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ABSTRACT

Severe asthma remains challenging to manage with limited treatment options. We have
previously shown that targeting smooth muscle integrin asp+ interaction with fibronectin can
mitigate the effects of airway hyperresponsiveness by impairing force transmission. In this paper
we show that another member of the integrin superfamily, integrin a2B1, is present in airway
smooth muscle and capable of regulating force transmission via cellular tethering to the matrix
protein collagen I, and to a lesser degree, laminin-111. The addition of an inhibitor of integrin
021 impaired IL-13-enhanced contraction in mouse tracheal rings and human bronchial rings,
and abrogated the exaggerated bronchoconstriction induced by allergen sensitization and
challenge. We confirmed that this effect was not due to alterations in classic intracellular myosin
light chain phosphorylation regulating muscle shortening. Although IL-13 did not affect surface
expression of asB4, it did increase azB+-mediated adhesion and the level of expression of an
activation-specific epitope on the 1 subunit. We developed a method to simultaneously quantify
airway narrowing and muscle shortening using two-photon microscopy and demonstrated that
inhibition of azpB+ mitigated IL-13-enhanced airway narrowing without altering muscle shortening
by impairing the tethering of muscle to the surrounding matrix. Our data identify cell-matrix
tethering as an attractive therapeutic target to mitigate the severity of airway contraction in

asthma.
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INTRODUCTION

Asthma is a chronic inflammatory disease characterized by airway hyperresponsiveness,
inflammation, and remodeling (1-3). Exaggerated airway narrowing in response to stimuli is the
hallmark of airway hyperresponsiveness, and is the underlying cause of recurrent episodes of
wheezing and breathlessness that characterize asthma. The mainstays of management of
asthma include medications aimed at decreasing inflammation and treating acute airway
narrowing caused by excessive smooth muscle contraction. Two of the characteristic features of
asthma are increased smooth muscle mass and the altered deposition of extracellular matrix
surrounding smooth muscle bundles (4). Histologic studies of the airways in patients with
asthma show increased deposition of several extracellular matrix proteins including collagens |,
I, VI (5), fibronectin, and laminin chains a1, a2, a3, a5, B1, B2, y1, and y2 (6-8). The role of
endogenous matrix proteins in altering the physical properties of the airway wall and influencing

the contraction of adjacent airway smooth muscle is incompletely understood.

To generate enough force to affect a change in the luminal area of the airway, smooth
muscle cells must form a transmission pathway that integrates adjacent smooth muscle cells
and the surrounding matrix. This connection is mediated in large part by members of the integrin
family, which tether cells to the surrounding matrix via focal adhesions (9). Our group has
shown that inhibition of integrin asBs-mediated tethering of smooth muscle to fibronectin has
functional effects on force transmission ex vivo and in vivo (10). Furthermore, these effects
occur without altering classical actin-myosin phosphorylation. It is not currently known if other

integrins are also capable of regulating force transmission in airway smooth muscle.

In this paper we show that integrin a2+ is present on human airway smooth muscle and
can regulate adhesion to the extracellular matrix protein collagen |, and to a lesser degree,

laminin-111 (a1B1y1). Inhibition of integrin azB+ impairs force generation ex vivo and airway
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hyperresponsiveness in vivo. Mechanistically, inhibition of integrin oa»B+ abrogates airway
narrowing without altering smooth muscle shortening or the core actin-myosin machinery. These
results underscore the important contribution of cellular tethering in regulating force
transmission and identify the a1 integrin as a therapeutic target for the treatment of

exaggerated airway narrowing in asthma.
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RESULTS

Integrin a2B1 regulates adhesion of smooth muscle to collagen | and laminin-111

We have previously shown that inhibition of integrin as31 can impair force generation and
the development of airway hyperresponsiveness without altering the core actin-myosin
apparatus (10). We hypothesized that this effect was due to impaired tethering of
hyperresponsive airway smooth muscle to fibronectin in the surrounding tissue, thus allowing
muscle to shorten but reducing the degree to which shortening would result in narrowing of the
airway lumen. It remains unknown if other integrins, which mediate adhesion to other
extracellular matrix proteins in the airway wall, might also play a similar role. To address this, we
performed a screen of integrins expressed on human airway smooth muscle cells using qRT-
PCR (Figure 1A, Supplemental Table 1). Noting the increased levels of fibronectin, collagens,
and laminin chains in asthmatic airways compared to healthy controls (5-8), we identified
integrins that regulate adhesion to collagen | and laminin-111. Of the collagen-binding integrins
(a1B1, a2B1, aioB1, and aq1f4), integrin aieB1 is primarily expressed on chondrocytes,
chondrogenic mesenchymal stem cells, endosteum, and periosteum (11-13). We then
determined by flow cytometry that integrins a:3+ and a2+ are expressed on the cell surface of
human airway smooth muscle cells but integrin a41B+ is not. Of the laminin-binding integrins
(asB1, asP1, a7B1, and aePs), integrin asBs4 is primarily expressed on the basal surface of epithelial
cells (14). We then determined that integrins asf3+ and asB+ are expressed on the cell surface of

smooth muscle but integrin a7+ is not (Figure 1B).

To determine the primary integrin(s) responsible for adhesion to collagen | and laminin-
111, we performed cell adhesion assays with human airway smooth muscle cells in the
presence or absence of specific integrin function-blocking antibodies. Blockade of the as subunit

had no effect on adhesion to collagen |, while blockade of the a, subunit resulted in a dose-
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dependent decrease in adhesion to collagen |, comparable to complete B+ blockade, suggesting
that integrin a2B1 is the principal integrin mediating adhesion of airway smooth muscle cells to
collagen | (Figure 2A-B). Blockade of the as subunit had no effect on adhesion to laminin, while
blockade of the as subunit resulted in a dose-dependent partial decrease in adhesion to laminin
(Figure 2C-D). Interestingly, although integrin axp3+ is classically defined as a collagen receptor,
it has been previously described to also bind laminin (15). We found that blockade of the az
subunit resulted in a dose-dependent partial decrease in adhesion of human airway smooth
muscle cells to laminin-111, and furthermore that blockade of both integrin subunits a; and as

reduced adhesion to negligible levels (Figure 2E-F).

Integrin azB1 is a novel therapeutic target in the treatment of airway narrowing

To determine the effect of inhibition of integrin a2B+1 on contractile responses ex vivo, we
measured force generation in response to increasing concentrations of methacholine in mouse
tracheal rings that were treated with IL-13 (or vehicle) for 12 hours and a function-blocking
antibody directed against the a; subunit (or IgG control). Treatment with the function-blocking
antibody had no significant effect on the force generated by rings at baseline, but significantly
inhibited IL-13 enhanced contraction (Figure 3A). Given the high dose of antibody required to
adequately penetrate into tissue, we also tested a small molecule inhibitor of integrin azB1 with
previously documented in vivo efficacy in a mouse model of arterial thrombosis and renal
fibrosis (16, 17). This inhibitor, c15, allosterically regulates integrin a2+ through interaction with
the I-like domain. ¢15 inhibits human airway smooth muscle cell adhesion to collagen | and
laminin-111 in a dose-dependent manner that is similar to the effects of the function-blocking
anti-a; antibody (Figure 3B). We also showed that c15 did not affect adhesion to other
extracellular matrix ligands such as fibronectin and vitronectin (Supplemental Figure 1). We

chose a dose of 10 pg/mL for ex vivo validation which mimics the degree of effect of the anti-a.
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function blocking antibody on collagen | and laminin-111. Treatment with ¢15 had no significant
effect on the force generated by rings at baseline, but significantly inhibited IL-13 enhanced

contraction in both mouse tracheal rings and human bronchial rings (Figure 3C-D).

To confirm that the effects of c15 were due to blockade of integrin a2B1, we also
synthesized a structurally similar c15 methyl ester analog without activity against integrin a2
(Supplemental Figure 2A). Treatment with the c¢15 methyl ester had no significant effect on
adhesion of human airway smooth muscle to collagen (Supplemental Figure 2B) and had no
protective effect against IL-13 enhanced contraction ex vivo (Supplemental Figure 2C). We also
used a structurally distinct inhibitor of the azpf+ | domain, BTT-3033, for ex vivo validation. As
expected, treatment with BTT-3033 significantly inhibited IL-13 enhanced contraction

(Supplemental Figure 2D).

To determine the effect of inhibition of a2B+ on airway hyperresponsiveness in vivo, we
sensitized wild type C57BL/6 mice with 3 weekly intraperitoneal injections of OVA, followed by 3
consecutive days of intranasal challenge with OVA. On the final day of challenge, we delivered
c15 intraperitoneally 30 minutes prior to measurement of airway responsiveness to
acetylcholine and found that inhibition of asBs protected against increased airway
hyperresponsiveness after OVA challenge (Figure 3E). Differential counting of cells obtained by
bronchoalveolar lavage revealed similar numbers of macrophages, eosinophils, lymphocytes,
and neutrophils in the two groups (Supplemental Figure 3), suggesting these changes were not

due to short-term modulation of the inflammatory response.

One curious aspect of our findings was that the protective effect of c15 occurs only in the
setting of exaggerated contraction. To further explore this, we first showed that the protective
effect of ¢c15 was preserved in tracheal rings treated with IL-17A, suggesting that the

mechanism responsible for this effect are not cytokine-specific and likely involve a common
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pathway (Supplemental Figure 4A). We also showed that cell surface expression of integrin a1
is not increased after treatment with IL-13 (Supplemental Figure 4B). To determine whether
treatment with IL-13 might influence axf1-mediated adhesion, we compared the ability of human
airway smooth muscle cells with or without IL-13 to adhere to varying concentrations of collagen
I. Surprisingly, we found that IL-13 treated smooth muscle cells adhere to collagen | better than
untreated cells (Figure 4A). We confirmed that this was related to differential effects on integrin
activation by demonstrating that treatment with IL-13 resulted in increased activated (1 integrin
at the cell surface as detected by an antibody that recognizes an activation-dependent epitope

(Figure 4B).

To further elucidate whether c15 acts on integrin a281 from the smooth muscle or
epithelium, we denuded the epithelium from tracheal rings and measured the effect of c15 on IL-
13 enhanced contraction (Supplemental Figure 5A). As reported by others, epithelial removal
enhanced the amount of force generation in response to methacholine (Supplemental Figure
5B) (18, 19). In tracheal rings denuded of epithelium, c15 protected against IL-13 enhanced
contraction to a similar degree as intact tracheal rings, suggesting that ¢c15 acts directly on

smooth muscle (Supplemental Figure 5C).

Integrin azB1 mitigates airway narrowing without affecting smooth muscle shortening

Force generation in airway smooth muscle depends on activation of the actin-myosin
power stroke and firm adhesion of muscle to the surrounding extracellular matrix. We have
already shown that inhibition of integrin as@1-mediated tethering to extracellular fibronectin can
alter exaggerated force generation without affecting calcium homeostasis or phosphorylation of
myosin light chain or its regulatory proteins (10). We therefore determined the effect of inhibition
of integrin axB+1 on phosphorylation of myosin light chain. As expected, IL-13 increased myosin

light chain phosphorylation in response to methacholine, but inhibition of integrin a2B+ did not
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modulate this effect. Total myosin light chain levels were not significantly altered either by

treatment with IL-13 or by the addition of c15 (Figure 4C).

Our previous work suggested that integrin inhibition reduced force transmission by
reducing the tethering of airway smooth muscle to the surrounding tissue. To more directly
evaluate whether the reductions in force generation we observed were mainly explained by
decreased tethering of contracting airway smooth muscle, we developed a method to
simultaneously quantify airway narrowing and smooth muscle shortening in intact tracheas
using two-photon laser scanning microscopy (hereafter referred to as two-photon microscopy).
We reasoned that a loss of tethering should reduce the degree of airway narrowing while
leaving smooth muscle shortening largely intact, whereas any effect on smooth muscle
contractility should lead to proportionate reductions in shortening and narrowing. We dissected
tracheal rings from mice with RFP expressed under the control of an a-smooth muscle actin
promoter. These rings were mounted onto coverslips with the ventral side down, so that the
smooth muscle rich dorsal portion of the trachea was unrestricted. The trachea was then
imaged in cross-section to capture the signal from RFP, and second harmonic generation was
used to visualize surrounding collagen fibers. Tissue autofluorescence aided in the
measurement of the cross-sectional area of the trachea. Images were taken at baseline and
after treatment with methacholine under various conditions (Figure 5A, Supplemental Video 1
and 2). In order to ensure there were no systematic differences across groups, we verified that
the ratio of tracheal smooth muscle length to ring circumference at baseline was not significantly

different between groups at baseline (Supplemental Figure 6A).

To determine the degree of airway narrowing, we measured the cross-sectional area of
the trachea using Imaged. As expected, treatment with methacholine caused narrowing of the

tracheal lumen compared to baseline; exposure to ¢c15 did not significantly alter this response.
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Treatment with IL-13 enhanced airway narrowing, and treatment with c15 inhibited IL-13
enhanced airway narrowing, consistent with our in vivo results. Similarly, treatment with an
inhibitor of Rho-associated protein kinase (ROCK), Y-27632, a classic inhibitor of airway smooth

muscle contraction, inhibited the IL-13 induced enhancement of airway narrowing (Figure 5B).

For simultaneous measurement of muscle shortening, we rotated the image of the
tracheal ring in Imaris to obtain a coronal view (Supplemental Video 1 and 2). Due to the
variability in length of the individual smooth muscle fibers comprising the posterior trachea and
the difficulty tracking the same fiber between images, we calculated the area and volume
encompassed by the RFP signal representing smooth muscle in two and three dimensions,
respectively. As expected, we found that methacholine caused the muscle to shorten and the
smooth muscle area and volume to decrease compared to baseline conditions, as has been
described by others (20). This effect was not significantly altered after treatment with c15.
Treatment with IL-13 enhanced muscle shortening and led to a marked decrease in smooth
muscle area and volume. However, when IL-13 treated tracheas were incubated with c15, the
muscle shortening was unchanged compared to IL-13 treatment alone. In contrast, when IL-13
treated tracheas were incubated with Y-27632, muscle shortening was impaired after treatment

with methacholine, reflecting inhibition of the core actin-myosin machinery (Figure 5C).

To further validate our hypothesis that blockade of integrin asBs affects tethering of
smooth muscle to adjacent collagen, we used two-photon microscopy to quantify changes in
cellular tethering. Although changes in tethering occur both around individual smooth muscle
cells within the muscle strip as well as at the border between smooth muscle and adjacent
cartilage rings, we focused on the latter due to the ease of visually distinguishing the RFP signal
of smooth muscle from adjacent structures and the ability to leverage intrinsic tissue features of

cartilage that could be used as fiducial markers. We imaged the dorsal portion of trachea in a
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coronal plane and selected intrinsic fiducial markers within the cartilage that were along the
vector of the muscle fiber and within 100 um of the edge of smooth muscle to measure changes
in distance. Treatment with methacholine resulted in an increase in the distance between the
smooth muscle edge and fiducial, an effect not significantly changed after exposure to either
c15 or IL-13 alone. However, when IL-13 treated rings were exposed to c15, the distance
between the smooth muscle edge and fiducial increased further, reflecting the loss of cellular
tethering of muscle to the surrounding matrix (Figure 6A-B). We also confirmed that treatment
with ¢15, IL-13, or both did not change the distance between individual fiducial markers extrinsic
to airway smooth muscle, suggesting that this effect is specific to the tethering of muscle to the

surrounding matrix (Supplemental Figure 6B).

Taken together, these data confirm that blockade of integrin aB+1 inhibits cytokine-
enhanced airway narrowing without significant alteration of smooth muscle shortening in a
manner consistent with loss of tethering, and quite distinct from conventional inhibitors of

smooth muscle contraction.
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DISCUSSION

In the present study, we demonstrate that blockade of integrin asf+ protects against
exaggerated force generation induced by a disease-relevant cytokine in airway smooth muscle.
Notably, our mechanistic studies suggest that these effects do not occur through modulation of
actin-myosin cross bridge interactions, but rather by modulating cellular tethering to the
extracellular matrix. Members of the integrin family have previously been described to have
effects on airway hyperresponsiveness (21, 22) by modulating intracellular pathways resulting in
downstream regulation of myosin light chain phosphorylation, including interaction with SSAT
and PTEN. However, there is a growing body of evidence supporting the role of independently
regulated cellular processes including cytoskeletal stabilization (23, 24), matrix stiffness (25,
26), and intercellular tethering (27, 28) in modulating force transmission throughout smooth

muscle bundles.

Our group has previously shown that mouse mast cell protease 4 and its human
orthologue chymase can inhibit IL-13 induced enhancement of force transmission by murine
and human airway rings through cleavage of the extracellular matrix (ECM) protein, fibronectin
(10, 29). We further showed that inhibition of the asB+ integrin, the major fibronectin receptor on
airway smooth muscle, is as effective in inhibiting IL-13 induced enhancement of force
transmission as is chymase. These findings led us to hypothesize that inhibition of integrin-
mediated airway smooth muscle tethering could be a novel strategy for treating asthma and

other diseases characterized by exaggerated airway narrowing.

Our hypothesis led us to generate two testable predictions, that (1) other ECM ligands
may participate in integrin-mediated force transmission and (2) inhibitors of these tethering
pathways should inhibit airway narrowing without altering smooth muscle shortening. The data

presented in this paper support both of these predictions. Specifically, we identify that integrin
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a2B+1 binds to two ECM ligands distinct from integrin asB+, and this integrin can be targeted to
abrogate IL-13 enhanced contraction. In addition, we directly demonstrate with two-photon
microscopy that inhibition of this integrin modulates smooth muscle tethering to impede airway
narrowing without altering smooth muscle shortening. Taken together, the data presented in this
paper provide strong support for the idea that smooth muscle-mediated airway narrowing can
be inhibited by directly interfering with integrin-mediated smooth muscle tethering, and notably

this can be done without inhibition of actin/myosin-mediated contraction.

One interesting aspect of our findings are that all our interventions targeting integrin a2+
do not affect baseline contraction but have measurable effects only in the setting of
pretreatment with asthmagenic cytokines or allergen sensitization and challenge. There are
several examples in the literature of differential effects being observed in the setting of an
allergic environment, including loss of integrin Bs (29), inhibition of integrin as (10), and loss of
milk fat globule-epidermal growth factor-factor VIII (30). We interpret our results to be consistent
with the hypothesis that under normal conditions there is enough redundancy in cell-matrix
interactions that loss of an individual tether would not be sufficient to prevent contracting muscle
from generating force. Our observation that IL-13 influences the activation state of 31 integrins
and promotes adhesion of integrin a2+ to its ligand collagen | lends traction to the idea that
under pathologic conditions simulated by cytokines and allergen exposure, multiple cell-matrix
tethering pathways are maximally engaged. In this context, it would not be surprising that
disruption of a single tethering pathway has more substantial effects on the ability to sustain

exaggerated force.

In these studies, we identify integrin a2+ as the major adhesion receptor for collagen |
and an important adhesion receptor for laminin-111 on human airway smooth muscle. The most

frequently studied ligand of integrin a2+ is collagen, which it binds with high affinity by
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recognizing the GFOGER sequence in the collagen triple helix (31). However, integrin o281 has
also been described to mediate binding to laminin isoforms in a manner that is incompletely
understood and thought to be cell type specific (15, 32). Our findings that integrin az+ can
partially inhibit the ability of human airway smooth muscle cells to bind to laminin is consistent
with these observations about integrin-ligand promiscuity, and in our mind makes integrin a2p+1 a
particularly attractive therapeutic target as it is capable of regulating adhesion to two different

matrix proteins that are present in high concentration surrounding airway smooth muscle.

Our application of two-photon microscopy to simultaneously visualize airway narrowing
and directly quantify muscle shortening is, we believe, a powerful tool to directly evaluate the
relationship between smooth muscle shortening and airway narrowing in live tissue. While
various imaging methods can be used to estimate muscle shortening and force transmission in
live cells (33), these methods do not reflect the complexity of the heterogeneous structures of
the airways. In tissue, force generation has been quantified by ex vivo perfusion in a muscle
bath, but this method has not generally allowed simultaneous quantification of muscle
shortening. Our method allows for concurrent assessment of both parameters in the same
tissue sample. Our findings that blockade of integrin a-B+ leads to a reduction in exaggerated
airway narrowing without altering smooth muscle shortening depends on this simultaneous
assessment, and when paired with concurrent quantification of changes in stretch between
muscle and matrix, underscores the importance of cellular tethering in effective transmission of

force by contracting airway smooth muscle.

While significant strides have been made in understanding the effects of IL-13, IL-17A,
and other cytokines in regulating the varied immune response in asthma (34-38), most of these
therapeutic targets have met with limited success in only a small subset of asthmatics in clinical

trials (39—43). In contrast, despite the critical importance of airway smooth muscle in the
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pathophysiology of asthma and its contribution to bronchospasm, there has been little progress
in defining novel pathways targeting airway smooth muscle in the last several decades (44). Our
demonstration that inhibition of integrin-mediated airway smooth muscle tethering can inhibit
pathologic force generation in smooth muscle through a mechanism independent of
conventional bronchodilator therapy identifies an exciting opportunity for the development of
new treatments for diseases characterized by exaggerated airway narrowing. Inhibitors of
integrin az2B1 have been administered to humans in numerous clinical trials targeting multiple
sclerosis (45), inflammatory bowel disease (46) and cancer (47), and are generally well-
tolerated with the only side effect being minimal inhibition of platelet adhesion (less than that
caused by low-dose aspirin) (48, 49). These results suggest that toxicity is not likely to be an
impediment to the development of potent aB+1 inhibitors that can be accelerated into clinical

trials for asthma.

In summary, we found that blockade of integrin a2+ inhibits pathologic force generation
by airway smooth muscle by inhibiting the adhesion to extracellular collagen | and laminin-111.
Mechanistically, this effect occurs without affecting actin myosin contraction or airway smooth
muscle shortening, implying that cellular tethering is a powerful mediator of airway narrowing in

muscle. These findings identify integrin azf31 as a therapeutic target in asthma.
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METHODS

Reagents. Rabbit Ser19 phospho-myosin light chain (3671), myosin light chain (8505), and
GAPDH antibodies were purchased from Cell Signaling Technology. ¢c15 and BTT-3033 were
purchased from Tocris. Y-27632 was purchased from Sigma. Integrin antibodies used were
monoclonal anti-integrin as (FB12, Millipore), a. (P1E6, Millipore and HMa2, Invitrogen), a3
(P1B5, Biolegend), as (NKI-GoH3, Millipore), az (6A11, MBL) (50, 51), a1 (203E3, a generous
gift from Dr. Donald Gullberg at the University of Bergen, Norway) (52), and activated B4 (HUTS-
4, Millipore). Monoclonal anti-integrin a, (L230) and (1 (P5D2) were purified in our lab from a
hybridoma obtained from ATCC and DSHB, respectively. c15 methyl ester was synthesized in

our lab.

Cells. Human airway smooth muscle cells and media were purchased from Lonza and cultured

according to the vendor’s instructions. Cells were used between passage 5 and 10.

Mice. Mice used for all experiments were in a C57BL/6 background, 6-10 weeks old, and
housed under specific pathogen-free conditions in the Animal Barrier Facility at UCSF. Wildtype
mice were purchased from The Jackson Laboratory. a-SMA-RFP mice were obtained from Dr.
David Brenner at the University of California, San Diego, CA (53). Sex-matched littermate
controls were used in all experiments for tracheal ring contractility and airway

hyperresponsiveness.

Murine models of allergic airway disease. Assessment of airway hyperresponsiveness was
performed as described previously (21, 54). Briefly, 7-week old sex-matched C57/BI6 mice were
sensitized on days 0, 7, and 14 by intraperitoneal injection of 50 ug OVA emulsified in 1mg of
aluminum potassium sulfate. Subsequently, mice were anesthetized with isoflurane and
intranasally challenged on 3 consecutive days (days 21, 22, and 23) by aspiration of 100 ug

OVA dissolved in 40 pL saline. Twenty-four hours after the last challenge, mice were
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anesthetized with isoflurane and underwent computer-generated randomization to be given
either ¢15 (120 mg/kg in 50% DMSO, 0.9% sodium chloride) or vehicle (50% DMSO, 0.9%
sodium chloride) intraperitoneally. 30 minutes after administration, mice were anesthetized with
ketamine (100 mg/kg), xylazine (10 mg/kg), and acepromazine (3 mg/kg). Respiratory system
resistance was determined using invasive cannulation of the trachea. Scientists were blinded to

the drug delivered throughout the experiment and during analysis of the experimental outcome.

Assessment of pulmonary inflammation and mucus production. Lungs were subjected to 5
consecutive lavages with 0.8 mL of PBS. After lysing red blood cells, the total cells were
counted with a hemocytometer. Cytospin preparations were stained with a HEMA 3 stain set
(Fisher Scientific), and cell differential percentages were determined based on light microscopic
evaluation of greater than 300 cells per slide. Lavaged lungs were inflated with 10% buffered
formalin to 25 cm H20 of pressure. Multiple paraffin-embedded 5-um sections of the entire

mouse lung were prepared and stained with H&E and PAS to evaluate mucus production.

Measurement of tracheal smooth muscle contractility. Tracheal ring contraction studies
were performed as described previously (21, 54). Briefly, after incubation with the indicated
inhibitor, rings were equilibrated under 0.5 gm of applied tension, contracted with 60 mM KCI,
and only rings that generated more than 1 mN of force were analyzed. After re-equilibration,
contractile responses were evaluated to increasing doses of methacholine (Sigma-Aldrich). For
analysis of suppressive effects on cytokine-induced contractility, rings were treated with human
IL-13 (100 ng/mL; Peprotech) or human IL-17A (100 ng/mL; Peprotech) for 12 h at 37°C with
5% CO:.. For epithelial debridement experiments, we removed the epithelium by gentle rubbing
with a PE-10 tube polished with 60-grit sandpaper (29). Epithelial removal was confirmed by
microscopic observation of H&E stained sections of at least 3 rings per group. For human

bronchial rings, lung tissue was obtained from lung transplant donors. Bronchi, 5-8 mm in
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diameter, were dissected free of connective tissue and cut into 4-mm-thick rings. Rings were
stored and assessed as above, except a resting tension of 1g was applied, and rings were first
contracted with 120 mM KCI after equilibration for 2 hours, and only the rings that generated

more than 2 mN of force were used for experiments.

Immunoblots. Smooth muscle dissected from mouse tracheas were homogenized in lysis
buffer (60 mM Tris-HCI, pH 7.5, 10 mM MgCl2, 150 mM NaCl, 1% Triton X-100, 10 mM NaF, 1
mM NasVO,) with protease and phosphatase inhibitor cocktail (Thermo). Lysates were
centrifuged, and the supernatant was resolved by SDS-PAGE and ftransferred to a
polyvinylidene difluoride membrane (Millipore). Membranes were blocked for 1 h with 5% BSA
in Tris buffered saline with Tween-20, incubated at room temperature for 2 h with primary
antibodies, washed in Tris buffered saline with Tween-20, incubated for 1 h with peroxidase-
conjugated secondary antibody, washed in Tris buffered saline with Tween-20, and developed
with ECL plus (Perkin Elmer) prior to chemiluminescence detection (Bio-Rad Laboratories). All

quantitative densitometry was calculated with ImagedJ.

Flow cytometry. Human airway smooth muscle cells were harvested with 0.25% trypsin-EDTA,
washed twice with PBS and re-suspended in FACS buffer (PBS supplemented with 10% serum
and 1% BSA). 5 x 10° cells were then incubated with a primary antibody at 4° C for 30 min in
the dark. Cells were then washed, re-suspended in FACS buffer and incubated with secondary
goat anti-mouse antibody conjugated to allophycocyanin (APC; Jackson ImmunoResearch) or
goat anti-rat antibody conjugated to fluorescein isothiocyanate (FITC; Jackson
ImmunoResearch). Cells were then washed, re-suspended in 2.5% serum, and analyzed on a
BD FACSCantoll. Antibodies were used at 10 upg/mL. For experiments studying integrin

activation, all solutions were prepared in HEPES buffered saline without calcium and
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magnesium. Integrin activation was achieved with exposure to Mn?* (1 mM) for 20 minutes

before incubating with primary antibody.

gRT-PCR. Total RNA was isolated with RNeasy kit (Qiagen). cDNA was analyzed by SYBR-

Green real-time PCR with an ABI 7900HT thermocycler and normalized to GAPDH expression.

Cell Adhesion assay. 96-well flat-bottomed tissue culture plates (Linbro) were coated with 0.1
Mg/mL rat tail collagen | (Sigma), 5 pyg/mL laminin-111 (R&D Systems), 5 pg/mL fibronectin
(Sigma), or 5 pyg/mL vitronectin (R&D Systems) for 1 h at 37° C. After incubation, wells were
washed with PBS, then blocked with 1% BSA at 37° C for 1 h. Control wells were filled with 1%
BSA. Human airway smooth muscle cells were detached using 10 mM EDTA and re-suspended
in serum-free DMEM. For blocking experiments, cells were incubated with the indicated
concentration of antibody or compound for 15 min at 4° C before plating. The plates were
centrifuged at 300 rpm for 5 min before incubation for 1 h at 37° C in humidified 5% CO,. Non-
adherent cells were removed by centrifugation (top side down) at 300 rpm for 5 min. Attached
cells were stained with 0.5% crystal violet and the wells were washed with PBS. The relative
number of cells in each well was evaluated after solubilization in 40 yL of 2% Triton X-100 by
measuring absorbance at 595 nm in a microplate reader (Bio-Rad Laboratories). All

determinations were carried out in triplicate.

Two-photon microscopy. Tracheal rings dissected from a-SMA-RFP mice were attached to a
1mm x 3mm plastic coverslip using tissue adhesive glue (3M, Vetbond). Samples were stored
overnight at 37° C in 5% CO; in serum-free DMEM with pen-strep. The coverslip was then
mounted on a metal plate so the tracheal ring could be placed in a heated chamber (JG-
23W/HP, Warner Instruments) attached to a PM-1 chamber platform and a Series 20 stage
adapter using a small amount of silicone vacuum grease (Beckman). DMEM that was warmed

by an in-line heater (Warner Instruments) was passed through the sample at a rate of 1.5
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mL/min. Media temperature in the imaging chamber was maintained at 35-37 °C with a dual
temperature controller (Warner Instruments). Carbogen (5% C0O2/95% O;) was bubbled into the
DMEM to maintain physiologic pH. Methacholine was added at a concentration of 10* M for
analysis of contractile response. Tracheal explants were imaged on an LSM 7 MP INDIMO two-
photon microscope (Carl Zeiss Microscopy) equipped with a Chameleon Ultra Il laser
(Coherent) and a Compact Optical Parametric Oscillator (OPO, Coherent) and a W Plan-
Apochromat 20x/1.0 objective. Images were collected on non-descanned gallium arsenide
phosphide (GaAsP) detectors. The Chameleon laser, which pumps the OPO, was tuned to 860-
870 nm and was used to excite tissue autofluorescence and for second harmonic generation.
The OPO was tuned to 1100-1120 nm to excite RFP that was detected using a 605/70 band
pass filter (ET605/70m, Chroma). Collagen bands, visualized by second harmonic generation,
were detected using a 450 short-pass filter (HQ450SP-2P, Chroma). Tissue autofluorescence
was visualized in the above channels or in a 525/50 band pass filter (ET525/50m, Chroma).
Image analysis was done using Imaris software (Bitplane) and ImagedJ. For volume rendering, 3-
D reconstruction of the smooth muscle was generated using the surface feature on Imaris. For
fiducial distances, only intrinsic fiducials that were clearly identifiable before and after
contraction were used. For measurements that involved muscle, fiducials that were within 100
pm of the edge of muscle and aligned with the vector of the muscle fiber were chosen for
subsequent analysis in Imaris. Scientists were blinded to the drug delivered during analysis of

the experimental outcome.

Statistics. The statistical significance of the differences within or between multiple groups was
calculated with a 1-way or 2-way ANOVA, with repeated measures of variance for related
samples, and when differences were statistically significant (P<0.05), this was followed with a
Dunnett or Tukey t test for subsequent pairwise analysis. All calculations were performed using

Prism (GraphPad Software).
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Study Approval. All mice were housed in a specific pathogen-free animal facility at the
University of California, San Francisco. Animals were treated according to protocols that were
approved by the Institutional Animal Care and Use Committee at UCSF in accordance with the

US National Institutes of Health (NIH) guidelines.
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Figure 1. Integrin a.f1 is expressed on human airway smooth muscle cells. (A) RNA was extracted from human airway smooth muscle cells
grown in culture. Quantitative RT-PCR was performed to determine integrin expression with results normalized to GAPDH expression. Data are
mean = SEM. Experiment performed in triplicate with three biologic replicates. (B) Human airway smooth muscle cells in suspension were labeled
with primary antibodies specific for integrins a4, az, as, 0s, a7, 041 and a secondary antibody conjugated to allophycocyanin (APC) or fluorescein
isothiocyanate (FITC). The cells were analyzed by flow cytometry and gated for live cells. The resultant population was analyzed for APC or FITC
expression (black solid line). Human airway smooth muscle cells labeled with secondary antibody alone served as an unstained control (grey
dashed line). Representative histograms of APC or FITC expression (mean fluorescence intensity) versus cell count scaled to mode (percent of
maximum) are shown. Results verified with three biologic replicates.
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Figure 2. Integrin a.f31 modulates adhesion to collagen | and laminin-111. (A-B) Adhesion (measured by absorbance of crystal violet at 595
nm) of human airway smooth muscle cells to collagen | (0.1 ug/mL) after treatment with the indicated specific function-blocking integrin antibodies.
(C-F) Adhesion of human airway smooth muscle cells to laminin-111 (5 pg/mL) after treatment with the indicated specific function-blocking integrin

antibodies. Experiments performed in triplicate with three biologic replicates for all panels. NS=not significant, ****P<0.0001, **P<0.01, *P<0.05
compared to control. 1-way ANOVA with Dunnett’s multiple comparisons test. Data are mean + SEM for all panels.
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Figure 3. Inhibition of integrin a,B, protects against cytokine-enhanced contraction. (A) Force exerted on mouse tracheal rings measured
after incubation for 12 h with IL-13 (100 ng/mL) or saline, and a function-blocking antibody against integrin a, (300 yg/mL) or IgG control with a
range of concentrations of methacholine. (B) Adhesion (measured by absorbance of crystal violet at 595 nm) of human airway smooth cells to
collagen | (0.1 pg/mL) or laminin-111 (5 pg/mL) after treatment with varying concentrations of ¢15. Experiment performed in triplicate with three
biologic replicates. NS=not significant, ****P<0.0001, ***P<0.001, *P<0.05 compared to control. 1-way ANOVA with Dunnett’s multiple comparisons
test. (C-D) Force exerted on (C) mouse tracheal rings and (D) human bronchial rings measured after incubation for 12 h with IL-13 (100 ng/mL) or
saline, then 1 h with ¢15 (10 pg/mL) or vehicle with a range of concentrations of methacholine. n=4-7 rings per group for panels A, C-D.
****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 between IL-13 treated conditions for panels A, C-D. (E) Respiratory system resistance in WT C57BI/6
mice following immunization and intranasal challenge with OVA, with intraperitoneal administration of c15 (120 mg/kg) or vehicle (50% DMSO,
0.9% saline) 30 mins prior to measurements. n=9-10 animals per group. ****P<0.0001 between OVA treated conditions. 2-way ANOVA with
repeated measures, Tukey’s multiple comparisons test for panels A, C-E. Data are mean + SEM for all panels.
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Figure 4. IL-13 activates 8, integrins to promote adhesion without altering intracellular signaling. (A) Adhesion (measured by absorbance of
crystal violet at 595 nm) of human airway smooth muscle cells to the indicated concentrations of collagen | after incubation for 12 h with IL-13 (100
ng/mL) or saline. NS=not significant, ***P<0.001, **P<0.01 compared to vehicle. 2-way ANOVA with Tukey’s multiple comparisons test. Experiment
performed in triplicate with three biologic replicates. (B) Human airway smooth muscle cells were incubated for 12 h with IL-13 (100 ng/mL), 20 min
with Mn2* (1 mM), or saline, then suspended and labeled with a primary antibody specific for activated integrin 1 and a secondary antibody
conjugated to allophycocyanin (APC). Cells were then analyzed by flow cytometry and gated for live cells. The resultant population was analyzed
for APC expression. Human airway smooth muscle cells labeled with secondary antibody alone served as an unstained control (grey short dashed
line). Vehicle=grey long dashed line. Vehicle/Mn2*=black long dashed line. IL-13=black solid line. Representative histogram of APC expression
(mean fluorescence intensity) versus cell count scaled to mode (percent of maximum) is shown. Results verified with two biologic replicates. (C)
Representative western blot of phosphorylation of myosin light chain (p-MLC) and total myosin light chain (MLC) after incubation for 12 h with IL-13
(100 ng/mL) or saline, then 1 h with ¢15 (10 pg/mL) or vehicle followed by a single dose of methacholine (104 M). GAPDH is used as a loading
control. Densitometry from n=3-5 independent experiments. NS=not significant, **P<0.01, *P<0.05 compared to vehicle. 2-way ANOVA with
Tukey’s multiple comparisons test. Data are mean + SEM for all panels.
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Figure 5. Inhibition of integrin a,B, impairs airway narrowing without altering smooth muscle shortening. (A) Schematic of configuration for
imaging with 2-photon microscopy. Tracheal rings from a-smooth muscle actin (a-SMA)-RFP mice were treated for 12 h with IL-13 (100ng/mL) or
saline, then 1 h with ¢15 (10 pg/mL), Y-27632 (100 uM), or vehicle, followed by imaging at baseline and after methacholine (Mch, 104 M). (B)
Representative transverse views of trachea and quantification of decrease in airway area after methacholine relative to baseline. Single Scale Bar:
150 um, Asterisk Scale Bar: 100 uym. (C) Representative coronal views of posterior smooth muscle from rings in panel B showing a-SMA (red) and
collagen fibrils and tissue autofluorescence (green), as well as quantification of decrease in muscle area and volume after methacholine relative to
baseline. Scale Bar: 100 pm. n=5 rings per group. NS=not significant, **P<0.01, ***P<0.001, ****P<0.0001 compared to IL-13/Vehicle. 2-way
ANOVA with Tukey’s multiple comparisons test. Data are mean + SEM.
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Figure 6. Inhibition of integrin a;f4 impairs smooth muscle tethering. (A) Representative coronal views of posterior smooth muscle and
adjacent cartilage rings from tracheal rings from a-smooth muscle actin (a-SMA)-RFP mice that were treated for 12 h with IL-13 (100ng/mL) or
saline, then 1 h with ¢c15 (10 pg/mL) or vehicle, followed by imaging at baseline and after methacholine (Mch, 104 M). Blue dashed line indicates
representative distance measurements. Scale Bar: 50 ym. (B) Quantification of increase in distance between edge of muscle and intrinsic fiducial
marker after methacholine relative to baseline. n=3 rings per group, each sample labeled by color. NS=not significant, ****P<0.0001 compared to
IL-13/Vehicle. 2-way ANOVA with Tukey’s multiple comparisons test. Data are mean + SEM.
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