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Summary

Background The airway epithelium acts as a protective barrier, separating the external
environment from the underlying tissue. Daily challenges result in damage to the epithelium
that, in normal individuals, is quickly and effectively repaired. In respiratory diseases, such as
asthma, this repair is compromised. Following injury to the epithelium, plasma leaks into the
airway lumen acting as a protective protein cap. Carbohydrates are mediators of epithelial
repair, however, the associated regulatory proteins remain unknown.
Objective To identify mediators of epithelial repair based on their carbohydrate moieties using
an in vitro wound repair culture model of human airway epithelial cells (1HAEo� ).
Methods Using the lectin Allomyrina dichotoma agglutinin (AlloA) as a tool, ligands essential
in the repair of damaged epithelium were characterized. AlloA was subsequently used to
purify and identify a glycoprotein associated with epithelial repair.
Results The addition of AlloA to the media of mechanically wounded monolayers inhibited
repair. Fetuin, a highly glycosylated serum protein, was identified as a glycoprotein bound by
AlloA. The addition of fetuin to serum starved monolayers stimulated wound closure.
Conclusion These results indicate that following mechanical injury to the epithelium, serum
glycoproteins, not only provide a protective barrier, but also are involved in the initiation of
wound closure.
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Introduction

As a protective barrier for the underlying tissue the airway
epithelium is routinely challenged resulting in loss of its
integrity. It is also involved in the regulation of airway
diameter [1] and mucociliary clearance [2]. Damage to the
epithelium is a common pathological finding in asthma
[3]. As barrier function is essential for preventing the
penetration of noxious particles to the underlying tissue,
epithelial repair occurs quickly, restoring the barrier’s
integrity [4]. Typically, bronchoalveolar lavage (BAL)
fluid from asthmatic subjects contains creola bodies [5]
and an increased presence of eosinophils, even when the
clinical diagnosis of the disease is mild [6]. The accumula-
tion of damage in asthma and the increased sloughing of
epithelial cells suggest a defect in the repair mechanism or
an increased susceptibility to injury. The chronic nature of

this damage results in the loss of barrier integrity and
epithelial function. As such, remodelling of the airways
and airway hyper-reactivity as seen in asthma, may be a
result of this chronic and excessive damage [7]. These
findings highlight the importance of efficient and effec-
tive repair of the epithelium following injury.

Following the loss of columnar epithelial cells, the
subsequent repair involves the flattening and migration
of neighbouring basal cells into the damaged area. This is
followed by proliferation and differentiation, to restore
the pseudo-stratified epithelium [8]. Cell culture models
have been developed to study repair in vitro. Mechanically
wounded monolayers of airway epithelial cells have been
used to follow repair kinetics and to characterize the
associated phenotype. Zahm et al. [9] have demonstrated
that the cells adjacent to the wound migrated to repopu-
late the injured site. Increased proliferation was only seen
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in cells distant from the wound [4]. This evidence suggests
the initiation of repair is a tightly regulated process
involving a specific subset of cells in proximity to the
damaged area. Completion of the repair may require
migration of cells from locations remote to the initial
injury and subsequently replaced by proliferation. Models
have demonstrated the kinetics of and some of the
molecular elements that contribute to the morphological
changes observed during epithelial wound repair [10–12].

The importance of carbohydrates in cellular functions has
been well documented. Carbohydrate structures attached to
the surface of cells via proteins or lipids are critical in the
function of many cell types such as cell adhesion [13, 14],
proliferation [15], growth potential [16] and migration. In
epithelial cells, it has been shown that migratory cells
express different cell-surface carbohydrates than stationary
cells [17]. Cell-surface glycosylation profiles of airway
epithelial cells were mapped and different cell types present
a unique set of carbohydrates on their surfaces [18].
Subsequent work demonstrated that following mechanical
injury, airway epithelial cell glycosylation profiles change
coordinate with repair [19]. An essential role for carbohy-
drates in repair was identified using an in vitro model.
Treatment of wounded monolayers with tunicamycin, an N-
glycosylation inhibitor resulted in the loss of wound repair.
Furthermore, the removal of terminal fucose prevented
wound closure completely [20]. Adam et al. [21] demon-
strated that the lectin, wheat germ agglutinin (WGA), binds
the surface of airway epithelial cells and inhibits repair. The
authors suggest that the lectin ligand plays a significant role
in epithelial repair. In both of these studies, the work went
no further as to identify to molecule(s) associated with the
carbohydrate ligands.

Work in vivo has demonstrated the extravasation of
bulk plasma into the airway lumen from the underlying
microvessels following injury [22]. Plasma exudation
occurs rapidly following epithelial loss and is coordinate
with initial healing. This plasma-derived gel provides an
immediate protective physical barrier. It is rich in fibro-
nectin and other matrix molecules that may be involved in
the stimulation of epithelial repair [23]. Plasma contains
cytokines that may exert biological activity in airways
flooded with exudates [24]. The repair of the damaged
epithelium is initiated and proceeds much more promptly
in vivo relative to repair described in cell culture experi-
ments [25]. This suggests the presence of epithelial repair
factors in the microcirculation. The role of serum glyco-
proteins in epithelial repair has not been described.

Allomyrina dichotoma agglutinin (AlloA) is a C-type
lectin specific for a-D-galactose containing oligosacchar-
ides similar to the binding specificity of human lectins
such as the asialoglycoprotein receptor (ASGPR). We have
demonstrated that, following mechanical injury, exposure
to AlloA prevented wound closure of airway epithelial
cells. The AlloA-specific glycoprotein responsible for ef-

fecting in vitro wound closure is the serum protein fetuin.
The addition of fetuin to serum deprived cell cultures
stimulated the initiation of wound closure. This study
demonstrates the role that plasma and serum glycoproteins
have in the repair of damaged airway epithelium.

Materials and methods

Cell culture

Normal human airway epithelial cells (1HAEo� ) were a
gift from Dr D. Gruenert, University of Burlington, VT
[26]. 1HAEo� cells are SV40-transformed normal human
airway epithelial cells that have been characterized pre-
viously [27, 28] and express multiple surface carbohy-
drate markers of primary basal airway epithelial cells [18].
They were grown in culture for lectin histochemistry,
wound repair kinetics and protein extraction as previously
described [18]. Cells were collected by incubation in
0.25% trypsin and 1.0 mM EDTA prior to lifting for protein
collection.

Monolayer wound creation and lectin cytochemistry

Monolayers were grown to confluence and small circular
wounds (1.0–2.0 mm2) were created using a small rubber
dental GUMs Stimulator (Sunstar Butler, Guelph,
Canada). Lectin cytochemistry was carried out as de-
scribed previously [20]. At timepoints 0, 6, 12 and 24 h
after the creation of the wound, cells were fixed with 4%
paraformaldehyde at room temperature (RT) for 4 h.
Monolayers were incubated with biotinylated lectins Al-
loA and Griffonia simplicifolia agglutinin (GSa-1, 5 mg/
mL, EY Laboratories Inc., San Mateo, CA, USA) in HEPES
buffer without BSA. Microscope images were photo-
graphed with a Sony Iris charge-coupled device camera
(Sony, Rolling Meadows, IL, USA) on a Nikon Diaphot
inverted stage microscope. Video images were digitized
with a Macintosh computer and Apple Video Player soft-
ware (Apple Computer, Cupertino, CA, USA).

Monolayer wound repair assays

This assay was carried out as has been described pre-
viously [11, 29, 30]. Briefly, cells were grown to conflu-
ence in six-well dishes and circular wounds (�2.0 mm2)
were created using a small rubber stylet (four wounds per
well). After wounding, cells were washed with medium
without FBS. Treatment of the cells included an unstimu-
lated control incubated in the medium without FBS. The
remaining five wells were incubated in medium with 10%
FBS and each with 15 ng/mL human epidermal growth
factor (EGF) (Invitrogen, Borlington, Canada) and uncon-
jugated AlloA (EY Laboratories Inc.) at 0, 10, 25, 50 and
100 mg/mL. Wounds were imaged at t = 0, 6, 12, 18 and
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24 h after wounding using a Nikon Eclipse TE200 inverted
scope equipped with a Nikon Missiauga, Canada, Coolpix
E995. Wound area was calculated by manual tracing and
area calculation software (ImagePro Plus 32). As a control,
GSa-1 lectin was added to the culture media at the same
doses as AlloA to determine the effect of a non-specific
lectin on wound closure. A similar protocol was per-
formed with serum protein stimulation of wound repair.
1HAEo� cells were grown to confluence and serum
starved for 24 h. Fetuin (Sigma, Oakville, Canada) was
added in increasing doses (0.03–1.0 mg/mL) to the serum-
free medium. Wounds were imaged at t = 0, 6, 12 and 24
and closure rates were determined as described above.

Lectin precipitation assay

1HAEo� cells were grown to confluence, a wound was
created in the monolayer of cells using a cell scraper
(Sarstdedt, Montreal, Canada). The wound size was large
enough to remain open at 18h. Wounded monolayers were
washed with phosphate-buffered saline (PBS). DMEM plus
10% FBS was added. After 18h in culture, the growth
medium was removed and monolayers were washed with
PBS to remove any remaining media. Protein lysis buffer
(1% Nonidet P-40 (NP-40), 0.25% sodium deoxycholate
(Na-DOC), 150 mM sodium chloride (NaCl), 1 mM ethylene-
glycotetraacetic (EGTA), 1 mM phenylmethylsulphonyl
fluoride (PMSF), 1mg/mL aprotinin, 1mg/mL pepstatin, 1m
g/mL leupeptin, 1 mM sodium vanadate (Na3VO4), and 1 mM

sodium fluoride) was added to the monolayer, the dish was
scraped and the suspension was transferred into 1.5 mL
microcentrifuge tube and tumbled for 15 min at 4 1C before
centrifugation at 12 000� g at 4 1C for 10 min. Protein
concentrations were determined for each of the lysates
using the BCA protein assay kit (Pierce, Rockford, IL, USA).
Protein (200mg) was diluted into 250mL final volume with
lectin buffer (10 mM HEPES, 150 mM NaCl, 1 mM MgCl2,
1 mM CaCl2, pH 7.2.) with protease inhibitors (Sigma, P-
8340). Before specific lectin precipitation, the non-specific
proteins were cleared from the protein lysates by the
addition of 60mL of avidin–agarose beads (Sigma, S-1638).
Following incubation for 1 h at 4 1C, the beads were
precipitated at 12 000� g and the supernatant was trans-
ferred to a 1.5 mL microcentrifuge tube. Twenty micrograms
of biotinylated lectin was added to the supernatant and
incubated overnight at 4 1C. To precipitate the lectin speci-
fic-proteins, the supernatant was incubated with 60mL of
60 : 40 avidin–agarose beads slurry for 1 h. The beads were
precipitated and the pellet was washed twice with lectin
buffer. Precipitated proteins were denatured in SDS buffer.

Protein purification and sequencing

Precipitated proteins were separated by SDS-PAGE. The
gel was stained with Coomassie R-250 and destained

overnight in 30% methanol, 10% acetic acid. Selection of
bands for sequencing was based on visual assessment. The
purified band was excised from the gel and sequenced via
MALDI-TOF MS analysis (The University of Victoria –
Genome British Columbia Proteomics Centre, www.pro
teincentre.com). Briefly, excised protein was subjected to
tryptic digestion and spotted onto MALDI-TOF plates with
a-cyno-4-hydroxycinnamic acid (CHCA) matrix using
conditioned C18 ZipTips (Millipore, Nepean, Canada).
ZipTips were conditioned using successive washes of;
100% acetonitrile, 50% acetonitrile 0.1% trifluoroacetic
acid (TFA), and 0.1% TFA. Ten microtiters of the digested
sample was then loaded onto the ZipTip. The bound
peptides were then washed 3� with 0.1% TFA. The
peptides were then eluted directly onto a MALDI target
plate using 1 mL of a 10 mg/mL solution CHCA in 50%
acetonitrile, 0.1% TFA. Peptide mass fingerprints were
obtained using MALDI-TOF mass spectrometry (Applied
Biosystems Streetsville, Canada, Voyager DE-STR MALDI-
TOF). Spectra were acquired in positive ion mode using
the ion reflector at an accelerating voltage of 20 kV. A
total of 100 scans were averaged to create the final
spectrum. The grid voltage was set to 65% of the accel-
erating voltage and a delay time of 80 ns was used. Peptide
mass data was submitted to MASCOT database for protein
identification (http://www.matrixscience.com/).

Statistics

Values are presented as means� SE. The significance of
differences between means was assessed by analysis
of variance followed by the Tukey–HSD test, with the
level of significance set at Po 0.05.

Results

Lectin staining of wounded airway epithelial cell mono-
layers. AlloA staining of 1HAEo� cells accumulates
following mechanical injury (Fig. 1a–d). Before mechan-
ical wounding, there is negligible AlloA staining, repre-
senting baseline (Fig. 1a). Monolayers fixed 6 h after
wounding demonstrated AlloA-positive staining only on
cells in proximity to the wounded area (Fig. 1b) relative to
the baseline (Fig. 1a). Monolayers fixed at 12 and 24 h
after wounding had a dramatic accumulation of AlloA-
positive-stained cells inside the wound area (Figs 1c and d).
Lectin staining with GSa-1, a lectin with similar carbohy-
drate specificity to AlloA, demonstrated a completely
different staining pattern than that observed using AlloA
(Figs 1e and f). Similar to AlloA staining, prior to mechan-
ical injury, GSa-1 staining is absent (Fig. 1e). Following
mechanical injury and 24 h repair, there was very little
change in GSa-1-positive staining cells relative to the
corresponding AlloA staining (Fig. 1d).
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Effect of AlloA on wounded airway epithelial monolayer
repair. Representative images of wound closure for ser-
um-free (Control) and EGF 1 serum stimulated mono-
layers demonstrate closure over time (Fig. 2). Control
serum-free monolayer wounds closed slowly over a 24 h
period, while closure in the presence of serum and EGF
progressed to near completion after 24 h. Representative
images of AlloA treatments highlight the wound closure

inhibition capability of AlloA. Low dose AlloA (10 mg/mL)
demonstrates very little effect with respect to inhibiting
wound closure. Increasing the concentration of AlloA
(100 mg/mL) resulted in large wound areas remaining after
24 h of repair. Wounds in the presence of GSa-1 at the
same dose (100 mg/mL) closed completely over the same
24 h period. Mean initial wound area for each of the
wounds used in this study was 2.38� 0.15 mm2. Initial

Fig. 1. AlloA and GSa-1 lectin binding on the surface of human airway epithelial cells (1HAEo� ) monolayers. AlloA-positive staining cell numbers
increased over time and accumulate in the disrupted site following mechanical injury. (a) No mechanical injury demonstrates the negative baseline
pattern of AlloA staining, (b) 6 h repair, (c) 12 h repair and (d) 24 h repair demonstrate a pattern of increasing AlloA staining in proximity to the damaged
site. GSa-1 lectin staining of 1HAEo cells results in negative baseline in both (e) confluent and (f) 24 h repair monolayers. Original magnification � 200.
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wound areas for monolayers for both AlloA and GSa-1
treatment were equivalent and consistent. Treatment of
several wounds each with varying amounts of the AlloA
lectin, revealed inhibition of wound closure in a dose-
dependant manner (Fig. 3a). Wounds grown in 10% FBS
with 15 ng/mL EGF closed substantially over the 24 h
period (9.2� 1.3% initial wound area remaining) relative
to unstimulated serum-free control wounds (61.4� 3.3%).
After 24 h, wounds treated with 10 mg/mL AlloA had very
little inhibition of wound closure (14.7� 3.0%). Increas-
ing the dose of AlloA to 25 and 50 mg/mL resulted in

increased inhibition of wound closure (24.8� 2.9% and
26.9� 2.3% respectively). The addition of AlloA at 100 m
g/mL produced significant inhibition of serum-stimulated
wound closure (53.6� 3.4%). There was no statistical
difference between repair closure rates for the unstimu-
lated serum-free monolayers and the 100 mg/mL AlloA-
treated cell monolayers (61.4� 3.3% vs. 53.6� 3.4%). In a
dose-dependant manner, the addition of AlloA inhibited
stimulated wound closure to rates similar to the unstimu-
lated control (nX4 for all experiments).

The lectin GSa-1 was used as a control for the AlloA
experiment to demonstrate the inhibition was lectin
specific. Despite similar carbohydrate specificity, GSa-1
lectin does not bind basal cells of the intact epithelium

Fig. 2. Representative phase-contrast images of wounded human airway
epithelial cells (1HAEo� ) and wound closure inhibition caused by
Allomyrina dichotoma agglutinin (AlloA) at the indicated times. Control
(serum free), serum1epidermal growth factor (EGF) (10% FBS, 15 ng/mL
EGF), 10 and 100 mg/mL AlloA and 100mg/mL GSa-1 images are shown.
The inhibition of repair after AlloA addition to wounded 1HAEo�

monolayers in culture is dose dependent. This effect is not shared with
GSa-1, as its addition added to the culture media resulted in no wound
closure inhibition. Manual traces are included for illustrative purposes.
Original magnification � 40.
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Fig. 3. Closure of 1HAEo� wounds in the presence of lectins. (a)
Allomyrina dichotoma agglutinin (AlloA) in increasing amounts (10–100
mg/mL) disrupted the kinetics of wound closure in a dose-dependent
manner. Controls included negative unstimulated (Control) and stimu-
lated (serum1 epidermal growth factor (EGF)) monolayers. After 24 h
repair (a) a dose response is shown as a result of the AlloA treatments. A
marked reduction in wound repair was demonstrated at the 100mg/mL
level. This effect was lost as the lectin concentration was reduced such
that there is no statistical difference in wound closure of the 10 mg/mL
AlloA relative to the serum1EGF-stimulated control. Treatment with (b)
GSa-1 resulted in no wound closure inhibition over the same range of
lectin doses. NX3 for all experiments, �Po 0.05 relative to EGF-
stimulated repair.
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[18] nor does it bind the surface of 1HAEo� cells during
wound closure (Fig. 1). Using GSa-1 at the same doses as
AlloA (10–100 mg/mL), wound closure was followed for
24 h (Fig. 3b, nX3 for all experiments). GSa-1 demon-
strated no inhibition, at any time-point, of the serum-
stimulated control wound closure. The closure rates for
the independent controls of the AlloA and GSa-1 were
similar. These findings suggest that AlloA is binding a
carbohydrate on a structure critical in the effective repair
of damaged airway epithelial cells.

Purification of AlloA-specific glycoproteins. Differences
were observed in the protein profiles generated by lectin-
specific precipitations from each of the cell lysates (Fig. 4).
A protein band that was enriched in the AlloA precipitates
of wounded monolayers relative to the confluent mono-
layers and absent from the GSa-1 lectin precipitation was
selected for further analysis. The 62 kDa band was present
only in the AlloA lectin precipitations (Fig. 4a) and absent
from GSa-1 precipitations (Fig. 4b). By MALDI-TOF se-
quencing, this protein band was identified as bovine
fetuin. As fetuin is a component of FBS, this bovine
protein originated from the culture medium. Fetuin was
present in our protein extracts despite a thorough washing
of the monolayer before protein collection. Considering
our AlloA lectin staining of 1HAEo� monolayers and the
precipitation of fetuin with AlloA suggested fetuin may

bind a cell surface receptor whose presentation on the cell
surface increases following mechanical injury. As AlloA
specifically bound fetuin, increasing competition for
binding by AlloA with the human cellular receptor for
fetuin may be responsible for the observed dose-depen-
dant AlloA inhibition of wound closure. Furthermore, the
glycosylated structure is a likely and important compo-
nent of this interaction. Bovine and human fetuin are both
highly glycosylated and similar in structure. As such they
potentially bind to the same human lectin or receptor.

Effect of serum glycoproteins on wound closure. Serum
glycoproteins may participate in repair by augmenting
closure rates. We tested fetuin in our model of monolayer
wound repair (Fig. 5). Fetuin was identified as a protein
that AlloA binds to inhibit wound repair. Mean initial
wound area for the wounds used in this study was
1.27� 0.32 mm2. Initial wound areas for monolayers
within each experimental series were equivalent and
consistent. Considering the percentage remaining of the
initial wound area, control serum-free wounds closed
slowly over a 24 h period (65.1� 3.3%), whereas wounds
grown in 10% FBS closed such that the remaining wound
was a fraction of its original size over the same 24 h period
(8.9� 3.5%). The addition of fetuin (0.03–1.0 mg/mL) to
the culture media-stimulated wound closure in a dose-
and time-dependant manner relative to untreated control
wounds (Fig. 5). Following 12 h of repair, the percentage
of the initial wound area remaining relative to untreated
control monolayers was significant only in those treated

Fig. 4. Lectin precipitation profiles of human airway epithelial cells
(1HAEo� ) monolayers protein extracts. Protein extracts from confluent
and wounded monolayers were incubated with biotinylated lectins (15m
g/mL) and avidin agarose beads as described in ‘Materials and methods’.
Precipitated proteins were separated by 10% SDS-PAGE and the gel was
stained with Coomassie R-250. Lectin controls were included in the gel to
identify the lectin. Differences were observed between Allomyrina
dichotoma agglutinin (AlloA) (a) and GSa-1 (b) precipitations. One
protein band of 62 kDa was present only in the AlloA precipitations and
appeared to be enriched in the wounded monolayer preparations. The
62 kDa AlloA-specific band (two-headed black arrow) was identified as
bovine fetuin by protein sequencing.
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Fig. 5. Wound closure stimulation by serum glycoproteins. Cells were
grown to confluence and serum starved for 24 h. Small circular wounds
were created. Following wounding, the negative control was incubated in
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containing medium (10% FBS). Treatment monolayers were wounded
and incubated in serum-free media with the glycoprotein fetuin added.
Wound closure was followed using time-lapse videomicroscopy. The
serum glycoprotein fetuin stimulates wound closure of serum deprived
human airway epithelial cells monolayers. n = 4 for all experiments,
Po 0.05 relative to the unstimulated serum-free control.
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with 1.0 mg/mL fetuin (58.6� 13.2% vs. 79.1� 3.1% for
control, N = 4). Following 24 h of repair, closure of
wounds treated with both 0.3 and 1.0 mg/mL was signifi-
cantly simulated relative to the untreated serum-free
control wounds (37.1� 4.7% and 19.6� 4.7%, respec-
tively vs. 65.1� 6.8% for control). Despite an additional
10-fold increase in the concentration of fetuin (10 mg/
mL), wound closure rates were still not equivalent to that
effected by 10% FCS (data not shown). Fetuin alone may
only be one of many required mediators to the initial
events of repair.

Discussion

Asthma is a disease of the lower airways, described as
reversible airflow obstruction because of inflammation
and airways hyper-reactivity. For this reason, most ther-
apeutic and research approaches have focused on the
symptomatic control of the disease through anti-inflam-
matory steroids and bronchodilation. However, patholo-
gical studies of patients who died as a result of severe
asthma had phenotypic changes in their airways including
chronic damage to the airway epithelium [7] suggesting a
defect in the mechanism of repair. The mediators of this
repair remain unknown. Using a model of epithelial
wound repair, we hoped to identify novel mediators that
could be applied to future studies. In this study we have
shown that the addition of fetuin, a serum glycoprotein,
stimulated 1HAEo� wounds in culture. Furthermore
ASGPR, a serum protein receptor and human lectin is
expressed by airway epithelial cells in our model of
wound repair (data not shown). The data suggests that
serum glycoproteins play a role in the stimulation of
airway epithelial wound repair. Glycoproteins appear to
be an important component in this wound repair model,
and may act through a galactose binding serum protein
receptor such as the ASGPR. The role for serum glycopro-
teins and human lectins in disease is a growing field that
requires further study.

Our wound repair model results expand on work done
previously that revealed the importance of carbohydrates
in airway epithelial repair as well the presence of serum
glycoproteins in the airways as a result of damage to the
epithelium. Work by White et al. [31] has shown that lectins
can be added to the culture media to competitively inhibit
the receptor–ligand interaction ultimately inhibiting cellu-
lar functions. The authors in this study demonstrated that
the addition of WGA following mechanical injury competi-
tively inhibits a-dystroglycan binding of laminin. WGA is a
lectin that binds N-actylglucosamine containing oligosac-
charides. Conversely, AlloA is a C-type lectin that binds
terminal galactose containing oligosaccharides [32] and
would therefore associate with a unique group of ligands
compared with WGA. In our repair model, the addition of
AlloA resulted in the inhibition of wound closure, despite

stimulation with EGF and the presence of serum in the
culture media. These findings suggest that AlloA effects
inhibition of wound closure by two possible mechanisms.
AlloA may bind a membrane glycoprotein such as a
receptor, inhibiting its critical function. Conversely AlloA
in the culture media is binding essential glycoproteins
found within the media, blocking the processes of cell
surface binding required for the downstream signalling
and cellular activation. AlloA has previously been identi-
fied as a mitogenic factor of mature T cells [33]. These
finding were cell type specific, as the same effect was not
seen in B cells and may explain the differences in effect that
we observed in airway epithelial cells.

The glycoprotein bound by AlloA was identified by
lectin precipitations and protein sequencing as fetuin.
Fetuin was present in the AlloA precipitations and absent
in the GSa-1 precipitations. As the media was completely
removed and the cells were washed before protein extrac-
tion, the presence of fetuin in the protein extracts, and
subsequently the AlloA precipitations, can only be ex-
plained if the fetuin is bound by a cell surface receptor on
the airway epithelial cells. The binding of fetuin to the cell
surface is supported by our AlloA lectin histochemistry
results where the AlloA-positive staining on the cell sur-
face is attributed to bound fetuin.

The presence of serum glycoproteins in the airway was
first observed in the work of Erjefalt et al. [22]. Almost
immediately after the epithelium is damaged, cells in the
wound margin phenotypically change to basal-like cells
and flatten out to restore the physical barrier lost in the
shedding of epithelial columnar cells [8, 34]. Following
mechanical injury to guinea-pig trachea, plasma from the
microcirculation exudes into the region of damage and
provides an immediate cover of the denuded basement
membrane [22]. In our culture model, bovine fetuin
present in the media is responsible for the initial stimula-
tion of closure. Recently in human lungs, proteomic
analysis of oedema fluid and BAL fluid from acute lung
injury (ALI) patients had an increase in the a2-Heremans-
Schmid-glycoprotein (human fetuin) [35]. The presence of
human fetuin in the luminal space of the lung following
injury corresponds with our findings. Damage to the
airway epithelium would facilitate the binding of serum
glycoproteins to their cellular receptor and signal that
migration and repair are needed.

The addition of fetuin to the culture media resulted in a
stimulation of wound closure in our model. Over the full
range of fetuin treatments (0.03–1.0 mg/mL), there was a
dose-dependent increase in wound closure relative to the
unstimulated control (Fig. 5). Interestingly, with a 10-fold
increase in fetuin (10.0 mg/mL) wound repair was not fully
restored to the level of serum-stimulated closure (data not
shown). We suggest that fetuin plays a role in the complex
repair processes, however, it is likely one of several serum
factors necessary for repair. The addition of fetuin alone
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initiates closure in conjunction with physical barrier re-
establishment. Subsequent factors present in the plasma
that exudes into the airway would be required for com-
plete repair. In the presence of serum, wound closure
continues to progress at a rate much greater than that in
the presence of fetuin alone. Its addition alone, in the
absence of the additional factors present in serum, is
insufficient to restore epithelial repair completely. As a
result, dramatically increasing the fetuin concentration
had no cumulative effect on wound closure stimulation.

Fetuin is a highly glycosylated protein whose function
is not well understood. It has been implicated in the
deactivation of macrophages through binding to its only
known receptor, the ASGPR [36]. The ASGPR is a C-type
lectin that is similar to AlloA, binds galactose-containing
glycoproteins. ASGPR has primarily been studied in the
liver and is responsible for the clearance and endocytosis
of serum glycoproteins [37]. It has been detected in non-
hepatic tissues, however lung was not included [38]. The
ASGPR is expressed in our in vitro model of airway
epithelial repair and may be one of the potential fetuin
receptors responsible for the fetuin stimulation of wound
closure. Future studies should also consider the expression
and function of ASGPR, other serum protein receptors and
human lectins in normal and asthmatic tissue.

Complex interactions and signalling pathways are re-
sponsible for the level of organization required to perform
repair. In the epithelium, this involves cell migration,
proliferation and differentiation. Holgate et al. [39] has
suggested that the asthmatic epithelium is locked in a
chronically repairing phenotype acting as a continuous
source of pro-inflammatory products and growth factors
that drive airway remodelling. We have highlighted the
importance of serum glycoproteins in the processes of
epithelial repair. In other inflammatory conditions, the
released cytokines are known to affect the glycosylation
phenotype [40]. If the inflammatory environment of the
asthmatic airway alters glycosylation such that the receptor
interaction with serum proteins is affected, this may result
in the accumulation of epithelial damage as the initiation of
repair would be impaired. Cell surface glycosylation in
asthmatics has been demonstrated as abnormal [41]. Our
results add to the previous findings that serum glycopro-
teins provide not only a protective barrier to sites of injury
on the airway epithelium, but also actively stimulate airway
epithelial repair. This study also demonstrates that glycosy-
lated structures are an important part of this repair process
and may provide new insight for research and therapeutic
approaches in diseases where the presence of damage to the
epithelium is a common observation.
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