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The extra domain A of fibronectin is essential for
allergen-induced airway fibrosis and hyperresponsiveness

in mice
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Background: Asthma is characterized by airway inflammation,
airway remodeling, and airway hyperresponsiveness (AHR).
Myofibroblast differentiation and subepithelial fibrosis are

key features of airway remodeling. Extra domain A (EDA)-
containing fibronectin (EDA-FN), an alternatively spliced form of
the extracellular matrix protein fibronectin, has been implicated in
fibroblast differentiation during wound healing and tissue fibrosis.
Objectives: We sought to investigate the role of EDA-FN in
airway remodeling using a murine model of chronic allergen-
induced experimental asthma.

Methods: EDA™/~ and wild-type (WT) mice were sensitized and
exposed to inhaled ovalbumin (OVA) or saline for 5 weeks.
EDA-FN expression was evaluated by means of PCR and
immunostaining. Peribronchial fibrosis, smooth muscle area,
mucus-producing cell numbers, bronchoalveolar cell counts,
and lung function were assessed in WT and EDA™'~ mice.
Fibroblast activation and differentiation were evaluated ex vivo
by using OVA-treated WT and EDA ™'~ lung fibroblasts.
Results: Exposure to OVA increased EDA-FN expression in lung
tissue and primary lung fibroblasts. OVA-treated EDA ™'~ mice
showed reduced airway fibrosis and AHR and impaired
expression of TGF-B1 and IL-13 without changes in airway
inflammation or other aspects of remodeling. Lung fibroblasts
from OVA-treated EDA ™'~ mice exhibited reduced
proliferation, migration, a-smooth muscle actin expression, and
collagen deposition and impaired TGF-f31 and IL-13 release
compared with that seen in WT mice.

Conclusions: EDA-FN is essential for the development of OVA-
induced airway fibrosis and AHR. The effect of the EDA domain
on airway fibrosis after OVA challenge is through activation and
differentiation of fibroblasts. Fibroblast activation and airway
fibrosis are necessary for the development of AHR. (J Allergy
Clin Immunol 2011;127:439-46.)
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Asthma is a chronic disease characterized by airway obstruc-
tion, airway hyperresponsiveness (AHR), inflammation, and
remodeling." Airway remodeling is defined as changes in the
size, mass, or number of structural components of the airway
wall, including epithelial disruption, goblet cell hyperplasia and
mucus production, subepithelial fibrosis, myofibroblast accumu-
lation, smooth muscle hyperplasia and hypertrophy, and neovas-
cularity.* The poor response to corticosteroid treatment seen in
patients with severe refractory asthma might be due to the pres-
ence of remodeling with development of fixed airway obstruction,
worsening AHR, and progressive decrease in lung function.'~

The subepithelial fibrosis observed in chronic asthmatic air-
ways is composed of excessive deposition of extracellular matrix
(ECM) proteins, such as collagens I, III, and V; fibronectin;
tenascin; and laminin.®® Accumulation of fibroblasts/myofibro-
blasts has been observed in the airways of patients with chronic
asthma®'? and in the lungs of mice chronically exposed to oval-
bumin (OVA)."> Because myofibroblasts are a major source of
collagens and glycoproteins,>® they might account for the en-
hanced ECM deposition and subepithelial fibrosis observed in pa-
tients with chronic asthma.'*"'?

Fibronectin is a 440-kd dimeric major ECM glycoprotein that
includes 3 different types of repeating segments (types I, II, and III)
and plays a regulatory role during embryogenesis, wound healing,
and maintenance of tissue integrity.'* The fibronectin gene encodes
15 type III repeats that are constitutively expressed plus 2 that are
alternatively spliced: extra domain A (EDA) and extra domain B
(EDB)." EDA is a single exon that is included or excluded from
the fibronectin mRNA by exon skipping.'>'® Two major forms of
fibronectin exist: plasma fibronectin, a soluble form found in
plasma secreted by hepatocytes, which lacks both EDA and EDB
segments, and cellular fibronectin, a form found mainly as fibrils
in the ECM and secreted by activated fibroblasts that contains var-
iable proportions of EDA segments, EDB segments, or both.'+16

The biological functions of the EDA domain are poorly
understood. Inclusion of EDA in fibronectin occurs during wound
healing,'® tissue fibrosis,'”'® and fibroblast differentiation.'**
The changes observed in its pattern of expression during these
pathophysiological conditions suggest a role for the EDA domain
in fibrogenesis and tissue repair. Increased EDA-containing FN
(EDA-FN) levels have been reported in fibroblasts isolated from
bronchoalveolar lavage (BAL) fluid of asthmatic patients,21 in
BAL fluid of atopic subjects after allergen bronchoprovocation,**
and in BAL fluid of OVA-treated mice?*; however, whether
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Abbreviations used
AHR: Airway hyperresponsiveness
a-SMA: a-Smooth muscle actin
ASM: Airway smooth muscle
BAL: Bronchoalveolar lavage
Ct: Cycle threshold
ECM: Extracellular matrix
EDA: Extra domain A
EDA-FN: EDA-containing fibronectin
EDB: Extra domain B
10D: Integrated optical density
OVA: Ovalbumin
PAS: Periodic acid-Schiff
RGD: Arginyl-glycyl-aspartate
WT: Wild-type

EDA-FN contributes to the development of allergen-induced
airway remodeling has not been evaluated. In the present study we
used EDA /™ mice to demonstrate that EDA-containing fibronec-
tin is not only upregulated in response to OVA but also is essential
for the development of airway fibrosis and AHR.

METHODS

Animals

EDA ™'~ mice have been previously described.'® C57BL/6 WT mice were
purchased from Harlan Laboratories Ltd (Jerusalem, Israel). The Hebrew
University—Hadassah Medical School Animal Ethics Committee approved
all experimental protocols. Eight to 9 mice per group were used.

Allergen challenge protocol

Mice were sensitized with intraperitoneal OVA (Sigma-Aldrich, St Louis,
Mo) or saline and challenged as previously reported and shown in this article’s
Fig E1 in the Online Repository at www.jacionline.org.>**> Detailed metho-
dology is described in the Methods section of this article’s Online Repository
at www.jacionline.org.

Assessment of AHR

Twenty-four hours after the last challenge, mice were anesthetized, tracheos-
tomized, paralyzed, and ventilated with FlexiVent (SCIREQ, Montreal, Quebec,
Canada). After baseline determination of airway resistance, mice were challenged
with 0 to 32 mg/mL methacholine (Spectrum Chemicals, New Brunswick, NJ)
nebulized directly into the ventilatory circuit using an AeroNebLab nebulizer
(SCIREQ). Two models of respiratory mechanics were used to assess lung
resistance: the linear first-order single compartment model and the constant-phase
model.? All data points were collected with FlexiVent software (SCIREQ). Re-
sults were expressed as reative increase over baseline values.

BAL fluid and lung pathology

Murine BAL fluid and lung pathology were processed as previously
describc:d,zz”'25 and details are provided in the Methods section of this article’s
Online Repository.

PCR

Quantitative real-time PCR analysis was performed as previously
described.?* The methodology is detailed in the Methods section of this arti-
cle’s Online Repository.

Immunohistochemistry
Slides were processed as previously described.>** The detailed protocol is
presented in the Methods section of this article’s Online Repository.
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Determination of lung collagen content,
peribronchial smooth muscle area, and

mucus-producing cells

Lung collagen content, area of a-smooth muscle actin (a-SMA) immu-
nostaining, and number of periodic acid—Schiff (PAS)—positive bronchial
epithelial cells were determined as previously reported,? and details are de-
scribed in the Methods section of this article’s Online Repository.

ELISA

ELISAs for TGF-B1, IL-4, IL-13, and GM-CSF were performed in lung
tissue homogenates and fibroblast culture medium by using commercial kits
(R&D systems, Minneapolis, Minn, or PeproTech Asia, Rehovot, Israel), as
previously described,>*? and details are presented in the Methods section of
this article’s Online Repository.

Lung fibroblast isolation and culture

Cells were isolated from lungs as detailed in the Methods section of this
article’s Online Repository and as previously described.?* Cells between
passages 2 and 4 were used for all experiments. Experiments were repeated
4 times.

Fibroblast proliferation and migration assays

Cell proliferation and migration were determined as previously de-
scribed.® Further details appear in the Methods section of this article’s Online
Repository.

Immunofluorescence for a-SMA

Fibroblasts were prepared, incubated with anti-mouse a-SMA (Sigma),
examined, and analyzed as previously described®®*® and as detailed in the
Methods section of this article’s Online Repository. Results are expressed as
integrated optical density (IOD).

Collagen deposition by cultured fibroblasts and
collagen gel contraction assay

Collagen deposition and 3-dimensional gel contraction were determined as
previously described.?*?>” Further details appear in the Methods section of
this article’s Online Repository.

Data analysis

Means and SEMs are given for each group. Statistical analysis was
performed with GraphPad Prism software (GraphPad Software, Inc, La Jolla,
Calif).'%2%2% The unpaired Student ¢ test (Fig 1, A and B) and 2-way ANOVA
followed by the Bonferroni posttest (Figs 2, 3,4, and 5, A and B) were used for
sample sizes of 8 to 9. For sample sizes of 4 (Figs 1, E; 5, C and D; and 6),
group comparisons were performed by using the nonparametric Kruskal-
Wallis test, and 2-group comparisons were performed with the Mann-
Whitney test. A P value of less than .05 was considered statistically significant.

RESULTS
Expression of EDA-FN in lung tissue and primary
lung fibroblasts from OVA-treated mice

To test whether the remodeling changes observed in our model
of chronic asthma®*?° are associated with the upregulation of the
EDA segment of fibronectin, we determined the expression
of EDA-FN and total fibronectin (EDA-containing and EDA-
lacking forms of fibronectin) in lung tissue of mice exposed to
OVA and saline. Quantitative real-time PCR revealed a significant
increase in mRNA of fibronectin containing the EDA segment in
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FIG 1. EDA-FN is expressed in lung tissue and fibroblasts from OVA-treated mice. A and B, EDA-FN (Fig 1, A)
and total fibronectin (Fig 1, B) mRNA in lungs of OVA-treated and control mice (n = 8-9). *P<.05. C, EDA-FN
immunostaining of epithelium and subepithelial fibroblasts (arrows) in lung sections of OVA-treated mice.
Representative images are shown; inserts indicate higher magnification. D, EDA-FN (red panels, light bars)
and total fibronectin (green panels, dark bars) expression, calculated as integrated optical density (/OD), in

lung primary fibroblasts (n = 4). *P < .05.

lungs of OVA-treated mice in comparison with that seen in saline-
treated control animals (Fig 1, A; P <.05), whereas the increase in
total fibronectin mRNA levels was not significant (Fig 1, B). The
upregulation of EDA-FN mRNA was accompanied by an increase
in EDA-FN protein levels in epithelial cells and fibroblasts in lung
sections of OVA-treated mice, as demonstrated by means of EDA-
FN immunostaining, which was semiquantified as detailed in
the Online Repository (Fig 1, C, and Fig E2, A in this article’s On-
line Repository at www.jacionline.org). Increased expression of
EDA-FN was also observed in primary fibroblasts isolated from
the lungs of mice exposed to OVA (6.9 * 0.2 units for OVA vs
1.2 = 0.2 units for saline, P <.05; Fig 1, D). Although total FN
expression in both OVA and saline-treated cells was similar,
most of the fibronectin expressed by OVA-treated lung fibroblasts
includes the EDA segment (62% for OVA vs 17% for saline) while
this in not so for saline.

AHR is attenuated in EDA™’~ mice

AHR is a major clinical feature of asthma.>> We investigated
the contribution of EDA-FN to allergen-induced AHR by assess-
ing lung resistance, Newtonian resistance, and tissue damping af-
ter methacholine challenge in EDA ™'~ and WT mice exposed to
OVA or saline. OVA-treated WT mice demonstrated increased
lung resistance, Newtonian resistance, and tissue damping in
comparison with that seen in saline-treated control animals.
OVA-treated EDA ™'~ mice exhibited decreased lung resistance
(Fig 2, A; P < .05), Newtonian resistance (Fig 2, B; P < .01),
and tissue damping (Fig 2, C; P <.05) in comparison with that
seen in OVA-treated WT mice.

Airway inflammation is unchanged in EDA™/~ mice
in response to acute or chronic allergen challenge
We analyzed the number of total cells and eosinophils in BAL
fluid of EDA ™~ and WT mice to determine whether EDA-FN in-
fluences airway inflammation. An increased number of total cells

and eosinophils was observed in both EDA '~ and WT mice ex-

posed to OVA for 1 week (acute challenge; Fig 3, A and C) and
5 weeks (chronic challenge; Fig 3, B and D) in comparison with
that seen in saline-treated control animals. In comparison with
WT mice, EDA~’~ mice showed no differences in the number
of total cells or eosinophils after 1 week (Fig 3, A and C) or 5
weeks (Fig 3, B and D) of OVA challenge. Hematoxylin and eo-
sin-stained lung sections from OVA-treated EDA™’~ and WT
mice showed similar perivascular and peribronchial inflammatory
infiltrates (data not shown).

Reduced subepithelial fibrosis and collagen
deposition in EDA™/~ mice

To determine whether EDA-FN plays a role in the development
of airway remodeling, we evaluated collagen deposition and
subepithelial fibrosis, airway smooth muscle (ASM) mass, and
goblet cell numbers in OVA-treated EDA '~ and WT mice. Col-
lagen deposition was evaluated by using a biochemical assay, and
subepithelial fibrosis was evaluated by means of peribronchial
Masson trichrome staining. OVA-treated EDA ™'~ mice showed
reduced lung collagen content compared with that seen in WT
mice (149.2 *+ 13.9 wg/100 mg of lung tissue for EDA ™'~ mice
vs 258.3 £ 15.2 ug/100 mg of lung tissue for WT mice, P <
.01; Fig4, A). Peribronchial collagen area, assessed by using Mas-
son trichrome staining and semiquantitative scoring (see the
Methods section of this article’s Online Repository), was also re-
duced in lung OVA-treated EDA '~ mice (Fig 4, B, and Fig E2,
B). ASM thickness was evaluated by means of a-SMA immunos-
taining. OVA challenge increased a-SMA-—stained peribronchial
smooth muscle area in WT and EDA™’~ mice in comparison
with saline controls (Fig 4, C and D); however, no differences
were observed between OVA-treated EDA ™/~ mice (4.9 * 0.4
pwm?/wm perimeter of bronchus) and WT mice (4.7 + 0.4 wm?*/
pm perimeter of bronchus; Fig 4, C). Lung sections of WT and
EDA™’~ mice exposed to OVA showed increased number of
PAS-positive epithelial cells in comparison with that seen in
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FIG 2. Reduced AHR in EDA™'~ mice. A-C, Lung resistance (R; Fig 2, A),
Newtonian resistance (Rn; Fig 2, B), and tissue damping (G; Fig 2, C) for in-
creasing doses of methacholine. OVA-treated EDA™/~ mice (gray circles,
solid lines) showed reduced airway responsiveness in comparison with
that seen in OVA-treated WT mice (black circles, solid lines; n = 8-9).
*P < .05, **P < .01 (OVA-treated EDA™'~ mice vs OVA-treated WT mice).

saline-treated control animals (Fig 4, E and F). The percentage of
PAS-positive epithelial cells observed in sections of OVA-treated
EDA /™ mice (16.2% * 1.9%) was similar to that of OVA-
treated WT mice (18.9% = 1.6%; Fig 4, E).

Reduced expression of TGF-B1 and IL-13 in EDA™/~
mice

TGF-B1 and IL-13 are important profibrogenic mediators in
asthma.”® The expression of TGF-1 in lung homogenates from
OVA-treated EDA ™/ mice was significantly reduced in compar-
ison with that seen in WT mice (0.26 = 0.02 vs 0.43 = 0.04 ng/
mL TGF-B1, P <.001; Fig 5, A). We also evaluated the levels of
IL-13, IL-4, and GM-CSF in lung homogenates from WT and
EDA ™'~ mice exposed to OVA and saline and observed reduced
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expression of IL-13 in lungs of OVA-treated EDA ™'~ mice com-
pared with that seen in WT mice (67 = 2 vs 103 = 2 pg/mL IL-
13, P <.001; Fig 5, B). No differences for IL-4 and GM-CSF were
observed between EDA '~ and WT mice exposed to OVA (see
Fig E3 in this article’s Online Repository at www.jacionline.
org). Primary lung fibroblasts from OVA-treated WT mice re-
leased increased amounts of TGF-B1 (Fig 5, C) and IL-13 (Fig
5, D) measured in culture medium compared with those seen in
saline-treated control animals. This increase was not observed
in OVA-treated EDA™/~ mice (1.25 + 0.18 ng/mL of TGF-B1
for WT mice vs 0.45 £ 0.04 ng/mL of TGF-31 for EDA™/~
mice [Fig 5, C] and 93.7 £ 11.1 pg/mL IL-13 for WT mice vs
41.6 + 1.6 pg/mL IL-13 for EDA™’" mice [Fig 5, D], P <.05).

Impaired fibroblast activation and differentiation in
EDA~’~ mice

We next evaluated whether the mechanism of action of EDA-
FN in OVA-induced airway fibrosis is through alteration of
fibroblast phenotype. We therefore measured proliferation, mi-
gration, a-SMA expression, collagen deposition, and contractile
capacity of fibroblasts. Proliferation of fibroblasts from lungs
of OVA-treated EDA '~ mice was reduced in comparison with
that seen in WT mice, with maximal effect observed after
3 days of incubation (4.1 = 0.2 X 10° cells for EDA™'~ mice
vs 5.9 = 0.3 X 10° cells for WT mice, P < .05; Fig 6, A).
EDA ™'~ lung fibroblasts exhibited reduced migration in compar-
ison with WT lung fibroblasts after OVA challenge, as determined
by percentage of recovered wound area after 16 hours (49.0 = 3.0
for EDA™’™ mice vs 72.0 * 2.3 for WT mice, P <.01; Fig6, B). a-
SMA expression in fibroblasts from lungs of OVA-treated EDA ™~
mice was reduced in comparison with that seen in fibroblasts
from OVA-treated WT mice (1.26 = 0.17 units vs 2.83 = 0.24
units, P <.05; Fig 6, C). OVA-treated EDA '~ fibroblasts showed
less collagen deposition than OVA-treated WT cells (7.1% =
4.3% vs 42.2% * 5.8% relative to internal controls, as described
in the printed Methods section and in the Methods section of this
article’s Online Repository; P <.05; Fig 6, D). Fibroblasts from
lungs of OVA-treated EDA '~ mice also demonstrated reduced
contractile capacity in comparison with that seen in OVA-
treated WT cells. After 24 hours of incubation, EDA '~ cells re-
duced the gel by 24% of its initial size, whereas WT cells reduced
the gel by 44% (P <.05; Fig 6, E).

DISCUSSION

In this study we evaluate the role of EDA-FN in a murine model
of chronic allergen-induced experimental asthma.”** We dem-
onstrate that EDA-FN is upregulated in OVA-treated mice.
EDA null mice chronically exposed to OVA show reduced subep-
ithelial fibrosis and collagen deposition, as well as reduced AHR,
in comparison with WT mice, whereas no differences in airway
inflammation, peribronchial smooth muscle area, and mucus-
producing cell numbers are observed. We also show reduced pro-
liferation, migration, a-SMA expression, collagen deposition,
contractility, and TGF-1 and IL-13 expression in lung fibro-
blasts isolated from OVA-treated EDA™’~ mice in comparison
with that seen in lung fibroblasts from OVA-treated WT mice.
We therefore demonstrate an essential and selective role for
EDA-FN in the activation of lung fibroblasts and the development
of subepithelial fibrosis and AHR in our model.
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FIG 4. Reduced airway fibrosis in EDA™~ mice. WT and EDA™'~ mice were exposed to OVA and saline for 5
weeks. OVA-treated EDA '~ mice showed reduced lung collagen content (A) and peribronchial collagen de-
position (B). No differences were observed in smooth muscle a-SMA-immunostained area (C and D) and
airway mucus production (E and F). Data are presented as mean + SEMs (n = 8-9). **P < .01.

We observed increased expression of EDA-FN mRNA and
protein, with only a small increase in total fibronectin (EDA-
containing and EDA-lacking fibronectin) in both lung tissue and
primary lung fibroblasts from OVA-treated mice. Our results are
consistent with those of Larsen et al,21 who found increased EDA-
FN expression but no changes in total fibronectin in fibroblasts
isolated from BAL fluid of asthmatic patients. Furthermore,
Meerschaert et al*> showed that allergen challenge increased
EDA-FN production by airway cells. Together, these findings
suggest that allergen challenge induces a shift in fibronectin syn-
thesis from mainly non—-EDA-FN to EDA-FN.

AHR is the most important clinical manifestation of asthma
and accounts for symptoms and impaired lung function.>> The re-
lationship between AHR, airway inflammation, and individual or
combined aspects of airway remodeling are poorly defined. There
is ongoing debate regarding the contribution of airway fibrosis,

ASM, or both to AHR. We observed that OVA-exposed EDA™/~
mice have attenuated AHR in the presence of selective reduction
of fibroblast activation and airway fibrosis, demonstrating that
these components of remodeling are necessary for the develop-
ment of AHR in this model. Indeed, our model serves as an excel-
lent tool to specifically evaluate the contribution of fibroblast
activation and airway fibrosis to allergen-induced airway dis-
eases. In line with our findings, a strong correlation between sub-
epithelial fibrosis and AHR in response to methacholine or
histamine has been reported in asthmatic subjects.zg’30 Others
found a correlation between AHR and ECM protein deposition
by activated bronchial fibroblasts in asthmatic subjects.”’ Locke
et al*? observed that AHR in mice exposed to OVA for 6 weeks
was associated with the development of fibrosis and suggested
that airway fibrosis per se might be an important factor contribut-
ing to AHR, whereas others found no such relationship.33
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Furthermore, in the classic study of Benayoun et al,'? they found
that the best correlates of asthma severity and reduced lung func-
tion are fibroblast accumulation and ASM hypertrophy.

ASM is widely considered to be the major effector of AHR.**
However, the impaired AHR observed in OVA-treated EDA™/~
mice despite the presence of increased ASM area (similar to
OVA-treated WT mice) provides evidence that ASM is not the
sole contributor to AHR. This is supported by previous studies
with murine models of asthma showing increased AHR in the
presence of unchanged ASM layer thickness in response to
OVA challenge.**** Although unlikely, our findings in this study
do not rule out the possibility that EDA-FN might affect AHR
through alteration of smooth muscle cell phenotype or behavior
without changing smooth muscle content, and this is an interest-
ing focus for further study.

Increased numbers of fibroblasts/myofibroblasts have been
reported in the airways of asthmatic subjects, as well as in mice,
after chronic exposure to OVA.>'? The reduction in airway fibro-
sis observed in OVA-treated EDA /™ mice is most likely attribut-
able to impaired fibroblast activation and differentiation. EDA-FN
promotes migration, proliferation, adhesion, and differentiation
of lung fibroblasts and is able to restore profibrotic responses
when added to EDA™'~ lung fibroblasts.'®?° EDA-FN might
also regulate lung fibroblast activity through modulation of profi-
brogenic factors. This is supported by our findings showing re-
duced expression of TGF-B1 and IL-13 in vivo from lung tissue
of OVA-treated EDA ™/~ mice, as well as ex vivo from cultured
fibroblasts isolated from the lungs of these mice. IL-13 production
has been described in skin and gingival fibroblasts. > TGF-B1
and IL-13 are known to activate lung fibroblasts in patients with
asthma.”® We and others have previously shown that EDA-FN
not only enhances expression of TGF-B1 from fibroblasts but
also is important for its activation."®?° In addition, TGF-B1 in-
creases EDA-FN levels in fibroblasts.>” Thus these mediators
might contribute to fibroblast activation through an autocrine
loop that is dependent on EDA-FN. The finding of reduced IL-
13 levels in lungs and fibroblasts from OVA-treated EDA ™'~
mice is surprising, especially in the absence of a change in IL-4
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levels and in the presence of sustained airway inflammation and
mucus production. It is possible that EDA '~ mice have impaired
production of IL-13 from fibroblasts but not from other cells, such
as epithelial cells®® or lymphocytes, and further studies are neces-
sary to clarify these issues.

The origin of the increased smooth muscle observed in patients
with asthma is not well established. Several hypotheses have been
proposed, including the possibility that smooth muscle arises
from further differentiation of resident myofibroblasts.?*** We
observed no changes in ASM in EDA ™~ mice despite the im-
paired fibroblast activation and differentiation shown by these an-
imals in response to OVA. Although this issue is not the main
focus of the present study, our findings suggest that continuous
differentiation of myofibroblasts might not be a source for in-
creased ASM.

Dekkers et al*' have recently reported selective reduction of
ASM thickness in a model of chronic experimental asthma by
blocking the arginyl-glycyl-aspartate (RGD) sequence present
on fibronectin and on several other ECM proteins. Interestingly,
these authors did not find changes in allergen-induced fibrosis
in the presence of the RGD-blocking peptide. Therefore it can
be speculated that different portions within the fibronectin mole-
cule might regulate different aspects of remodeling. In response to
OVA challenge, the EDA domain might be necessary for the de-
velopment of airway fibrosis and the RGD domain for smooth
muscle hyperplasia. Because the RGD sequence is constitutively
expressed in all isoforms of fibronectin,'” this might provide an
explanation for the similar smooth muscle area we observed in
both EDA™'~ and WT mice.

In the present study we found no changes in eosinophil and
total inflammatory cell numbers in EDA ™/~ mice compared with
those seen in WT mice. Because OVA-treated EDA '~ mice have
reduced AHR, these results suggest that persistent airway inflam-
mation is unlikely to be a major contributor to AHR. This is con-
sistent with the observation that AHR in asthmatic patients
persists despite prolonged treatment with anti-inflammatory med-
ications, such as corticosteroids.*?

To date, there is no effective therapy for the treatment of airway
remodeling. Corticosteroids have potent anti-inflammatory
effects, but their efficacy in attenuating remodeling is poorly
established.”'34>43 Targeting TGF-B1 might be a logical ap-
proach to treat remodeling in asthma**; however, this molecule
has pleiotropic anti-inflammatory and immune modulatory ef-
fects, and the direct blocking of TGF-B1 might be associated
with a high risk of side effects, such as autoimmunity and tumor-
igenesis.***® Our findings suggest that EDA-FN might be an al-
ternative and safer therapeutic target than TGF-B1 for airway
fibrosis and for tissue fibrosis in general. EDA-FN is necessary
for TGF-B1-induced activation in fibroblasts.'®'® In contrast to
TGF-B1, the expression of EDA-EFN is very low in normal adult
tissues and is only upregulated after tissue injury.*’” Furthermore,
the biological activity of EDA-FN is far more selective than TGF-
Bl.15 Finally, the EDA domain might be an easily accessible
sequence in vivo because targeting of other sequences within
the fibronectin molecule has been shown to be feasible.*'*®

In summary, using EDA '~ mice, we have uncoupled different
parameters of airway remodeling and have demonstrated that
EDA-FN is essential for the development of airway fibrosis in a
model of chronic experimental asthma. In addition, we provide
evidence for a direct contribution of increased subepithelial fibro-
sis to AHR. OVA-treated EDA ™'~ mice are protected from the
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FIG 6. Impaired activation and differentiation of fibroblasts from lungs of OVA-treated EDA™/~ mice. Lung
fibroblasts from saline- and OVA-treated EDA™'~ and WT mice were isolated as described in the printed
Methods section and in the Methods section of this article’s Online Repository. OVA-treated EDA '~ fibro-
blasts show reduced proliferation (A), migration (B), a-SMA expression (C), collagen deposition (D), and

contractility (E; n = 4). ¥*P< .05, **P < .01.

development of airway fibrosis because of a critical role for EDA-
FN in lung fibroblast activation/differentiation, presumably
through direct action on lung fibroblasts, through regulation of
profibrogenic signals associated to TGF-B1 and IL-13, or both.
Thus targeting EDA-FN might be a novel and attractive therapeu-
tic approach to attenuate the development of airway fibrosis and
AHR in patients with asthma.

‘We thank Anita Kol and Golan Buznak (graphic designer) for their technical
assistance.

Key messages

o EDA-FN is essential for the development of OVA-induced
airway fibrosis and hyperresponsiveness, and this effect
occurs via modulation of myofibroblast phenotype.

e Fibroblast activation and airway fibrosis are necessary
for the development of AHR.

o The use of EDA-FN null mice allows the dissociation and
study of different parameters of airway remodeling in re-
sponse to allergen.
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METHODS

Allergen challenge protocols

Animals were sensitized with intraperitoneal OVA (10 pg of OVA/1 mg of
Al(OH); in 0.5 mL of 0.9% saline; Sigma) or with saline on days 1 and 10.
Mice were then challenged with inhaled saline or OVA (2% wt/vol diluted
in 0.9% saline) 3 times per week for 1 week (acute challenge) or 5 weeks
(chronic challenge), starting on day 15 (Fig E1). For OVA and saline chal-
lenges, mice were transferred into a Perspex 30 X 40 X 40—cm box and ex-
posed to saline or OVA administered by means of a Micro Mist Nebulizer
(Hudson RCI, Temecula, Calif), feeding directly into the box at a flow rate
of 7 L/min for 20 minutes. The box contains additional holes for air
circulation.

BAL cell counts

Twenty-four hours after the last challenge (day 19 for acute challenge or
day 47 for chronic challenge), mice were anesthetized with 150 wL of
pentobarbitone sodium (200 mg/mL; CTS Chemical, Tel Aviv, Israel).
A cannula was placed in the trachea through a small transverse incision
made in the neck. After the assessment of AHR, BAL was performed with 4
aliquots of 1 mL of warmed 0.9% saline. BAL fluids were centrifuged for 10
minutes at 1,000 rpm, and cell pellets were resuspended in 1 mL of PBS.
Aliquots of 100 nL were used for cytospin preparations by using a Shandon
Cytospin 3 (Thermo Fisher Scientific, Waltham, Mass) and stained with
Diffquik (Dade Diagnostica, Munich, Germany). A total of 200 BAL cells
were counted and classified by using a Newbawer Chamber (Marienfeld,
Lauda-Konigshofen, Germany). Results are expressed as the number of cells
per milliliter of BAL fluid.

Lung pathology

After BAL, animals were killed by means of abdominal aortic transection
and exsanguination. Thoracotomy was performed, and the right main bron-
chus was tied. The right lung was removed, snap-frozen in liquid nitrogen, and
stored at —80°C for RNA analysis (lower lobe) and for tissue ELISA and
collagen content determination (upper lobe). The left lung was fixed by means
of intrabronchial infusion with 1 mL of 4% formaldehyde (Biolab, Jerusalem,
Israel) and then immersed in fixative for an additional 24 hours. Transverse
sections of the left lung were embedded in paraffin. Four- to 6-pm sections
were stained with hematoxylin and eosin, Masson trichrome, or PAS by
Hadassah Hospital Pathology Service (Jerusalem, Israel) or used for
immunostaining.

Quantitative RT-PCR

Total RNA was isolated from murine right lobe lung tissue by using
TriReagent (Sigma-Aldrich), according to the protocol supplied by the
manufacturer. RNA integrity and purity were analyzed by means of electro-
phoresis on 1% agarose gel stained with ethidium bromide. RNA was
quantitated by means of spectrophotometry and then reverse transcribed to
cDNA under standard conditions, according to the manufacturer’s recom-
mendations (Promega, Madison, Wis).

Quantitative real-time PCR analysis was performed with the ABI PRISM
7000 Sequence Detection System (Applied Biosystems, Foster City, Calif).
The probes and primers used were designed by Applied Biosystems and
purchased as TagMan Gene Expression assays kits (Applied Biosystems). One
kit recognizes a sequence within the EDA domain and detects only fibronectin
forms that contain the EDA segment (EDA-FN; assay ID: Mm01256733_m1),
whereas the second kit recognizes a sequence shared by all forms of fibronec-
tin, both those containing EDA and those lacking EDA (total fibronectin; assay
ID: Mm01256735_m1). The housekeeping gene 18S was used as the internal
control for sample normalization. Probe sequences are as follows: EDA-
containing fibronectin: 5'-AGT CCA CAG CCA TCC CTG CGC CCAC-3';
total fibronectin, 5'-ATC ACT ACT CTG GAG AAT GTT AGCC-3’; and
18S RNA, 5'-TGG AGG GCA AGT CTG GTG CCA GCAG-3'.

For each primer pair, a dilution curve of a positive cDNA sample was
included to calculate the efficiency of the amplification. Universal thermal
cycling parameters were used for all reactions, with an initial denaturing step
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at 95°C for 15 seconds followed by annealing/extension at 60°C for 1 minute.
Forty cycles were performed, and each sample was amplified in triplicate. The
threshold cycle (Ct) was recorded for each sample to reflect the mRNA
expression level, and relative quantification was determined by using ACt
calculated as follows:

Ct(Targel gene) _Ct(ISS gene).

The product is expressed as the fold change of gene expression according to
the formula 224, as previously described.”!

Immunohistochemistry

Immunohistochemical staining was performed on 4- to 6-um paraffinized
sections of murine lung tissue. The sections were deparaffinized with xylene
(Gadot Lab Supplies Ltd, Netanya, Israel) and washed. After antigen retrieval
in citrate buffer (0.01 mol/L, pH 6), slides were treated with 0.2% Triton for 10
minutes. Sections were then immersed in 0.3% H,0, (Sigma) in methanol for 8
minutes to quench endogenous peroxide, washed, and incubated with Beat
blocking solution A and B from a Histomouse-SP bulk kit (Zymed Laborato-
ries, South San Francisco, Calif) for 45 and 10 minutes, respectively. Slides
were exposed to anti-a-SMA (Sigma) or anti-EDA fibronectin (clone 3E2,
Sigma) for 90 minutes at room temperature or overnight at 4°C. Primary
antibodies were detected with a Histomouse-SP broad-spectrum (AEC)
detection kit (Zymed Laboratories), according to the manufacturer’s recom-
mendations. Briefly, sections were first incubated with biotinylated secondary
antibody for 30 minutes at room temperature and then with a streptavidin-biotin
complex for 10 minutes. Finally, slides were exposed to a substrate chromogen
mixture for 10 minutes. The sections were counterstained with hematoxylin.

The area of peribronchial a-SMA immunostaining was outlined and
quantified with an Axiolab light microscope (Zeiss, Carl Zeiss, AG,
Oberkochen, Germany), a Coolpix 990 camera (Nikon, Tokyo, Japan) and
the image analysis software Image ProPlus 6.0 (Media Cybernetics, Inc, Silver
Spring, Md), as previously described.® At least 5 bronchi were counted per
slide. Results are expressed as the area of a-SMA stained per micrometer of
basement membrane of bronchi.

Immunohistochemical staining for EDA-FN was graded semiquantita-
tively. All slides were examined by 2 reviewers in a random blinded fashion.
Five consecutive airways from all groups of mice were categorized according
to the abundance of cellular and peribronchiolar EDA-FN staining and
assigned numeric scores (0, <10% EDA-FN staining; 1, 10% to 40%; 2, 40%
to 70%; and 3, >70%). Results are expressed as the EDA-FN expression score.

Lung collagen content

Total lung collagen content from 100 g of right upper lung lobe tissue was
determined by using the Sircol Collagen Assay kit (Biocolor Ltd, Belfast,
Northern Ireland), according to the manufacturer’s recommendations. Results
were expressed as micrograms of collagen per 100 g of lung tissue.

Peribronchial collagen content was semiquantitatively graded in Masson
trichrome—stained sections. All slides were analyzed by 2 reviewers in a
random blinded fashion. Five consecutive airways from all groups of mice
were categorized according to the trichrome stain observed around the airways
and assigned numeric scores (0, absence of peribronchial trichrome stain; 1,
marginal peribronchial trichrome stain; 2, slight increase in peribronchial
trichrome stain; 3, increase in trichrome stain in all airways; and 4,
dramatically increased stain in all airways), as previously described.”> Results
are expressed as the trichrome staining score.

Quantification of mucus-producing cells

Lung sections from all groups of mice were stained for PAS to visualize
mucus production by airway epithelial cells. The number of PAS-positive and
PAS-negative epithelial cells in individual bronchioles was counted to
quantitate the level of mucus expression in the airway, as previously
described. "B Ten bronchioles were counted in each slide. Results are ex-
pressed as the percentage of PAS-positive cells per bronchiole, which is calcu-
lated from the number of PAS-positive epithelial cells per bronchus divided by
the total number of epithelial cells of each bronchiole.
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Murine lung fibroblast isolation and culture

Lungs from EDA ™'~ and WT mice exposed to saline or OVA as detailed
above were removed 24 hours after the last inhalation, minced, and incubated
in collagenase solution (1 mg/mL in PBS, Sigma) for 45 minutes at 37°C and
then passed through BD Falcon cell strainers (BD Biosciences, Bedford,
Mass). Cells were washed with PBS and resuspended in RPMI 1640 medium
(Sigma) supplemented with 10% heat-inactivated FCS, 100 pg/mL penicillin,
100 mg/mL streptomycin, 25 mmol/L HEPES buffer, 2 mmol/L L-glutamine,
0.1 mmol/L sodium pyruvate, and 1:100 Nonessential Amino Acids Solution
100-Fold Concentrate (all from Biological Industries, Beit Haemek, Israel).
Fibroblasts were passaged every 5 days by dissociating the monolayers with
mild trypsin solution (Biological Industries) and then reseeding in 75-cm?®
flasks. Fibroblasts between passages 2 and 4 were used for all experiments,
which were repeated 4 times.

Fibroblast proliferation assay

Proliferation was determined based on cell counts, as previously descri-
bed.®> Lung primary fibroblasts from all groups (10° per well) were seeded in
12-well plates in RPMI 1640 with 10% FCS (Biological Industries) on day 0.
On days 1, 2, 3, and 4, cells were trypsinized and counted with a Coulter cell
counter (Beckman Coulter, Inc, Fullerton, Calif).

Culture medium after 24 and 48 hours of incubation was collected,
centrifuged, and used for ELISA according to the manufacturer’s recommen-
dations. Because similar results were obtained after 24 or 48 hours of culture,
we show TGF-B1 and IL-13 release after 24 hours of incubation.

Fibroblast migration assay

Migration was determined by using the “scratch-wound” assay, as
previously described."® Lung primary fibroblasts from all groups (10° per
well) were seeded in 12-well plates and incubated (37°C at 5% CO,) to con-
fluency. A cell-free wound area was then created by scratching the cells with
a pipette tip. The time of the scratching wound was designated as time 0, and
pictures were taken. The cultures were then allowed to migrate for 16 hours.
At the end of migration, another set of pictures of the same region was taken.
The area of the wounds was quantified with ImageJ software (National In-
stitutes of Health, Bethesda, Md). The cell-free areas of the wounds at 16
hours after wounding were subtracted from the areas of the wounds at 0
hours (initial area) to calculate the area covered by migrating cells. Results
are expressed as a percentage of recovered wound area by using the follow-
ing formula:

Percentage of recovered wound area

_ (Initial area — Area after 16 hours)

— X100
Initial area

Immunofluorescence

Lung primary fibroblasts (10* per well) were placed in 24-well plates. After
24 hours, cells were fixed in 75% methanol, permeabilized in 0.2% Triton
100X, and blocked with BSA 1% in PBS.

For EDA-FN and total fibronectin staining, primary fibroblasts isolated
from lungs of WT mice exposed to OVA or saline were coincubated with anti-
human EDA murine mAb clone 3E2 (Sigma-Aldrich) and rabbit anti-human
goat polyclonal antibody (DakoCytomation, Glostrup, Denmark), as previ-
ously described.®” Binding was detected by using Cy5-conjugated goat anti-
mouse and fluorescein isothiocyanate—conjugated donkey anti-rabbit (Jackson
ImmunoResearch Laboratories, Inc, West Grove, Pa).

For a-SMA staining, primary lung fibroblasts from all groups were
incubated with anti—-a-SMA mAb (clone 1A4, Sigma-Aldrich). Binding was
detected with Cy5-conjugated goat anti-mouse antibody (Jackson).

Nuclei were counterstained with propidium iodide (Sigma). Negative
controls were performed with cells incubated directly with fluorescent
antibodies. Cover slips were then mounted on slides and examined with a
FluoView FV 300 confocal laser scanning biological microscope (Olympus
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Corp, Center Valley, Pa). Ten fields were examined per slide. Quantification of
fluorescence was assessed with Image-Pro Plus 6.0 software (Media Cyber-
netics, Inc, Silver Spring, Md). Integrated optical density was automatically
calculated from images acquired at a magnification of X600 and expressed as
previously described. 39

Percentage of EDA expression was calculated by using the following
formula:

10D EDA-fibronectin

Percentage of EDA jon=————— 1
ereentage o CXPIESSION = 76D total fibronectin

Collagen deposition by fibroblasts

Lung primary fibroblasts (5 X 10* per well) were seeded in 24-well plates
and left for 48 hours to reach monolayers. Collagen deposited in each well was
then stained with the Sircol Collagen Assay kit (Biocolor Ltd), according to
the manufacturer’s instructions. The amount of collagen was assessed by
means of spectrophotometry at 540 nm. Collagen deposition was expressed
as the fold increase relative to deposition by lung fibroblasts isolated from
saline-treated EDA ™'~ mice (internal control).

Gel contraction assay

Three-dimensional gel contraction was performed by using collagen
matrices as previously described.'® Volumes (0.33) of rat tail type I collagen
(3 mg/mL in 0.1% acetic acid, Sigma) were mixed with volumes (0.66) of cell
suspension (10* per gel) in culture medium in the presence of 0.1 mol/L
NaOH. The mixture was immediately transferred to 24-well plates and left
for 20 minutes at room temperature for the gels to solidify. Additional culture
medium was added to the wells, and the gel was gently released. The plates
were then incubated (37°C at 5% CO,), and after 24 hours, gels were photo-
graphed, and their size was determined with ImagelJ software. Results are ex-
pressed as the percentage of gel initial area calculated as follows:

Gel area after 24 hours

P . f gel initial = X100
ercentage of gel initial area Gel initial area
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FIG E1. Schematic overview of study protocols for induction of acute (A) and chronic (B) allergen challenge.
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FIG E2. A, Lung sections from WT mice challenged with saline (Sal) or OVA
were immunostained for EDA-FN (see Fig 1, C) and assigned an expression
score based on the percentage of EDA-FN staining, as described in the
Methods section of this article’s Online Repository (n = 8-9 per group).
**P < .01, Mann-Whitney test. B, Trichrome-stained lung sections from
EDA '~ and WT mice exposed to saline or OVA (see Fig 4, B) were assigned
a score based on the trichrome staining observed around the airways, as
described in the Methods section of this article’s Online Repository (n =
8-9 per group). *P < .05, WT OVA versus EDA™'~ OVA, Kruskal-Wallis/
Dunn test.
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FIG E3. No differences are observed in IL-4 (A) and GM-CSF (B) levels in
lung homogenates from EDA™'~ and WT mice exposed to OVA (n = 8-9
per group).
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