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Summary

Clinical

Asthma was previously defined as an allergic Th2-mediated inflammatory immune disor-
& der. Recently, this paradigm has been challenged because not all pathological changes

Experimental
Allergy

observed in the asthmatic airways are adequately explained simply as a result of Th2-
mediated processes. Contemporary thought holds that asthma is a complex immune disor-
der involving innate as well as adaptive immune responses, with the clinical heterogeneity
of asthma perhaps a result of the different relative contribution of these two systems to

the disease. Epidemiological studies show that exposure to certain environmental sub-
stances is strongly associated with the risk of developing asthma. The airway epithelium
is first barrier to interact with, and respond to, environmental agents (pollution, viral
infection, allergens), suggesting that it is a key player in the pathology of asthma. Epithe-
lial cells play a key role in the regulation of tissue homeostasis by the modulation of
numerous molecules, from antioxidants and lipid mediators to growth factors, cytokines,
and chemokines. Additionally, the epithelium is also able to suppress mechanisms
involved in, for example, inflammation in order to maintain homeostasis. An intrinsic
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alteration or defect in these regulation mechanisms compromises the epithelial barrier,
and therefore, the barrier may be more prone to environmental substances and thus more
likely to exhibit an asthmatic phenotype. In support of this, polymorphisms in a number
of genes that are expressed in the bronchial epithelium have been linked to asthma sus-
ceptibility, while environmental factors may affect epigenetic mechanisms that can alter
epithelial function and response to environmental insults. A detailed understanding of the
regulatory role of the airway epithelium is required to develop new therapeutic strategies
for asthma that not only address the symptoms but also the underlining pathogenic mech-
anism(s) and prevent airway remodelling.
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The burden of asthma

Henry Hyde Salter’s seminal description of asthma as
‘paroxysmal dyspnoea of a peculiar character, generally
periodic, with intervals of healthy respiration between
the attacks’ still holds true today [1], with asthma being
classified as a disease of the conducting airways, char-
acterised by recurrent, reversible airflow obstruction,
airways inflammation, bronchial hyperresponsiveness,
and a progressive decline in lung function [2]. Unfortu-
nately, the same cannot be said of his claim that
asthma is ‘not a very common disease’ [1]. Recent esti-
mates suggest that asthma affects at least 4.3% of the
world-wide adult population [3]. The UK National
Health Service spends approximately £1 billion per
annum treating asthma [4], with £850 million alone

spent on drugs to control the disease [5]. However,
there is still a major shortfall in the understanding and
management of asthma, with controversy over the aeti-
ology, pathophysiological processes, and treatment for
asthma [6].

Asthma classification

The classification of asthma, ranging from intermittent
through mild, moderate, and severe persistent forms, is
based upon frequency and severity of exacerbations,
and forced expiratory volume in 1 s (FEV,) [7, 8]. How-
ever, asthma severity has traditionally been determined
while the patient is not using medication, and new
measures of asthma severity have been proposed,
including the intensity of treatment required to bring
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asthma under control [9]. Alternative classification
methods, such as clinical and inflammatory phenotypes,
endotype (pathophysiological mechanism), or trigger
type, have been proposed with the aim of providing
more targeted treatments into relevant subgroups of the
disease [10-12]. Recent research has suggested that
patients can be separated into clusters based on a small
number of factors including baseline and maximum
FEV, and age of onset [13]. It has also been suggested
that clustering patients on the basis of age of onset and
the extent of eosinophilic airway inflammation may
enable more appropriate corticosteroid treatment,
because non-eosinophilic asthma is more likely to be
refractive to corticosteroids [14—16].

In addition to classification by phenotype, asthma
can be subdivided into atopic and non-atopic asthma,
with atopic asthma marked by increased Th2-type cyto-
kines (e.g. IL-4, IL-5, IL-13). Although the majority of
asthma cases are associated with atopy, a significant
proportion are not [17]. Allergens which may trigger
asthma include components of house dust mite faeces
[18, 19], fungal spores [20-22], and pollen [23, 24].
Non-allergenic triggers include respiratory viral infec-
tions [25-27], air pollution including environmental
cigarette smoke [28, 29], occupational exposures to a
wide range of chemical and biological sensitizing
agents and irritants [30], exercise [31], aspirin [32], and
lifestyle factors such as stress and obesity [33-36].

The genetic basis of asthma

Despite much research, the causes of asthma are still
incompletely understood. Asthma gene association
studies are numerous, and genes positively associated
with asthma fall into a number of distinct groups. Stud-
ies have implicated genes coding for inflammatory
cytokines and their receptors, including those involved
in Th2-type responses such as the IL-4 gene cluster at
chromosome 5q31 [37], TSLP [38, 39] and IL-33 [40,
41], and the IL1 receptor gene cluster on chromosome
2q [42]. Other studies have identified genes involved in
remodelling; for example, an association has been
found between asthma (particularly bronchial hyperre-
sponsiveness) and ADAM33, one of a subfamily of
transmembrane metalloproteinases [43], which may
contribute to structural changes by playing a role in
angiogenesis [44]. Other genes appear able to play a role
in epithelial function: PCDH1 [45] and CDHR3 [46],
which may be involved in epithelial cell-cell adhesion,
and, interestingly, the epidermal junction protein filag-
grin FLG 1, which has been strongly linked to develop-
ment of atopic dermatitis [47], have also been linked to
development of asthma [48, 49]. In addition, ORMDL3
[50], which may control release of calcium from the
endoplasmic reticulum in epithelial cells and T cells

[51, 52], and GSDML [53] are two genes at a locus on
chromosome 1721 that have also been linked to
asthma. However, although there is a clear genetic link
in asthma, twin studies have suggested that genetics
alone cannot account for all or even most cases of
asthma [54, 55], indicating that asthma is not deter-
mined purely by genetic factors, but rather by gene—
environment interactions [56, 57]. The involvement of
genes coding for molecules with such varying functions
lends weight to the assertion that asthma is a multi-fac-
torial disease with a range of aetiologies.

As many asthma-susceptibility genes are expressed
in the airway epithelium, which is the first point of
contact for any potential inhaled triggers, recent
attention has focused on the airway epithelium as
being crucial in the development and maintenance of
an asthmatic phenotype [58, 59]. The remainder of
this review will consider the function of the airway
epithelium, and how aberrant epithelial function may
act as a major contributor towards the development of
asthma.

The airway epithelium

The airway epithelium provides a vital protective layer
between the internal milieu of the lung and the external
environment [60]. The bronchial epithelium has a
pseudostratified structure, with the majority of cells
being ciliated columnar epithelial cells, which fulfil a
vital role in the clearance of inhaled pathogens and
particles by the mucociliary escalator [61-63]. In addi-
tion, the columnar layer is populated by mucus-secret-
ing goblet cells [64], neuroendocrine cells, and
intermediate cells. Clara cells are also present, although
more commonly found in the bronchioles, where they
secrete pulmonary surfactant [65]. In humans, basal
cells, which underlie the columnar epithelium, act as a
pool of progenitor cells for the epithelium [66, 67].
Early thinking posited that the bronchial epithelium
was merely an inert physical barrier against ingression
of inhaled pathogens and toxins. However, it has since
become apparent that the epithelium also provides a
chemical and immunologic barrier between the airway
submucosa and the external environment. Crucially,
there is clear evidence that these functions may be
perturbed in the bronchial epithelium of asthmatic
subjects.

The epithelium as a physical barrier

Epithelial cells have a tendency to form sheets due to
their propensity for forming adhesive contacts with
adjacent epithelial cells, giving rise to a characteristic
‘cobblestone’ pattern [68, 69]. The set of epithelial cell-
cell junctions closest to the airway lumen is the apical
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Fig. 1. Epithelial cell-cell junctions. Left: The function of the epithelium as a selectively permeable barrier against the ingression of pathogens
and toxicants requires the presence of a variety of adhesion molecules, from the apical junction complex (AJC), which comprises the adherens
junction (A) and tight junction (T), to the lateral desmosomes (D) and basolateral hemidesmosomes (H), which anchor the cells to the basement
membrane. Right: The AJC is comprised of a variety of transmembrane junctional proteins and intracellular adapter molecules, linking the junc-
tional plaques to the actin cytoskeleton, which may be modified by regulatory proteins (RP).

junction complex (Fig. 1), comprising the tight junction
(TJ) and the adherens junction (AJ) [70]. The TJ is cen-
tral to the function of the epithelium as a selectively
permeable barrier: the ‘gate’ function, acting as a selec-
tively but variably permeable barrier to the passage of
ions and solutes via the paracellular pathway, and the
‘fence’ function, acting as a site of demarcation
between the apical and basolateral domains of the cells
membrane to define epithelial polarity [71]. TJs are
composed of transmembrane proteins such as occludin
[72] and claudins [73, 74], which are linked to the actin
cytoskeleton by Z0-1, Z0-2, and, Z0-3 [75-77]. TJ per-
meability can be regulated by cytokines (e.g. TNF-o
IFN-v, and interleukins) and growth factors via actions
on actomyosin contractility and tight junction proteins
[78]; different members of the claudin family confer
distinctive ionic permeabilities on the TJ in which they
are found, particularly determined by the first extracel-
lular loop of the protein forming ion- and charge-selec-
tive pores [74, 79, 80]. For example, the presence of
claudin-2 in the TJs has been seen to increase ionic
permeability [81, 82], while claudin-4 increased barrier

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 :

tightness [83]. AJs, comprised of E-cadherin linked to
the actin cytoskeleton via the o- and B-catenin adapter
complex, are important in the development of the epi-
thelial layer and TJ formation [84, 85]. Additional junc-
tions in the epithelium include gap junctions which
provide a link between the cytoplasm of adjacent cells,
desmosomes, located at the base of the lateral surface
of epithelial cells, hemidesmosomes, which anchor epi-
thelial cells to the basement membrane [86], and inte-
grins, heterodimeric receptors connected to the actin
cytoskeleton which recognize and bind collagen and
other components of the extracellular matrix [87].
Recent research has demonstrated that the barrier
function of the airway epithelium is defective in
asthma. In biopsies and differentiated bronchial epithe-
lial cells obtained from severe asthmatic subjects, a
post-transcriptional loss of junctional ZO-1 and occlu-
din and increased barrier permeability were observed
[88]. Furthermore, differentiated bronchial epithelial
cells from severe asthmatic donors displayed increased
epithelial macromolecular permeability and reduced
E-cadherin, along with redistribution of the adapter
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protein p120 catenin, which was ameliorated by a src-
family kinase inhibitor [89].

The epithelium as a chemical barrier

The epithelium fulfils an important function in protect-
ing the airway against ingression of noxious agents and
pathogens, aided by airway mucus. Mucus is a highly
proteinaceous mixture, rich in mucins [90] — exten-
sively glycosylated proteins, with varying glycosylation
states, cellular localization, and complex formation,
suggestive of differing roles [91]. Secreted mucins
(MUC2, MUCKAC, MUC5B, MUC6) form a gel layer
above the periciliary fluid, while cell-surface mucins
remain anchored to the cell membrane [92]. Crosslink-
ing of the mucin glycoproteins forms a mesh-like bar-
rier to prevent dehydration of the epithelial barrier,
facilitate pathogen sequestration, and trap inhaled par-
ticulate matter by virtue of steric interactions based on
the pore size of the mucin mesh, and electrostatic and
hydrophobic interactions [93-95]. It has been suggested
that the mucus provides effective protection against
inhaled particles of a range of sizes, morphologies, and
surface chemistries because the time required for pene-
tration of particles through the mucus layer is much
greater than the time needed for clearance of mucus-
trapped particles by the mucociliary escalator [62].

The principal airway-secreted mucins are MUC5B
from submucosal glands and MUC5AC from goblet cells,
with MUC5B being the principal mucin under normal
physiological conditions, and MUC5AC appearing to be
the predominant up-regulated mucin in asthma, forming
the basis of asthmatic mucus hypersecretion [96-99].
Control of MUC5AC expression is complex, but mouse
and human cell culture models suggest that it is under
the control of IL-13/IL-4 and EGFR pathways [100].
Mouse models implicate SAM pointed domain-contain-
ing ETS transcription factor (SPDEF) which can be up-
regulated by IL-13 in a STAT6-dependent manner and
which interacts with thyroid transcription factor-1 (TTF-
1) to induce goblet cell hyperplasia and increased
expression of MUC5AC and genes associated with pro-
tein glycosylation [101, 102]. Alternative inducers of
mucus production include IL-1f and TNF via p38 MAPK
and ERK [103], and IL-17A by NF-xB [104]. Pollutants
such as cigarette smoke can also induce mucus produc-
tion via the EGFR pathway [105, 106].

Airway lining fluid is rich in molecules which are
critical in the defence against pathogens and pollutants.
Airway antimicrobials include the cationic peptide (-
defensins and LL37, and also lysozyme and lactoferrin,
which target bacterial peptidoglycan and chelate iron,
respectively [107]. Antioxidants are important in
defending the airway epithelium against oxidative stress
and may take the form of enzymes such as superoxide

dismutase (SOD), which converts superoxide to hydro-
gen peroxide, and catalase, which catabolizes hydrogen
peroxide, or smaller molecules such as glutathione and
urate. Other enzymes, such as glutathione peroxidase
and haem oxygenase-1, do not have direct antioxidant
effects but maintain the availability of antioxidants in
the reduced state [108, 109].

The epithelium as an immunologic barrier

Although most inhaled substances are cleared without
an inflammatory response, the airway epithelium fulfils
a crucial role in the instigation of defence mechanisms
against infection. Pattern recognition receptors (PRRs)
recognize pathogen-associated molecular patterns
(PAMPs), with Toll-like receptors (TLRs) being the most
studied of the PRRs. TLRs each recognize specific
ligands, for example TLR2 recognizes peptidoglycan of
gram-positive bacteria [110, 111], TLR3 recognizes dou-
ble-stranded viral RNA (dsRNA) [112], TLR4 recognizes
amongst others lipopolysaccharide from gram-negative
bacteria [113], and TLR7 is activated by single-stranded
RNA [114]. Following activation, all Toll-like receptors
except TLR3 signal via a MyD88/IRAK-dependent cas-
cade resulting in activation of MAP kinases and nuclear
translocation of NF-xB [115]. TLR activation leads to
the release of multiple pro-inflammatory cytokines and
chemokines, initiating the inflammatory response. Other
classes of epithelial cell receptors which may initiate
the innate immune response include RIG-like helicases
which detect dsRNA [116], protease-activated receptors
(PARs) which are activated by proteolytic cleavage to
allow activation by a tethered ligand [117], C-type lec-
tins which bind carbohydrates on a range of pathogens
and allergens [118], and NOD-like receptors which
mediate the release of antimicrobial peptides [119].

Damage to the epithelium results in the release of
endogenous damage-associated molecular patterns
(DAMPs), termed ‘alarmins’, which can induce a Th2-
type inflammatory response, [120-122]. For example,
upon exposure to the protease-rich fungus Alternaria
alternata, airway epithelial cells of naive mice release
ATP as an alarmin, which results in IL-33 release and
development of a Th2 phenotype via the P2Y, receptor,
although IL-33 itself may also be considered to be an
alarmin [123, 124]. Furthermore, ATP has been seen to
be raised in the airways of asthmatics, where it is able
contribute to a Th2 phenotype by activating dendritic
cells [125].

Structural changes in the epithelium

A characteristic feature of asthma is goblet cell hyper-
plasia and metaplasia, along with mucus hypersecretion,
which has been observed in patients who have died of
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an asthma attack, with the great majority of asthma
deaths showing at least partial airway occlusion by
mucus [126, 127]. Asthmatic airways show increased
populations of mucus-secreting goblet cells not only in
the central airways but also in the peripheral airways
[128], this being ascribed to the transdifferentiation of
ciliated epithelial cells and Clara cells, as opposed to
goblet cell proliferation, under the control of a complex
network of transcription factors [59]. Airway remodel-
ling was originally thought to be a consequence of the
inflammatory processes seen in asthma. However, it is
now clear that this is not the case, because the lamina
reticularis underlying the epithelium appears thickened
in children prior to, and around, the time of diagnosis
of asthma [129-131], and this is not necessarily the
result of inflammatory processes [132], with structural
changes probably following some early triggering fac-
tor, such as viral infection, in genetically susceptible
individuals [133]. Moreover, it has recently been shown
that epithelial compression leads to increased goblet
cell numbers and subepithelial collagen deposition in
the absence of increased inflammation [134]. It has
been suggested that epithelial damage is responsible for
the thickening of the lamina reticularis in asthma and
that some of the genetic factors which predispose to
asthma do so via a tendency towards increased epithe-
lial damage. This is supported by in vitro studies which
show increased susceptibility to oxidative stress [88,
135], fungal allergens [136], and respiratory viruses
[137, 138].

It has been postulated that structural defects in the
airways are fundamental to the pathogenesis of asthma,
with an initial injury in susceptible epithelium inducing
a cycle of damage and aberrant repair, resulting in an
abnormal, ‘immature’ epithelium and increased allergen
penetration and sensitization [139]. Asthmatic airways
show increased levels of the cell cycle inhibitor p21**
potentially indicating a reduced ability of the asthmatic
airways to repair after damage, which in normal air-
ways is a multistep process involving migration of epi-
thelial cells to the site of damage, followed by their
differentiation into ciliated and secretory cells [140].
This abnormal repair is marked by increased deposition
of collagen and matrix proteins, producing the afore-
mentioned thickening of the lamina reticularis [141,
142]. Therefore, an event originating in the epithelium
may have downstream consequences in other layers of
the airway, and for the airways as a whole (Fig. 2).

Stress responses in airway epithelial cells

Oxidative stress is considered one of the main risk fac-
tors involved in asthma pathogenesis and driving
asthma exacerbations. Many environmental substances
have been shown to activate or interfere with pathways

regulated by oxidative stress, such as cigarette smoke
[143], particulate air pollution [144, 145], and respira-
tory viruses [146-148]. Some asthmatic subjects may
exhibit an intrinsic defect in antioxidant defence mech-
anisms suggesting an increased sensitivity to oxidative
stress [135, 149]. Thus, noxious substances can induce
oxidative stress and activate downstream events at lev-
els which would be benign in non-asthmatic subjects.
For example, polymorphisms in glutathione S-transfer-
ase (GST) genes are associated with increased asthma
susceptibility [150]. Defective GST metabolism is
thought to be associated with increased inflammatory
responses to environmental substances, because GSTM 1
knockdown in bronchial epithelial cells caused an
enhanced IL-8 and IL-1p release after exposure to diesel
particles [151]. Reactive oxygen species (ROS) can acti-
vate antioxidant defence mechanisms via the transcrip-
tion factor Nrf2 [152] or influence chromatin
accessibility by reducing histone deacetylase (HDAC)
activity [153, 154]. Additionally, cellular stress results
in increased levels of misfolded and unfolded proteins
in the endoplasmic reticulum (ER), activating the
unfolded protein response (UPR) to restore cell function
or, if the damage is more extensive, induce apoptosis
[155]. The UPR can promote inflammation [156] and
fibrosis [157], and it is thought to be important in
chronic lung disease [158]. In this context, it is note-
worthy that transfection of ORMDL3 in lung epithelial
cells caused activation of ATF6a and induced SERCA2b,
suggesting that the ER UPR might be one pathway
through which ORMDL3 is linked to asthma [159].

Lipid mediators in asthma

The eicosanoid pathway is thought to play an important
role in the regulation of epithelial homeostasis. Epithe-
lium-derived prostaglandin E2 (PGE,) has been shown
to attenuate the pro-inflammatory potential of dendritic
cells by reducing their TNF-o and enhancing IL-10
release [160]. Furthermore, PGE, can act on airway
smooth muscle to counteract bronchoconstriction [161]
and reverse myofibroblast differentiation by reducing
o-SMA expression [162]. In the lung, these anti-inflam-
matory actions and bronchodilation caused by PGE, are
thought to be mediated by E-prostanoid 2 (EP2) and/or
EP4 receptors [163]. Eicosanoid synthesis can involve a
transcellular mechanism with precursors generated by
one cell type and then passed onto another cell type for
further processing. For example, the synthesis of lipox-
in A, (LXA,), a counteracting eicosanoid which resolves
inflammation, by the 5-/15-LO0 pathway involves
generation of 15S-hydroxyperoxy-eicosatetraenoic acid
(15S-H(p)ETE) by 15-LO in epithelial cells. After export,
this intermediate is further processed by infiltrat-
ing immune cells into LXA, mediated by 5-LO [164].

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1299-1313



1304 M. Loxham et al.

Genetic predisposition

Environmental factors
Pollution,
viruses,
pollen

Epithelium

Laminar

Reticularis
= Blood vessel ;
2 g
© Smooth o
£ muscle cell =
£ [=]
© 3
= )
< o
x a
€ @
< [y
Lipid ROS, Cytokines  Growth
mediators UPR  chemokines factors

z Activation and Laminar reticularis thickening

% infiltration goblet cell metaplasia 3
£ of immune cells chronic repair g
E angiogenesis Y
£ fibrosis 5
6 o
|

o

= Fibroblast

Fig. 2. The regulatory role of the airway epithelium. The functions of the bronchial epithelium are influenced by gene—environment interactions.
In response to environmental factors, the bronchial epithelium can respond with the release or suppression of various mediators such as lipid
mediators, stress response including reactive oxygen species (ROS), unfolded protein response (UPR), cytokines, chemokines, and growth factors.
Some of these mediators can activate anti-inflammatory responses and contribute to tissue homeostasis by inducing repair mechanisms. On the
other hand, some mediators are pro-inflammatory by inducing the activation and infiltration of immune cells into the airway mucosa or induce

airway remodelling and thus contribute to the asthma phenotype.

Resolvins are a further class of lipid mediators thought
to be involved in the resolution of airway inflammation
[165].

The balance between pro- and anti-inflammatory
lipid mediators appears disrupted in asthmatic subjects,
favouring chronic airway inflammation, airflow
obstruction, or remodelling [166, 167]. In asthma, there
are increased levels of leukotriene B4 (LTB,) and cyste-
inyl leukotrienes (CysLTs), potent pro-inflammatory
lipid mediators which also mediate bronchoconstriction
[168]. The key enzyme in leukotriene synthesis is 5-LO,
which is mainly expressed by cells of myeloid origin.

Airway epithelial cells may be able to interfere indi-
rectly with the leukotriene pathway especially in asth-
matic subjects. For example, transglutaminase 2 is
overexpressed in the asthmatic airway epithelium and
is able to increase the activity of secreted phospholipase
A, group X (sPLA,-X) [169]. It has also been shown
that secreted phospholipase enhances leukotriene pro-
duction in eosinophils [170] linking airway epithelial
cells to leukotriene metabolism. However, the involve-
ment of the airway epithelium in eicosanoid metabo-
lism or regulation of epithelial cell function by
eicosanoids is not fully understood.

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1299-1313



Epithelial function and dysfunction in asthma 1305

Cytokines and chemokines in airway inflammation

Cytokines and chemokines released by airway epithelial
cells activate and modulate the function of immune
cells and structural cells and also act as chemoattrac-
tants. Furthermore, epithelial cells express many recep-
tors for cytokines and chemokines, activation of which
can influence epithelial functions. Cytokines linked to
Th2-mediated immune responses, such as IL-4, IL-13,
IL-25, IL-33, and TSLP, are crucial in the pathogenesis
of atopic asthma. The release and function of these
cytokines are reviewed elsewhere [171-174]. An intrin-
sically altered baseline or allergen/toxicant-stimulated
release of cytokines and chemokines by airway epithe-
lial cells derived from asthmatic individuals has been
shown in many studies [137, 175-178]. Genetic poly-
morphisms may be one reason for an altered cytokine
release in asthmatic epithelial cells [151]. It is also
hypothesized that in asthma the expression of cytokines
and chemokines is altered by epigenetic mechanisms
[179]. These influence the activity of genes without
changes in the DNA base sequence, including DNA
methylation and histone acetylation/deacetylation,
which alter the structural conformation and accessibil-
ity of DNA. For example, IL-17A mediates reduced
activity of HDAC2, which is linked to a reduction in the
glucocorticoid sensitivity of TNF-a-induced IL-8 release
in bronchial epithelial cells [180]. However, the role of
HDAC2 activity in glucocorticoid insensitive asthma is
still under discussion [181, 182].

One of the most studied environmental impacts on
the airway epithelium is viral infection, showing the
important function of the airway epithelium as a link
between innate and adaptive immune responses. It has
been hypothesized that the innate antiviral response of
the airway epithelium in asthmatic subjects is dimin-
ished, for example in vitro studies showed reduced
release of interferon (IFN) after wviral infection
[138,183,184]. However, this is controversial because
other studies showed no difference in virus-induced
IFN-release between non-asthmatic and asthmatic sub-
jects [185,186]. This difference could be explained by
the use of mild asthmatic subjects in the latter studies,
whereas in the earlier studies, bronchial epithelial cells
were derived from moderate-to-severe asthmatic sub-
jects. Epithelial release of IFN activates the expression
of IFN-stimulated genes (ISGs) priming antiviral
defence mechanisms in neighbouring cells [187],
including airway epithelial cells, fibroblasts and
immune cells. A deficiency in IFN signalling compro-
mises the antiviral defence mechanisms, which may
contribute to the increased severity and duration of
lower respiratory tract infections observed in asthmatic
individuals [188]. Epidemiological studies detected a
link between viral infections in early life and asthma

susceptibility; however, the mechanisms are still under
investigation [189]. It is suggested that viral infections
in early life promote structural changes in the airways
which make the airway epithelium more prone to other
environmental impacts such as allergens, favouring
chronic airway inflammation and remodelling [190].

Growth factors and other proteins involved in airway
remodelling

Airway remodelling, a central part of asthma pathogen-
esis, is thought to be mediated by growth factors and
other proteins which are able to induce structural
changes in the airways such as fibrosis, goblet cell
hyperplasia, and angiogenesis. Transforming growth
factor-B (TGF-B) has a central function in airway
remodelling [191,192]. The release of TGF-f by airway
epithelial cells can be induced by environmental stimuli
as well as intrinsic factors, and it has been shown that
airway epithelial cells of asthmatic subjects release
higher levels of TGF-B than non-asthmatics [193].
Additionally, airway epithelial cell function is modu-
lated by TGF-P [194], for example the induction of epi-
thelial-mesenchymal transition [195]. TGF-B inhibits
the antiviral IFN-f response in bronchial epithelial
cells, promoting rhinovirus replication [196]. Intracellu-
lar signalling pathways of TGF-f involve Smad2/3, and
Smad3 polymorphisms are associated with an increased
risk of asthma [41]. It has also been observed that rhi-
novirus-infected bronchial epithelial cells release basic
fibroblast growth factor (bFGF), which activates fibro-
blasts [197]. Furthermore, rhinovirus infection causes
the release of wvascular endothelial growth factor
(VEGF) by airway epithelial cells [198]. In addition to
VEGF [199], epidermal growth factor (EGF) is an
important factor in airway remodelling [194,200]. EGF
is normally sequestered on the basolateral side of the
epithelium, away from apical EGFR, but perturbation of
the epithelial barrier, such as by proteolytic allergens,
allows access of EGF to its receptor, inducing epithelial
activation [59].

One of the most prominent features of asthma is the
changed properties of the lung extracellular matrix
(ECM) associated with tissue stiffness and elasticity. The
composition of the ECM is altered in asthma, mainly by
an imbalance in its deposition and degradation
[194,201]. One important class of ECM-degrading
enzymes are matrix metalloproteinases (MMPs) and
their inhibitors, and tissue inhibitors of metalloprotein-
ases (TIMPs) [202]. Environmental insults can interfere
with the MMP/TIMP balance — it has been shown that
rhinovirus infection induces MMP-9 expression in air-
way epithelial cells [203]. However, the role of the epi-
thelium in such regulatory mechanisms is unknown. It
has been suggested that periostin, which is expressed in

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1299-1313
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bronchial epithelial cells in response to IL-13, activates
the TGF-B pathway in an MMP-dependent manner to
cause fibrosis [204].

Perspective for new therapeutic strategies

Current asthma therapies suppress the symptoms and
airway inflammation without targeting the underlying
cause of the disease. Inhaled [,-adrenoceptor agonists
induce relaxation of bronchial smooth muscle thereby
increasing airway patency. They are used as prophy-
laxis or ‘relievers’, which may be short-acting (e.g. salb-
utamol) or long-acting (e.g. salmeterol) [205].
Corticosteroids, which may be inhaled or orally admin-
istered, act via the nuclear glucocorticoid receptor to
reduce the airway inflammation [206]. Cysteinyl leuko-
triene pathway antagonists (e.g. montelukast) block the
effects of cysteinyl leukotrienes, lipid mediators with an
emerging role in the pathogenesis of asthma [168].
Finally, omalizumab is a humanized monoclonal anti-
body against IgE, levels of which are typically raised in
atopic asthma. However, although omalizumab exhibits
clear benefit in the treatment of a subset of patients
with asthma, its use may be limited due to the cost of
treatment [207,208]. As a result, there is an unmet clin-
ical need for new therapeutic strategies, in particular
targeting airway remodelling, especially for patients
with severe forms of asthma. Due to the marked hetero-
geneity of asthma pathogenesis, there is a need for
patient-tailored therapies and a requirement for specific
biomarkers to identify susceptible individuals [209].
Additionally, experimental animal models commonly
used to identify new therapeutic strategies have largely
failed to translate into clinical advances. This failure is
thought to be due to the poor recapitulation of the air-
way remodelling component of asthma, development
over the course of life, and airway physiology of such
animal models, which mainly focus on allergic airway
inflammation [210,211]. Therefore, there is a need for
experimental human-based models recapitulating the
full complexity of the airway mucosa [212].

Currently, promising targets for asthma therapy are
thought to modulate the epithelial response to environ-
mental substances, preventing further downstream
events such as airway remodelling and inflammation.
Addressing antioxidant defence mechanisms might be
of benefit for a subgroup of asthmatic patients,
although dietary supplementation of antioxidants has
previously failed to show beneficial effects in improv-
ing asthma control [213]. Targeting the Nrf2 signalling
pathway may prove beneficial in reducing airway oxi-
dative stress in asthma. In vitro studies suggest that res-
veratrol can modulate the response of airway epithelial
cells to environmental substances by activating the
Nrf2 pathway [214-216], but a better understanding of

the mechanisms involved is required before clinical tri-
als can be performed. Another promising strategy is the
targeting of eicosanoid metabolism to restore the bal-
ance between pro- and anti-inflammatory lipid media-
tors. In addition to currently available LT receptor
antagonists such as montelukast, studies are investigat-
ing the inhibition of LT synthesis by blocking either 5-
LO or 5-LO-activating protein (FLAP). However, block-
ade of 5-LO activity might also affect the synthesis of
anti-inflammatory lipid mediators [217]. Modulation of
the cyclooxygenase (COX) pathway of eicosanoid syn-
thesis may prove beneficial for some asthmatic patients
[218]. Other strategies include the development of syn-
thetic EP4 receptor agonists promoting bronchodilation
[219]. Anti-inflammatory lipid mediators as well as
synthetic metabolically stable mimetics are also being
investigated as possible asthma therapies [220,221],
with an in vitro study having shown that lipoxin A4
can improve the physical barrier properties of bronchial
epithelial cells [222].

Antibody treatments are also being tested as potential
asthma therapeutics, with IL-4, IL-5, and IL-13 being
promising targets for such treatments. However, clinical
trials have produced mixed results, perhaps due to the
great degree of heterogeneity of asthma. One study
showed that anti-IL-13 monoclonal antibody therapy is
most effective in a subgroup of patients with a high
Th2 background and high periostin levels, suggesting
periostin as a biomarker to identify responsive patients
[223]. IL-4 receptor o polymorphisms are thought to
predict a subgroup of patients with asthma which are
more responsive to IL-4 receptor o antagonist therapy
[224]. A recent study has shown the effectiveness of
dupilumab, an antibody against the a-subunit of the IL-
4 receptor, in the treatment of moderate-to-severe
asthma patients with elevated eosinophil levels [225].
Targeting eosinophilia in asthma with anti-IL-5 (me-
polizumab) has also been shown to reduce asthma
exacerbations but without improving lung function
significantly [226].

Restoration of the physical barrier of the epithelium
may also prove fruitful. It has been shown in vitro that
EGF can restore the physical barrier in asthmatic sub-
jects [88]. Keratinocyte growth factor (KGF), which is
able to increase alveolar barrier functions in vitro [227],
has also been discussed as a treatment for acute lung
injury and might also be beneficial for asthmatic
patients with reduced physical barrier functions.
Another promising strategy to reduce asthma exacerba-
tions is to target viral infections. In vitro, exogenous
IFN-B can restore the antiviral defence mechanisms of
bronchial epithelial cells from patients with asthma
[228], suggesting that exogenous IFN- may reduce the
severity of asthma exacerbations and might also be ben-
eficial for early life rhinoviral infections and reducing

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1299-1313
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the risk of asthma development. Clinical trials using
inhaled IFN-B during respiratory viral infections in
asthma have been undertaken and will report soon.

Conclusion

To date, the underlining pathomechanisms of asthma

substances, and genome-wide association studies identi-
fied several genes associated with asthma expressed in
the airway epithelium, it plays a key role in the patho-

mechanisms of asthma. A detailed understanding of the
regulatory role of the airway epithelium in health and
disease will help to identify subtypes of asthma and

are not fully understood, but it is evident that asthma is

a heterogeneous immune disorder involving innate and

adaptive immune responses as a result of complex

gene—environment interactions. As the airway epithe-
lium is the first line of contact to environmental
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