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Abstract

Hyaluronan (HA), a major component of the extracellular matrix, is
secreted by airway structural cells. Airway fibroblasts in allergic
asthma secrete elevated levels ofHA in associationwith increasedHA
synthase 2 (HAS2) expression. Thus, we hypothesized that HA
accumulation in the airway wall may contribute to airway
remodeling and hyperresponsiveness in allergic airways disease. To
examine this hypothesis, transgenic mice in which the a-smooth
muscle actin (a-SMA) promoter drives HAS2 expression were
generated. Mixed male and female a-SMA–HAS2mice (HAS21

mice, n = 16;HAS22mice, n = 13) were sensitized via intraperitoneal
injection and then chronically challenged with aerosolized
ovalbumin (OVA) for 6 weeks. To test airway responsiveness,
increasing doses of methacholine were delivered intravenously and
airway resistance was measured using the forced oscillation
technique. HA, cytokines, and cell types were analyzed in
bronchoalveolar lavage fluid, serum, and whole lung
homogenates. Lung sections were stained using antibodies specific
for HA-binding protein (HABP) and a-SMA, as well as Masson’s
trichrome stain. Staining of lung tissue demonstrated significantly
increased peribronchial HA, a-SMA, and collagen deposition
in OVA-challenged a-SMA–HAS21 mice compared with
a-SMA–HAS22 mice. Unexpectedly, OVA-challenged
a-SMA–HAS21 mice displayed significantly reduced airway

responsiveness to methacholine compared with similarly treated
a-SMA–HAS22 mice. The total numbers of inflammatory
cell types in the bronchoalveolar lavage fluid did not differ
significantly between OVA-challenged a-SMA–HAS21 mice and
a-SMA–HAS22 mice. We conclude that allergen-challenged
mice that overexpress HAS2 in myofibroblasts and smooth
muscle cells develop increased airway fibrosis, which lessens airway
hyperresponsiveness to bronchoconstrictors.
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Clinical Relevance

This work demonstrates that in a model of chronic allergen
challenge, mice that overexpress hyaluronan synthase 2
in myofibroblasts and smooth muscle cells exhibit
increased airway remodeling, including peribronchial
hyaluronan deposition and fibrosis with lessened airway
hyperresponsiveness. Our data suggest that elevated expression
of hyaluronan synthase 2 by airway fibroblasts, as has been
shown in allergic asthma, may promote airway remodeling and
impact airway responsiveness.
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Chronic airway inflammation,
hyperresponsiveness, and remodeling are
key features of allergic asthma. These
three processes are intertwined and
contribute to the overall pathobiology of the
disease (1, 2). The inflammatory cells that
participate in the ongoing, unresolved
airway inflammation in allergic asthma,
such as eosinophils, macrophages, and
T lymphocytes, are believed to contribute to
airway remodeling by releasing increased
levels of cytokines and growth factors that
influence the functions of structural cells in
the airway (3). These inflammatory cells
direct airway mucous overproduction by
epithelial cells (4), invasion of the
submucosa and increased secretion of
extracellular matrix within and around
the airway wall by airway fibroblasts
(5–7), and smooth muscle cell
hyperplasia/hypertrophy, resulting in
thickening of the airway wall (5) in
asthma. Structural changes to the airway in
allergic asthma result in fixed airway
obstruction and diminished lung function
over time (8, 9). Similarly, airway
remodeling promotes persistent airway
hyperresponsiveness (AHR) in allergic
asthma by contributing to airway
narrowing and concomitant increased
airway resistance and responsiveness to
bronchoconstrictors (10).

Hyaluronan (HA) is a large,
nonsulfated glycosaminoglycan that is
widely produced by fibroblasts, smooth
muscle cells, and fibroblast-like cells in
connective tissues (11, 12). It is a major
component of the extracellular matrix,
providing compressive strength,
lubrication, and hydration to tissues
(12, 13). Although macromolecular HA
mediates many normal physiological
responses, such as embryonic development
(14), tissue repair and homeostasis (15),
and ovulation and fertilization (16),
HA degradation and the resultant
accumulation of low-molecular-weight
HA fragments are characteristic of
diseases that involve tissue fibrosis (17, 18).
In the lung, HA contributes to the
maintenance and repair of injured tissue,
and elevated HA synthesis is associated
with inflammatory cell infiltration after
both acute and chronic injuries (19). In
asthma, the concentrations of HA
measured in bronchoalveolar lavage (BAL)
fluid are significantly correlated with
severity of disease (20). Furthermore,
airway fibroblasts isolated from asthma

patients produce significantly greater
concentrations of low-molecular-weight
HA compared with cells from
nonasthmatic patients (21). In murine
models of allergic airways disease,
deposition of HA and secretion into the
airways is significantly increased after
ovalbumin (OVA) or cockroach allergen
challenge, and HA colocalizes with
peribronchial inflammation and collagen
deposition (22, 23).

HA is synthesized by three HA
synthases (HASs): HAS1, HAS2, and HAS3
(24). HAS2 is the predominant isoform
expressed in the human lung (25).
Human airway fibroblasts in asthma were
found to express increased levels of HAS2
compared with normal controls (21). In
mice, HAS2 mRNA levels were shown to
increase within 2 hours of allergen
sensitization and challenge, and
remained elevated throughout the chronic
challenge (22, 23). Furthermore, mice
with targeted overexpression of
mesenchymal cell HAS2 were shown to
develop severe lung fibrosis with
increased myofibroblast invasiveness after
bleomycin-induced injury (18).

We hypothesized that peribronchial
HA accumulation contributes to airway
inflammation, remodeling, and
hyperresponsiveness in asthma. Airway
myofibroblasts and smooth muscle cells are
key cells that direct extracellular matrix
production and airway narrowing during
the pathobiology of airway fibrosis and
hyperresponsiveness in asthma (5). Thus,
we investigated our hypothesis by
challenging mice with targeted
overexpression of HAS2 in cells expressing
the a2smooth muscle actin (a-SMA)
promoter (myofibroblasts and smooth
muscle cells) in a chronic model of allergic
airways disease. We measured lung
mechanics, airway inflammation, HA
accumulation, and airway fibrosis in these
mice after a 6-week allergen challenge.

Materials and Methods

Animals
All animal care and experimental protocols
were reviewed and approved by the
Institutional Animal Care and Use
Committee at Duke University Medical
Center and were performed in accordance
with the U.S. Animal Welfare Acts.
a-SMA–human HAS2 transgene-positive
mice (a-SMA–HAS21) were described
previously (26). The control mice were
non–transgene-expressing littermates of the
transgene-positive mice (transgene-
negative [a-SMA–HAS22]). All mice were
housed in pathogen-free facilities at
Duke University.

OVA Model
Mice (a-SMA–HAS21, n = 16;
a-SMA–HAS22, n = 13) were sensitized
and challenged with OVA in a chronic
model of allergic airways disease as
described previously (27) (Figure 1).
Naive a-SMA–HAS21 mice (n = 8) and
a-SMA–HAS22 mice (n = 6) that had
not undergone the OVA challenge were
used as controls to determine whether
there were intrinsic differences in
a-SMA–HAS21 mice.

Lung-Mechanics Measurements
To test airway responsiveness, increasing
doses of methacholine were delivered
intravenously, and lung impedance
was measured by forced oscillometry
(Flexivent; SCIREQ, Montreal, Canada) as
described previously (27). The Newtonian
resistance (Rn) was calculated from the
impedance signal.

Measurements of HA and Cytokines
Measurements of HA in serum, BAL fluid,
and whole lung homogenates were
performed using an ELISA-like assay and
biotinylated HA-binding protein (HABP;

Day

OVA sensitization (i.p.)
10 mg

0 14 21 62 63

1% OVA-in-saline aerosol
60 min/day, 3 times per week

AHR/sample
collection

Figure 1. Schematic illustration of the ovalbumin (OVA) challenge protocol. a-SMA-HAS21 (n = 16)
and a-SMA2HAS22 littermates (n = 13) were sensitized to OVA by intraperitoneal injection on Days
0 and 14. On Day 21, the mice were challenged with aerosolized OVA three times per week for
6 weeks. Lung-mechanics measurements and lung tissues were collected 24 hours after the final
exposure. a-SMA, a-smooth muscle actin; AHR, airway hyperresponsiveness; HAS2, hyaluronan
synthase 2.

ORIGINAL RESEARCH

Walker, Theriot, Ghio, et al.: HAS2 Overexpression Lessens AHR in Asthma 703



R&D Systems, Minneapolis, MN). IL-13,
IL-17, and transforming growth factor b1
(TGF-b1) protein levels in BAL fluid and
whole lung homogenates were measured by
ELISA (R&D Systems).

Airway Tissue Staining
Lungs inflated to 25 cm H2O were fixed in
4% paraformaldehyde and embedded in
paraffin. Sections were stained with
Masson’s trichrome stain to visualize
collagen as previously described (27). Other
sections were stained with biotinylated
HABP, anti–a-SMA, or 496-diamidino-2-
phenylindole (DAPI) as previously
described (28). Images of 10 stained airway
tissue cross-sections per mouse were
imported into ImageJ software (National
Institutes of Health, Bethesda, MD). The
relative quantities of Masson’s trichrome,
HABP, or a-SMA staining were determined
by calculating the percentage of
peribronchial staining within the total
tissue area, which included the lumen of the
airway. Perivascular staining was not
included in the analyses.

Statistical Analyses
Analyses were performed using JMP (SAS,
Cary, NC) and Prism (GraphPad, La Jolla,
CA) statistical software. Data were analyzed
using Student’s t test or one-way ANOVA.
For most analyses, the data are expressed as
means6 SEM, as they were normally
distributed, and significance is denoted by
P , 0.05. For data that were not normally
distributed, data were expressed as medians
(interquartile range) and compared using a
two-tailed Wilcoxon rank-sum test. Two-
way repeated-measures ANOVAs were
conducted to evaluate lung mechanics in
response to doses of methacholine at 25, 50,
100, 200, and 400 mg/kg. Data points that
were more than 2 SDs from the mean were
excluded from the data set. Significance is
denoted by P, 0.05.

Results

HA and TGF-b1 Are Significantly
Increased in Whole Lung Tissue of
OVA-Challenged a-SMA–HAS21 Mice
Chronic OVA challenge in mice stimulates
airway fibrosis and smooth muscle cell
hyperplasia, suggesting that this model
recapitulates aspects of airway remodeling
in human asthma (29). To evaluate the role
of HAS2 expression by myofibroblasts and

smooth muscle cells in the pathogenesis of
asthma, we challenged transgenic mice with
targeted human HAS2 expression in
a-SMA–expressing cells (18, 26) with OVA
for 41 days (Figure 1). a-SMA–HAS21

mice developed normally and exhibited no
abnormal phenotype when unchallenged.
At baseline, unchallenged a-SMA–HAS21

mice exhibited significantly elevated levels
of HA in serum compared with
a-SMA–HAS22 mice (Figure 2A). In
addition, HA levels in both serum and
whole lung tissue homogenates were
significantly increased in OVA-challenged
a-SMA–HAS21 mice compared with
OVA-challenged a-SMA–HAS22 mice
(Figures 2A and 2B). Furthermore, OVA

significantly augmented the levels of HA
in whole lung tissue in a-SMA–HAS21

mice compared with unchallenged
a-SMA–HAS21 mice. The levels of HA in
BAL fluid of unchallenged a-SMA–HAS21

mice were low and not significantly different
from those in a-SMA–HAS22 mice
(Figure 2C) (18). In OVA-challenged
a-SMA–HAS21 and a-SMA–HAS22 mice,
HA levels in BAL fluid were also not
significantly different between groups
(Figure 2C). However, total TGF-b1
levels in whole lung homogenates were
significantly increased in OVA-challenged
a-SMA–HAS21 mice compared with OVA-
challenged a-SMA–HAS22 mice as well as
naive a-SMA–HAS21 mice (Figure 2D).
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Figure 2. Production of hyaluronan (HA) and TGF-b1 is increased in OVA-challenged
a-SMA2HAS21 mice. Baseline mean HA levels, as measured by ELISA, were significantly elevated in
serum of naive a-SMA2HAS21 (n = 8) mice compared with naive a-SMA2HAS22 (n = 6) mice (A);
*P, 0.05. Furthermore, mean HA levels were significantly increased in serum (A) and whole lung
homogenates (B) from OVA-challenged a-SMA2HAS21 mice compared with OVA-challenged
a-SMA2HAS22 mice; *P, 0.05. (C) No significant differences were observed in the mean levels of
HA as measured by ELISA in BAL fluid obtained from naive or OVA-challenged a-SMA2HAS21 mice
compared with a-SMA2HAS22 mice; P. 0.05. (D) Mean total TGF-b1 levels, as measured by
ELISA, were significantly increased in whole lung homogenates from OVA-challenged a-SMA-HAS21

mice compared with OVA-challenged a-SMA2HAS22 mice, and in OVA-challenged mice compared
with naive mice; *P, 0.05. Measurements of HA and TGF-b1 were normalized to total protein in
whole lung homogenates. BAL, bronchoalveolar lavage; Tg, transgene; TGF-b1, transforming growth
factor b1.
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Figure 3. Immunofluorescence staining for HA-binding protein (HABP) and a-SMA in naive and OVA-challenged a-SMA2HAS21 and a-SMA2HAS22 mice.
(A) Representative 3100 images of airway sections from three different naive (Tg1 Naive) and OVA-challenged a-SMA2HAS21 mice (Tg1 OVA) and three
different naive (Tg2 Naive) and OVA-challenged a-SMA2HAS22 mice (Tg2 OVA). The airways were stained for HABP (green), a-SMA (red), or DAPI (blue).
ImageJ was used to quantify the median percent of green HABP (B) or red a-SMA (D) peribronchial staining per total area in 10 airways per mouse. The median
percent HABP (C) or mean percent a-SMA (E) peribronchial staining per mouse is depicted, with each point representing the mean percent staining area for an
individual mouse. At baseline, peribronchial HABP staining in naive a-SMA2HAS21 (n=7) mice was significantly increased compared with staining in naive
a-SMA2HAS22 mice (n=6); *P, 0.05. Staining of both HABP and a-SMA surrounding the airways was significantly increased in OVA-challenged
a-SMA2HAS21 mice (n=6) compared with OVA-challenged a-SMA2HAS22 mice (n=6) and naive a-SMA2HAS21 (n=7) mice; *P, 0.05.

ORIGINAL RESEARCH

Walker, Theriot, Ghio, et al.: HAS2 Overexpression Lessens AHR in Asthma 705



Peribronchial HABP and a-SMA
Staining Are Significantly Increased in
OVA-Challenged a-SMA–HAS21 Mice
To determine the effectiveness of
a-SMA–HAS2 transgene expression in
facilitating airway deposition of HA in
OVA-challenged a-SMA–HAS21 mice
compared with transgene-negative and
-naive mice, sections of whole lung

from naive and OVA-challenged
a-SMA–HAS21 and a-SMA–HAS22 mice
were immunohistochemically stained with
HABP, a-SMA–specific antibody, or DAPI (to
visualize cell nuclei). Representative images of
airways from three different mice in each
group are shown in Figure 3A. Peribronchial
green HABP staining was significantly
enhanced in unchallenged a-SMA–HAS21

mice compared with naive a-SMA–HAS22

mice (Figure 3B). Staining of both
peribronchial HABP and a-SMA was
augmented in OVA-challenged a-SMA–HAS21

mice compared with OVA-challenged
a-SMA–HAS22 mice and naive a-SMA–HAS21

mice (Figures 3B–3E). The percent area of
staining was quantified using ImageJ.

Peribronchial Trichrome Staining Is
Significantly Increased in OVA-
Challenged a-SMA–HAS21 Mice
Sections of whole lung from OVA-
challenged a-SMA–HAS21 and
a-SMA–HAS22 mice were stained with
Masson’s trichrome stain to visualize
collagen deposition around the airways.
Representative images of airways from
three different mice in each group are
shown in Figure 4A. At baseline,
unchallenged a-SMA–HAS21 mice did
not exhibit significant differences in
peribronchial Masson’s trichrome staining
or lung hydroxyproline content compared
with a-SMA–HAS22 mice (Figures
4A–4C) (18). As expected, OVA-challenged
a-SMA–HAS22 mice exhibited
significantly increased peribronchial
trichrome staining relative to unchallenged
a-SMA–HAS22 mice (Figure 4B).
Furthermore, peribronchial trichrome
staining was significantly augmented in
OVA-challenged a-SMA–HAS21 mice
compared with OVA-challenged
a-SMA–HAS22 mice and naive
a-SMA–HAS21 mice (Figures 4B and 4C),
suggesting that the chronic OVA challenge
model induced airway fibrosis, as expected,
but that the deposition of collagen around
the airways was augmented in mice with
HAS2 overexpression in myofibroblasts.

Airway Resistance Is Significantly
Reduced in OVA-Challenged
a-SMA–HAS21 Mice
Chronic OVA challenge has been shown to
induce significant changes in airway
responsiveness to methacholine (27). We
investigated whether airway Rn, tissue
damping (G), tissue elastance (H), and lung
compliance (C) were altered in naive or
OVA-challenged a-SMA–HAS21 mice
compared with naive or OVA-challenged
a-SMA–HAS22 mice. Methacholine-
induced airway Rn was significantly
elevated in OVA-challenged a-SMA–HAS21

and a-SMA–HAS22 mice compared with
naive a-SMA–HAS21 and a-SMA–HAS22

mice, respectively (Figure 5A). However,
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Figure 4. Masson’s trichrome staining in naive and OVA-challenged a-SMA2HAS21 and
a-SMA2HAS22 mice. (A) Representative310 images of Masson’s trichrome-stained airway sections
(blue staining) from three different naive (Tg1 Naive) and OVA-challenged a-SMA2HAS21 mice
(Tg1 OVA) and three different naive (Tg2 Naive) and OVA-challenged a-SMA2HAS22 mice (Tg2

OVA). (B) ImageJ was used to quantify the median percent of Masson’s trichrome staining per total
area in 10 airways per mouse. Peribronchial trichrome staining was significantly increased in OVA-
challenged a-SMA2HAS21 mice (n = 6) compared with OVA-challenged a-SMA2HAS22 mice (n = 6;
*P, 0.05) and naive a-SMA2HAS21 mice (n = 7; #P, 0.001). Peribronchial trichrome staining
was also significantly increased in OVA-challenged a-SMA2HAS22 mice (n = 6) compared with naive
a-S-MA-HAS22 mice (n = 7); #P, 0.001. (C) Masson’s trichrome staining area per mouse is
depicted, with each point representing the mean percent trichrome staining area for an individual mouse.
When the means are compared, peribronchial trichrome staining is significantly increased in OVA-
challenged a-SMA2HAS21 mice (n=6) compared with naive a-SMA2HAS21 mice (n=7); *P, 0.05.
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the methacholine-induced elevation in Rn in
OVA-challenged a-SMA–HAS21 mice was
significantly less than that observed in OVA-
challenged a-SMA–HAS22 mice. Baseline
Rn values were similar in all four groups, as
shown in Figure 5A. The percent change
from baseline Rn across all methacholine
doses was significantly reduced in OVA-
challenged a-SMA–HAS21 mice compared
with OVA-challenged a-SMA–HAS22 mice
(Figure 5B). A trend toward the same
pattern was observed for tissue damping
(G) (Figure 5C). No significant difference

between OVA-challenged a-SMA–HAS21

and a-SMA–HAS22 mice was observed
in the absolute or percent change from
baseline for tissue elastance (H) (Figure 5C)
or lung compliance (C) (data not shown).

Parameters of Airway Inflammation
Are Not Significantly Different
between OVA-Challenged
a-SMA–HAS21 and a-SMA–HAS22

Mice
As airway inflammation and mucus
production can affect responsiveness to

methacholine and airway resistance, we
evaluated both groups of mice for
parameters of airway inflammation. First,
we collected BAL fluid and measured IL-13
and IL-17 and determined the differential
cell counts. Mean IL-13 levels in BAL fluid
were not significantly different between
OVA-challenged a-SMA–HAS21 and
a-SMA–HAS22 mice (Figure 6A). Baseline
levels of IL-13 in BAL fluid of unchallenged
a-SMA–HAS21 mice were very low and
significantly reduced compared with OVA-
challenged a-SMA–HAS21 mice, but they
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compared with a-SMA2HAS22 mice (n = 6 for both naive and OVA-challenged; P. 0.05). IL-13 was significantly elevated in OVA-challenged
a-SMA2HAS21 mice compared with naive a-SMA2HAS21 mice (*P, 0.05). (B) The mean numbers of cell types in BAL fluid from naive or OVA-
challenged a-SMA2HAS21 mice (naive, n = 8; OVA, n = 16) were not significantly different from those observed for a-SMA2HAS22 mice (naive, n = 6;
OVA, n = 13); P . 0.05. PMNs, polymorphonuclear leukocyte.
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were not significantly different from those
of unchallenged a-SMA–HAS22 mice
(Figure 6A). In addition, baseline levels
of IL-17 in BAL fluid or lung tissue
homogenates were not significantly
different between unchallenged
a-SMA–HAS21 and unchallenged
a-SMA–HAS22 mice (Figure E1 in the
online supplement). Genotype had no
impact on the mean differential cell counts
in BAL fluid for airway macrophages,
polymorphonuclear cells, lymphocytes,
airway epithelial cells, or eosinophils for
either the naive or OVA-challenged
condition. However, OVA treatment did
significantly increase the number of each
BAL cell type (except for macrophages,
which were reduced) compared with BAL
fluid cells from naive mice (P . 0.05 for
each cell type; Figure 6B). In addition,
peribronchial inflammation (visualized by
hematoxylin and eosin [H&E] staining, and
quantified as a score that reflects the depth
and circumference of inflammatory cells
associated with the airways) was
significantly elevated in OVA-challenged
a-SMA–HAS21 and a-SMA–HAS22 mice
compared with naive a-SMA–HAS21 and
a-SMA–HAS22 mice. However, the H&E
scores were not significantly different
between naive a-SMA–HAS21 and
a-SMA–HAS22 mice or OVA-challenged
a-SMA–HAS21 and a-SMA–HAS22 mice
(P . 0.05; Figure 7A). In addition, airway
mucin was visualized by Periodic Acid-
Schiff (PAS) staining and quantified as a
score that reflects the percent of the

circumference that was PAS positive.
Although the PAS scores were elevated in
OVA-challenged a-SMA–HAS22 mice
compared with OVA-challenged
a-SMA–HAS21 mice, these scores were not
significantly different (P = 0.11; Figure 7B).
No PAS staining was observed in the
airways of naive a-SMA–HAS21 and
a-SMA–HAS22 mice.

Discussion

Airway remodeling, a hallmark of human
allergic asthma, is characterized by airway
wall thickening due to increased
myofibroblast and smooth muscle cell
proliferation (a-SMA), subepithelial
fibrosis (increased collagen deposited by
myofibroblasts), and goblet cell hyperplasia
(mucus) (4, 5). These remodeling features
are typically associated with airway lumen
narrowing and thus increased AHR (5, 30).

The chronic mouse model of allergic
airways disease we employed recapitulates
the aforementioned lung structural changes,
including increased airway basement
membrane collagen deposition and
increased a-SMA area (27). Chronic
allergen-challenged a-SMA–HAS21 mice
displayed significantly greater airway
remodeling than similarly challenged
a-SMA–HAS22 mice. Unexpectedly,
airway responsiveness to
bronchoconstrictor was significantly
reduced in allergen-challenged
a-SMA–HAS21 mice. One possible

explanation for this paradox is that the
enhanced airway subepithelial collagen
deposition in the allergen-challenged
a-SMA–HAS21 mice may actually reduce
airway responsiveness.

McParland and colleagues suggested
that in airway remodeling, excessive
collagen deposition stiffens the airway wall
and reduces airway compliance and
compressibility, and thus is protective
against airway narrowing due to
bronchoconstriction (30). Supporting this
idea are chronic allergen exposure animal
studies (31, 32) in which airway
subepithelial extracellular matrix deposition
was accompanied by a decrease in airway
responsiveness to bronchoconstrictor.

Myofibroblasts (as well as fibroblasts
and airway smooth muscle cells) release HA
(33, 34), which can promote collagen
synthesis and deposition (18, 35). Thus, the
significantly elevated peribronchial HA
production observed in the allergen-
challenged a-SMA–HAS21 mice may be
driving, in part, the increased airway
collagen deposition, which in turn results in
stiffer airways. This airway stiffening may
underlie the reduced resistance that was
measured in the allergen-challenged
a-SMA–HAS21 mice in response to the
bronchoconstrictor methacholine.

The effect of targeted HAS2 expression
in contractile cells of the murine lung to
suppress airways responsiveness does not
appear to be a result of differences in
allergic airway inflammation, since the
numbers of inflammatory cells, tissue
inflammation, and airway mucin staining,
as well as HA, IL-13, and IL-17 secretion in
BAL fluid, were not significantly different
between the two genotypes. Increased
neutrophilia and secretion of IL-17 in the
airways has been associated with severe
asthma (36), but in our model, neutrophils
were not significantly elevated in the OVA-
challenged transgene-positive mice
compared with similarly treated transgene-
negative mice, and at baseline, the levels
of IL-17 in lung tissue were not significantly
different in unchallenged a-SMA–HAS21

mice compared with aSMA–HAS22 mice.
Although the concentration of HA in
BAL fluid of human asthmatics was
previously reported to be significantly
associated with asthma severity (20), this
association was based only on annual
asthma symptoms and exacerbations, and
not on lung function parameters or
airway responsiveness measurements.
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Figure 7. Airway inflammation and mucin production in naive and OVA-challenged a-SMA2HAS21

and a-SMA2HAS22 mice. (A) No significant difference in H&E scoring of peribronchial
inflammation was observed in airways of naive (n = 7) or OVA-challenged (n = 6) a-SMA2HAS21 mice
compared with a-SMA2HAS22 mice (naive, n = 6; OVA, n = 6); P . 0.05. Airway inflammation
scores were significantly elevated in both groups of OVA-challenged mice compared with naive mice
(*P, 0.05). (B) No significant difference in the scores of PAS staining for mucin was observed in the
airways of OVA-challenged a-SMA2HAS21 compared with a-SMA2HAS22 mice (P = 0.11), and
no PAS staining was apparent in the naive mice of both groups. H&E, hematoxylin and eosin; PAS,
periodic acid–Schiff.
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Our transgenic-mice data indicate that
peribronchial HA deposition may
temper the increase in airway
responsiveness induced by allergen
sensitization and challenge. Increased
HA production in the airway tissue
likely reduces the response to
bronchoconstrictors through the known
effect of HAS2 to promote fibrogenesis (18).
In their investigation of a-SMA–HAS21

mice, Chai and colleagues reported that
overproduction of HA in the aorta leads
to thinning of the elastic lamellae and
increased vessel stiffness, promoting the
development of atherosclerosis in the
aorta (26). Similarly, Li and colleagues
found that HAS2 overexpression promotes
increased HA and a-SMA production
by lung myofibroblasts, and is required
for activation of a genetic profile that
stimulates lung myofibroblast invasion,
contributing to persistent lung fibrosis (18).
Related to the current study, airway
fibroblasts in allergic asthma have also
been shown to exhibit an invasive
phenotype (7) and to express increased
HAS2 with increased HA production
relative to cells from healthy control
subjects (21). Our results support the
notion that overexpression of HAS2 creates
a profibrotic mesenchymal phenotype,
which reveals itself in different segments of
the lung depending on the injury site. Thus,
in parenchymal damage by bleomycin,
HAS2 overexpression by airway fibroblasts
leads to parenchymal fibrosis (18). By
contrast, in our allergic airway disease
model, there is predominant peribronchial
fibrosis leading to stiffening of the proximal
(Rn) airways, whereas the parenchyma
(compliance [C] and tissue elastance [H]) is
unaffected.

The effect of HAS2 overexpression on
airway fibrosis is clearly injury dependent,
as unchallenged a-SMA–HAS21 mice did
not exhibit significantly increased
peribronchial trichrome staining or lung
hydroxyproline content compared with
a-SMA–HAS22 mice (this study and
Reference 18), even though peribronchial
HA staining in these unchallenged mice
was significantly increased compared with
naive a-SMA–HAS22 mice. In addition,

we observed that production of both
peribronchial HA and a-SMA was
significantly elevated in the OVA-
challenged a-SMA–HAS21 mice compared
with the unchallenged a-SMA–HAS21

mice, suggesting that allergen injury
augments HA deposition surrounding the
airways, which leads to increased airway
fibrosis. The role of HA in promoting
fibroblast differentiation and collagen
deposition is complex, with contradictory
reports suggesting that HA both mediates
and protects against TGF-b1–induced
fibrosis in specific tissue types (37–39). HA
deposition by myofibroblasts is believed
to occur downstream of TGF-b1 signaling
(18); however, evidence from several
studies indicates that HAS2-dependent
production of HA mediates fibroblast-to-
myofibroblast differentiation and
myofibroblast phenotypic persistence
(a-SMA positivity) by promoting autocrine
TGF-b1 signaling (40, 41). Therefore,
based on our data from the OVA-
challenged a-SMA–HAS21 mice, we
conclude that increased allergen-induced
peribronchial fibrosis may be mediated by a
positive-feedback loop consisting of
paracrine-stimulated HA production in
mesenchymal cells that mediates
myofibroblast autocrine TGF-b1
production and a-SMA expression, which
in turn contributes to cellular invasion and
excessive matrix deposition surrounding
the airways. Taken together, our findings
and published literature suggest that HAS2
expression and HA production by airway
fibroblasts may play a role in airway
remodeling and lessen elevations in airway
responsiveness in allergic asthma. This
effect of HAS2 expression in this model of
allergic airways disease is somewhat of a
double-edged sword, as the beneficial
reduction in AHR follows a potentially
detrimental increase in airway fibrosis. The
long-term effects of airway fibrosis on lung
function in this model are unknown;
however, in human asthma, airway fibrosis
contributes to diminished lung function
over time (8, 9). Therefore, chronically
high levels of HAS2 expression in the
airways may be ultimately detrimental in
human asthma.

HA is a key component of the
extracellular matrix, which exists as a high-
molecular-weight polymer in healthy lung
tissue. Much research has shown that
low-molecular-weight fragments of HA,
generated through HA degradation by
hyaluronidases or oxidative stress in the
lung, are proinflammatory and profibrotic
(35, 42–44). We have not yet determined
the molecular size of the HA in tissues
or secretions of OVA-challenged
a-SMA–HAS21 mice or the effect of
allergen challenge on HA degradation.
Previous studies with a-SMA–HAS21 mice
indicated that the molecular weight of HA
produced by tissues in transgene-positive
mice is similar to that observed in
a-SMA–HAS22 mice (26), and the data
herein support this conclusion because we
observed no difference in our assessments
of airway inflammation. However,
we do not yet know whether OVA
challenge causes degradation of HA in
a-SMA–HAS21 mice, or whether allergen-
induced HA fragmentation would affect
airway responsiveness. Indeed, it is difficult
to postulate a scenario in which increased
proinflammatory low-molecular-weight
HA in a-SMA–HAS21 mice would reduce
AHR. OVA challenge is associated with a
shift from high-molecular-weight to low-
molecular-weight moieties in whole lung
homogenates, but more work needs to be
done to determine the actual sizes of HA in
allergen-challenge models (23).

In conclusion, we have shown that in a
murine model of allergic airways disease,
transgenic targeted HAS2 overexpression in
myofibroblasts and smooth muscle cells
produces increased lung HA and TGF-b1,
and is associated with airway remodeling
characterized by increased peribronchial
HA and collagen deposition, as well as
partial protection from AHR. Elevated
expression of HAS2 by airway fibroblasts, as
has been shown in allergic asthma (21),
may regulate both airway remodeling and
responsiveness in asthma and serve as a
potential biomarker or therapeutic target
for allergic asthma. n

Author disclosures are available with the text
of this article at www.atsjournals.org.

References

1. Kudo M, Ishigatsubo Y, Aoki I. Pathology of asthma. Front Microbiol
2013;4:263.

2. Trejo Bittar HE, Yousem SA, Wenzel SE. Pathobiology of severe asthma.
Annu Rev Pathol 2015;10:511–545.

3. Berair R, Brightling CE. Asthma therapy and its effect on airway
remodelling. Drugs 2014;74:1345–1369.

ORIGINAL RESEARCH

Walker, Theriot, Ghio, et al.: HAS2 Overexpression Lessens AHR in Asthma 709

http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2017-0095OC/suppl_file/disclosures.pdf
http://www.atsjournals.org


4. Gras D, Chanez P, Vachier I, Petit A, Bourdin A. Bronchial epithelium as a target
for innovative treatments in asthma. Pharmacol Ther 2013;140:290–305.

5. Bento AM, Hershenson MB. Airway remodeling: potential
contributions of subepithelial fibrosis and airway smooth muscle
hypertrophy/hyperplasia to airway narrowing in asthma. Allergy
Asthma Proc 1998;19:353–358.

6. Firszt R, Francisco D, Church TD, Thomas JM, Ingram JL, Kraft M.
Interleukin-13 induces collagen type-1 expression through matrix
metalloproteinase-2 and transforming growth factor-b1 in airway
fibroblasts in asthma. Eur Respir J 2014;43:464–473.

7. Ingram JL, Huggins MJ, Church TD, Li Y, Francisco DC, Degan S,
Firszt R, Beaver DM, Lugogo NL, Wang Y, et al. Airway fibroblasts
in asthma manifest an invasive phenotype. Am J Respir Crit Care
Med 2011;183:1625–1632.

8. Lange P, Parner J, Vestbo J, Schnohr P, Jensen G. A 15-year follow-up
study of ventilatory function in adults with asthma. N Engl J Med 1998;
339:1194–1200.

9. Ward C, Johns DP, Bish R, Pais M, Reid DW, Ingram C, Feltis B,
Walters EH. Reduced airway distensibility, fixed airflow limitation,
and airway wall remodeling in asthma. Am J Respir Crit Care Med
2001;164:1718–1721.

10. Busse WW. The relationship of airway hyperresponsiveness and airway
inflammation: airway hyperresponsiveness in asthma: its
measurement and clinical significance. Chest 2010; 138(2, Suppl)
4S–10S.

11. Fraser JR, Laurent TC, Laurent UB. Hyaluronan: its nature, distribution,
functions and turnover. J Intern Med 1997;242:27–33.

12. Jiang D, Liang J, Noble PW. Hyaluronan as an immune regulator in
human diseases. Physiol Rev 2011;91:221–264.

13. Monslow J, Govindaraju P, Puré E. Hyaluronan—a functional and
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