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Abstract

The lung epithelial glycocalyx is a carbohydrate-enriched layer lining
the pulmonary epithelial surface. Although epithelial glycocalyx
visualization has been reported, its composition and function remain
unknown. Using immunofluorescence and mass spectrometry, we
identified heparan sulfate (HS) and chondroitin sulfate within the
lung epithelial glycocalyx. In vivo selective enzymatic degradation
of epithelial HS, but not chondroitin sulfate, increased lung
permeability. Using mass spectrometry and gel electrophoresis
approaches to determine the fate of epithelial HS during lung injury,
we detected shedding of 20 saccharide-long or greater HS into BAL
fluid in intratracheal LPS-treated mice. Furthermore, airspace HS
in clinical samples from patients with acute respiratory distress
syndrome correlated with indices of alveolar permeability, reflecting
the clinical relevance of these findings. The length of HS shed during
intratracheal LPS-induced injury (=20 saccharides) suggests

cleavage of the proteoglycan anchoring HS to the epithelial surface,
rather than cleavage of HS itself. We used pharmacologic and
transgenic animal approaches to determine that matrix
metalloproteinases partially mediate HS shedding during
intratracheal LPS-induced lung injury. Although there was a trend
toward decreased alveolar permeability after treatment with the
matrix metalloproteinase inhibitor, doxycycline, this did not reach
statistical significance. These studies suggest that epithelial HS
contributes to the lung epithelial barrier and its degradation is
sufficient to increase lung permeability. The partial reduction of HS
shedding achieved with doxycycline is not sufficient to rescue
epithelial barrier function during intratracheal LPS-induced lung
injury; however, whether complete attenuation of HS shedding is
sufficient to rescue epithelial barrier function remains unknown.
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The glycocalyx, a carbohydrate-enriched
layer lining the cell surface, has long been an
understudied cellular structural element.
Artifactual degradation of the glycocalyx
during tissue fixation has made visualizing
and studying cell glycocalyces difficult,
especially in whole-tissue preparations (1).
The use of periodic acid-Schiff and

colloidal iron staining allowed for the first
description of the glycocalyx by identifying
negatively charged carbohydrates on the
surface of numerous cell types (2). Since
these initial studies, electron microscopy
and immunohistochemistry have been
increasingly used to visualize glycocalyces
on numerous cell types in several different

organs, including on the pulmonary
endothelial and epithelial surfaces (3, 4).
The pulmonary endothelial glycocalyx is
known to contribute to critical vascular
functions, such as endothelial barrier
integrity, mechanotransduction of shear
stress, regulation of vascular tone, and
inhibition of leukocyte adhesion (5-9). In
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contrast, the structure and function of the
pulmonary epithelial glycocalyx, and its
fate during lung injury, remain nearly
entirely unknown.

Heparan sulfate (HS) is a
glycosaminoglycan (GAG) that critically
contributes to the structure and function of
the glycocalyx in numerous cell types (10,
11). HS is anchored to the cell surface
through covalent bonds to transmembrane
proteoglycans; together, these protein-HS
complexes are termed “HS proteoglycans”
(HSPGs). HS is synthesized in the Golgi
apparatus through copolymerization of
glucosamine and glucuronic acid
disaccharide units. The resulting linear
copolymer may be further modified by
epimerization of glucuronic acid to
iduronic acid, as well as sulfation at specific
sites within the repeating dissacharide unit:
at the amino (N-), 6-O, or 3-O position of
glucosamine and/or the 2-O position of
iduronic acid (see Figure E2A in the data
supplement) (12). Sequences of sulfation of
HS at various sites impart HS with a
landscape of negative charges that allows
HS to bind proteins with specificity, thereby
regulating their function through
electrostatic interactions. Although others
have demonstrated expression of
proteoglycans in the lung epithelium and
have studied the effect of HS-modifying
enzymes on lung epithelial cells, the
structure and function of epithelial cell
surface HS in the healthy adult lung is
unknown (13-16).

During tissue inflammation and injury,
the structure and function of glycocalyx HS
can be disrupted (8, 17, 18). After
nonpulmonary sepsis-induced (i.e.,
endothelial-targeted) lung injury,
endothelial glycocalyx HS is degraded by
heparanase (a HS-specific mammalian
endoglycosidase), releasing small (<8
saccharide-long) HS fragments into the
circulation (19). This septic HS degradation
disrupts the critical vascular functions of
the endothelial glycocalyx, resulting in lung
edema and neutrophil adhesion—two
pathogenic hallmarks of sepsis-induced
acute lung injury and the acute respiratory
distress syndrome (ARDS) (8). In contrast,
epithelial insults do not appear to primarily
target the endothelial glycocalyx, as human
studies demonstrate a relative paucity of
circulating HS and HSPGs after “direct”
(i.e., epithelial-targeted) pulmonary injury
(19, 20). Instead, these direct pulmonary
insults may degrade epithelial HS.
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Bleomycin-induced lung injury induces
matrix metalloproteinase (MMP)-7-
mediated shedding of syndecan-1 (an
epithelial HSPG) into the alveolar space,
and in vitro models of alveolar epithelial
injury are characterized by shedding of
syndecans 1 and 4 via activation of
disintegrin and metalloproteinase
(ADAM)-17 (13, 14). Reactive oxygen
species (ROS) may additionally serve as
HSPG “sheddases” during acute lung
injury, as proteoglycan and HS
fragmentation can be prevented by
extracellular superoxide dismutase (EC-
SOD) (21). Despite this previous literature,
the specific effect of HS shedding on lung
injury and epithelial permeability in vivo
has not been studied. As such, we aimed
to identify the presence and function of
HS within the healthy lung epithelial
glycocalyx, and we hypothesized that
intact epithelial HS is critical for alveolar
barrier function maintenance, and that
shedding of HS from the lung epithelium
contributes to the increased lung
permeability during intratracheal injury.

Methods

Materials
Materials used are listed in the
supplementary METHODS.

Animals
The animals used are listed in the
supplementary METHODS.

Alveolar Epithelial HS and Chondroitin
Sulfate Degradation

To confirm the presence, and determine the
sulfation pattern and effect of epithelial HS
and chondroitin sulfate (CS) degradation,
we anesthetized mice with inhaled
isoflurane and, using a mouse laryngoscope,
intratracheally instilled 15 U active or heat-
inactivated (HI) heparinase I/III in 40 ul to
degrade epithelial HS, or 2 U active or HI
chondroitinase ABC in 40 pl to degrade
epithelial CS. For experiments in which
mice were treated with heparinase I/III-
generated HS fragments, 8.75 pg full-
length HS (Celsus Laboratories), was
treated with 4.375 U active or HI
heparinase I/III for 3 hours at 37°C. The
heparinase-HS mixture was then heat
inactivated at 100°C for 15 minutes and
intratracheally instilled. Animals were
killed 12, 24, and/or 72 hours after

instillation and samples collected as
detailed in the supplementary METHODS.

Intratracheal LPS-induced Lung Injury
To induce intratracheal LPS-mediated lung
injury, animals were intratracheally
instilled, as described previously here, with
3 mg/kg LPS from Escherichia coli O55:B5
or PBS (30 pl) and killed 12 hours, 2 days,
4 days, and/or 6 days after instillation. For
experiments containing TNF-a protease
inhibitor-2 (TAPI-2), mice were treated
concurrently with intratracheal LPS and

1 mg/kg TAPI-2, a dose sufficient to inhibit
ADAM-17 (22), and killed 2 days after
instillation. For experiments containing
doxycycline, mice were treated with

70 mg/kg oral doxycycline hyclate by
gavage (a dose sufficient to inhibit broad-
spectrum MMP activity [23]) every

24 hours beginning 3 days before
intratracheal LPS until being killed 2 days
after intratracheal LPS instillation. For
experiments using EC-SOD overexpressing
and MMP-9 knockout (MMP9ko) mice,
animals were killed 2 days after
intratracheal LPS instillation. After death,
samples were collected as detailed in the
supplementary METHODs.

Heat and Moisture Exchanger
Collection

The Vanderbilt University Medical Center
Institutional Review Board approved this
minimal-risk study with a waiver of
informed consent, as heat and moisture
exchanger (HME) filters are part of routine
clinical care, and used filters are typically
discarded. Subjects were eligible if they were
invasively mechanically ventilated and had
bilateral radiographic infiltrates consistent
ARDS (24). HME filters were collected and
processed as described in the
supplementary METHODs.

Isolation, Quantification, and Size
Determination of HME Fluid, BAL
Fluid, and Plasma HS and CS

HS and CS were isolated from plasma, BAL
fluid, and HME fluid by GAG disaccharide
digestion (25). HS and CS disaccharide
analyses were then performed using liquid
chromatography-tandem mass
spectrometry (LC-MS/MS) multiple
reaction monitoring (MRM), as detailed in
the supplementary MetHODS. BAL sulfated
GAG size was determined by PAGE and
Alcian blue/silver staining, as detailed in
the supplementary METHODS.
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Lung/Alveolar Permeability, Edema,
and Inflammation Quantification

BAL cell counts, total BAL protein, BAL
albumin, and lung wet/dry ratio were
quantified as detailed in the supplementary
METHODS.

Molecular Biology Analyses
Immunohistochemistry, Western blotting,
gelatin zymography, RNA isolation, cDNA
synthesis, and qRT-PCR were performed as
detailed in the supplementary METHODS.

Statistical Analyses
Statistical analyses were performed as
detailed in the supplementary METHODs.

Results

Epithelial Glycocalyx HS Contributes
to Epithelial Barrier Function

To confirm the existence of HS within the
pulmonary epithelial glycocalyx, we treated
mice with intratracheal heparinase I/III, a
combination of recombinant bacterial
enzymes that specifically degrade HS, to
remove any epithelial HS in vivo

(Figure 1A). We then stained inflated,
frozen, unfixed mouse lung tissue for HS.
Mice treated with enzymatically inactive
(HI) heparinase I/IIT demonstrated diffuse
expression of alveolar epithelial HS, as
visualized by HS (HS 10E4 antibody)
colocalization with the peripheral
airway/alveolar epithelial marker,
Lycopersicon esculentum agglutinin (LEA)
lectin (Figure 1B). In contrast, mice treated
with enzymatically active heparinase I/III
demonstrated a patchy loss of epithelial
HS expression, consistent with the patchy
distribution of intratracheal instillation,
confirming antibody specificity and
epithelial HS loss. HS degradation by
intratracheal heparinase I/III instillation
was constrained to the epithelium, as
LC-MS/MS demonstrated HS shedding into
the alveolar airspace (Figure 1C), but not
the circulation (Figure 1D). There was
minimal airway HS expression by HS
10E4 immunofluorescence (Figure E1),
suggesting that HS fragments released into
the BAL after heparinase I/III largely reflect
alveolar epithelial HS. Any contribution
of airway mucus HS (i.e., not epitheilial
anchored) is likely reflected in the BAL HS
of mice treated with HI heparinase I/III.
Taken together, these data suggest that
the increase in BAL HS measured after

intratracheal heparinase I/III instillation
largely reflects fragmentation of alveolar
epithelial cell surface HS. However, we
cannot exclude the epithelial basement
membrane/extracellular matrix as an
additional source of BAL HS after
heparinase I/II. Furthermore, we cannot
exclude the contribution of airway
epithelial HS that may not be detected
by the 10E4 antibody (26).

Mass spectrometry revealed that HS
released from the lung epithelium after
heparinase I/III was heavily N- and 2-O
sulfated (NS2S), with 55% of HS
disaccharides being jointly sulfated at these
two sites, indicating that the alveolar
epithelial glycocalyx HS is enriched with
sulfation at the N- and 2-O positions
(Figure E2B).

We measured BAL protein, BAL
albumin, and lung wet/dry ratio, and
performed BAL neutrophil cell counts in
mice treated with intratracheal active or HI
heparinase I/III to determine if epithelial HS
contributes to the maintenance of alveolar
epithelial barrier function or if epithelial HS
degradation increases lung inflammation.
Intratracheal active heparinase I/I11
treatment increased BAL total protein and
albumin 12, 24, and 72 hours after
instillation in comparison to HI heparinase
I/II treatment (Figures 1E and 1F),
indicating that epithelial HS contributes to
the lung epithelial barrier to protein. In
contrast, there was no change in lung
wet/dry ratio in mice treated with active
heparinase I/III in comparison to heat-
inactived heparinase I/III, suggesting that
epithelial HS degradation does not
contribute to the lung epithelial barrier to
fluid (Figure 1G). We detected no increase
in BAL neutrophils after heparinase I/III
treatment (Figure 1H), indicating that the
increase in protein permeability after
heparinase I/III treatment was not due to
alveolar inflammation.

To determine if other negatively
charged GAGs also contribute to the
epithelial barrier, we treated mice with
intratracheal chondroitinase ABC, a
mixture of recombinant bacterial CS lyases,
to remove epithelial CS in vivo (Figure
E3A). Although treatment with active
chondroitinases removed alveolar
epithelial surface CS (Figure E3B), loss of
CS did not result in an increase of BAL
protein or BAL neutrophils (Figures E3C and
E3D), suggesting that not all sulfated GAGs
contribute to the lung epithelial barrier.
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Heparinase I/lll-generated HS
Fragments Do Not Increase Lung
Epithelial Permeability

Although others have shown that HS
fragments can act as damage-associated
molecular patterns (DAMPs) and induce
inflammation through Toll-like receptor 4
signaling, we detected no increase in BAL
neutrophilia after heparinase I/III treatment
(Figure 1H) (27, 28). To confirm that
heparinase I/III-generated HS fragments
do not increase lung epithelial protein
permeability by functioning as DAMPs, we
treated mice with full-length HS pretreated
ex vivo with either heparinase I/III (at 37°C
for 3 h) to generate HS fragments, or HI
heparinase I/III as control. After ex vivo HS
fragmentation, the heparinase-HS mixture
was then HI before intratracheal instillation
(Figure 2A). As HS is resistant to heat
inactivation, this approach ceases
heparinase I/III activity without interfering
with any DAMP-like effect of HS (29). We
observed no increase in BAL protein or
neutrophils after intratracheal instillation of
heparinase I/III-treated HS in comparison
to HI heparinase I/III-treated HS (Figures
2B and 2C). Furthermore, we detected

no increase in mRNA expression of
proinflammatory cytokines TNF-a, IL-6, or
IL-1B in whole lung tissue from mice treated
with intratracheal heparinase I/III-treated
HS in comparison to HI heparinase I/III-
treated HS (Figure 2D). Although there was
a trend toward increased TNF-a expression
in whole lung from mice treated with
intratracheal heparinase I/III-treated HS (in
comparison to HI heparinase I/III-treated
HS), the overall absence of BAL neutrophilia
in mice treated with heparinase I/III
(Figure 1H) or heparinase-I/III-treated HS
(Figure 2C) is supporting evidence that
intratracheal heparinase I/III does not
significantly increase alveolar inflammation.
Taken together, these results indicate that
HS on the epithelial cell surface contributes
to the lung epithelial barrier to protein, and
that the HS fragments generated after
heparinase I/III treatment are not responsible
for the increase in lung permeability observed
after intratracheal heparinase I/II instillation.

HS Is Released into the Airspace
during Intratracheal LPS-induced

Lung Injury in Mice and ARDS in
Humans

Given the observed contributions of HS to
the pulmonary epithelial barrier, we sought
to determine if epithelial HS shedding
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Figure 1. Epithelial heparan sulfate (HS) degradation increases lung permeability but not inflammation. (A) Mice were instilled with 15 U intratracheal
(IT) active or heat-inactivated (HI) heparinase I/l (Hep I/l or HI Hep I/1ll). (B) At 12 hours after instillation frozen lungs were sectioned and stained for
HS (HS 10E4, green), and the peripheral airway/alveolar epithelium (Lycopersicon esculentum agglutinin [LEA] lectin, red). Scale bar: 100 wm. At

12, 24, and 72 hours after instillation, BAL fluid and plasma were obtained and (C and D) BAL and plasma HS concentration, (E) BAL protein, and (F)
BAL albumin were measured. At 24 hours after instillation (G), lung wet/dry weight ratio was measured. At 12, 24, and 72 hours after instillation (H),
BAL neutrophils were measured. (B) n=3; (C-H) n=4-7. *P < 0.05.

occurs during acute lung injury, a disease
state characterized by increased lung
epithelial permeability. Although other
groups have shown that syndecans are shed
from the epithelial cell surface in response to
inflammatory insults, HS shedding during
direct lung injury has, to our knowledge,
never been investigated (13, 14). We
induced acute lung epithelial injury in mice
via intratracheal instillation of 3 mg/kg
LPS, a dose sufficient to induce alveolar
hyperpermeability (as measured by BAL
protein) and histologic injury (Figures
3A-3C). Using LC-MS/MS MRM, we
observed that, during injury, there was
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increased alveolar, but not plasma, HS

12 hours, 2 days, and 4 days after
intratracheal LPS administration, in
comparison to PBS control (Figures 3D and
3E). The increase in alveolar HS after LPS
instillation persisted after BAL high-speed
centrifugation (data not shown), suggesting
that the HS detected in the BAL fluid is
shed and not anchored to dead and
sloughed epithelial cells. In contrast to the
NS2S-enriched HS detected in the BAL
fluid after intratracheal heparinase I/III, the
BAL HS was heavily unsulfated in mice
treated with intratracheal LPS (92%, 84%,
and 85% unsulfated [0S] 12 h, 2 d, and

4 d after LPS instillation; Figure E4).
Consistent with our findings that epithelial
HS functions to maintain epithelial barrier
function, in animals treated with
intratracheal LPS, alveolar HS shedding
correlated with the degree of lung
permeability as measured by BAL protein
(Figure 3F). Together, these results indicate
that HS shedding/degradation may contribute
to the lung epithelial barrier dysfunction
during intratracheal LPS-induced lung injury.
We next sought to determine whether
HS shedding/degradation similarly occurs
in human patients with ARDS, and if the
amount of airspace HS correlates with lung
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Figure 2. Exogenous Hep I/lll-generated HS fragments do not increase lung permeability or
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heparinase-HS mixture was then heat inactivated and intratracheally instilled. At 24 hours after
intratracheal instillation of active or HI Hep I/lll-treated HS, (B) BAL protein, (C) BAL neutrophils, and
(D) whole lung TNF-a, IL-6, and IL-18 mRNA expression was measured. (B-D) n = 4-5.

permeability. In patients with ARDS,
alveolar edema fluid contents can be
accurately measured in fluid collected from
endotracheal tube HMEs, allowing for a
minimally invasive approach to airspace
sampling in critically ill patients (30). We
collected HME fluid from 15 patients with
ARDS and measured HME total protein
and HS concentrations (Table E1). In

accordance with our findings in acute lung
injury in mice, HME HS concentration
correlated with the total protein
concentration in patients with ARDS
(Figure 3G). In addition, we detected a
modest trend toward an increase in HME
HS in patients with ARDS with “direct lung
injury” due to pneumonia/aspiration in
comparison to patients with “indirect lung

Haeger, Liu, Han, et al.: Epithelial Heparan Sulfate and Barrier Function

injury” due to sepsis (Figure E5A). To
ensure that the three patients with sepsis
and ARDS were not “uninjured” subjects
skewing the correlation between HME HS
and HME protein, we performed sensitivity
analyses excluding these three patients, as
well as three additional patients with
similarly low HME HS and protein. After
excluding these patients, the HME
HS-protein correlation still remained
significant (Figure E5B), strengthening our
findings that alveolar HS shedding may
contribute to the epithelial barrier
dysfunction during lung injury. Furthermore,
the HME HS in patients with ARDS was
similarly heavily unsulfated (66% 0S), like
the BAL HS detected during intratracheal
LPS-induced lung injury (Figure E5C).
Together, these observations support the
clinical relevance of our animal findings.

HS Shed during Intratracheal LPS-
induced Lung Injury Is Long and Is
Accompanied by Shedding of
Epithelial HSPGs SYNDECAN-1 and
Syndecan-4

We sought to identify the sheddase(s)
responsible for alveolar HS shedding and to
determine if sheddase inhibition reduces
lung permeability after intratracheal LPS.
Several enzymes and reactive molecules
have the ability to degrade HSPGs, either by
fragmenting HS into small oligosaccharides
or by releasing full-length HS through
cleavage of the anchoring proteoglycan
(Figure 4A) (17). Our group has previously
shown that nonpulmonary sepsis induces
heparanase-mediated degradation of
endothelial HS into small (six- to eight-
saccharide) circulating fragments (8, 19). In
contrast, after intratracheal LPS instillation,
we observed shedding of long HS
polysaccharides (=20 saccharides in length)
into the airspace (Figure 4B), suggesting
the presence of sheddases targeting the
proteoglycan core protein. Accordingly, we
observed an increase in BAL syndecan-1
(sevenfold) and syndecan-4 (20.4-fold)
ectodomains from mice treated with LPS in
comparison to PBS, further suggesting that
release of alveolar HS into the BAL after LPS
occurs via cleavage of the proteoglycan
anchor (Figures 4C and 4D).

MMPs Mediate Alveolar HS Shedding
during Intratracheal LPS-induced
Lung Injury

Although several enzymes and reactive
molecules are known to cleave HSPG core
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Figure 3. Increased airspace HS is detected during intratracheal LPS-induced lung injury in mice and in patients with acute respiratory distress syndrome
(ARDS). (A) Mice were intratracheally instilled with 3 mg/kg LPS or PBS as control. At 12 hours and 2, 4, and 6 days after intratracheal instillation, (B)
BAL protein was measured. (C) Hematoxylin and eosin staining was performed on lung sections from Day 2 after intratracheal LPS and PBS instillation. At
12 hours and 2, 4, and 6 days after intratracheal instillation, (D) BAL and (E) plasma HS was measured. Scale bars: 100 pm. (F) At 12 hours and 2 and 4 days
after intratracheal instillation, BAL protein—-HS correlation was analyzed by linear regression. (G) Protein and HS were measured in heat and moisture
exchanger (HME) fluid from patients with ARDS, and HME protein—HS correlation was analyzed by linear regression. (B, D, and E)n=3-9; (C)n=3; () n=10;

(G)n=15. *P < 0.05.

proteins, ADAM-17, MMP-7, and ROS
quenchable by EC-SOD have been shown to
cleave syndecans from lung epithelial cells
in vitro or in the airspace in vivo (13, 14,
21). To determine the mechanism of
proteoglycan cleavage after intratracheal
LPS, we accordingly employed in vivo
pharmacologic and transgenic inhibitory
approaches to target EC-SOD-quenchable
ROS, ADAM-17, and MMPs. We observed
no reduction in LPS-induced alveolar HS
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shedding (or BAL protein) in alveolar
epithelial type II EC-SOD-overexpressing
mice (Figures E6A and E6B) or in wild-type
mice treated with the ADAM-17 inhibitor,
TAPI-2 (at a dose demonstrated to prevent
ADAM-17 activity [22]) (Figures E6C and
E6D).

As MMP-2, -7, and -9 are also known
to cleave HSPGs (17), we measured MMP-2,
-7, and -9 mRNA expression in whole-
lung tissue, BAL MMP-2, -7, and -9

protein, and BAL MMP-2 and -9 activity by
gelatin zymography in mice treated with
intratracheal LPS. We observed an increase
in whole-lung MMP-9 mRNA expression
in mice 2 days after intratracheal LPS
instillation (Figure 5A), whereas there was
no change in whole-lung MMP-2 mRNA,
and undetectable or very low MMP-7
mRNA (in both groups; data not shown) in
comparison to PBS. However, we detected
an increase in both BAL MMP-2 and -9
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protein (by Western blot) and activity
(by zymography) in mice treated with
intratracheal LPS (Figures 5B and 5C).
Similar to whole-lung MMP-7 mRNA
expression, BAL MMP-7 protein was
undetectable in animals treated with
intratracheal LPS or PBS (data not
shown).

To determine if MMPs, including
MMP-2 and -9, mediate alveolar HS
shedding, we treated mice daily with oral

doxycycline, a broad-spectrum MMP
inhibitor, from 3 days before intratracheal
LPS instillation until the animals were
harvested 2 days after LPS instillation
(Figure 6A). In mice treated with
intratracheal LPS and oral doxycycline,
we observed a 42% decrease in both
alveolar HS and syndecan-1, but no
decrease in syndecan-4, in comparison

to mice treated with intratracheal LPS and
oral water as control (Figures 6B and 6D).
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Given our initial findings that epithelial
HS degradation increases lung permeability,
we hypothesized that inhibition of HS
shedding by doxycycline would partially
restore alveolar barrier function and reduce
BAL protein after intratracheal LPS
instillation. In mice treated with
doxycycline, we observed a nonsignificant
trend toward protection against lung
permeability (Figure 6E). In addition, in
accordance with our findings that epithelial
HS degradation does not increase lung
inflammation, we observed no change in
BAL neutrophils in mice treated with
intratracheal LPS and oral doxycycline in
comparison to mice treated with
intratracheal LPS and oral water
(Figure 6F). The limited effect of MMP
inhibition on barrier protection, taken
together with the data showing that
intratracheal heparinase I/III increases
permeability (Figure 1), indicates that HS
shedding/degradation is sufficient to
increase lung permeability, but is not
necessary to induce the lung
hyperpermeability observed during LPS-
mediated intratracheal lung injury.

Considering that doxycycline partially
attenuated alveolar HS and syndecan-1
shedding, and that MMP-9 protein and
activity is abundantly increased in mice
treated with intratracheal LPS, we sought to
determine if MMP-9 mediates alveolar HS
shedding during intratracheal LPS-induced
lung injury by using MMP9ko mice
(Figure 7A). After confirming a loss of BAL
MMP-9 in MMP9ko mice (Figure 7B), we
measured BAL HS, syndecan-1, and
syndecan-4 in MMP9ko mice treated with
intratracheal LPS in comparison to wild-
type mice treated with intratracheal LPS
and MMP9ko mice treated with
intratracheal PBS as control. In contrast to
our hypothesis, we detected a trend toward
increased BAL HS and syndecan-1, and
increased BAL syndecan-4 in MMP9ko
mice treated with intratracheal LPS in
comparison to wild-type mice treated with
LPS (Figures 7C-7E). There was also a
trend toward increased BAL protein, but no
change in BAL neutrophils in LPS-treated
MMP9ko mice in comparison to wild-type
mice (Figures 7F and 7G). To investigate
this paradoxical effect, we measured BAL
MMP-2 protein to determine if there was a
compensatory increase of MMP-2 in
MMP9%ko mice after LPS, as has been
observed in other disease models (31, 32).
Indeed, we observed a trend toward
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increased BAL MMP-2 protein in MMP9ko
mice treated with intratracheal LPS in
comparison to wild-type mice treated with
intratracheal LPS (Figure 7H). These
findings indicate that MMPs partially
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mediate alveolar HS shedding during
intratracheal LPS-induced lung injury, and
that inhibition of MMP-9 alone does not
protect against alveolar HS shedding,
potentially due to compensatory upregulation

of other HSPG sheddases. Of note, MMP2ko
mice have developmental defects in
alveolization, preventing their use to
specifically interrogate the role of MMP-2 in
intratracheal LPS-induced HS shedding (33).
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Discussion

The epithelial glycocalyx remains a largely
understudied component of the lung,
despite its discovery nearly 50 years ago (3).
Although the proteoglycans, syndecan-1
and syndecan-4, are known to be expressed
in the lung epithelium, this report identifies
the structure and function of HS on the
surface of the healthy adult lung epithelium
(13, 14). Using immunofluorescence and
state-of-the-art LC-MS/MS MRM analyses
(25), we not only demonstrated the
presence of HS within the lung epithelium,
but also that epithelial HS is enriched in

disaccharides sulfated on the nitrogen of
glucosamine and 2-position of iduronic
acid (NS2S). These patterns of sulfation
influence the biological function of HS, as
the molecular distribution of negative
charge imparted by sulfate groups allow HS
to bind (with specificity) to positively
charged residues of proteins and regulate
their function (12, 34). Interestingly, NS2S
HS is known to bind fibroblast growth
factor-10, a master regulator of lung
epithelial development and repair, and
binding of fibroblast growth factor-10 to
HS is required for its function in airway
development (35-37). By determining the

Haeger, Liu, Han, et al.: Epithelial Heparan Sulfate and Barrier Function

sulfation pattern of the lung epithelial HS,
these findings may provide insight into
additional lung epithelial HS binding
partners and functions.

Our findings additionally demonstrate
that lung epithelial HS contributes to the
lung epithelial barrier to protein. These
observations are consistent with findings
published by Saumon and colleagues (38),
demonstrating that instillation of airway
protamine, a positively charged protein that
can bind to and neutralize the negative
charge of sulfated GAGs and other
molecules, increases lung epithelial
permeability and are similar to findings
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from the intestinal, bladder, and corneal
epithelium (38-42). Although the
mechanisms by which lung epithelial HS
promotes barrier integrity remain
unknown, findings from the lung
endothelium and the corneal epithelium

expression and localization of tight

junction proteins, structures known to be  contributions of epithelial HS to

involved in epithelial and endothelial barrier-regulating, outside-in cellular
barrier function (39, 43). In addition, cell ~ signaling processes, as well as to the
surface HS may serve as a nonsignaling, physical barrier that opposes epithelial
structural constituent of the epithelial permeability.
barrier, similar to the “charged meshwork” During intratracheal LPS-induced
suggest that cell glycocalyx-HS regulates the of the endothelial glycocalyx that opposes  lung injury and ARDS, a disease state
transvascular protein flux (44). Future characterized by increased lung permeability,
studies are needed to determine relative we detected shedding of HS, accompanied by

junction, adherens junction, and gap
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syndecan-1 and syndecan-4, into the
airspace. These data complement the relative
paucity of circulating HS observed in mice
treated with intratracheal LPS (Figure 3E) or
in patients with ARDS with pneumonia
versus nonpulmonary sepsis (19, 20),
indicating that during ARDS, HS
shedding/degradation occurs in an injury-
inducible, compartment-specific fashion. As
such, HME/edema fluid and plasma HS may
serve as biomarkers to quantify the extent
of epithelial and endothelial injury,
respectively, in patients with ARDS.
Inexpensive and rapid identification of HS
in the plasma and HME/edema fluid is
theoretically possible using colorimetric
dimethylmethylene blue detection; however,
the sensitivity, specificity, and feasibility

of using plasma and HME/edema fluid
dimethylmethylene blue as a biomarker
remains to be seen (45).

Furthermore, HS shedding into the
airspace may prove more than just a
biomarker during intratracheal LPS-
induced lung injury and ARDS due to
pneumonia/aspiration. Although we
originally hypothesized that epithelial
HS shedding may contribute to lung
hyperpermeability during acute lung injury,
epithelial HS shedding may alternatively be

evolutionarily beneficial during lung injury
and infection. Many viruses and bacteria use
HS as a receptor to adhere to and infect host
cells, including Staphylococcus aureus and
Streptococcus pneumoniae, common causes
of hospital- and community-acquired
pneumonia (11, 46-48). In addition, soluble
HS can act as a decoy receptor to bind and
inhibit the adherence of S. aureus and

S. pneumoniae to lung epithelial cells. Thus,
epithelial HS shedding during infection
may be beneficial to inhibit the propagation
of infection by both depleting bacterial
receptors on host cells and increasing
soluble HS decoy receptors. This
evolutionary importance would support the
presence of redundant, insult-specific
pulmonary epithelial sheddases. Indeed,
administration of high-dose doxycycline
(using doses previously demonstrated to
inhibit lung MMP activity [23]) only
partially reduced HS and syndecan-1
shedding and did not affect syndecan-4
shedding. Furthermore, MMP9ko mice
were not protected from HS, syndecan-1,
and syndecan-4 shedding (potentially due
to a compensatory increase in MMP-2)
during intratracheal LPS-induced lung
injury. Together, these data suggest the
presence of redundant sheddases responsible

for HS release into the airspace in addition
to MMPs.

In conclusion, we employed state-of-
the-art glycomic approaches (including
LC-MS/MS MRM analyses) to identify the
presence and sulfation of HS within the lung
epithelial glycocalyx. We identified a novel
role for lung epithelial HS as a contributor to
lung barrier function, showing that a loss of
epithelial HS is sufficient to increase lung
protein permeability. We determined that
MMPs shed HS during intratracheal LPS-
mediated lung injury and that HS shedding
is sufficient, but not necessary, to induce lung
permeability, as attenuation of HS shedding
did not significantly reduce lung permeability
after intratracheal LPS. These findings
highlight novel functions of the lung
epithelial HS that may serve as a foundation
for future mechanistic investigations as well
as human biomarker studies. ll
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