 analytical
column (34). This profile was determined based upon the literature, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, and
Western blot probing with antibodies specific for various mucin species, secretory
IgA, IgG, lactoferrin, free secretory component tear-specific lipochalin, and
lysozyme, much of which has been previously detailed. In this study, the high-
molecular-mass end of the profile was further subdivided into several fractions.
These consisted, in order of decreasing apparent molecular mass, of a sialogly-
coprotein-enriched fraction (containing mucins) and front, middle, and tail end
of the secretory IgA-enriched fraction. All of the fractions were concentrated on
3-kDa cutoff centrifugal ultrafilters (Filtron, Northborough, Mass.).

SDS-PAGE and Western immunoblotting. Rabbit and human corneal epithe-
lial cells were grown on six-well tissue culture dishes. Cells were washed once
with ice-cold PBS (2 ml) and then lysed with 1 ml of a boiling solution of SDS
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FIG. 1. Detection of SP-D in human tear fluid by ELISA. Human
tear fluid (triangles) and recombinant human SP-D (circles) were
titrated on mannan-coated wells in the presence of 5 mM Ca*" (solid
symbols) or 5 mM EDTA (open symbols). The dilution series com-
menced at 1 pg of recombinant human SP-D/ml and at a 1:10 dilution
of tear fluid. The assay was developed with rabbit anti-human SP-D
antibody and HRPO-conjugated swine anti-rabbit Ig, as described in
Materials and Methods. Human tear fluid was calculated to contain
between 2 to 5 pg of SP-D/ml (see text).

(1% [wt/vol]), sodium orthovanadate (1 mM), and Tris-HCI (10 mM; pH 7.4).
Cells were then scraped off the plastic, and the cell lysate was transferred to a
microcentrifuge tube (1.5 ml), and boiled for 5 min. Viscosity was reduced by pas-
saging the lysate five times through a 27-gauge needle. The lysate was centrifuged
(14,000 X g; 4°C) for 5 min to remove cell debris, and the supernatant was collected.
The protein concentration was measured for each sample with a BCA assay kit
(Sigma). Equal amounts of each sample (each equivalent to ~15 pg of protein) were
mixed with double-strength SDS-PAGE sample buffer (under reducing conditions),
boiled for 1 min, then subjected to SDS-PAGE (20 mA; 1.5 h) with precast Tris-HCI
polyacrylamide gels (10% polyacrylamide; Bio-Rad, Hercules, Calif.). Tear samples
collected from human subjects were also subjected to SDS-PAGE but under
nonreducing conditions, by mixing an equal volume of whole tear fluid or HPLC-
fractionated human tear fluid (see the method described above) with double-
strength SDS-PAGE sample buffer without B-mercaptoethanol.

After SDS-PAGE, proteins were transferred to nitrocellulose membranes for
detection by Western immunoblotting (30 V overnight at 4°C). Membranes were
blocked overnight at 4°C using 5% (wt/vol) skim milk with 0.1% (vol/vol) Tween-
20 in Tris-buffered saline. To detect SP-D, membranes were incubated for 1 h at
room temperature with primary antibody solution consisting of either rabbit anti-
mouse or rabbit anti-human SP-D antibody diluted 1:100 in blocking buffer. After

Fluid 1 2 3 4 5

SP-D antibody T;
labeling

FIG. 2. Western immunoblot analysis of whole and HPLC-frac-
tionated human tear fluid that was subjected to SDS-PAGE under
nonreducing conditions. Rabbit anti-human SP-D antibody detected
SP-D as a large aggregate(s) (>200 kDa) in human tear fluid. The
same aggregates eluted in HPLC fraction 3.
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FIG. 3. Western immunoblots of cell lysates derived from primary
cultured mouse corneal epithelial cells (separated by SDS-PAGE un-
der nonreducing conditions) (A) or cultured human corneal epithelial
cells (separated by SDS-PAGE under reducing conditions) (B). Puri-
fied recombinant mouse SP-D was used as a positive control. Rabbit
anti-mouse SP-D antibody detected high-molecular-mass aggregates of
SP-D in normal but not SP-D knockout mice (A) and an SP-D mono-
mer (~43 kDa) and a larger protein (~62 kDa) in cultured human
corneal epithelial cells (B).

removal of primary antibody solution, membranes were washed six times (5 min per
wash) with TBS-Tween 20 (0.1% [vol/vol]) and then exposed for 1 h at room tem-
perature to a secondary antibody (HRPO-conjugated goat anti-rabbit antibody)
diluted 1:1,000 in blocking buffer. After removal of the secondary antibody so-
lution, membranes were again washed six times (5 min per wash) with TBS-Tween
20 (0.1% [vol/vol]), and antibody-bound proteins were visualized by enhanced
chemiluminescence (NEN, Belmont, Mass.) and with Kodak X-Omat film.
Immunohistochemistry and fluorescence microscopy. Freshly harvested
mouse eyes were immersion fixed in 4% (wt/vol) paraformaldehyde in PBS. After
being rinsed several times in 0.1 M PBS, the eyes were cryoprotected by over-
night immersion in sucrose solution (30% [wt/vol] in PBS). The mouse eyes were
embedded in optimal cutting temperature medium (Ted Pella, Redding, Calif.),
frozen at —20°C, and cryosectioned vertically at 10 wm. Cryosections were
blocked for 1 h with a solution of PBS containing 1% (wt/vol) BSA, 10% (vol/vol)
goat serum, and 0.3% (vol/vol) Triton X-100. After this time, sections were
incubated with primary antibody solution (rabbit anti-mouse SP-D antibody
diluted 1:100 in blocking buffer) for 1 h at room temperature. After being washed
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FIG. 4. Detection of SP-D in the cornea by immunofluorescence microscopy. (A) Normal mouse cornea viewed by immunofluorescence
microscopy (magnification, X1,200) with (left) and without (right) exposure to rabbit anti-mouse SP-D antiserum (dilution, 1:100). (B) Another
experiment in which sections of wild-type (left) and SP-D (—/—) knockout (right) mouse corneas were exposed to the same SP-D-specific antiserum
(dilution, 1:100). SP-D was strongly expressed in the corneal epithelium of the wild-type mouse.

with PBS containing 1% (wt/vol) BSA and 0.2% (vol/vol) Triton X-100, the
sections were incubated for 1 h at room temperature with a secondary antibody
solution consisting of goat anti-rabbit IgG conjugated to Alexa-Fluor 594 (Mo-
lecular Probes, Eugene, Oreg.) diluted 1:5,000 in blocking buffer. Sections were
examined with a fluorescence microscope. Images were captured and processed
by computer with the Improvision image analysis system.

Statistical analysis. For gentamicin survival (invasion) assays, at least four
wells were used for each group of samples in all experiments, which were
repeated at least twice. The Student ¢ test and analysis of variance (ANOVA)
were used to analyze the data. P values of <0.05 were considered significant.

RESULTS

SP-D is present within human tear fluid. Whole human tear
fluid was assayed for the presence of SP-D, SP-A, and MBL by
ELISA with mannan as a substrate for collectin binding and in
the presence or absence of EDTA to test for calcium depen-
dence of the collectin-mannan interaction. SP-A and MBL
were not detected in tear fluid (data not shown), but SP-D was
present (Fig. 1), and the reduction of binding in the presence
of EDTA confirmed the calcium-dependent binding of tear

SP-D to mannan (Fig. 1). There remained, however, a compo-
nent of tear fluid binding that was not EDTA sensitive. Re-
combinant human SP-D was included in the same assay (Fig.
1), and the complete calcium dependence of its binding to
mannan was verified. By plotting absorbance versus concentra-
tion on a linear scale for recombinant human SP-D at concen-
trations of 1, 0.5, 0.25 and 0.125 pg/ml, a linear calibration
curve was obtained (y = 0.292x + 0.290; r = 0.995). From the
absorbance values for tears at 1/10, 1/20, and 1/40 dilutions, the
concentration of SP-D in tear fluid was calculated to be 4.9,
6.8, and 5.1 pg/ml, respectively. When the absorbance value for
each of these tear dilutions was corrected to subtract absor-
bance contributed by the EDTA-insensitive binding compo-
nent, the calculated estimates for SP-D in tears became 1.8,
2.5, and 2.1 pg/ml, respectively. Since the nature of the EDTA-
insensitive mannan binding is not known but could include a
subset of SP-D complexed with other tear components, the
concentration of SP-D in this tear fluid sample was concluded
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to lie within the range of 2 to 5 pg/ml. Similar results were
obtained with other human tear fluid samples.

Whole human tear fluid and HPLC-fractionated tear fluid
were separated by SDS-PAGE under nonreducing conditions
to determine if SP-D was present as monomeric, trimeric, or
higher-order aggregative forms. Western blot analysis con-
firmed the presence of SP-D in human tear fluid and showed
two tear proteins labeled by the anti-SP-D antibody. The same
two SP-D antibody-labeled proteins eluted in fraction 3 of
HPLC-separated tears (Fig. 2).

SP-D was recovered from cultured human and mouse cor-
neal epithelial cells. To determine if SP-D was also present in
the cornea, cultured mouse and human corneal epithelial cells
were lysed and subjected to SDS-PAGE, and the presence of
SP-D was determined by Western immunoblot with recombi-
nant mouse SP-D as a control and rabbit anti-mouse SP-D
antibody (cross-reactive with human SP-D). Under nonreduc-
ing conditions, SP-D aggregates (molecular mass, >250 kDa)
were detected in primary cultured mouse corneal epithelial
cells derived from C57BL/6 mice but not in lysates of corneal
epithelial cells derived from gene-targeted C57BL/6 SP-D
knockout mice (Fig. 3A) (4). SP-D was also detected in human
corneal epithelial cell lysates (reducing conditions were used in
this instance to demonstrate the SP-D monomer of 43 kDa)
(Fig. 3B). The nature of the second protein band (~62 kDa)
detected under reducing conditions in human corneal cell ly-
sates is not known, but it was also present in wild-type, but not
knockout, mouse corneal epithelial cell lysates under reducing
conditions (data not shown), suggesting that it is SP-D related.

SP-D was present within the murine cornea in vivo. Having
demonstrated the presence of SP-D in human tear fluid and in
cultured human and mouse corneal epithelial cells, it was
then of interest to know whether SP-D could be detected in
the cornea in vivo. For this purpose, normal mouse corneas
(C57BL/6 mice) were cryosectioned (see Materials and Meth-
ods) to 10-pm thickness, stained with rabbit anti-mouse SP-D
antiserum, and examined by immunofluorescence microscopy.
Control sections were prepared in which the SP-D-specific
antibody was not included. Corneas from SP-D-deficient gene-
targeted knockout mice were also used as controls. SP-D an-
tiserum was found to label the entire corneal epithelium of
normal, but not of SP-D-deficient, mice (Fig. 4).

Subtraction of SP-D from whole human tear fluid reduced
protection against P. aeruginosa invasion of corneal epithelial
cells in vitro. To determine if SP-D contributed to the ability of
human tear fluid to protect corneal epithelial cells against
P. aeruginosa invasion, SP-D was subtracted from whole hu-
man tear fluid, and the effect on tear cytoprotection was ex-
amined. Whole human tear fluid was adsorbed with mannan-
conjugated Sepharose in the presence of calcium to subtract
SP-D. An assay of adsorbed and unadsorbed tear samples by
ELISA indicated the presence of ~2 to 5 pg of SP-D/ml in the
unadsorbed tear fluid and showed depletion of SP-D by man-
nan-Sepharose adsorption (Fig. 5).

Once subtraction of SP-D was demonstrated, gentamicin
survival assays were then used to determine if tear fluid pro-
tection of corneal epithelial cells against P. aeruginosa invasion
was affected. Unprocessed human tear fluid inhibited invasion
of P. aeruginosa strain PAK into corneal epithelial cells, as
previously described (10). However, mannan-Sepharose-ad-
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FIG. 5. Subtraction of SP-D from human tear fluid with mannan-
conjugated Sepharose. Whole human tear fluid (triangles), mannan-
Sepharose adsorbed human tear fluid (squares), and recombinant
human SP-D (circles) were titrated on mannan-coated wells in the
presence of 5 mM Ca®" (solid symbols) or 5 mM EDTA (open sym-
bols). The dilution series commenced at 1 pg of recombinant human
SP-D/ml and at a 1:10 dilution of the tear fluid samples. The ELISA
was developed as described in the legend to Fig. 1. Whole tear fluid
contained ~2 to 5 pg of SP-D/ml, and this was depleted by adsorption
with mannan-conjugated Sepharose.

sorbed tear fluid (SP-D depleted) showed a reduced ability to
protect against P. aeruginosa invasion (P = 0.03; ¢ test) (Fig. 6).

This latter finding was consistent with a role for SP-D in tear
cytoprotection against P. aeruginosa invasion of epithelial cells,
although it does not preclude the involvement of other man-
nan-binding proteins in tear fluid. To examine further the
contribution of SP-D to tear cytoprotection, rabbit anti-human
SP-D antibody was used to immunoprecipitate the SP-D from
whole human tear fluid. Western immunoblot confirmed sub-
traction, but not complete removal, of SP-D from tear fluid
by this method (data not shown). Gentamicin survival assays
showed that SP-D antibody treatment of tear fluid reduced
tear protection of corneal epithelial cells against P. aeruginosa
invasion (P = 0.04; ¢ test) (Fig. 7).

Recombinant SP-D reduced P. aeruginosa invasion of cor-
neal epithelial cells. Having shown that SP-D depletion from
tear fluid reduced its cytoprotective ability against bacterial
invasion, the effect of SP-D used alone on P. aeruginosa inva-
sion of corneal epithelial cells was explored. By gentamicin
survival assays, recombinant human SP-D (3 pg/ml) reduced
corneal epithelial invasion by strain PAK by ~37% (P = 0.003;
t test) (Fig. 8A). Recombinant mouse SP-D also reduced
P. aeruginosa invasion of corneal epithelial cells in a dose-de-
pendent manner, with significant inhibition of invasion at 5 pg/
ml (35% inhibition), 10 pg/ml (47% inhibition), and 20 pg/ml
(62% inhibition) (P < 0.05; ANOVA) (Fig. 8B). SP-D did not
significantly inhibit invasion at 1 pg/ml. Trypan blue exclusion
assay controls in each experiment confirmed that recombinant
SP-D was not toxic to the cultured corneal epithelial cells (data
not shown).

Recombinant mouse SP-D did not affect the growth or swim-
ming motility of P. aeruginosa strain PAK, nor did it aggregate
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FIG. 6. Gentamicin survival assay showing that the ability of human tear fluid to protect cultured rabbit corneal epithelial cells against
P. aeruginosa invasion (strain PAK) was reduced after SP-D subtraction from tear fluid with mannan-conjugated Sepharose. *, P < 0.05 versus
control, by ANOVA; a, tears diluted 1:2 to match the dilution of adsorbed tears due to adsorption procedure (see Materials and Methods); b, 49%
increase in bacterial invasion when compared to whole tear fluid (P = 0.03; ¢ test).

bacteria at concentrations inhibitory to bacterial invasion. In
a previous study with 10 different isolates of P. aeruginosa
(including strain PAK used in the present study), we reported
that whole human tear fluid could inhibit the growth of some
P. aeruginosa strains including PAK but caused the loss of swim-
ming motility and bacterial aggregation-clumping or chain for-
mation in all strains (10). The role of SP-D in these effects of
tear fluid was explored. Examination of SP-D-subtracted tears
(either by mannan-conjugated Sepharose or immunoprecipita-
tion methods) showed that SP-D depletion did not affect the

Invasion (cfu/ml)

10000
9000
8000
7000
6000
5000
4000
3000
2000
1000
0

Control

Whole human
tear fluid

ability of tear fluid to inhibit the growth of this P. aeruginosa
strain. For example, over a 3-h time period, numbers of viable
strain PAK growing in control buffer (VBS) increased by
3.925 X 107 CFU/ml, whereas in diluted tear fluid and ad-
sorbed tear fluid (SP-D subtracted), bacterial growth was re-
duced similarly (bacterial numbers increased by 1.545 X 107
and 1.585 x 107 CFU/ml, respectively). SP-D depletion did not
affect tear fluid-mediated inhibition of P. aeruginosa swim-
ming motility or bacterial clumping and aggregation (data not
shown).

Adsorbed Tear Fluid-
SP-D removed by Anti-
SP-D antibody?

FIG. 7. Gentamicin survival assay showing that tear fluid protection against P. aeruginosa strain PAK invasion of cultured rabbit corneal
epithelial cells was reduced after SP-D subtraction from tear fluid with rabbit anti-human SP-D antibody.*, P < 0.05 versus control, by ANOVA;

a, 39% increase in invasion versus whole tears (P = 0.04; ¢ test).
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*p< 0.05, ANOVA
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FIG. 8. The effect of recombinant SP-D on P. aeruginosa invasion of cultured rabbit corneal epithelial cells. (A) Human recombinant SP-D
inhibited corneal epithelial invasion by P. aeruginosa strain PAK when compared to control tissue culture media (HBSS). (B) Mouse recombinant
SP-D significantly inhibited invasion by PAK at 5, 10, and 20 pg/ml (P < 0.05; ANOVA). SP-D at a concentration of 1 pg/ml did not significantly

inhibit invasion.

Experiments with recombinant mouse SP-D confirmed those
results. The highest concentration of SP-D that was used to
inhibit P. aeruginosa strain PAK invasion of corneal epithelial
cells (20 pwg/ml) (Fig. 8B), did not significantly inhibit the growth
of this P. aeruginosa strain over a 5-h time period, compared to
HBSS controls (P < 0.05; ANOVA) (Fig. 9). SP-D did not
inhibit the swimming motility of P. aeruginosa strain PAK over
5 h (data not shown), nor did it cause observable bacterial
chain formation, clumping, or aggregation (Fig. 10).

DISCUSSION

The data collected in this study demonstrate that SP-D is
present within human tear fluid, cultured human and mouse
corneal epithelial cells, and the mouse cornea in vivo. They
also show that SP-D contributes to tear fluid cytoprotection
against corneal epithelial cell invasion by P. aeruginosa by mech-

anisms not dependent upon inhibition of bacterial growth or
swimming motility and without visible bacterial aggregation.

Detection of SP-D, but not SP-A or MBL, in human tear
fluid is consistent with the results of previous studies showing
the presence of SP-D, but not of SP-A, mRNA and protein in
mouse lacrimal gland and tear fluids (1) and in the human
lacrimal gland (37). Recent studies have also shown the pres-
ence of SP-D in the human female reproductive tract (23). The
detection of SP-D in multiple sites outside of the respiratory
tract suggests a broader role for collectins in human innate
immunity (1, 37). The data presented in this study showing that
SP-D contributes to tear protection of epithelial cells against
invasion by an opportunistic bacterial pathogen support that
hypothesis by suggesting an additional role for this collectin in
human innate immunity.

Epithelia are important sites for SP-D synthesis in the lung
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FIG. 9. Effect of recombinant mouse SP-D on the growth of
P. aeruginosa. Recombinant SP-D (20 pg/ml) in HBSS did not signif-
icantly affect the growth of strain PAK over a 5-h time period when
compared to a HBSS control. Human tear fluid was bacteriostatic to
this strain, as previously reported (10). ¢, HBSS; m, SP-D in HBSS (20
wg/ml); A, whole human tear fluid.

(6). At least some of the detected tear fluid SP-D is likely to be
derived from the lacrimal gland (1, 37). Detection of SP-D in
the intact mouse corneal epithelium raises the possibility that
some of the tear fluid SP-D could have originated from the
ocular surface. The finding that SP-D was also detected in cul-
tured human and mouse corneal epithelial cells that were pas-
saged many times in vitro supports this possibility by showing
that corneal epithelial cells are capable of synthesizing SP-D,
at least in vitro. Whether SP-D is also synthesized by human
corneal epithelial cells in vivo and if it contributes to tear fluid
SP-D levels is yet to be determined.

For P. aeruginosa strain PAK, SP-D did not cause obvious
aggregation of bacteria, inhibition of bacterial growth, or loss
of bacterial motility, thereby excluding these factors as mech-
anisms for the inhibition of bacterial invasion. Studies of the
interaction of P. aeruginosa with monocytes and macrophages
have shown that SP-D-enhanced phagocytosis of this bacte-
rium can occur without visible aggregation of the bacteria (5,
32). Interestingly, it has been shown that SP-D can bind avidly
to the LPS core and/or O antigen of gram-negative bacteria,
e.g., Escherichia coli, Klebsiella pneumoniae, and P. aeruginosa
in a calcium-dependent manner (22, 26, 29, 35), and SP-D bind-
ing to LPS can inhibit the adhesion of K. pneumoniae to airway
epithelial cells in vitro (35). SP-D can also exhibit growth
inhibitory effects on certain gram-negative bacteria, especially
LPS-rough strains of E. coli and K. pneumoniae (39). SP-D can
bind to both LPS rough and smooth strains of P. aeruginosa
and enhances their phagocytosis by monocytes (5). Since the
LPS core is a ligand for internalization of P. aeruginosa by
epithelial cells (41) and is used for survival within those cells
after invasion (8), the mechanism by which SP-D inhibits epi-
thelial cell invasion could involve LPS interactions. SP-D has
been shown to have opposite effects on P. aeruginosa internal-

INFECT. IMMUN.

ization by macrophages and epithelial cells. Whether those
findings reflect different internalization mechanisms between
the two cell types is not yet clear. Nevertheless, each would
contribute to innate immune defense against this opportunist
bacterial pathogen.

Recent studies have shown that SP-D is susceptible to deg-
radation by P. aeruginosa elastase and phagocyte-derived pro-
teases (2, 38). These actions could reduce invasion inhibitory
effects of SP-D in vitro or in vivo.

SP-D derived from human tear fluid and primary cultured
mouse corneal epithelial cells was found to exist in a high-
molecular-mass form(s). In humans, SP-D exists as a trimer
(three 43-kDa monomers) but is known to associate to form
dodecamers and other high-order forms that could include
associations with glycoprotein 340 (GP-340, also known as
DMBT1), a putative receptor for SP-D (7, 18, 19), or secretory
IgA, which has been shown to associate with MBL (33). Both
GP-340 and secretory IgA are present in human tear fluid (17,
27, 36). Thus, the SP-D forms observed in this study could
represent aggregates of SP-D or SP-D complexed with GP-340,
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FIG. 10. Light microscopy of P. aeruginosa strain PAK in the pres-
ence of control media (HBSS) (A), recombinant mouse SP-D (20 g/
ml) (B), or whole human tear fluid (C). SP-D did not cause significant
visible aggregation of this P. aeruginosa strain over a 5-h time period
compared to tear fluid (magnification, approximately x1,500).
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IgA, or other tear-cellular factors. (Interestingly, tear SP-D
eluted in the same HPLC fraction as secretory IgA, an estab-
lished tear defense against P. aeruginosa [27]).

The detection of SP-D in human tears by mannan-binding
ELISA also revealed the presence of an additional component
displaying calcium-independent binding to the wells. It is not
known if this represents a subset of SP-D complexed with
another tear component(s). This tear component was not re-
moved by adsorption with mannan-Sepharose and could con-
tribute to the residual invasion inhibitory activity of the ad-
sorbed tear fluid.

In conclusion, the data collected in this study showed that
SP-D was involved in tear fluid protection against P. aeruginosa
invasion (10) without contributing to the ability of human tear
fluid to inhibit bacterial growth, cause bacterial aggregation, or
effect the loss of bacterial motility. Demonstration of SP-D in
human tear fluid and corneal epithelium, combined with its
ability to inhibit P. aeruginosa invasion of corneal epithelial
cells, represents a new development in our understanding of
ocular surface innate immunity and in the roles played by SP-D
in defending epithelial surfaces against microbial pathogens.
Given the multifactorial role(s) of SP-D in the respiratory
tract, it will be important to determine the full extent to which
SP-D contributes to ocular surface immunity.
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