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airway remodeling and hyperresponsiveness
in allergen exposed mice
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Abstract

Background Fibroblast differentiation to a myofibroblast phenotype is a feature of airway remodeling in asthma.
Lung fibroblasts express the integrin receptor a,3, and fibronectin induces myofibroblast differentiation via this
receptor.

Obijectives To investigate the role of the 37 integrin receptor subunit and a,(3; integrin complex in airway remod-
eling and airway hyperresponsiveness (AHR) in a murine model of chronic allergen exposure.

Methods C57BL/6 wild type (WT) and 7 integrin null mice (3, -/-) were sensitized (days 1,10) and challenged

with ovalbumin (OVA) three times a week for one or 4 weeks. Similar experiments were performed with WT mice

in the presence or absence of a,3; blocking antibodies. Bronchoalveolar (BAL) cell counts, AHR, histological evalua-
tion, soluble collagen content, Transforming growth factor-f3 (TGFB) and Interleukin-13 (IL13) were measured. Pheno-
type of fibroblasts cultured from WT and {3, -/- saline (SAL) and OVA treated mice was evaluated.

Results Eosinophil numbers were similar in WT vs (37-/- mice. Prolonged OVA exposure in 37-/- mice was associ-
ated with reduced AHR, lung collagen content, peribronchial smooth muscle, lung tissue TGF@ and IL13 expression
as compared to WT. Similar findings were observed in WT mice treated with a3, blocking antibodies. Fibroblast
migration was enhanced in response to OVA in WT but not 7 -/- fibroblasts. a-SMA and fibronectin expression were
reduced in 37-/- fibroblasts relative to WT.

Conclusions The (37 integrin subunit and the a4(37 integrin complex modulate AHR and airway remodeling
in a murine model of allergen exposure. This effect is, at least in part, explained by inhibition of fibroblast activation
and is independent of eosinophilic inflammation.
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Introduction

Airway remodeling (AWR) is defined as changes in size,
mass, or number of tissue structural components that
occurs in the airways in response to injury and/or chronic
inflammation [1] and may be considered physiological or
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AWR includes epithelial injury, basement membrane
thickening, mucus gland hypertrophy, and neovascular-
ity, the predominant elements are an increase in airway
smooth muscle (ASM) mass and increased extra-cellu-
lar matrix (ECM) deposition [1, 2, 7, 8]. AHR has been
linked to subepithelial fibrosis, increased number of
myofibroblasts and smooth muscle area [9, 10]. We have
previously demonstrated in a murine model of chronic
allergen-induced airway remodeling that attenuating air-
way fibrosis, independent of changes in airway inflamma-
tion, protects against the development of AHR [11].
Airway fibroblasts synthesize and secrete extra-cellular
matrix (ECM) components, such as collagens, glycopro-
teins and proteoglycans, and ECM-degrading proteases
[12]. Fibroblasts demonstrate phenotypic heterogeneity
ranging from the non-contractile, quiescent, non-secre-
tory fibroblast to the contractile, proliferative and highly
secretory "myofibroblast” [12, 13]. Myofibroblasts are
present in abundance in tissues undergoing repair [13]
and are increased in airway remodeling in asthma [2, 7].
Integrins are a family of heterodimeric transmembrane
cell receptors that bind ECM components and mediate
the interaction between cells and their extracellular envi-
ronment [14-16] including cell migration, wound heal-
ing, cell differentiation, adhesion and apoptosis. There
are at least 24 heterodimers formed from eight different 8
subunits and eighteen a subunits. Multiple integrins bind
to ligands containing the “RGD” tripeptide (arginine-
glycine-aspartate). The a4 subunit is found in association
with B1 and 7 and binds to an “LDV” (leucine-aspar-
tate-valine) binding site. a4 null mice die prior to birth
with evidence of impaired cardiac development [17].
Integrin 7 associates with the integrin a4 or aE subu-
nits [18]. The o,p, integrin receptor complex has previ-
ously been reported in human and murine eosinophils,
basophils, macrophages, mast cells, NK cells, CD4 (+) T,
B lymphocytes and endothelial cells [19] and its ligands
include mucosal addressin cell adhesion molecule-1
(MAdACAM-1) and vascular cell adhesion molecule-1
(VCAM-1) and fibronectin [20]. This integrin plays a
role in cell adhesion, rolling, differentiation and survival
of eosinophils and lymphocytes [21]. f7 is important
for the normal development of Peyer’s patches in the
intestinal mucosa and B7-deficient mice have impaired
recruitment of lymphocytes, mast cell progenitors and
eosinophils to the gastrointestinal tract [22]. Several inte-
grins are known to be present on fibroblasts, notably the
asf,; integrin which binds to the RGD motif of fibronec-
tin and other ECM proteins and stimulates cell adhe-
sion, migration and proliferation [23]. a,f; and oyf, are
also expressed on fibroblasts [24]. We have previously
shown that a4p7 is expressed on murine lung fibroblasts
and identified it as a key participant in Extra-domain
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A containing-Fibronectin (EDA-FN) mediated fibro-
blast differentiation [25]. Expression of EDA-containing
fibronectin is enhanced in a murine model of chronic
allergen induced airway remodeling and EDA-/- mice
have attenuated airway fibrosis following allergen chal-
lenge and are protected from developing airway hyperre-
sponsiveness [11].

In the present study, we use both integrin 7 -/- mice
and administration of blocking a4f7 integrin antibody
in-vivo, to demonstrate that this receptor contributes to
airway remodeling in a murine model of allergen-induced
"asthma". We also demonstrate that activation and differ-
entiation of murine lung fibroblasts from 7 -/- mice are
impaired.

Methods

Animals

C57BL/6 mice (male and female) were purchased from
Harlan Laboratories Ltd (Jerusalem, Israel). B, deficient
mice (C57BL/6-Itgb7/]) were purchased from Jackson
Laboratories (Bar Harbor, Maine, USA). Absence of
B, gene expression was confirmed by PCR from DNA
obtained from B, deficient mice (Supplementary Fig. 1).
All animals were housed under specific pathogen-free
(SPF) conditions, 4—5 mice/ cage (lined with wood shav-
ings), with unlimited access to sterilized chow and water
with 12-h light and dark cycle. Experiments are designed
using 8—10 animals/group to allow statistical compari-
sons. Animals were examined three times weekly and
weighed twice weekly during the treatment phase of the
protocol. Experimental protocol prespecified that mice
that lost more than 20% of initial weight or that showed
signs of distress or illness would be removed and sacri-
ficed, however none of the mice required early removal.
The Hebrew University-Hadassah Medical School Eth-
ics Committee approved all experimental animal proto-
cols (approval no:MD-12-13,218-3, MD-13-13,627-4)
and is accredited by the US National Institute of Health
(F16-00010 (A5011-01). Protocols were in accordance
with ARRIVE guidelines for performance of animal
experiments.

Allergen challenge protocol

Figure 1 , Animals were randomized into different treat-
ment groups using excel RAND function. Ten-eleven
week old mice were sensitized with intraperitoneal
OVA (10 pg OVA/1 mg Al (OH), in 0.5 ml 0.9% saline
(Sigma, St. Louis, MO), or with saline on days one and
10. Mice were then challenged with inhaled saline or
OVA (2% weight/volume diluted in 0.9% saline: 4 ml/
inhalation) three times a week for one to 4 weeks, start-
ing on day 15. For challenge, mice were transferred into
a perspex 30X40 x 40 cm box, and exposed to saline or



Assayag et al. Respiratory Research (2024) 25:273

—

Inhalations —

Page 3 of 14

l Ovalbumin / Saline
Intraperitoneal

IR

1 10 3 4 5 6
days weeks

R
Lol

oy
(RN

Ovalbumin / Saline
I Inhalations

‘1’ o437 monoclonal Ab
Intraperitoneal

1 10 3 4 5 6
days weeks

Fig. 1 Schematic representation of allergen challenge models. Ten-eleven week old C57BL/6 mice were sensitized with intraperitoneal (IP)
ovalbumin (OVA) (10 pg OVA/1 mg Al (OH); in 0.5 ml 0.9% saline or with saline on days one and 10. Mice were then challenged with inhaled saline
or OVA (2% weight/volume diluted in 0.9% saline: 4 ml/inhalation) three times a week for one (“acute”) to 4 weeks (‘chronic”), starting on day 15. (A)
Allergen challenge using 3 7-/- mice or wild-type controls; (B) Mice treated with saline or a,f3, blocking antibody (DAKT32), 100ug in 100l / dose

administered intraperitoneally weekly for 6 weeks

OVA administered by means of a micro-mist nebulizer
(Hudson RCI, Temecula, CA) with a flow rate of 7L/
min for 20 min. For studies using o,f, blocking antibody
(DAKT32, Biolegend, CA), 100ug in 100ul PBS / dose
was administered intraperitoneally weekly for 6 weeks.

Airway hyperresponsiveness (AHR)

Twenty-four hours after the final allergen challenge,
mice were anesthetized with intraperitoneal ketamine/
xylasine 20 mg/kg, a metal cannula was inserted in the
trachea and mice were attached to a Flexivent ventilator
system (Scireq, Montreal). Lung resistance were meas-
ured in response to increasing doses of methacholine up
to 64 mg/mL [11]. Mice were then sacrificed and bron-
cho-alveolar lavage (BAL) fluid obtained for differential
cell counts and enzyme-linked immunosorbent assay
(ELISA). Total and differential cell counts from BAL
were performed using cytospin and Hematocolor stain-
ing. Lung function measurements were performed in a
blinded fashion (without knowing what treatment the
animal had received).

Lung pathology

The right lung was cryopreserved for RNA analysis, col-
lagen content determination and tissue ELISA and the
left lung for histological staining (hemotoxylin-eosin

[H&E], Masson Trichrome or periodic Acid-Shiff (PAS)
or immunostaining (immunohistochemistry (IHC) or
immunofluorescence (IF). Quantification was performed
using Image pro-Plus computer software and according
to published recommendations [26].

Fibroblast isolation and culture

Lungs from OVA- and saline-treated animals were
removed, minced and incubated (37 °C, 5% CO,) for
45 min in phosphate buffered saline (PBS) containing
1 mg/ml collagenase (Sigma-Aldrich, St Louis, MO).
After passage through a dissociation sieve (Sigma),
cells were cultivated in “fibroblast medium” consist-
ing of RPMI 1640 (Sigma) with 10% foetal bovine serum
(FBS) (Beit Haemek), gentamycin sulfate (Gibco, Grand
Island, NY), 2-mercapthoethanol (Sigma), non-essential
amino acids (Beit Ha-emek), glutamine (Gibco), antibi-
otics (Gibco) and indomethacin. Cells were incubated
at 37°C in 5% CO,. Cells in passage 2—4 were used for
experiments.

Immunofluorescence

Twenty-five thousand passage 2 lung fibroblasts were
cultured on round cover slips placed in 24-well plates
until reaching sub-confluence, were fixed (paraformal-
dehyde), permeabilized (Triton), blocked (BSA solution)
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and incubated with monoclonal antibodies for alpha-
smooth muscle actin (a-SMA) (Sigma) and fibronectin
(Abcam) in the presence or absence of murine transform-
ing growth factor beta (TGF-B) 10 ng/ml (R&D systems,
Minneapolis, MN). Binding was detected using fluores-
cein isothiocyanate (FITC) and cyanine-5 (Cy5) -conju-
gated secondary antibodies (Jackson ImmunoResearch
Laboratories, Inc, West Grove, PA).

Determination of lung collagen content
Soluble lung collagen content was determined using the
Sircol Collagen Assay kit (Biocolor Ltd., Belfast).

ELISA
Cytokine expression in BAL fluid and lung tissue for
TGFp and IL-13 were performed using Duoset ELISA
kits (R&D systems, Minneapolis, MN, or Peprotech,
USA).

Wound scratch assay for evaluating cell migration

Lung fibroblasts were grown to confluency in 12-well
plates. 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. Cells were
then allowed to migrate into the cell-free wound for 16 h.
Results were expressed as percentage of the recovered
wound area.

Goblet cell number

The number of periodic acid-Schiff (PAS)-positive and
PAS-negative bronchial epithelial cells was determined in
individual airways. 5 cross-sectional airways were exam-
ined for each mouse. A semi-quantitative score was given
per bronchus, on a scale of 0-5 (0: no PAS positive cells,
1:<10%, 2: 10-25%, 3: 25-50%, 4: 50-75%, 5:>75%).
Results were expressed as the average score per mouse.

Quantification of peribronchial smooth muscle area

The area of peribronchial a-SMA immunostaining was
outlined and quantified using an Axiolab light micro-
scope (Zeiss, Oberkochen, Germany), a Coolpix 990

(See figure on next page.)
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camera (Nikon, Tokyo, Japan), and analized with Image
ProPlus (Media Cybernetics, Inc., Silver Spring, MD).
Results are expressed as the area of a-SMA stained per
um of basement membrane of bronchi. Five bronchi per
mouse were analyzed.

Statistical analysis

The mean and standard error of mean (SEM) are given
for each group. Measurements and calculations were
performed with blinding to treatment for measurements
and to groups for calculations. Statistical analysis was
performed using GraphPad Prism software. Unpaired
Student ¢ test or two-way Analysis of Variance (ANOVA)
followed by Bonferroni posttest were used for sample size
of n=8-10. For sample size n=4, group comparisons
were performed by the non-parametric Kruskal-Wallis
test and two-group comparisons were performed using
the Mann—Whitney test. P<0.05 was considered statis-
tically significant. No data points were excluded from
analyses.

Results

Integrin B7-/- mice

Airway inflammation

C57BL/6 wild type and f7-/- mice were exposed to SAL
or OVA by inhalation for one ("acute") or four ("chronic")
weeks. BAL was performed 24 h after the last inhalation.
There was a marked increase in total BAL cell counts
in response to OVA exposure after one ("acute”) and
four ("chronic”) weeks. OVA was associated with sig-
nificant increase in number of eosinophils, lymphocytes
and neutrophils in both WT and B7-/- mice. Eosinophil
numbers were not significantly different in WT vs B7-/-
mice (WT-SAL O cells/ml, f7-/- 6.3+6; 1w: WT-OVA
76738 £16,490, B7-/- OVA 55957+10,022, 4w: WT-
OVA 51649+12,495, B7-/- OVA: 48,556 +7733, p>0.05)
(Fig. 2A).

Airway hyperresponsiveness (AHR)

Total lung resistance (R) at maximal methacholine con-
centration (64 mg/ml) was increased in OVA chal-
lenged WT mice when compared to Sal treated WT

Fig. 2 Bronchoalveloar cell counts, airway hyperresponsiveness and airway remodeling in 3 7-/- and WT mice. A Bronchoalveolar fluid cell

counts (per ml) from C57BL/6 wild type (WT) and 3 7-/- mice treated with saline or OVA for one ("acute") or four weeks ("chronic"). B Airway
hyperresponsiveness (resistance—R) in response to increasing doses of inhaled methacholine (MCH) in wild type and B 7-/- mice treated with saline
or OVA for four weeks. Resistance at the maximal MCH dose (64 mg/ml). p=0.03 for OVA vs SAL in WT mice, p=0.048 for WT-OVA vs 37 -/- OVA,

Area under the curve: p=0.08 WT-OVA vs (37 -/- OVA. N=8-10 mice per group. C Soluble collagen content (ug/100 mg tissue) measured by Sircol

in the lungs of acute and chronic OVA treated WT and B7-/- mice. D Peribronchial smooth muscle area expressed as pixel number (area/length)
using image J Pro Plus software in Masson Trichrome stained lung sections. n=8-10 mice per group for collagen and 4-5 per group for smooth
muscle. E Semi-quantitative score for epithelial goblet cells in PAS-stained sections n=5 mice per group *p <0.05 vs WT-SAL and vs 37 -/-SAL,

#p <0.05 vs WT-OVA acute and vs WT-OVA Chronic
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mice (2.26+0.21 vs. 1.69+0.16, p=0.03. Lung resist-
ance was lower in both the saline and OVA-challenged
B7-/- mice and there was no significant difference in
response to OVA vs SAL in the knockout mice (B7-/-
saline: 1.43+0.17, B7-/- OVA 1.79+0.07). Resistance was
significantly reduced in p7-/- OVA as compared to WT-
OVA mice (2.26.4+0.21 vs 1.79+0.07, p=0.048). For
total resistance measured by area under the curve (AUC)
for all concentrations, AUC (mean+SEM): WT-SAL
32.4+6.1, p7-/- -SAL 25.11+7.1, WT-OVA 44+ 8.0, p7-/-
-OVA 34.56+5.2, p=0.081 for WT-OVA vs 7-/- -OVA
(Fig. 2B).

Airway remodeling

We evaluated whether airway remodeling in response
to acute and chronic OVA exposure is attenuated in-
vivo in B7-/- mice. WT mice exposed to OVA showed
an increase in goblet cell number, collagen content and
airway smooth muscle as compared to SAL. OVA expo-
sure in f7-/- mice was associated with reduced lung col-
lagen deposition (ug/100mg lung tissue) compared to
that in WT mice (WT acute 276.5+53.3 vs f7-/- acute
196.1+66.4, p=0.021); WT chronic 262.1+42 vs. f7-/-
chronic 191.71+32.6, p=0.020) (Fig. 2C). There was
increased airway (peribronchial) smooth muscle (ASM)
in response to OVA in WT mice and this increase was
attenuated in B 7-/- mice following both acute and
chronic OVA exposure (WT-SAL 35.9+3.02, p7-/- -SAL
39.4+4.51; Acute: WT-OVA 60.6+5.8 vs B7-/- OVA
31.6+1, p=0.03; Chronic: WT-OVA 101.7+6.5 vs p7-/-
OVA 48.5+5.4, p=0.03) (Fig. 2D). In OVA exposed p7-/-
mice, no difference was observed in goblet cell number
when compared to WT mice (Fig. 2E).

TGF-B, IL-13

Both TGEF-p and IL-13 contribute to airway remodeling
in asthma. TGF-p was increased in BAL fluid (BALf) in
mice exposed to OVA for four weeks with no increase
at one week. No difference was observed in BAL TGEF-f
expression between WT and B7-/- mice (Fig. 3A). In
lung tissue, an increase in TGF-B was observed in both
acute and chronic OVA exposure models with signifi-
cant reduction in B7-/- mice as compared to wild type
(WT-SAL769+£99 vs B7-/- SAL 737+ 66 pg/100 mg tis-
sue, acute: WT-OVA 107072 vs f7-/- OVA 809+71,
p=0.001; chronic: WT-OVA 1014+89 vs B7-/- OVA
640 £ 63, p<0.001) (Fig. 3B).

For IL-13, an increase was found in BAL fluid in mice
exposed to OVA for one week, but not four weeks, with
a greater increase in p7-/- mice than in WT (WT-SAL
436 +£126 vs B7-/- SAL 449+ 67 pg/ml BALS; acute: WT-
OVA 587+87, p7-/- OVA 873+188, p=0.04; chronic:
WT-OVA 423+91, B7-/- OVA 536+118) (Fig. 3C). In
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lung tissue, an increase in IL-13 was observed in both
acute and chronic OVA exposure models, with a signifi-
cant reduction in f7-/- mice as compared to wild type in
the chronic model only WT (WT-SAL 43+3.4 vs B7-/-
SAL 57 +3.8 pg/100 mg tissue; acute: WT-OVA 85+12,
B7-/- OVA 105+ 18, NS; chronic: WT-OVA 74+ 8, $7-/-
OVA 52+5, p<0.05 (Fig. 3D).

Anti a4f7 antibody

Based on the above findings in f7-/- mice, we wished to
confirm the relevance of the a4f7 integrin receptor com-
plex in OVA-induced AHR and remodeling in geneti-
cally "normal” (WT) mice. Wild type C57BL/6 mice were
sensitized and then challenged with ovalbumin (OVA)
or saline three times a week by inhalation for 4 weeks in
the presence or absence of a neutralizing a4p7 antibody
(DATK32, Southern Biotech, Alabama, USA) (100ug
given intraperitoneally weekly from day 0, total of 6
doses) or intraperitoneal saline (Fig. 1).

The effect of a4f7 antibody on airway inflammation
was similar to that observed in the f7-/- mice. There was
an increase in total BAL cell counts in response to OVA
exposure with an increase in eosinophils and neutrophils.
The effect on inflammation in the presence of antibody
suggests an increase in neutrophils relative to OVA,
although this was not significant (Fig. 4A). Peribronchial
tissue inflammation was also evaluated using semi-quan-
titative visual assessment in mice exposed to OVA or
saline in the presence or absence of blocking a4f7 anti-
body. Inflammation is increased in response to OVA but
was not diminished in the presence of antibody (data not
shown).

Twenty-four hours after the last inhalation, AHR was
measured using the flexivent ventilator system. Total lung
resistance (R), airway resistance (Newtonian resistance,
Rn) and tissue damping were all significantly increased
in OVA challenged mice when compared to saline
treated mice. There was complete abrogation of the air-
way hyper responsiveness in the OVA treated mice that
received blocking a4f7 antibody and AHR was similar
to that in the saline controls. For Rn, at maximal meth-
acholine concentration (64 mg/ml), OVA 3.51+0.36,
OVA +antibody (Ab) 1.89+0.05 (p<0.01). Adminis-
tration of antibody alone had no effect on AHR in the
mice (SAL 1.69+0.15, SAL+Ab 2.21+0.24) (Fig. 4B).
Area under the curve for the entire methacholine dose
response showed increased AHR in OVA (90.54 +9.4) vs
SAL treated mice (37.66 +4.02), which was inhibited in
the presence of antibody (37.77 + 5.40) (p <0.01).

For parameters of remodeling, prolonged OVA expo-
sure was associated with increased lung collagen deposi-
tion and this was reduced in mice treated with antibody
(SAL: 514+121ug collagen/100 mg lung tissue, OVA
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Fig. 3 TGF 3 and Interleukin-13 expression in 3 7-/- and WT mice treated with saline or OVA for one ("acute") or four weeks ("chronic"). ATGF 3
in BALf, BTGF {3 in lung tissue C IL-13 in BALf, D IL-13 in lung tissue. *p < 0.05 vs SAL, #p < 0.05 for 37 -/- OVA vs WT-OVA. n=8-10 mice per group

(See figure on next page.)

Fig. 4 Bronchoalveloar cell counts, airway hyperresponsiveness, collagen and smooth muscle content in the presence or absence of neutralizing
anti-a4(37 antibody. C57BL/6 mice were exposed to saline or OVA for 4 weeks in the presence or absence of neutralizing anti-a4@37 antibody
(100ug in 100l PBS given intraperitoneally weekly from day 0, total of 6 doses) or intraperitoneal saline. A Bronchoalveolar fluid cell counts (%). B
Airway hyperresponsiveness (Airway / Newtonian resistance—Rn) in response to increasing doses of inhaled methacholine (MCH), p <0.01 for area
under the curve (AUC) and for resistance at the maximal MCH dose (64 mg/ml) for OVA vs OVA +antibody. C lung collagen content, *p <0.01

for OVA vs SAL, # p=0.014 for OVA vs OVA +antibody (D, E) Peribronchial smooth muscle in Masson Trichrome stained lung sections: (D) area
expressed as pixel number using image J Pro Plus software. E representative histological images, nt: not treated with antibody. *p < 0.05 for OVA vs
SAL, # p <0.05 for OVA vs OVA +antibody. n=5-8 for each group
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increase was attenuated in mice treated with blocking
a4p7 antibody (SAL 15.76 + 1.3, OVA 23.3£2.6, SAL+ Ab
16.4+2.7, OVA+Ab 16+1.7, p<0.05 for SAL vs OVA
and for OVA vs OVA+ Ab) (Fig. 4D,E). OVA exposed
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mice also have increased goblet cell number, which was
only slightly and not significantly reduced in the mice
that received antibody (data not shown).

Fibroblast behavior in response to OVA in B7 -/- mice

To determine whether fibroblast differentiation is
altered in P7 -/- mice, lung fibroblasts from WT and
B7 -/- mice exposed to saline or OVA for one (acute) or
four weeks (chronic) were cultured ex-vivo. Using the
wound scratch assay, fibroblast migration was greatly

A WT

Time : 0

Saline

Acute
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enhanced in response to OVA in WT fibroblasts but not
in the B7 -/- fibroblasts at both the one week and four
week time points WT (WT-SAL 47.6+2.76 vs f7-/- SAL
41.6£2.37% recovered wound area; Acute: WT-OVA
72.2+5.60, B7-/- OVA 36.6£4.92, p=0.0014; Chronic:
WT-OVA 80.3+3.06, B7-/- OVA 36.2+2.04, p<0.001
(Fig. 5A,B). There was no difference in migration between
WT and 7 -/- in the saline treated mice. 7 -/- fibro-
blasts had reduced proliferation in both saline and OVA
treated mice as compared to WT mice (data not shown).
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Fig.5 Lung fibroblast migration from WT and 37-/- mice. A, B Murine lung fibroblasts from WT and from (37-/- mice exposed to saline, OVA one
week (acute) or OVA for 4 weeks (chronic exposure) were grown in 12-well culture plates until confluence. Following scratch wound, cell migration
is expressed as percentage closure of wound at 16 h. A Representative images (20X and 50X (insert) (B) % recovered wound area. *p < 0.001 WT-OVA

vs saline, *p <0.001 37-/- OVA vs WT-OVA, n=4 per group
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To determine expression of fibroblast derived extra-
cellular matrix proteins, lung fibroblasts were cultured
to confluence in the presence or absence of TGFP and
cells were stained with immunoflourescent antibodies
for a-smooth muscle actin (aSMA) (Fig. 6, Table 1) and
for total fibronectin (Fig. 7, Table 1). TGFp resulted in
a modest increase in expression of aSMA and of total
fibronectin relative to untreated fibroblasts. For both
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proteins, there was marked increase in expression in
response to OVA at both one and four weeks and this
was reduced in 7 -/- mice.

Discussion

In this study, we demonstrate that the a4p7 integrin is
necessary for the development of airway remodeling
and airway hyperresponsivenss in a murine model of

+TGFP

WT B7-/-
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Fig. 6 Expression of a-SMA in murine lung fibroblasts from WT and 37-/- mice. Fibroblasts (passage 2) from WT and from 37-/- mice exposed

to saline, OVA one week (acute) or OVA for 4 weeks (chronic exposure) were grown in culture plates for 48 h in the presence or absence of TGF-3
(10ng/ml). Cells were stained for a-smooth muscle actin (a-SMA) (Sigma Aldrich, USA) (FITC—green) and PI for nuclei (red) (A). Average intensity
of fluorescence (expressed as mean % change density/ intensity relative to control mice (WT-Sal) is shown in B (without TGF-f3) and C (with TGF-f).

N=4, (* P<0.05 for WT SAL vs OVA, #p < 0.05 for. 37-/- OVA vs WT-OVA)
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Table 1 Immunoflourescence staining of murine lung fibroblasts (relative to saline)

No TGFf +TGFB
Wild type B7-/- Wild type B7-/-
aSMA Saline 100 102.2+9.0 129.0+159 983+153
OVA—acute *170.0+94 #105.5+20.1 *188.1+13.2 #92.3+£105
OVA- chronic *209.7+£15.8 #1309+133 *241.8+19.8 #1261+£11.8
Fibronectin Saline 100 842+134 114.7+144 774+63
OVA—acute 131.2+£219 97.7+80 *1759+19 #106.1£14.1
OVA-chronic ¥200.7+14.3 #1143+63 *2393+80 #140.8+27.3

" p<0.05 vs saline, #p <0.05 vs wild-type. Mean +SEM, N=4

allergen-induced "asthma". Ovalbumin exposed integrin
B7 receptor subunit null mice (f7-/-) have reduced air-
way hyperresponsiveness and reduced airway remodeling
when compared to wild-type mice. We confirm these
findings using a blocking o4f7 antibody in wild-type
allergen-exposed mice. We also demonstrate that activa-
tion and differentiation of murine lung fibroblasts from
7 -/- mice in response to OVA is impaired.

The mechanism whereby targeting a4p7 or the p7 inte-
grin receptor subunit reduced remodeling and airway
hyperresponsiveness in our study is likely to be multifac-
torial. This effect may be via attenuation of inflammation,
however, we found that airway and lung eosinophilia was
not significantly altered in our mice. The a4f7 integrin
receptor is present on a variety of inflammatory cells,
particularly lymphocytes, eosinophils and mast cells [20,
21]. This integrin complex is expressed on murine eosin-
ophils but, in contrast to gut eosinophils, is downregu-
lated on lung and BAL eosinophils recruited in response
to allergen exposure and there is no reduction in lung
eosinophilia in allergen exposed B7 -/- mice [22]. Other
studies have reported that the p7 integrin does mediate
eosinophil recruitment to the lung in response to OVA
or to parasite infection [27]. We observed an apparent
increase neutrophil numbers in a4f7-antibody treated
mice. The explanation and significance of this finding is
unclear and needs to be explored in further studies. It
is possible that blocking a4$7 on other inflammatory or
immune cell types, such as specific lymphocyte subsets
or mast cells may also contribute to impaired remodeling.
a4f7 integrin expressed on gut lymphocytes contributes
to the pathogenesis of inflammatory bowel disease via
interaction with endothelial MAdCAM-1. Mast cell pro-
genitor numbers are dramatically increased in the lungs
of ovalbumin-sensitized mice and this recruitment is
reduced in B7 deficient mice [28]. This effect was attrib-
utable to the a4f7 complex (in association with VCAM)
as recruitment of mast cell progenitors was unaffected by
aE blockade.

We found that targeting the a4p7 integrin complex and
the B7 subunit impairs fibroblast activation in response
to allergen exposure and believe this is likely to be an
important factor in reducing remodeling. Increased num-
bers of fibroblasts / myofibroblasts have been reported
in the airways of asthmatic subjects, as well as in mice,
after chronic exposure to OVA [9, 10, 12, 29, 30] We
have previously described that a4f7 binds fibronectin
via the extra-domain-A segment (EDA-FN) and medi-
ates EDA-FN induced fibroblast differentiation [11, 25].
Several other integrins, including as3; a,B; and oy, are
expressed on fibroblasts and contribute to lung fibrosis via
interaction between fibroblasts and extra-cellular matrix
[23, 24]. There may also be a role for the a4fp7integrin on
airway smooth muscle cells, although this remains specu-
lative. Integrin mediated smooth muscle interaction has
been investigated for other integrins and has been shown
to mediate airway hyperresponsiveness and remodeling
in a human asthma ASM cells and in a murine model of
ovalbumin induced “asthma” The proposed mechanisms
are different for different integrins. Eosinophils bind to
ASM via the RGD-binding integrins, a4f1 and aMp2,
and increase ASM cell proliferation and TGFf1, colla-
gen and fibronectin expression [31]. avp6 blockade alters
expression of murine chymase, a5p1 blockade interferes
with fibronectin-ASM interaction and inhibition of a2p1
impairs collagen and laminin binding with ASM (32, 33].
These studies emphasize the importance of extra-cellular
matrix -integrin- airway smooth muscle interaction in
the development of AHR. Silencing or blocking of the 1
integrin using a shRNA or a a5B1/ avp1 dual antagonist
in mice has been shown to reduce airway remodeling /
hyperresponsiveness in response to OVA [34, 35].

In our study, airway hyperresponsiveness "tracked"
with remodeling rather than with inflammation. The
major factors contributing to AHR in asthma are still
open to debate, Asthmatic patients receiving opti-
mal anti-inflammatory treatment show little or no
change in AHR [36]. Several studies have documented
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Fig. 7 Expression of fibronectin in murine lung fibroblasts from WT and B7-/- mice. Murine lung fibroblasts (passage 2) from WT

and from 37-/- mice exposed to saline, OVA one week (acute) or OVA for 4 weeks (chronic exposure) were grown in culture plates for 48h

in the presence or absence of TGF-3 (10ng/ml). Cells were stained for total fibronectin (32, Abcam, Cambridge, UK) (FITC—green) and PI for nuclei
(red) (A). Average intensity of fluorescence (expressed as mean %Change Density/Intensity relative to control mice (WT-SAL) is shown in B (without

TGF-B) and C (with TGF-B). N=4,

a correlation between AHR in asthmatic patients and
the presence of subepithelial fibrosis [37, 38] and ECM
protein deposition by activated bronchial fibroblasts
[39]. Asthma severity and reduced lung function were
found to correlate most closely with airway fibroblast
accumulation and ASM hypertrophy [30]. In murine
models, some studies suggest that airway fibrosis per
se might be an important factor contributing to AHR,
whereas others found no such relationship [39, 40]. As

(* P<0.05 for WT SAL vs OVA, #p < 0.05 for 37-/- OVA vs WT-OVA

mentioned above, airway hyperresponsiveness is atten-
uated in murine models of asthma (and in human tra-
cheal rings) without altering airway inflammation when
integrin mediated tethering of ECM proteins to airway
smooth muscle cells is blocked.

We used an OVA model of allergen-induced murine
“asthma” Using a house-dust mite model, which may
more closely approximate human asthma, could have
given different results, however, we think this is unlikely.



Assayag et al. Respiratory Research (2024) 25:273

Airway remodeling was long considered a conse-
quence of inflammation but it has become apparent
that it may occur as a primary event independent of
inflammation [41-44]. AR is observed in children with
asthma [45] and may be related to lung development,
and epigenetic factors [46-51]. There are few stud-
ies demonstrating that remodeling can be modified in
asthmatic patients and there are no approved medica-
tions for this indication. It is also not known whether
treating or attenuating remodeling will reduce AHR in
asthmatic patients. Corticosteroids, the cornerstone
of asthma therapy, have pleiotropic anti-inflammatory
effects, but their efficacy in attenuating remodeling is
poorly established [52]. There is some evidence that
biologicals used in severe asthma may reduce remod-
eling, with most data available for omalizumab [53].
Bronchial thermoplasty reduces frequency and sever-
ity of asthma exacerbations but its effect of AHR is not
clear. Although this technique is thought to target sub-
mucosal ASM, it may also act on nerve endings in the
airways.

There are several drugs available that inhibit inte-
grins and may reduce variable features of asthma. An
oral a4PB1/a4p7 dual antagonist reduced inflammation
and AHR in rats [54]. The non-selective a4 neutralizing
antibody natalizumab and the selective a4f7 antibod-
ies vedolizumab and abrilumab as well as the 7 spe-
cific antibody, etrolizumab have shown efficacy in the
treatment of inflammatory bowel disease. Oral small
molecule inhibitors of «a4f7 are also being evaluated for
IBD [55, 56].

In conclusion, we demonstrate that the f7 integrin
subunit and the a4f7 integrin complex modulate air-
way hyperresponsiveness and airway remodeling. This
effect is, at least in part, explained by inhibition of
fibroblast activation / differentiation and is not clearly
related to eosinophilic inflammation. Our study sug-
gests that selective inhibition of this integrin may serve
as a novel therapeutic option to attenuate the devel-
opment of airway fibrosis and AHR in patients with
asthma.

Abbreviations
AHR Airway hyperresponsiveness

AWR Airway remodeling

aSMA  Alpha-smooth muscle actin
ASM Airway smooth muscle

BAL Bronchoalveolar lavage
BALf Bronchoalveolar lavage fluid
IL-13 Interleukin-13

ECM Extra-cellular matrix

EDA Extra-domain A

OVA Ovalbumin

SAL Saline

TGF 3 Transforming growth factor beta
WT Wild-type
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