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R Cell biology of disease

The cell biology of asthma

David J. Erle and Dean Sheppard
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The clinical manifestations of asthma are caused by ob-
struction of the conducting airways of the lung. Two airway
cell types are critical for asthma pathogenesis: epithelial
cells and smooth muscle cells. Airway epithelial cells, which
are the first line of defense against inhaled pathogens and
particles, initiate airway inflammation and produce mucus,
an important contributor to airway obstruction. The other
main cause of airway obstruction is contraction of airway
smooth muscle. Complementary experimental approaches
involving cultured cells, animal models, and human clinical
studies have provided many insights into diverse mecha-
nisms that contribute to airway epithelial and smooth mus-
cle cell pathology in this complex disease.

Introduction

Asthma is a common disease that affects up to 8% of children in
the United States (Moorman et al., 2007) and is a major cause of
morbidity worldwide. The principal clinical manifestations of
asthma are repeated episodes of shortness of breath and wheez-
ing that are at least partially reversible, recurrent cough, and excess
airway mucus production. Because asthma involves an integrated re-
sponse in the conducting airways of the lung to known or unknown
triggers, it is a multicellular disease, involving abnormal responses of
many different cell types in the lung (Locksley, 2010). Here we focus
on the two cell types that are ultimately responsible for the major
symptomatic pathology in asthma—epithelial cells that initiate
airway inflammation in asthma and are the source of excess
airway mucus, and smooth muscle cells that contract exces-
sively to cause symptomatic airway narrowing. The current
thinking about cell-cell communications that drive asthma (Fig. 1)
is that known and unknown inhaled stimuli (i.e., proteases and
other constituents of inhaled allergens, respiratory viruses, and
air pollutants) stimulate airway epithelial cells to secrete the cyto-
kines TSLP, interleukin (IL)-25, and IL-33, which act on subep-
ithelial dendritic cells, mast cells, and innate lymphoid cells (iLCs)
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to recruit both innate and adaptive hematopoietic cells and initi-
ate the release of T helper 2 (Th2) cytokines (principally IL-5
and IL-13; Locksley, 2010; Scanlon and McKenzie, 2012;
Bando et al., 2013; Barlow et al., 2013; Nussbaum et al., 2013).
Environmental stimuli also activate afferent nerves in the air-
way epithelium that can themselves release biologically active
peptide mediators and also trigger reflex release of acetylcho-
line from efferent fibers in the vagus nerve. This initial response
is amplified by the recruitment and differentiation of subsets of
T cells that sustain secretion of these cytokines and in some cases se-
crete another cytokine, IL-17, at specific strategic sites in the airway
wall. The released cytokines act on epithelial cells and smooth mus-
cle cells and drive the pathological responses of these cells that
contribute to symptomatic disease. The cell biology underlying
the responses of the relevant hematopoietic lineages is not spe-
cific to asthma and has been discussed elsewhere (Locksley, 2010;
Scanlon and McKenzie, 2012). We focus our discussion on the
contributions of epithelial cells and airway smooth muscle cells.

Cell biology of airway epithelium

The airway is covered with a continuous sheet of epithelial cells
(Crystal et al., 2008; Ganesan et al., 2013). Two major airway
cell types, ciliated and secretory cells, establish and maintain the
mucociliary apparatus, which is critical for preserving airway
patency and defending against inhaled pathogens and allergens.
The apparatus consists of a mucus gel layer and an underlying
periciliary layer. Ciliated cells each project ~300 motile cilia into
the periciliary layer that are critical for propelling the mucus
layer up the airway. In addition, cilia are coated with membrane-
spanning mucins and tethered mucopolysaccharides that exclude
mucus from the periciliary space and promote formation of a
distinct mucus layer (Button et al., 2012). Secretory cells pro-
duce a different class of mucins, the polymeric gel-forming mu-
cins. The two major airway gel-forming mucins are MUCSAC
and MUCS5B. Some secretory cells, known as mucous or goblet
cells, produce mucins and store them within easily visualized
collections of mucin granules, whereas other cells produce and
secrete mucins (especially MUCS5B) but lack prominent gran-
ules. Gel-forming mucins are secreted into the airway lumen
and are responsible for the characteristic viscoelastic properties
of the mucus gel layer.
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Figure 1.  Cell<ell communication in the airway
wall in asthma. Environmental triggers concur-
rently act on airway afferent nerves (which both
release their own peptide mediators and stimu-

late reflex release of the bronchoconstrictor ~ ATWay epithelial cells

| AIIergens air poIIutants viruses ‘

acetylcholine) and airway epithelial cells to ini-
tiate responses in multiple cell types that con-
tribute to the mucous metaplasia and airway
smooth muscle contraction that characterize
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asthma. Epithelial cells release TSLP and IL-33,
which act on airway dendritic cells, and IL-25,
which together with IL-33 acts on mast cells, ba-
sophils, and innate type 2 lymphocytes (iLC2).
These secreted products stimulate dendritic cell
maturation that facilitates the generation of
effector T cells and triggers the release of both
direct bronchoconstrictors and Th2 cytokines
from innate immune cells, which feed back on
both the epithelium and airway smooth muscle
and further facilitate amplification of airway
inflammation through subsequent adaptive
T cell responses.

Afferent nerve / /

Vagal efferent (acetylcholine)

Airway epithelial injury and remodeling
in asthma
A variety of structural changes in the epithelium and other por-
tions of the airway, termed ‘“airway remodeling,” is frequently
seen in individuals with asthma (Elias et al., 1999). These changes
include airway wall thickening, epithelial hypertrophy and mu-
cous metaplasia, subepithelial fibrosis, myofibroblast hyperpla-
sia, and smooth muscle cell hyperplasia and hypertrophy. Airway
remodeling is thought to represent a response to ongoing tissue
injury caused by infectious agents, allergens, or inhaled particu-
lates and by the host responses to these stimuli. Signs of frank
epithelial injury, including loss of epithelial integrity, disruption
of tight junctions, impairment of barrier function, and cell death,
have been identified in some studies and may correlate with asthma
severity (Laitinen et al., 1985; Jeffery et al., 1989; Barbato et al.,
2006; Holgate, 2007). However, in many individuals asthma symp-
toms and features of airway remodeling, including mucous meta-
plasia and subepithelial fibrosis, are seen in the absence of signs
of active airway infection or overt tissue injury (Ordoiiez et al.,
2000), suggesting that other processes account for the persis-
tence of asthma in these individuals. Substantial evidence sug-
gests that the persistence of asthma is driven by ongoing host
immune responses that generate mediators driving airway re-
modeling and airway dysfunction. The epithelium is both a site
of production of these mediators and a source of cells that re-
spond to mediators produced by immune cells and other cells
within the airway. How airway epithelial cells recognize and re-
spond to viruses, allergens, and other stimuli has been compre-
hensively reviewed elsewhere (Lambrecht and Hammad, 2012).
Here we will focus on the contribution of the epithelium to pro-
duction of and responses to Th2 cytokines.

Airway epithelial contributions to ThZ2 re-
sponses. Th2 cytokines, especially IL-13, play critical roles in
asthma. Multiple cytokines, including TSLP, GM-CSF, IL-1,
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IL-25, and IL-33, are produced by the epithelium and promote
production of Th2 cytokines by immune cells (Cates et al., 2004;
Hammad et al., 2009; Locksley, 2010; Nagarkar et al., 2012).
Genome-wide association studies implicate multiple Th2-related
genes, including /13, IL33, and TSLP, in asthma (Moffatt et al.,
2010; Torgerson et al., 2011). IL-13 is produced by innate lym-
phoid cells (Neill et al., 2010; Price et al., 2010; Saenz et al., 2010;
Hasnain et al., 2011) and Th2 cells (Griinig et al., 1998; Wills-Karp
et al., 1998) during allergic inflammation and by macrophages
in a mouse model of virus-induced airway disease (Kim et al.,
2008). IL-13 induces characteristic changes in airway epithe-
lial mRNA (Kuperman et al., 2005b; Woodruff et al., 2007; Zhen
et al., 2007) and miRNA (Solberg et al., 2012) expression pat-
terns in airway epithelial cells. The IL-13 transcriptional “signa-
ture” can be used to identify individuals with “Th2 high” and
“Th2 low” asthma (Woodruff et al., 2009). The IL-13-induced
protein periostin is secreted basally from airway epithelial cells
and can be used as a biomarker for Th2 high asthma (Jia et al.,
2012; Parulekar et al., 2014). Roughly half of individuals with
asthma are Th2 high, and these individuals have better responses
to treatment with inhaled corticosteroids (Woodruff et al., 2009)
or anti—IL-13 antibody (Corren et al., 2011). The key drivers of
Th2 low asthma remain poorly understood, although Th17 fam-
ily cytokines may be important (Newcomb and Peebles, 2013).

Mucous metaplasia. Although mucus is critical for
host defense, pathological mucus production is an important con-
tributor to asthma morbidity and mortality. In fatal asthma, air-
ways are often plugged with tenacious mucus plugs that obstruct
movement of gas (Kuyper et al., 2003). This catastrophic phenom-
enon likely reflects increased mucin production and secretion as
well as changes in mucin cross-linking, mucus gel hydration,
and mucus clearance. Abnormalities in mucus are not limited to
severe asthma exacerbations because an increase in intracellular
mucin stores (mucous metaplasia) is seen even in individuals with
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stable, mild to moderate asthma (Ordoiiez et al., 2001). In mouse
allergic airway disease models of asthma, mucous metaplasia
results from increased production and storage of mucins (espe-
cially MUCS5AC) in preexisting secretory cells, including club
cells (Evans et al., 2004), rather than transdifferentiation of cili-
ated cells (Pardo-Saganta et al., 2013). However, in virus-driven
models of asthma mucous cells might arise from transdifferen-
tiation of ciliated cells (Tyner et al., 2006). A variety of stimuli
and signaling pathways have been shown to regulate mucin pro-
duction and secretion in airway epithelial cells.

IL-13 stimulates mucin production in Th2 high
asthma. Direct effects of IL-13 on airway epithelial cells induce
mucous metaplasia in human airway epithelial cells in culture
(Laoukili et al., 2001; Zhen et al., 2007) and in mouse airway epi-
thelial cells in vivo (Kuperman et al., 2002). IL-13 is necessary
for mucous metaplasia in many mouse asthma models (Griinig
etal., 1998; Wills-Karp et al., 1998; Tyner et al., 2006). Individ-
uals with Th2 high asthma have elevated levels of bronchial epi-
thelial cell MUC5AC mRNA compared with healthy controls or
individuals with Th2 low asthma (Woodruff et al., 2009). Re-
cent transgenic mouse studies demonstrate roles for MUCSAC
in clearance of enteric nematode infections (Hasnain et al., 2011)
and protection against influenza infection (Ehre et al., 2012).
Increased MUCS5AC expression is therefore part of an integrated
immune response that contributes to host defense against patho-
gens or inhaled particulates. A less well-recognized feature of
Th2-high asthma is the substantial decrease in expression of
MUCS5B (Woodruff et al., 2009). The recent discovery that MUCSB
is required for normal mucociliary clearance and defense against
airway infection (Roy et al., 2014) suggests further attention should
be directed to the possibility that a reduction in MUCS5B may be
an important contributor to airway dysfunction in asthma.

IL-13 is recognized by cell surface receptors expressed on
almost all cell types, including airway epithelial cells (Fig. 2).
The airway epithelial cell IL-13 receptor that is critical for mucous
metaplasia is a heterodimer composed of IL-13Ra1 and IL-4Ra.
Removal of this receptor in airway epithelial secretory cells (driven
by the CCSP promoter) prevented mucous metaplasia in an al-
lergic asthma model (Kuperman et al., 2005a). IL-13 binding
leads to activation of Jak kinases associated with the receptor
cytoplasmic domain and subsequent phosphorylation of signal
transducer and activator of transcription 6 (STAT6). STAT6
activation is required for IL-13—-induced mucous metaplasia
(Kuperman et al., 2002).

The series of events that link STAT6 activation to mucous
metaplasia are only partly understood. STAT6 does not appear
to directly regulate MUCSAC transcription (Young et al., 2007)
and the critical direct targets of STAT6 have not been determined.
One pathway that depends upon STAT6 activation involves the
protein calcium-activated chloride channel 1 (CLCA1). CLCAI
is among the most highly induced genes in airway epithelial
cells from individuals with asthma (Hoshino et al., 2002; Toda
et al., 2002). Despite its name, CLCA1 does not appear to func-
tion as an ion channel but instead undergoes extracellular secre-
tion and cleavage. Extracellular CLCAL1 can induce MUC5AC
expression via activation of the MAP kinase MAPK13 (p383-
MAPK; Alevy et al., 2012), although the presumed CLCA1

Putative
CLCA1
receptor
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Figure 2. Mechanisms of IL-13-induced mucous metaplasia. IL-13 binds
to its receptor on the surface of mucous cell progenitors (e.g., club cells)
leading to phosphorylation of STAT6 and translocation of STATé hetero-
dimers to the nucleus, where they bind to promoters of STATé-responsive
genes. STAT6-dependent processes that contribute to mucous metaplasia
include a CLCA1-dependent pathway, a Serpin-dependent pathway, and
a 15-ipoxygenase-1-dependent pathway. The transcription factor SPDEF
is a master regulator of mucous cell differentiation. It inhibits FOXA2,
which represses mucous cell differentiation, and activates transcription of
other genes that are expressed in mucous cells.

receptor and the relevant MAPK13 targets have not yet been
identified. A second pathway involves the protease inhibitor
Serpin3a, the mouse orthologue of human SERPINB3 and
SERPINBA4. These serpins are induced by IL-13 in a STAT6-
dependent fashion (Ray et al., 2005). After allergen challenge,
Serpin3a”'~ mice had less mucous metaplasia than wild-type
mice (Sivaprasad et al., 2011), despite an intact inflammatory
response. These results suggest that serpins inhibit proteases that
normally degrade one or more proteins required for mucous meta-
plasia, although the relevant proteases and their protein substrates
are not yet known. Another IL-13-induced pathway involves
the enzyme 15-lipoxygenase-1 (15-LO-1; Zhao et al., 2009).
15-LO-1 converts arachidonic acid to 15-hydroxyeicosatetrae-
noic acid, which was shown to enhance MUC5AC expression in
human airway epithelial cells.

IL-13- and STAT6-mediated mucous metaplasia depends
upon changes in the activity of a network of transcription fac-
tors. Allergen-induced IL-13-mediated STAT6 activation leads
to increased expression of the SAM-pointed domain—containing
Ets-like factor (SPDEF; Park et al., 2007; Chen et al., 2009). The
induction of SPDEF depends at least in part on FOXM1, a mem-
ber of the Forkhead box (FOX) family of transcription factors
(Ren et al., 2013). The SPDEF program is also important for mu-
cous metaplasia triggered by other stimuli, including rhinovi-
ruses (Korfhagen et al., 2012). Although SPDEF does not appear
to directly regulate mucin gene transcription, SPDEF initiates a
transcriptional program that is necessary and sufficient to induce
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mucous metaplasia. One of the effects of SPDEF is inhibition of
the expression of another FOX family gene, FOXA2. In mice, dele-
tion of Foxa2 in mucous cell precursors is sufficient to induce
mucous metaplasia, and overexpression of FOXA2 inhibits
allergen-induced mucous metaplasia (Zhen et al., 2007; G. Chen
et al., 2010). The relationship between IL-13 and FOXA?2 is com-
plex. IL-13 inhibits expression of FOXA?2, which contributes to
mucous metaplasia. However, deletion of Foxa2 in airway epi-
thelial cells during fetal development resulted in Th2 inflamma-
tion and production of IL-13 in the airway (G. Chen et al., 2010).
The direct targets that are responsible for these effects of FOXA?2
are not yet known.

The EGFR pathway induces mucin gene expres-
sion and mucous metaplasia. Epidermal growth factor
receptor (EGFR) binds multiple ligands including EGF, TGF-a,
heparin-binding EGF, amphiregulin, 3-cellulin, and epiregulin.
Ligand binding activates the EGFR kinase domain, initiating
signaling cascades that are central to many fundamental biolog-
ical processes, including cell proliferation, differentiation, survival,
and migration. EGFR ligands induce expression of MUCS5AC in
human airway epithelial cell lines and a tyrosine kinase inhibitor
that inhibits EGFR kinase prevents mucous metaplasia induced
either by an EGFR ligand or by allergen challenge (Takeyama
et al., 1999). Subsequent studies showed that bronchial epithe-
lial EGFR levels are increased in asthma and correlate with dis-
ease severity (Takeyama et al., 2001a), and that epithelial EGFR
signaling contributes to mucous metaplasia in a chronic asthma
model (Le Cras et al., 2011).

Various stimuli, including bacterial products (Kohri et al.,
2002; Lemjabbar and Basbaum, 2002;Koff et al., 2008), viruses
(Tyner et al., 2006; Zhu et al., 2009; Barbier et al., 2012), ciga-
rette smoke (Takeyama et al., 2001b; Basbaum et al., 2002), and
inflammatory cell products (Burgel et al., 2001) can activate the
EGFR pathway in airway epithelial cells. Some stimuli have
been shown to initiate the EGFR signaling cascade by activat-
ing the PKC isoforms PKC & and PKC 8, leading to recruitment
of the NADPH oxidase subunits p47""* and p67°"* to membrane-
associated dual oxidase-1 and the generation of reactive oxygen
species (ROS) at the cell surface (Shao and Nadel, 2005). ROS
in turn activate latent TGF-a—converting enzyme resulting in
cleavage of surface EGFR pro-ligands (Shao et al., 2003). EGFR
ligand binding leads to activation of the Ras—Raf-MEK1/2—
ERK1/2 pathway and MUCS5AC transcriptional induction, which
depends upon the Sp1 transcription factor and Sp1-binding sites
within the MUCS5AC promoter (Takeyama et al., 2000; Perrais
et al., 2002). The IL-13 and EGFR pathways make critical but dis-
tinct contributions to gene regulation in airway epithelial cells
(Zhen et al., 2007). Both pathways inhibit expression of FOXA2,
suggesting that this transcription factor may represent a final com-
mon pathway for IL-13— and EGFR-induced mucous metaplasia.

Notch signaling regulates mucous cell differ-
entiation. Notch signaling is also important for mucous meta-
plasia (Tsao et al., 2011). Notch is a transmembrane receptor
that binds to cell-surface ligands in the Delta-like and Jagged
families. Ligand binding activates y-secretase—mediated proteo-
lytic cleavage and liberates the Notch intracellular domain, which
enters the nucleus, associates with transcription factors, and drives
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expression of downstream Notch genes. Genetic manipulation
of Notch signaling in mice has different effects depending on
the developmental stage. In explanted embryonic lungs, addition
of Notch ligand or expression of a constitutively active form of
Notch increased MUCS5AC-containing mucous cells, whereas a
v-secretase inhibitor reduced mucous cells (Guseh et al., 2009).
Notch-induced mucous metaplasia did not require STAT6 acti-
vation, suggesting that the Notch and STAT6 pathways may op-
erate in parallel. In contrast, in postnatal mouse lung, disruptions
of Notch signaling induced mucous metaplasia (Tsao et al., 2011),
a process that principally depends on the Notch ligand Jagged1
(Zhang et al., 2013). The Notch target Hes1 appears to be criti-
cal for inhibition of mucous metaplasia and MUCS5AC transcrip-
tion, although inactivation of HesI was not sufficient to induce
mucous metaplasia (Ou-Yang et al., 2013). The observation that
a +y-secretase inhibitor reduced IL-13-induced mucous meta-
plasia in cultured human airway epithelial cells (Guseh et al.,
2009) suggests that further attention to the role of epithelial Notch
signaling in asthma is warranted.

The secretory pathway in mucous cells
Mucin monomers are large (~5,000 amino acid residue) proteins
that require extensive processing in the ER and Golgi. Each
mucin monomer contains ~200 cysteine residues that can poten-
tially participate in intra- and intermolecular disulfide bonds. The
ER of mucous cells contains specialized molecules that are not
widely expressed in other cell types and are required for efficient
processing of mucins. One of these is anterior gradient 2 (AGR2)
homologue, a member of the protein disulfide isomerase family.
An active site cysteine residue in AGR2 forms mixed disulfide
bonds with mucins in the ER and mice deficient in AGR2 have
profound defects in intestinal mucin production (Park et al.,
2009). In a mouse model of allergic asthma, AGR2-deficient
mice had reduced mucus production compared with allergen-
challenged wild-type mice (Schroeder et al., 2012). The reduction
in mucus production was associated with activation of the unfolded
protein response, a characteristic response to ER stress (Walter
and Ron, 2011). AGR2 may therefore either have a direct role
in mucin folding or another function necessary for maintaining
normal function of the mucous cell ER. Another molecule found
in the mucous cell ER is inositol-requiring enzyme 13 (IRE1f3),
a transmembrane ER stress sensor. IRE1f is found in mucus-
producing cells in the intestine and the airways, but not in other
cells. IRE1( regulates AGR2 transcription, and mice deficient in
IRE1p had reduced AGR2 expression and impaired airway mucin
production in an allergic asthma model (Martino et al., 2013).
AGR?2 and IRE1 have apparently evolved to meet the unusual
demands posed by the need to produce large amounts of mucins.
ORMDL3, a member of the Orm family of transmembrane
ER proteins, has also been implicated in asthma. Genetic polymor-
phisms at loci close to ORMDL3 were strongly associated with
asthma in multiple genome-wide association studies (Moffatt
et al., 2007; Galanter et al., 2008). Allergen challenge induced
ORMDL3 expression in airway epithelial cells in a STAT6-
dependent fashion, although ORMDL3 does not appear to be a
direct target of STAT6 (Miller et al., 2012). Studies involving
overexpression or knockdown of ORDML3 in HEK293 cells
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indicate that ORMDLJ3 is involved in regulating ER stress re-
sponses and ER-mediated calcium signaling (Cantero-Recasens
et al., 2010). In addition, Orm proteins form complexes with serine
palmitoyl-CoA transferase (SPT), the first and rate-limiting en-
zyme in sphingolipid production, and may thereby help coordinate
lipid metabolism in the secretory pathway (Breslow et al., 2010).
Genetic and pharmacologic reductions in SPT activity induced air-
way hyperresponsiveness in the absence of inflammation or mu-
cous metaplasia (Worgall et al., 2013). Further studies are required
to determine whether ORMDL3’s role in modulating sphingolipid
production, ER stress, calcium signaling, or other ER functions in
airway epithelial cells or other cells is important in asthma.

Mucins travel from the ER to the Golgi and then are pack-
aged into large granules for secretion. In the Golgi, mucins are
extensively O-glycosylated and undergo further multimeriza-
tion before being released from the cell by regulated exocytosis.
Throughout the airways of normal mice and in distal (smaller)
airways of humans, basal secretion accounts for most mucin re-
lease, and mucin-producing cells retain too little mucin to de-
tect using histological stains. However, mucous cells found in
larger airways of humans and allergen-challenged mice contain
readily detectable accumulations of mucin-containing granules
that can be released by various stimuli, including the P,Y, re-
ceptor ligands ATP and UTP and proteases that cleave protease-
activated receptors. Mice lacking the exocytic priming protein
Munc13-2 accumulate mucin in secretory cells that normally
have minimal intracellular mucin (club cells) but can secrete
mucin in response to stimulation (Zhu et al., 2008). In contrast,
allergen-challenged mice lacking the low affinity calcium sensor
synaptotagmin-2 have a severe defect in acute agonist-stimulated
airway mucin secretion, but have preserved basal secretion and
do not accumulate mucins in club cells (Tuvim et al., 2009).
Agonist-stimulated secretion also depends upon the IL-13—
inducible calcium-activated chloride channel TMEM16A, which
is increased in mucous cells from individuals with asthma (Huang
et al., 2012). Because increased production of MUCSAC via
transgenic overexpression was not in itself sufficient to cause
airway obstruction (Ehre et al., 2012), it seems likely that quali-
tative defects in mucin processing, secretion, or hydration that
affect the physicochemical properties of mucus contribute to
airway obstruction in asthma. Epithelial transport of water and
ions, including H* and bicarbonate, is important in maintaining
the normal properties of mucus (E. Chen et al., 2010; Paisley
et al., 2010; Garland et al., 2013). Rapid secretion of stored
mucin, which is not fully hydrated, may result in the formation
of concentrated, rubbery mucus that cannot be cleared normally
by cilia or by coughing (Fahy and Dickey, 2010). Hence, IL-13
(Danahay et al., 2002; Nakagami et al., 2008) and other asthma
mediators that affect airway epithelial cell water and ion trans-
port could contribute to airway obstruction by altering the phys-
icochemical properties of mucus.

Ciliated cell structure and function

in asthma

In comparison with the extensive asthma literature regarding mu-
cous cells, relatively few reports have focused on ciliated cells.
One study of epithelial cell strips obtained by endobronchial

brushing found decreased ciliary beat frequency and increases in
abnormal ciliary beating patterns and ciliary ultrastructural de-
fects in individuals with asthma compared with healthy controls
(Thomas et al., 2010). These abnormalities were more pro-
nounced in severe asthma. Ciliary abnormalities were accompa-
nied by increases in the numbers of dead cells and evidence of
loss of epithelial structural integrity, which suggests that ciliary
dysfunction may be a consequence of a generalized epithelial
injury. In any case, these results suggest that ciliary dysfunc-
tion might be an important contributor to impaired mucociliary
clearance in asthma.

Cell biology of airway smooth muscle

in asthma

The excessive airway narrowing that can lead to severe shortness
of breath, respiratory failure, and death from asthma is largely
due to contraction of the bands of smooth muscle present in the
walls of large- and medium-sized conducting airways in the lung.
In the large central airways of humans, these bands of muscle
are present in the posterior portion of the airways and attach to
the anterior airway cartilage rings, but in more peripheral air-
ways smooth muscle is present circumferentially around the
airways. In both locations, contraction of smooth muscle, which
can be physiologically induced by release of acetylcholine from
efferent parasympathetic nerves or by release of histamine and
cysteinyl leukotrienes from mast cells and basophils, causes airway
narrowing, with the most extensive narrowing in medium-sized
airways. In healthy mammals, including humans, physiological
responses to release of acetylcholine from efferent nerves or re-
lease of histamine and leukotrienes from mast cells and basophils
causes only mild and generally asymptomatic airway narrowing.
Normal mammals are also generally resistant to marked airway
narrowing in response to pharmacologic administration of high
concentrations of these contractile agonists directly into the air-
ways. However, people with asthma have a marked increase in sen-
sitivity to all of these agonists that can readily be demonstrated
by dramatic increases in airway resistance and associated drops
in maximal expiratory airflow rates during forced expiratory
maneuvers (Boushey et al., 1980). Recent comparisons between
responses to inhaled allergens in allergic asthmatic subjects and
other subjects with similarly severe cutaneous immune responses
to allergens makes it clear that all allergic humans release largely
similar amounts of bronchoconstrictors into the airways (i.e.,
histamine and leukotrienes), but only asthmatics develop exag-
gerated airway narrowing in response to these mediators (Becky
Kelly et al., 2003).

Mechanisms regulating generation of

force by airway smooth muscle
actin-myosin coupling

Force generation by airway smooth muscle is mediated by in-
teractions between actin and myosin that depend on phosphory-
lation of the myosin light chain by the serine—threonine kinase,
myosin light chain kinase (Fig. 3). This process is negatively
regulated by myosin phosphatase. Increases in intracellular
calcium concentration in smooth muscle cells induce con-
traction by two parallel pathways. When bound to calcium, the
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Figure 3. Core signaling pathways responsible
for airway smooth muscle contraction. Airway
smooth muscle contractile force is generated by
cyclic cross-bridging of actin and smooth muscle
myosin, which depends on myosin phosphory-
lation. Myosin phosphorylation is regulated
by cyclic increases in cytosolic calcium (Ca?*)
that activate calmodulin (CaM) to phosphory-
late myosin light chain kinase (MLCK), which
directly phosphorylates myosin. In parallel, the
small GTPase, RhoA, is activated by both cal-
cium-dependent and -independent pathways.
Rho directly activates Rho-associated coiled-
coil protein kinase (ROCK) which, in turn, phos-
phorylates and thereby inactivates myosin light
chain phosphatase (MLCP), which normally
dephosphorylates myosin. The most important
physiological pathway for increasing cytosolic
calcium in airway smooth muscle involves ac-
tivation of Gaq by G protein—coupled recep-
tors that respond to extracellular contractile
agonists, such as methacholine (Mch), serotonin
(5-HT), and histamine. Gaq activates phospholi-
pase C B (PLCB), which generates IP3 to bind to
IP3 receptors on the sarcoplasmic reticulum and
release sequestered Ca?*.

Myosin

serine—threonine kinase calmodulin directly phosphorylates, and
thereby activates, myosin light chain kinase. Increased calcium
also increases GTP loading of the GTPase, RhoA, which in-
creases the activity of its downstream effector kinases Rho-
associated coiled-coil-containing protein kinases 1 and 2
(ROCK 1 and 2). ROCKs directly phosphorylate myosin light
chain phosphatase, an effect that inactivates the phosphatase,
further enhancing myosin phosphorylation. RhoA can also be
activated independently of increases in intracellular calcium.

There are multiple upstream paths to increased i[Ca]
in airway smooth muscle. Acetylcholine, released from post-
ganglionic parasympathetic efferent nerves that innervate the
muscle, activates G protein—coupled M2 muscarinic receptors,
which are coupled to Gaq. GTP-loaded Gaq activates its down-
stream effector, PLC[3, which phosphorylates PIP2 to generate
[P3. IP3, in turn, binds to IP3 receptors on the sarcoplasmic re-
ticulum to trigger translocation of calcium into the cytosol.
Other contractile agonists, including histamine, bradykinin, and
serotonin (5-HT; the specific agonists and receptors vary across
mammalian species) bind to different G protein—coupled re-
ceptors to trigger the same pathway. Agonist-induced airway
smooth muscle contraction is usually associated with cyclic
oscillations in i[Ca], thought to be induced by local changes in
cytosolic calcium triggering reuptake of calcium by the sarco-
plasmic reticulum, and the magnitude of contractile force in-
duced is most closely associated with the frequency of these
calcium oscillations rather than their amplitude (Bergner and
Sanderson, 2002).

Increases in cytosolic calcium concentration can also be
induced by an influx of calcium from the extracellular space,
generally due to the opening of voltage-gated calcium channels
in the plasma membrane. These channels can be opened experi-
mentally by increasing the extracellular concentration of potas-
sium ions, which also induces airway smooth muscle contraction.
Increased extracellular potassium concentrations also increase
release of acetylcholine from post-ganglionic efferent nerves,
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Sarcoplasmic
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so proper interpretation of the effects of KCl requires simulta-
neous addition of a muscarinic antagonist such as atropine.

Regulation of airway smooth muscle force
generation by integrin-containing

adhesion complexes

For smooth muscle cell contraction to be translated into the
force required for airway narrowing, the contracting smooth mus-
cle cell must be firmly tethered to the underlying ECM. Linkage
to the ECM is accomplished through the organization of multi-
protein complexes nucleated by integrins. The short cytoplasmic
domains of integrins can organize surprisingly large multi-protein
machines that modulate multiple signaling pathways and link
integrins (and thus their ECM ligands) to the actin—myosin cyto-
skeleton (Yamada and Geiger, 1997; Zaidel-Bar et al., 2007).
Many of the contractile agonists that stimulate myosin phosphory-
lation and actin—myosin interaction simultaneously enhance the
formation of integrin signaling complexes, induce actin poly-
merization at sites of adhesion, and strengthen coupling between
the actin—myosin cytoskeleton and the ECM (Mehta and Gunst,
1999; Tang et al., 1999, 2003; Gunst and Fredberg, 2003; Gunst
et al., 2003; Opazo Saez et al., 2004). These events appear to also
be quite important for generation of maximal contractile force
because interventions that inhibit the formation or activity of ad-
hesion complexes can inhibit the strength of contraction with-
out affecting myosin phosphorylation (Mehta and Gunst, 1999;
Tang et al., 2003; Opazo Saez et al., 2004).

Lessons from abnormal behavior of airway
smooth muscle in animal models

Mice lacking 0(9[51 integrin in airway smooth muscle.
Although there are large differences between the organiza-
tion of airways in mice and humans, in vivo abnormalities in
airway narrowing seen in mouse models do provide some in-
sight into pathways that potentially contribute to abnormal air-
way smooth muscle contraction in asthma. For the purposes of
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Figure 4. Pathways that negatively regulate airway smooth muscle contraction. (A) The integrin a9B 1 negatively regulates airway smooth muscle contrac-
tion by colocalizing the polyamine-catabolizing enzyme, spermine spermidine acetyltransferase (SSAT), which directly binds to the a9 subunit with the
lipid kinase, PIP5K 1+, the major source of PIP2 in airway smooth muscle, which binds to talin, a direct interactor with the 81 subunit. PIP5K1y depends
on spermine and spermidine for maximal activity, so the local breakdown of spermine and spermidine reduces PIP5K 1y activity, thereby decreasing PIP2
concentrations and the amount of IP3 that is generated by activation of contractile G protein—coupled receptors (such as those activated by acetylcholine or
serotonin [5-HT]). (B) The secreted scaffold protein, milk fat globule-EGF factor 8 (MFGE8), inhibits the smooth muscle hypercontractility induced by IL-13,
IL-17, and tumor necrosis factor « (TNF) by inhibiting the induction and activation of the small GTPase, RhoA. Active RhoA contributes to smooth muscle
contraction by directly activating Rho-associated coiled-coil protein kinase (ROCK) which, in turn, phosphorylates and thereby inactivates myosin light chain

phosphatase (MLCP), which normally dephosphorylates myosin.

this review, we will cite three illustrative examples. The integ-
rin a9B1 is highly expressed in airway smooth muscle (Palmer
et al., 1993). Conditional knockout of the integrin a9 subunit
(uniquely found in the a9B1 integrin) results in a spontaneous
increase in in vivo airway responsiveness (as measured by in-
creases in pulmonary resistance in response to intravenous acetyl-
choline), and to increased contractile responses to cholinergic
agonists of both airways in lung slices and tracheal rings stud-
ied in an organ bath (Chen et al., 2012). Interestingly, although
tracheal rings from these mice also have increased contractile
responses to other G protein—coupled receptor agonists (e.g.,
serotonin), they have normal contractile responses to depolariza-
tion with KCI. These findings suggest that loss of a9 1 increases
airway responsiveness at some step upstream of calcium release
from the sarcoplasmic reticulum (Fig. 4 A). In this case, increased
airway responsiveness appears to be due to loss of co-localization
of the polyamine-catabolizing enzyme spermidine/spermine
N1-acetyltransferase (SSAT), which binds directly to the a9
cytoplasmic domain (Chen et al., 2004), and the lipid kinase,
PIP5K 1+, which binds directly to talin, an integrin 31 subunit
binding partner. Spermine and spermidine are critical cofactors for
PIP5K1Y, so its juxtaposition with SSAT effectively reduces en-
zymatic activity. PIP5K1+y converts PI4P to PIP2 and is respon-
sible for most of the PIP2 produced in airway smooth muscle
cells (Chen et al., 1998). PIP2 is the substrate for IP3 genera-
tion by PLC(, so when 931 is present and ligated, contractile
agonists that activate receptors coupled to Gaq induce less IP3
generation (Chen et al., 2012) and thus less Ca** release through

IP3 receptors in the sarcoplasmic reticulum. The importance of
this pathway was confirmed by the observations that the fre-
quency of Ca** oscillations induced by cholinergic agonists was
reduced in lung slices from mice lacking a9 1, and that all of
the abnormalities in smooth muscle from these animals could
be rescued by addition of a cell-permeable form of PIP2 (Chen
etal., 2012).

Effects of T cell cytokines on airway smooth
muscle contractility. Several studies conducted over the
past 15 years have suggested that cytokines released from T cells
can contribute to airway hyperresponsiveness in allergic asthma
(Locksley, 2010). The Th2 cytokine IL-13 has been most exten-
sively studied, and can induce both mucous metaplasia and air-
way hyperresponsiveness when administered directly into the
airways of mice (Griinig et al., 1998; Wills-Karp et al., 1998).
In vitro, incubation of tracheal rings or lung slices increases
narrowing of airways in lung slices and increases force genera-
tion by mouse tracheal rings, at least in part by inducing a dra-
matic increase in expression of the small GTPase, RhoA (Chiba
et al., 2009), which is a critical effector of airway smooth mus-
cle contraction (Fig. 4 B). Chronic allergen challenge or direct
administration of IL-13 into the airways of mice also increased
RhoA expression, in association with induction of airway hy-
perresponsiveness. A recent study suggested that IL-17 can
also increase airway smooth muscle contractility and airway
narrowing by induction of RhoA in airway smooth muscle
cells (Kudo et al., 2012). In that study, mice lacking the av38
integrin specifically on antigen-presenting dendritic cells were
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protected from allergen-induced airway hyperresponsiveness.
These mice had the same degree of general airway inflamma-
tion and mucous metaplasia in response to allergen as wild-type
control mice, but had a very specific defect in the generation of
antigen-specific Th17 cells, an important source of IL-17 in
lungs (Kudo et al., 2012). In vitro, IL-17 was shown to directly
increase the contractility of mouse tracheal rings and to increase
the levels of RhoA protein and its downstream effector, ROCK2,
and to increase phosphorylation of the direct ROCK target,
myosin phosphatase. Phosphorylation of myosin phosphatase
inhibits its function, and IL-17 was also shown to consequently
increase phosphorylation of myosin light chain kinase. Impor-
tantly, all of these biochemical effects were dramatically in-
duced in vivo in airway smooth muscle of control mice in
response to allergen sensitization and challenge, but all were
markedly reduced in mice lacking av38 on dendritic cells.
Furthermore, tracheal rings removed from these knockout mice
after allergen challenge had decreased in vitro contractility com-
pared with rings from allergen challenged control mice, but this
difference in contractility was eliminated by exogenous addi-
tion of IL-17. These findings strongly suggest that both IL-13
and IL-17 can contribute to airway hyperresponsiveness by di-
rectly inducing RhoA expression in airway smooth muscle (Fig.
4 B). Tumor necrosis factor o, also implicated in asthma patho-
genesis, has been shown to increase airway smooth muscle
contractility by a similar mechanism (Goto et al., 2009).

Enhanced cytokine-mediated airway smooth
muscle contraction in MFGE8-deficient mice. Milk
fat globule EGF factor 8§ (MFGES) is a secreted protein com-
posed of two EGF repeats and two discoidin domains. MFGES8
was originally described to facilitate uptake of apoptotic cells
by phagocytes (Hanayama et al., 2004). Mice lacking MFGES8
have normal baseline lung morphology and function, but have
exaggerated airway responsiveness after allergen sensitiza-
tion and challenge (Kudo et al., 2013). However, this abnor-
mality did not appear to be related to any effects on reuptake
of apoptotic cells. Immunostaining demonstrated that secreted
MFGES was concentrated adjacent to airway smooth muscle.
Tracheal rings removed from MFGES knockout mice had nor-
mal contractile responses at baseline, but had markedly en-
hanced contractile responses after overnight incubation with
IL-13, and this increase in contractility could be rescued by
addition of recombinant MFGES to the muscle bath. Impor-
tantly, rescue required the presence of at least one of the dis-
coidin domains and of the integrin-binding RGD motif of the
second EGF repeat. In mouse tracheal rings and cultured airway
smooth muscle, loss of MFGES greatly enhanced the IL-13—
induced increase in RhoA protein. These findings suggest that
ligation of one or more RGD-binding integrins on airway smooth
muscle by extracellular MFGES8 normally serves as a brake
on cytokine-mediated RhoA induction and thereby limits maxi-
mal cytokine-induced airway hyperresponsiveness (Fig. 4 B). The
specific integrin(s) involved in this response, the molecular
mechanisms linking integrin ligation to inhibition of RhoA,
and the role and binding partner(s) of the MFGES discoidin
domains that are required for RhoA inhibition all remain to
be determined.
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Conclusions

Rapid progress has been made toward identifying epithelial and
smooth muscle cell molecules and pathways that can produce
many of the abnormalities found in individuals with asthma.
Because these discoveries were made in diverse experimental
systems, we still face major challenges in understanding how
these molecules and pathways interact in vivo and in identify-
ing the pathways that are most relevant in people with asthma.
Asthma is a heterogeneous disease, and recent progress toward
identifying subtypes with distinct pathophysiologic mechanisms
promises to focus attention on certain pathways in epithelial
and smooth muscle cells (Lotvall et al., 2011). It will be espe-
cially important to understand mechanisms underlying severe
asthma. Approximately 5-10% of individuals with asthma have
severe disease, with symptoms that persist despite standard ther-
apy with bronchodilators and inhaled corticosteroids (Brightling
et al., 2012). These individuals have high rates of asthma exac-
erbations leading to hospitalization and are at relatively high
risk for fatal asthma attacks. Continued attention to the study of
the cell biology of asthma will be crucial for generating new
ideas for asthma prevention and treatment based on normalizing
epithelial and smooth muscle function.
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