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Abstract Asthma remains a major health problem with
significant morbidity, mortality and economic costs. In
asthma, airway remodelling, which refers to all the
microscopic structural changes seen in the airway tissue,
has been recognised for many decades and remains one of
the defining characteristics of the disease; however, it is
still poorly understood. The detrimental pathophysiological
consequences of some features of remodelling, like
increased airway smooth muscle mass and subepithelial
fibrosis, are well documented. However, whether targeting
these by therapy would be beneficial is unknown. Although
the prevailing thinking is that remodelling is an abnormal
response to persistent airway inflammation, recent evi-
dence, especially from studies of remodelling in asthmatic
children, suggests that the two processes occur in parallel.
The effects of asthma therapy on airway remodelling have
not been studied extensively due to the challenges of
obtaining airway tissue in the context of clinical trials.
Corticosteroids remain the cornerstone of asthma therapy,
and their effects on remodelling have been better studied
than other drugs. Bronchial thermoplasty is the only asthma
therapy to primarily target remodelling, although how it
results in the apparent clinical benefits seen is not exactly
clear. In this article we discuss the mechanisms of airway
remodelling in asthma and review the effects of conven-
tional and novel asthma therapies on the process.
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Key Points

Although airway remodelling is one of the defining
characteristics of asthma, several aspects remain
poorly understood, including its causes, natural
history and, most importantly, the exact role it plays
in the pathophysiology of asthma.

Studying the effects of various asthma therapies on
airway remodelling has been limited by the lack of
non-invasive markers and uncertainty about the
potential for reversibility in response to treatment
and whether that would have any clinical or
physiological benefit.

1 Introduction

Asthma is a common chronic inflammatory airway disease
affecting an estimated 300 million worldwide, which is
expected to increase by one-third by 2025 [1]. It is asso-
ciated with significant morbidity and mortality, especially
in patients with the severe form of the disease, who account
for 5-10 % of all patients in both the adult and the pae-
diatric populations. Asthma is a heterogeneous condition
characterised by various symptoms of cough, wheeze, chest
tightness and breathlessness, which are closely associated
with features of abnormal airway physiology, namely
reversible airflow obstruction and airway hyper-respon-
siveness (AHR). These symptoms can undergo episodes of
sudden deterioration, beyond day-to-day variation; these
are termed exacerbations and are responsible for a
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significant proportion of the burden attributed to the dis-
ease [2]. Additionally, at the microscopic tissue level,
asthma is also characterised by airway inflammation (hence
the recent definition of asthma as primarily an inflamma-
tory disease) and airway remodelling, a collective term
describing all the microscopic structural changes seen in
the airway tissue.

The pathogenesis of asthma is complex and far from
being fully understood, with many aspects remaining
controversial and debatable. Salter wrote in 1860 “Asthma
is a disease about whose pathology more various and dis-
crepant ideas prevail than about any other disease that
could be named” [3]. Surprising, more than 150 years
later, this statement remains largely true. This is mainly
due to the extremely wide heterogeneity of various aspects
of the disease, resulting in the lack of a unifying patho-
physiological mechanism and, consequently, asthma is
increasingly being regarded as a syndrome rather than a
single disease entity. There is universal agreement that the
two fundamental pathological domains of asthma patho-
genesis are airway inflammation, with the involvement of a
wide range of inflammatory cells, and airway remodelling
changes, which include increased airway smooth muscle
(ASM) mass, mucus gland hypertrophy, new vessel for-
mation in the submucosa, subepithelial fibrosis due to
excessive deposition of matrix proteins in the lamina re-
ticularis, and epithelial changes including epithelial fra-
gility and increased mucus secretion by goblet cells
(Fig. 1). However, the relative contribution of these two
domains or the exact nature of their relationship has not
been well defined. Chronic inflammation in various path-
ological conditions other than asthma leads to structural
changes in the tissue; as such, inflammation has long been
thought of as the primary cause of airway remodelling in
asthma, and hence should be the target of any therapy that
aims at modifying remodelling. Consistent with this view,
different aspects of remodelling have been clearly shown to
be caused or worsened by inflammation. For example,
subepithelial fibrosis, one of the most studied features of
remodelling in asthma, has been closely associated with
eosinophils-derived cytokines, namely interleukin (IL)-5
and transforming growth factor (TGF)-B [4, 5]. However,
mounting evidence, especially from studies on the paedi-
atric asthmatic population, has shown that the remodelling,
at least in part, is not simply a consequence of inflamma-
tion. While airway inflammation and remodelling were
shown in children aged 1-3 years with preschool wheeze,
this was not seen in symptomatic infants with reversible
airflow obstruction [6—8]. Supporting this, Saglani et al. [9]
showed, in a neonatal murine model of allergic asthma, that
both epithelial and extracellular matrix (ECM) remodelling
occur simultaneously. This was also suggested by Kariya-
wasam et al. [10], who, in a group of asthmatics, showed
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that both inflammation and remodelling occurred 24 h after
allergic challenge and only features of the latter persisted at
7 days. All this supports the argument that, in the natural
history of asthma, airway inflammation and remodelling
might occur in parallel and that remodelling can be a
consequence of airway stimuli acting directly on the air-
way structural cells. Indeed, bronchoconstriction resulting
from methacholine, a cholinergic drug normally used to
measure AHR, was shown to induce remodelling in
asthmatics without causing inflammation [11]. Further-
more, viruses have also been implicated in remodelling.
Rhinovirus, which can cause asthma exacerbations,
induces ECM remodelling in vitro and in animal models
of asthma [12].

To date, no asthma drug therapy has been used to pri-
marily target airway remodelling. Anti-inflammatory drugs
remain the most important drug category used in asthma,
and in spite of recent advances in new highly targeted
biological therapy in late phase development, there is still a
desperate need for new effective asthma therapies. In this
review article we summarize the current understanding of
the role of airway remodelling in the pathogenesis of
asthma and discuss the effects of both established and
novel asthma therapies on remodelling (summarized in
Table 1). Databases used for the literature search included
the PubMed/MEDLINE database, the Cochrane library
database and clinical trials databases ‘Current Controlled
Trials’ and ClinicalTrials.gov. Keywords used included
‘asthma’, ‘airway remodelling’, ‘airway remodeling’ and
‘treatment’. Only articles in English with abstracts were
reviewed.

2 How to Measure Airway Remodelling

This remains one of the major difficulties in studying air-
way remodelling in asthma. Asthma phenotypes (a phe-
notype is defined as observable characteristics of a disease
that are determined from the interaction between genetics
and the environment) are the end result of a long chain of
biological events. In this paradigm, individuals with the
susceptible genotypes, under the influence of factors that
affect gene expression, have molecular and cellular chan-
ges that result in histological changes (i.e. remodelling),
leading to airway physiological changes and other patients’
phenotypic characteristics. Consequently, in this model,
remodelling is directly connected to physiology and thus
one can use a lung function test as a surrogate measure for
remodelling; however, this connection between airway
remodelling and function has been difficult to prove.
Although some features of airway remodelling have been
linked with AHR and airflow obstruction, direct causality
remains unproven [13, 14].
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Fig. 1 Endobronchial biopsy samples from subjects with asthma
showing features of airway remodelling. Sections a and b (stained
with alpha-smooth muscle actin antibodies) show epithelial metapla-
sia with loss of cilia, increased airway smooth muscle mass,
myofibroblast hyperplasia (a), increased reticular basement mem-
brane (RBM) thickness (a) and neoangiogenesis (b). Section

Biological samples used for studying remodelling,
beside ex vivo tissue cultures and animal models of
asthma, include lung tissue obtained from lung resections
or post mortems, or much smaller airway biopsies obtained
through flexible bronchoscopy. Specimens obtained from
post mortems and lung resections have contributed signif-
icantly to our understanding of the disease, especially fatal
asthma; however, they have obvious limitations. Surgical
resections carry significant morbidity and thus, ethically,
they cannot be conducted solely for research purposes,
while post mortem samples are scarce and of limited value.
Two types of biopsies can be obtained through flexible
bronchoscopy for the purpose of studying remodelling:
transbronchial and endobronchial biopsies. Transbronchial
biopsies are obtained from distal small airways and include
alveolar tissue, but carry a significant risk of pneumothorax
or excessive bleeding and therefore are not widely
performed.

The most common histological samples obtained for
studying remodelling are endobronchial biopsies (EBBs),

¢ (stained with collagen III antibodies) shows excessive deposition
of collagen III in the lamina propria and in the reticular basement
membrane. Section d (stained with MUCS5AC antibodies) shows
goblet cell hyperplasia with increased stored mucin. ASM airway
smooth muscle, RBM reticular basement membrane

which are also obtained using flexible bronchoscopy but
from large proximal airways under direct bronchoscopic
vision [15]. They are comparatively safe, even in severe
asthmatics, and can be used to assess the dynamics of
remodelling and inflammation in the context of asthma
drug trials. Nonetheless, EBBs also have significant limi-
tations to be considered when used in measuring airway
remodelling. These include (1) the inability of EBBs to
represent changes in the whole airway, especially small
airways, which have a crucial role in asthma pathogenesis,
as EBBs are only obtained from the surface of carina of
large airways; (2) large intra-subject variability, which is
also affected by the sampling process; and finally (3) the
possibility of reference space bias [16]. The lack of stan-
dardized guidelines for the methodology of assessing air-
way remodelling in biopsies creates another source of bias.
Some measures of remodelling like reticular basement
membrane (RBM) thickness have been well established, as
most studies use the method described and validated by
Sullivan et al. [17, 18], while other measures have been
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Table 1 Summary of the effects of conventional and novel/experimental asthma therapies/drugs on airway remodelling

Therapy/drug class

Effect on airway remodelling

Type of evidence/studies

Corticosteroids

Long-acting 2-adrenergic
receptor agonists
Leukotriene modifiers

Methylxanthines

Cholinergic antagonists

Anti-IgE therapy

IL-5 antagonists

Bronchial thermoplasty

Anti-IL-13

Anti-IL-17
Anti-TNF-alpha

Tyrosine kinase inhibitors
Statins

Metformin

Vitamin D

Improvement in features of epithelial, mesenchymal and vascular remodelling
Reduction of human ASM proliferation
Inhibition of ASM hyperplasia

Enhances the beneficiary effect of GCs on lung fibroblast proteoglycan production
when combined with budesonide

Improvement in epithelial desquamation, ASM hyperplasia, mucus plugging and
ECM remodelling

Unknown

Prevention and reduction of ASM remodelling, mucus gland hypertrophy, Goblet
cell hyperplasia and airway fibrosis

Reduction of RBM thickness
Improvement of CT-derived morphometry features

Inhibition of ASM proliferation and ECM protein production by ASM cells in
culture

Improvement of sub-epithelial fibrosis
Improvement of CT-derived morphometry features
Reduction of ASM mass

Possible effect on mesenchymal fibrosis

Unknown

Unknown

Reduction of ASM mass, RBM thickness and collagen deposition

Reduction of mucus hypersecretion, epithelial injury and ECM collagen deposition
Inhibit ASM proliferation and reduce fibroblast fibronectin production
Attenuation of peribronchial fibrosis and ASM hypertrophy

Reduction of fibronectin expression in cultured fibroblasts

Inhibition of platelet-derived growth factor-mediated human ASM cell
proliferation

Clinical (see Table 2)
Animal and in vitro
[139-141]

In vitro [147, 148]

Animal [160-163]

Animal and in vitro
[178-181]

Clinical [191, 192]

In vitro [101]

Clinical and animal [4,
27, 202]

Clinical and animal [242,
243, 251]
Clinical [208]

Animal [220, 223]
Animal [231, 232]
In vitro [233, 234]
Animal [237]
In vitro [237]
In vitro [239]

ASM airway smooth muscle, CT computed tomography, ECM extracellular matrix, GCs glucocorticoids, /gE immunoglobulin E, /L interleukin,

RBM reticular basement membrane, TNF' tumour necrosis factor

less well defined, e.g. RBM-ASM distance. Stereological
methods have been suggested for cell counts; however,
they are complicated and time consuming, and their
superiority is less proven when using EBBs. Bronchoal-
veolar lavage (BAL) is very useful in assessing inflam-
matory changes in asthma; and although remodelling
mediators in asthma have been studied in BAL, its value in
measuring remodelling is limited [19, 20]. The same
principle also limits the value of using induced sputum and
exhaled breath condensate, beyond measuring mediators,
to assess remodelling [21, 22].

Non-invasive imaging techniques for measuring airway
remodelling in obstructive lung diseases have recently
gained significant interest. The modalities of imaging
involved include computed tomography (CT) and optical
coherence tomography (OCT) [23]. In clinical settings, CT
is not infrequently performed in patients with asthma,
especially in patients with the severe form of the disease.
This is usually done to either diagnose associated
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conditions like allergic bronchopulmonary aspergillosis or
bronchiectasis, or to rule out other pathologies that can
present with asthma-like symptoms, e.g. interstitial lung
diseases. Beyond this, qualitative CT was proven to be a
sensitive tool in investigating the structural changes in both
the large and the small airway seen in asthma. Several
studies have demonstrated increased bronchial wall thick-
ness and reduced lumen area in asthmatics compared with
healthy subjects [24]. In asthma, right upper lobe apical
segmental bronchus (RB1) thickening correlates with AHR
and spirometry [25, 26]. Gupta et al. [24] showed, in severe
asthmatics, RB1 percentage wall area (WA %) was asso-
ciated with airflow limitation and neutrophilic inflamma-
tion. Changes in CT-derived large airway measurements in
response to treatments have been shown with corticoste-
roids and anti-ILS, indicating that CT is a valid dynamic
biomarker of remodelling [27, 28]. CT has also been used
to assess small airway in asthma indirectly using lung
density measurements. Studies have showed significant air
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trapping in asthma, which correlated with severity, AHR
and airflow obstruction [29, 30].

To our knowledge, in asthma, only three studies have
attempted to link changes seen on CT to those observed in
histological samples of the airways in adults. Kasahara
et al. [31] reported in 49 asthmatics strong correlation
between RBM thickness and CT-measured bronchial wall
thickness. Moreover, Aysola et al. [26] showed that the
increased airway wall thickness seen on CT of severe
asthmatics (n = 32) positively correlated with epithelial
thickness. In another smaller study, where the airway
biopsies of 11 asthmatics were retrospectively analysed
along with their CT parameters, airway CT-derived indices
correlated with measured ASM and sub-epithelial areas,
airway inflammation and subepithelial fibrosis [32]. In
children with severe asthma, a significant correlation
between bronchial wall thickness measured by CT and
RBM thickness has been reported by de Blic et al. (n = 37,
r = 0.34); however, this could not be further confirmed in
a subsequent study by Saglani et al. (n = 27, ry = 0.066)
[33, 34].

In OCT, near-infrared light is used to generate cross-
sectional images. It uses shorter wavelength and greater
frequency than ultrasound, thus giving sections with much
higher resolution (10-20 pm) although with lower tissue
penetration (2-3 mm) [35]. This theoretically would allow
OCT to detect microscopic tissue changes, for example in
ASM or RBM. OCT has been well established in cardio-
vascular research; however, its role in airway diseases is
still emerging. Coxson et al. [36], in a group of smokers
(n = 44), demonstrated that OCT was superior to CT in
detecting changes in the airway wall that better correlated
with changes in spirometry. In asthma, a recent report
showed that OCT performed in patients undergoing bron-
chial thermoplasty (BT) was able to detect ultrastructural
changes in airway remodelling, including reduction in
ASM mass [37]. Although these results are very exciting,
they are only preliminary, and more studies on the use
OCT in airway diseases are needed.

3 Components and Mechanisms of Airway
Remodelling in Asthma

3.1 Airway Smooth Muscle (ASM) Remodelling

ASM cells are normally present in most airways where
they form bundles arranged geodesically around the airway
lumen. As a result of this geodesic arrangement, ASM
contraction leads to both narrowing and shortening of the
airways. This is important in asthma where, as a conse-
quence of remodelling, airways are stiffer and resistant to
shortening, hence most of the force generated from ASM

contraction translates into excessive airway narrowing
[38]. The physiological function of ASM is not clear.
While some argue that ASM has a role in the maintenance
of bronchial tone, clearance of respiratory secretions and
regulation of ventilation, others consider ASM a vestigial
component of the airway, with no function [39, 40].
Increased ASM mass was the first remodelling feature to be
observed in asthma. Huber and Koesser [41] in 1922
reported increased ASM mass in patients who died from
asthma when compared with controls who died from other
conditions. This has since been confirmed in patients with
asthma of all severities and in small and large airways.
Until the significance of inflammation had been suggested,
asthma was primarily considered an ASM dysfunction.

Increased ASM mass in asthma is due to hyperplasia and
possibly hypertrophy, although the evidence for the latter is
incongruent [17, 42]. ASM hypertrophy was shown in
some studies but not in others [17, 42, 43]. The origins of
ASM hyperplasia in asthma are the subject of great debate.
Increased proliferative capacity of asthmatic ASM cells
in vitro has been shown in some, but not all, studies
investigating the issue and was never demonstrated in vivo
in asthma [44—46]. Other cells have been suggested as
possible origins of ASM hyperplasia; these include tissue-
resident mesenchymal cells, epithelial cells (which can
undergo mesenchymal transition), and fibrocytes, which
are monocyte-like blood cells that originate in the bone
marrow and are capable of entering the tissue and trans-
forming into contractile mesenchymal cells. However, the
evidence for each is far from conclusive [47].

The significance of ASM contraction in asthma is
obvious, as it is the effector of reversible airway obstruc-
tion and of AHR. Most bronchodilator therapy in asthma
acts by relaxing ASM, resulting in improvements in
symptoms and lung function. Furthermore, evidence is
consistent that ASM in asthma is inherently hypercon-
tractile [48]. Ex vivo gel-contraction assays have shown
that ASM cells from asthmatics contract more than ASM
from healthy donors [49, 50]. Although the mechanisms
driving this hypercontractility are not very clear, several
have been suggested. Sutcliff et al. [49] have shown
increased oxidative stress burden in asthmatic ASM, with
excessive production of reactive oxygen species as a result
of nicotinamide adenine dinucleotide phosphate oxidase
type 4 (NOX4) over-expression. This was associated with
airflow obstruction, AHR and ASM hypercontractility as
measured by gel-contraction assay. The latter was abol-
ished, in vitro, by adding an inhibitor of NOX4. Calcium
signalling has also been implicated in ASM hypercon-
tractility. Several studies have demonstrated altered cal-
cium homeostasis in asthma, with increased cytosolic
calcium levels, which, given the central role of calcium in
ASM contraction, would potentially result in ASM
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hypercontractility [51]. Furthermore, as suggested by ani-
mal studies, ASM hypercontractility could also be medi-
ated through abnormalities in the RhoA/Rho kinase
signalling pathway, leading to increased calcium sensitivity
[52]. Finally, increased expression of the contractile pro-
tein o-actin, resulting in the transformation of ASM cells to
a hypercontractile phenotype, has been shown, in in vivo
and in vitro coculture, to be closely linked to mast cell
infiltration of ASM, a known feature of asthma [53].

Increased ASM mass is a structural predictor of disor-
dered airway physiology in asthma [17, 54]. Additionally,
ASM is an important source of inflammatory mediators and
matrix proteins. Adding asthmatic serum to ASM cells in
culture was shown to result in excessive ECM protein
production [55]. Several reports suggest that ASM cells in
asthma are pro-inflammatory, with the expression of vari-
ous immunomodulatory mediators, including IL-1, IL-6,
IL-8 and prostaglandin E2 [56, 57]. From all the above
evidence, it is clear that ASM is pivotal in the pathogenesis
of asthma, with roles going far beyond being the regulator
of bronchomotor tone.

3.2 Mesenchymal Fibrosis

ECM changes have been extensively investigated in
asthma. The airway ECM is mainly composed of various
types of macromolecules, including proteoglycans, colla-
gens, elastic fibres and other non-proteoglycan glycopro-
teins like fibronectin, laminin and tenascin. They are
secreted mainly by mesenchymal cells, and they provide
structural and biological support to the airway tissue. The
ECM dynamic environment is normally controlled by
matrix metalloproteinases (MMPs), which are proteolytic
enzymes that degrade ECM proteins, and their inhibitors,
termed tissue inhibitors of metalloproteinases (TIMPs).
ECM protein content is abnormal in asthma, with
studies showing excessive laminin, fibronectin, tenascin,
proteoglycans and the collagens I, III and V, and reduced
content of collagen IV and elastic fibres [S8—60]. Although
excessive ECM protein deposition occurs diffusely in the
airway tissue, it is most intense in the reticular lamina,
which is normally a thin layer in the lamina propria just
below the true epithelial basement membrane. This sub-
epithelial fibrosis is normally referred to, as in this review,
as RBM thickness, although this is obviously a misnomer.
Increased RBM thickness has been reported in both adults
and children with asthma and throughout the severity
spectrum. It has been linked to airway thickness (seen on
CT), AHR and obstructive lung function [31, 61, 62].
Increased RBM thickness has been strongly associated with
T-helper type 2 (Th2) inflammatory cells and mediators.
This was completely absent in murine models of allergic
asthma, which are depleted from IL-5 or eosinophils [63].
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The action of inflammatory cells on ECM protein deposi-
tion is mediated mainly by TGF-B, which is a profibrotic
cytokine that induces mesenchymal cells ECM protein
production [64]. Abnormalities of both MMPs and TIMPs
have been reported in asthma, although their exact role in
ECM remodelling in asthma is not fully understood [65].

3.3 Vascular Remodelling

Bronchial vascular remodelling features in asthma include
new vessel formation, increased blood flow and vascular
leakage. Under a favourable pro-angiogenic environment,
as in asthma, the bronchial vasculature is able to proliferate
by sprouting from pre-existing vessels. This submucosal
neoangiogenesis is a recognized feature of remodelling in
adults and children with asthma and increases with the
disease severity [66]. It has been shown to be negatively
associated with post-bronchodilator forced expiratory vol-
ume in 1 s (FEV,) and, additionally, a link with AHR has
been suggested by some, but not all, studies [67, 68].
Vascular endothelial growth factor (VEGF) is the most
significant mediator of neoangiogenesis in asthma. VEGF
is secreted by a range of cells, including Th2 cells, eosin-
ophils, macrophages and ASM cells. Increased levels of
VEGF in asthma have been associated with severity and
airflow limitation [68]. Anti-VEGF has been successfully
used to ameliorate vascular remodelling, but only in a
murine model of asthma [69].

Increased airway vascular flow in asthma is caused by
both increased vessel numbers and vasodilatation induced
by various inflammatory mediators. However, the func-
tional and physiological consequences of this are not fully
known. Increased permeability is also a feature of vascular
changes in asthma and is driven by various mediators,
including histamine, prostaglandins, leukotrines and
VEGF. This leads to airway oedema and contributes to
airway inflammation and obstruction [70].

3.4 The Epithelium in Asthma

The airway epithelium plays a crucial complex role in
disease and in health, as it is the only part of the airway
structure that has direct contact with the external envi-
ronment, and, through it, allergens and other stimuli
influence the airways. Epithelial cells have a significant
modulatory influence on airway inflammation and on
underlying mesenchymal changes. These influences are far
beyond its function as a simple mechanical barrier [71].
Epithelial cells have a central role in linking innate and
adaptive immunological responses in the normal human
lung. This is mainly through activation of pattern recog-
nition receptors (PRRs), expressed by epithelial cells, by
pathogen-associated molecular patterns (PAMPs) from
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microorganisms or by damage-associated molecular pat-
terns (DAMPs), usually resulting from cellular damage.
Upon activation, epithelial cells secrete a range of che-
mokines and cytokines, including CCL2, CCL20, TSLP,
IL-25, IL-33 and granulocyte macrophage colony-stimu-
lating factor (GM-CSF), resulting in the attraction and
activation of dendritic cells and monocytes, which in turn
act as antigen-presenting cells to immature T cells, which
then differentiate into Th2 lineage. Interestingly, early in
childhood, the threshold of PRR activation might be
influenced by exposure to such stimuli as cigarette smoke
or respiratory syncytial virus infection, which then theo-
retically leads to upregulation of the epithelial response to
allergen and possibly the development of allergic airway
diseases, although this remains to be proven [72, 73].
Airway epithelial cells can also influence lung inflamma-
tion through their apoptotic function. Juncadella et al. [74]
recently used an asthma murine model to demonstrate that
epithelial cells have an apoptotic function that is dependent
on the GTPase Racl and this has an anti-inflammatory
effect medicated by IL10.

In asthma, the respiratory epithelium is abnormal;
however, the pathological and clinical relevance of this is
not yet fully resolved. Several studies have shown that the
asthmatic epithelium is fragile, with abnormal tight and
adherence junctions. This fragility is partly inherent, as it is
present in differentiated epithelial cultures, which are
devoid of inflammatory cells and mediators, and partly
caused by elements of airway inflammation [75-77]. This
defective barrier function leads to worsening of airway
inflammation by enhancing the exposure of dendritic cells
to allergens in the airway lumen [78]. Moreover, the
asthmatic epithelium reacts abnormally to viral infections
by having impaired apoptosis, a normal protective bio-
logical reaction in infected epithelial cells. This allows
viruses to further replicate, leading to worsening of infec-
tion [79]. Defective wound repair is also evident in the
asthmatic epithelium [80]. This is associated with increased
epidermal growth factor receptor (EGFR) expression,
which in turn is linked with excess TGF-B production,
which is known to exacerbate inflammation and ECM
remodelling [81].

Epithelial mesenchymal transition (EMT) is another
biological mechanism in asthma, through which the epi-
thelium can directly influence the cellular composition of
the underlying lamina propria. EMT describes a biological
process in which epithelial cells lose adhesion and polarity
and migrate into the lamina propria and acquire mesen-
chymal cell properties such as increased ECM protein
production and prolonged survival. EMT is known to play
a significant role in fibrotic conditions, including idiopathic
pulmonary fibrosis; however, in asthma, the evidence for
the significance of EMT is limited [82]. TGF-f, which is

increased in asthma, has been shown to increase EMT in
normal human epithelial cultures [83, 84]. Epithelial cells
from asthmatics have been shown, in culture, to undergo
EMT in response to TGF-B markedly more than cells of
non-asthmatics [85]. Moreover, in a murine asthma model,
EMT was shown to occur in response to prolonged allergen
exposure [86]. Mediated by TGF-p, eosinophils have been
shown to induce EMT when co-cultured with human epi-
thelial cells and also when placed in the trachea of a murine
model [87]. Despite all this evidence, EMT has yet to be
demonstrated in asthma in vivo.

3.5 Mucus-Related Changes

The respiratory airways produce mucus that is composed
of heterogeneous constituents normally homogenised
together in a gel-like form by the effect of containing
mucins, which are glycosylated proteins that play a sig-
nificant role in the pathogenesis of asthma. The bio-
chemical characteristics of mucins include a very high
molecular weight and heavy glycosylation, with carbo-
hydrates forming 50-90 % of their total mass. Airway
mucins are generally divided into two types: (1) mem-
brane-bound mucins that are attached to the cell mem-
branes with a large extracellular domain, and (2) secreted
mucins, which are gel forming [88]. Secreted mucins have
cysteine-rich terminal domains that, through disulfide
bonds, form dimers and then long-chain polymers, which
give the airway mucus its viscous and elastic (gel-like)
properties. In the airways, secreted gel-forming mucins
are produced by luminal secretary cells, named goblet
cells, and by submucosal glands, which are mainly present
in large cartilaginous airways. Although more than 20
mucin (MUC) genes have been identified in humans, only
two mucins are significantly expressed in the airway
mucus: MUCS5AC, mainly produced by goblet cells and
MUCSB, which is produced by mucus glands [89].

In asthma, mucus-related abnormalities include mucus
hypersecretion, increased goblet cell numbers, enlarged
mucus glands and abnormal ciliary function. Post mortem
studies have shown that mucus plugging is frequent in
patients dying of status asthmaticus [90]. Increases in both
mucus production and mucin gene expression, namely
MUCS5AC and MUCS5B, are known in asthma and are
associated with AHR, high airway resistance and deterio-
ration of symptoms and lung function [91, 92]. Th2
inflammation has been shown to contribute to mucus
hyper-production [93, 94]. Mucus hyperviscosity due to
increased cells, plasma proteins, mucins and nucleic acids,
together with ciliary dysfunction (both of which have been
shown in asthma) result in defective mucociliary clearance
[95]. This has many detrimental effects in asthma,
including contributing to airflow obstruction and delayed
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clearance of allergens and pathogens from the airway, thus
allowing increased epithelial exposure to those stimuli.
Epithelial metaplasia resulting in goblet cell hyperplasia is
known to occur in asthma and is associated with mucus
hypersecretion. Goblet cells lack cilia and thus their
hyperplasia reduces the epithelial area covered by cilia and
consequently leads to mucus clearance delay. Mucus gland
hypertrophy, although not as well studied as the other
features of remodelling due to the paucity of mucus glands
in endobronchial biopsies, is present in asthma and con-
tributes to increased airway wall thickness and the airflow
obstruction.

3.6 Role of Inflammatory Cells

Mast cells and immunoglobulin E (IgE) have a central
role in the classical Th2 allergic asthma paradigm [96].
Briefly, in allergic asthma, antigens are presented by
antigen-presenting cells, mostly dendritic cells, to naive
T cells, which differentiate into Th2 phenotype and start
to produce IL-4, IL-5 and IL-13. IL-4 and IL-13 stim-
ulate B-lymphocytes to produce IgE, which, upon bind-
ing to its specific high-affinity receptor (FceRI) on mast
cells, and after sensitization, leads to their activation,
migration and degranulation, releasing various inflam-
matory mediators and cytokines [97]. These include
mediators of the early allergic response like histamine,
leukotrine C4, prostaglandin D2 and platelet-activating
factors, which lead to bronchoconstriction, increased
mucus production, mucosal oedema and AHR. Of note,
prostaglandin D2 also contributes to the pathogenesis of
allergic asthma through its action on its receptor DP2/
chemoattractant receptor homologous molecule expressed
on Th2 cells (CRTh2) on Th2 lymphocytes and eosino-
phils facilitating their chemotaxis and activation [98].
Mast cells also produce cytokines and chemokines like
IL-4, IL-13 and IL-5, which mediate the late allergic
response, mainly through their action on other inflam-
matory cells. Directly relevant to airway remodelling,
mast cells, after activation, also synthesize both TGF-f
and basic fibroblast growth factor (FGF), which are
strongly pro-fibrogenic, and the serine proteases tryptase,
chymase, and carboxy-peptidase, which act on fibro-
blasts, leading to their proliferation and increased colla-
gen I production. Additionally, mast cell infiltration of
ASM bundles, a feature seen in asthma, has been liked
with BHR, increased o-actin expression and ASM hy-
percontractility [53]. These infiltrating mast cells are
predominantly of a chymase phenotype, which is known
to strongly promote Th2 inflammation. Although some
early in vitro studies suggested a role for mast cells in
increased ASM mass, this has not been supported by
more recent clinical studies [45, 99].
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IgE also contributes to asthma pathophysiology by
acting directly on basophils and dendritic cells, which
also express FceRI. Moreover, it stimulates B lympho-
cytes, monocytes, macrophages, and dendritic cells
though the low-affinity IgE receptor (FceRII or CD23)
[100]. Although IgE may affect remodelling indirectly
through the aforementioned allergic cascade, there is
recent evidence to support direct effect on structural
effector cells. Roth et al. [101], using a human ASM
culture, showed increased proliferation and collagen
deposition upon stimulation by activated IgE. Mast cells
also contribute directly to epithelial remodelling. FceRI-
mediated amphiregulin production, a ligand for EGF, by
mast cells is up-regulated in asthma, leads to increased
mucin gene expression in epithelial cells with subsequent
increased mucus production, and correlates with goblet
cell hyperplasia [102]. Moreover, ex vivo, mast cell-
derived amphiregulin has been shown to induce the pro-
liferation of primary human lung fibroblast and ASM cells
[103, 104].

Eosinophils have also been linked to airway remodel-
ling. In animal models of asthma and in asthmatics, the
association of subepithelial fibrosis and submucosal
eosinophils has been well documented [105]. Cytotoxic
proteins, which are stored and secreted by eosinophils upon
activation, have been shown to directly cause epithelial
damage [106]. The nature of the relationship between other
inflammatory cells and airway remodelling in asthma is far
less known. Th2 lymphocytes have been linked to ASM
proliferation and remodelling; however, all the evidence
for this is from in vitro studies [107].

4 Effect of Asthma Therapy on Airway Remodelling
4.1 Glucocorticoids

With the exception of patients with mild disease, where
only as-needed inhaled short-acting B2-agonists suffice to
control symptoms, glucocorticoid (GC) therapy remains
the cornerstone of asthma management, both in stable
disease state and in exacerbations. The first controlled trial
showing the effectiveness of GCs in improving asthma
symptoms dates back to the 1950s. Inhaled corticosteroids
(ICS) were first introduced in the early 1970s remains the
most significant preventive therapy for asthma as recog-
nised by all current guidelines [108]. Arguably, since the
introduction of ICS, no new asthma therapy has had a
similar transfiguring effect on chronic asthma; hence, ICS
are the benchmark against which all new therapies are
compared in both efficacy and adverse event profiles.
GCs have been clearly shown to ameliorate asthma
symptoms, improve lung function and reduce exacerbation.
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The main mode of action of GCs in asthma is through their
anti-inflammatory effect. This is mainly through their
direct effect in different white blood cells including T cells,
mast cells and eosinophils. GCs suppress these leukocytes
by inhibiting chemotaxis and adhesion, thus reducing
recruitment, reducing production of inflammatory cyto-
kines, inhibiting phagocytosis and inducing apoptosis.
Airway structural cells, as will be discussed, are also
influenced by GCs and that might also contribute to the
therapeutic effect. In general, GCs exert their action
through influencing transcription factors, which are pro-
teins that bind to specific promoter regions of the DNA
called glucocorticoid response elements (GREs), and thus
control protein expression [109]. Initially GCs cross the
cell membrane and bind with a specific intracellular GC
receptor. This leads to translocation of the receptor to the
cell nucleus, where it undergoes dimerization and then
binds to corticosteroid-responsive genes, altering their
transcription and subsequently influencing protein synthe-
sis. This process is called transactivation. Transactivation
has a major role in metabolic homeostasis (e.g. regulation
of glucose and lipid metabolism) [109]. Furthermore,
activated GC receptors can also alter gene expression
indirectly, in an inhibitory process termed transrepression,
by combining, as a monomer, with other transcription
factors such as activator protein (AP)-1, nuclear factor
(NF)-xB and smad3 and thus preventing them from binding
with their corresponding genes. Examples of genes
encoding for pro-inflammatory proteins and inhibited
through transrepression include tumour necrosis factor
(TNF)-a, IL-1p, GM-CSF and nitric oxide oxidase. Rele-
vant to airway remodelling, GCs, through the action on
smad3, inhibit the TGF-B-mediated deposition of matrix
proteins such as collagen, fibronectin, elastin and proteo-
glycans and inhibition of various metalloproteinases, thus
reducing TGF-f pro-fibrotic effect.

In recent years, it has become more apparent that GCs
can also exert effects through non-transcriptional non-
genomic mechanisms, although the significance of this in
asthma therapy remains to be explored [110]. Non-genomic
effects are rapid in onset, taking only seconds to start, and
last only for a short period, thus their role might be more
beneficial in asthma exacerbations. One important example
is the inhibitory action on phospholipase A2, resulting in
the reduction of arachidonic acid, the precursor for pros-
taglandin D2 and cysteinyl leukotrienes, which are
important inflammatory and bronchoconstriction mediators
in asthma. Another non-genomic action is through com-
bining with membrane-bound GC receptors, leading to
inhibition of T-cell activation [111]. GCs can also alter ion
movement through the cell membrane, which might inhibit
mast cell degranulation as shown in an animal model [112].
There is currently a wide consensus that the beneficiary

anti-inflammatory effect of GCs results mainly from
transrepression and non-transcriptional mechanisms, while
side effects are mainly mediated by transactivation [109,
113-116].

The effect of GCs on airway remodelling is complex and
still not well understood. This is despite the fact that most
of the studies investigating the effect of asthma therapy on
remodelling involved GCs (Tables 1, 2). As the main anti-
inflammatory drugs used in asthma, and believing the
simplistic paradigm of “remodelling is the result of an
aberrant response to inflammation”, GCs were clearly the
ideal candidate to study remodelling in asthma and explore
its relation to inflammation. The influence of GCs on air-
way remodelling is not only attributed to the effect on
inflammatory cells, but, as evidence supports, is also due to
mechanisms involving direct action of GCs on non-
inflammatory effector structural cells and various
cytokines.

4.1.1 Glucocorticoid (GC) Effect on Extracellular Matrix
Remodelling

Due to the ease of assessing ECM remodelling by mea-
suring RBM thickness in EBBs, this has been extensively
studied in the context of GC therapy in asthma. GCs can
potentially affect ECM protein deposition indirectly by
their action on inflammatory cells, such as eosinophils,
and inflammatory mediators that are known to play an
effector role in the process. They can also affect ECM
remodelling directly by acting on the regulators of ECM
protein degradation MMPs and TIMPs, although the
evidence for this is scarce [117, 118]. However, studies
have produced conflicting results, with some showing
reduction of RBM thickness with GC therapy, whilst
others have not. Ward et al. [119], in a double-blind
randomized controlled trial (RCT), demonstrated mean
reduction in RBM thickness of 1.9 pm following
12 months of treatment with high-dose inhaled fluticasone
propionate. This improvement was not seen with 3
months of treatment. Using a multiple regression model,
the authors concluded that this reduction in RBM thick-
ness at 12 months contributed significantly to the
improvement of AHR. Sont et al. [120] compared treat-
ment targeted at reducing AHR versus guideline-based
treatment alone in 75 mild-moderate asthmatics. The
AHR-guided treatment group received a significantly
higher ICS dose and this was associated with significant
improvements in exacerbations, lung function and RBM
thickness. Other studies showed RBM thickness reduction
with high-dose ICS after a shorter duration of treatment
[58, 121-124]. Nonetheless, multiple studies have failed
to show any significant RBM thickness effect from GC
treatment (Table 2) [125-128].
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4.1.2 GC Effect on the Asthmatic Epithelium

Whether GCs improve or even worsen epithelial damage
and other epithelial abnormalities in asthma remains a
matter of conflict, with contradicting evidence. Although
some studies have shown amelioration of some of the
epithelial changes, not a single study has shown complete
restoration of the epithelium to its normal state in response
to any asthma therapy. Dorscheid et al. [129] used a
healthy murine model to show that treatment with dexa-
methasone results in increased epithelial apoptosis and
shedding. Furthermore, the authors also demonstrated that
epithelial damage caused by allergen exposure in sensitized
mice did not improve with dexamethasone treatment. This
epithelial apoptotic effect of GCs was also shown in sev-
eral studies using epithelial cultures; however, this is yet to
be shown to have a significant effect in vivo in asthma
[130, 131]. The effect of GCs on epithelial repair has also
been studied on animal models and using epithelial cul-
tures. Using guinea pig tracheal epithelium, budesonide
was shown not to affect epithelial repair [132]. Moreover,
in a wound repair cultured airway epithelial model, dexa-
methasone was shown to improve the repair potential sig-
nificantly compared with salbutamol-treated or control
cultures [133]. On the other hand, in another in vitro study,
Dorscheid et al. [134] showed that GCs impaired epithelial
cell migration and wound repair after mechanical injury.
Recently, this was further supported by a study showing
that corticosteroid impairment of epithelial repair is med-
icated through GC-induced leukine zipper (GILZ). GILZ,
which was shown to be induced by dexamethasone, is
known to have an anti-inflammatory effect; however, in
this study, it was shown to impair epithelial repair through
the inhibition of the mitogen-activated protein kinase
extracellular signal-regulated kinase (MAPK-ERK) sig-
nalling pathway. Amphiregulin expression by mast cells,
which results in goblet cell hyperplasia, is not affected by
GC therapy [102].

Although in vivo studies of effects of asthma therapies
on the airway epithelium are rare, most studies assessing
GCs have shown a beneficial effect. In a group of six
severe asthmatics, 10 years of treatment with ICS resulted
in improvement in epithelial damage [125]. Similar results
were seen with 3 months of treatment with inhaled bu-
desonide [135].

4.1.3 GC Effect on ASM

GCs have been shown to reduce human ASM proliferation
directly in vitro [136]. Several cellular mechanisms have
been suggested to drive this effect of GCs, including the
stimulation of p21 gene expression, an important regulator
of cell cycle progression, and the inhibitory action on both

cyclin D1 expression and retinoblastoma protein phos-
phorylation [137, 138]. The inhibitory effect of GCs on
ASM proliferation was shown to be defective in asthma
and that is mediated by an abnormal interaction between
C/EBPa and the GC receptor [139]. In culture, fluticasone
propionate, through its effect on NF-kB signalling, has
been found to prevent myofibroblast differentiation, a
possible precursor of ASM cells [140]. In a murine asthma
model, Leung et al. [141] showed that intratracheal
administration of ciclesonide or fluticasone, both powerful
GCs, resulted in the inhibition of features of inflammation
and remodelling, including ASM hyperplasia. However,
GCs altering ASM remodelling in asthma in vivo is yet to
be shown.

4.1.4 GC Effect on Vascular Remodelling

Unsurprisingly, GCs have been shown to improve all
aspects of vascular remodelling in asthma, including
increased blood flow, neoangiogenesis and vascular leak-
age [142]. Orsida et al. [143] showed that asthmatics on
high-dose ICS had reduced the number of vessels/mm?” of
lamina propria. Hoshino et al. [144] further supported this
in a placebo-controlled study of the effect of 6 months’
treatment with inhaled beclomethasone dipropionate (BDP)
800 pg/daily or placebo in a group of 28 asthmatics. Beside
improvements in FEV,; and AHR, BDP treatment also
resulted in a significant reduction in vessel number and
percent vascularity in the lamina propria compared with
placebol44. These vascular improvements with ICS treat-
ment are dose dependant and have been shown in other
studies using high doses of ICS (Table 2) [69, 121, 145].
This reduction in vascularity is thought to be mediated by
the effect of GCs on VEGF expression in the airway tissue
[69].

4.2 B2-Adrenergic Receptor Agonists

Studies examining the effect of P2-adrenergic receptor
agonists on airway remodelling are lacking. Long-acting
B2-adrenergic receptor agonists (LABAs) persist in the
airway tissue for long periods (about 12 h) due to their
lipophilic nature, and they induce sustained bronchodila-
tation. LABAs are always used in combination with ICS in
asthma and are never used as monotherapy due to their
proven association with severe exacerbations and asthma
death [146]. Repeated bronchoconstriction per se has been
proven to result in epithelial and ECM remodelling, thus
LABAs, by acting as bronchodilators, could potentially
prevent that [11]. Todorova et al. [147] showed in vitro that
the combination of formoterol, a LABA, and budesonide
resulted in the total inhibition of serum-induced proteo-
glycan production by human lung fibroblasts. Formoterol
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on its own had no effect at all on the process, while bu-
desonide alone inhibited proteoglycan production by only
44 %. This synergetic effect of LABAs and GCs on ECM
remodelling was shown to be mediated by their combined
effect on metalloproteolytic balance [148].

4.3 Leukotriene Modifiers

Leukotrienes are inflammatory mediators that play an
important role in the pathogenesis of asthma. They are lipid
eicosanoids derived from arachidonic acid through the
enzymatic action of 5-lipooxygenase. Although leukotri-
enes are mostly produced by myeloid cells, other cells are
capable of up-taking the intermediate leukotriene LTA,
and transforming it into other biologically active leukotri-
enes, e.g. LTC, in a process called transcellular biosyn-
thesis [149]. The effects of the cysteinyl leukotrienes
(CysLT) LTCy4, LTDy, and LTE,4 in asthma are mediated
mainly through the G-protein coupled receptors CysLTy,
which when activated lead to eosinophilic inflammation,
bronchoconstriction, mucus production and airway oedema
[150]. Furthermore, the non-CysLT LTB,, through differ-
ent receptors, has also been implicated in asthma, with
roles in leukocyte chemotaxis and AHR [151, 152].

Although leukotrienes are important effectors in the
inflammatory component of asthma, their role in airway
remodelling is less clear. In vitro LTC,4 has been shown to
increase rat lung fibroblast collagen synthesis [153]. This
profibrotic effect has also been suggested by the finding of
increased CysLT levels in idiopathic pulmonary fibrosis
patients [154]. Moreover, from both animal and ex vivo
studies, there is evidence of CysLT promoting ASM pro-
liferation by augmenting the mitogenic effect of EGF and
insulin-like growth factor [155, 156].

Leukotriene modifiers are now well established in the
management of asthma. Three such drugs are currently
approved by the US FDA, montelukast and zafirlukast,
both CysLT; antagonists, and zileuton, a 5-lipooxygenase
inhibitor. In asthma, they have been shown to improve
eosinophilic inflammation, lung function, AHR, asthma
control and exacerbations. However, as recognised by most
current guidelines, ICS are clearly superior in efficacy;
hence, the current role of leukotriene modifiers is mainly as
an add-on therapy to ICS [157-159]. Studies assessing the
effect of leukotriene modifiers on airway remodelling are
rare (Table 1). Montelukast improved epithelial desqua-
mation in animal models [160]. Henderson et al. [161],
using a murine asthma model, showed that montelukast, in
addition to its anti-eosinophilic effect, reduced features of
remodelling like mucus plugging, ASM hyperplasia and
subepithelial fibrosis. Montelukast was even shown to
reverse allergen-induced airway remodelling in another
murine model [162]. More recently montelukast has been
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shown to reduce ECM protein deposition in the small distal
airways in sensitized guinea pigs [163]. However, the
direct effect of leukotriene antagonists on airway remod-
elling in asthma has yet to be studied in asthmatics.

4.4 Methylxanthines

Methylxanthines exert both a bronchodilator and anti-
inflammatory effects on the airways and are used in
asthma, mainly as an add-on maintenance therapy option
and occasionally in the acute treatment of severe asthma
exacerbations where they are given intravenously under
close monitoring, usually in the intensive care unit. The
exact mechanism of action of methylxanthines is not fully
understood, although the non-specific inhibition of phos-
phodiesterase enzyme is strongly suspected of driving most
of the clinical therapeutic effects. Inhibiting phosphodies-
terase type VI isoenzyme has been shown to relax human
ASM and also to have a direct anti-inflammatory effect
[164, 165]. In asthma, methylxanthines were shown to
reduce inflammatory cells and improve both lung function
and AHR [166-169]. Moreover, methylxanthines also
increase corticosteroid responsiveness through their stim-
ulatory action on histone deacetylase-2 [170]. However,
the use of methylxanthines in asthma has always been
limited by their significant adverse event profile and nar-
row therapeutic index.

The effect of methylxanthines on airway remodelling is
unknown. Phosphodiesterase antagonism is unlikely to
have any direct effect on airway remodelling. Although
methylxanthines have been shown to reduce eosinophils,
which are important effector cells in airway remodelling,
no study, in our knowledge, has studied the effect of
methylxanthines on airway remodelling in asthma [166].

4.5 Cholinergic Antagonists

Short-acting anticholinergics have an established role in
the treatment of asthma. Acetylcholine is the principle
autonomic parasympathetic neurotransmitter released by
postganglionic neurones in the airways. Through its action
on the muscarinic acetylcholine (M3) receptors located on
ASM cells, mucus glands and vascular endothelium, ace-
tylcholine leads to ASM contraction, increased mucus
secretion and airway oedema, all of which directly con-
tribute to airflow obstruction [171]. Excess acetylcholine
results not only from an increased parasympathetic tone, a
known feature of chronic asthma, but is also secreted by
inflammatory and epithelial cells. Beyond the acute effects
of acetylcholine described above, muscarinic stimulation
also plays a role in airway remodelling in asthma. In vitro
prolonged activation of muscarinic receptors has been
shown to increase contractile protein expression and
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proliferation of primary cultured fibroblasts [172-174]. M3
activation has also been shown to potentiate the prolifera-
tive effect of pro-mitogenic factors on cultured ASM [173].

Most of the studies on the effects of anticholinergics on
airway remodelling in asthma have used tiotropium, a long-
acting antimuscarinic with an established role in chronic
obstructive pulmonary disease (COPD) and which has
recently been shown to be beneficial in asthma. In two
large placebo-controlled RCTs involving severe asthmat-
ics, tiotropium in addition to high-dose ICS and a LABA,
resulted in significant improvement in FEV; and prolon-
gation of time to severe asthma exacerbation [175, 176].
Furthermore, in patients with milder asthma, tiotropium
was also shown to improve lung function and symptoms
and was comparable to LABAs [177].

The effect of tiotropium on airway remodelling has been
mainly studied in animal models of asthma. Gosens et al.
[178], using a guinea pig model of allergic asthma, dem-
onstrated that administration of inhaled tiotropium during
ovalbumin sensitization significantly prevented the devel-
opment of features of ASM remodelling seen in the non-
treated animals, including increased ASM mass, increased
contractile protein expression and hypercontractility. Using
the same guinea pig asthma model, Bos et al. [179], in
addition to showing similar effects on ASM remodelling,
showed that tiotropium also prevented mucus gland
hypertrophy and reduced the numbers of both goblet cell, as
measured by (MUCSAC)-positive cells, and eosinophils.
Ohta et al. [180], in a murine chronic asthma model fol-
lowing treatment with tiotropium, showed reductions in all
the following: airway inflammation, Th2 cytokines and
TGF-B levels, ASM mass, airway fibrosis, goblet cell
metaplasia and AHR. Though only in vitro, tiotropium has
resulted in reduction of collagen synthesis by primary
human lung fibroblasts [181]. It has also been suggested that
it reduces respiratory syncytial virus replication in epithelial
cells, with possible attenuation of the inflammation and
remodelling that results from the viral infection [182].

Tiotropium has been shown to reduce lung function
decline in COPD, a disease where structural changes in the
airways play a significant role in the pathogenesis. This
clearly shows a potential role for anticholinergics beyond
simple bronchodilatation. However, in asthma, the effect of
anticholinergics on airway remodelling, whether directly or
indirectly through their anti-inflammatory action, is not
fully explored and clearly needs further study.

4.6 Anti-Immunoglobulin E (IgE) Therapy

As discussed earlier, IgE has a central role in the patho-
genesis of allergic asthma. Corticosteroids, although they
have a broad anti-inflammatory action, do not reduce IgE
production by B lymphocytes and can even increase

circulatory IgE levels [183]. Omalizumab, the only
licensed biological treatment for asthma, has been shown in
several RCTs to reduce asthma exacerbations, improve
asthma-related quality of life and decrease corticosteroid
requirements [184, 185]. Omalizumab is a recombinant
monoclonal IgG1 anti-IgE antibody that works by binding
to the Fc region on the IgE, which normally binds to the
IgE receptor FceRI on mast cells. This means that it only
binds and deactivates circulating IgE and does not affect
mast cell-bound IgE. In several studies, omalizumab
treatment led to significant improvement of airway
inflammation, with reduction of a range on inflammatory
cells in the submucosa, including eosinophils, basophils, T
lymphocytes and B lymphocytes. Furthermore, it was also
shown to improve both early and late allergic responses
[186, 187]. Some of the anti-inflammatory effect of oma-
lizumab is independent of mast cells as it down-regulates
FceRI expression not only on mast cells, but also on
basophils and dendritic cells [188, 189]. Although the
effect of omalizumab on inflammation is significant, the
evidence for its influence on the other aspects of asthma,
including remodelling, has been either disappointing or not
well defined. Studies examining the effect of omalizumab
treatment on AHR have shown mixed results, while the
improvements in lung function have been disappointing
[186, 190]. Omalizumab leads to the reduction of a number
of remodelling mediators like endothelin-1, TGF-p and
TNF-o; however, its exact effect on remodelling is not
fully known. Roth et al. [101] showed that IgE-induced
ASM proliferation and collagen production, in ASM cul-
ture, were completely inhibited by the drug. This provided
the possible biological mechanisms explaining the results
of an earlier study, which looked at the effect of 16 weeks’
omalizumab treatment on right apical segmental bronchus
thickness as measured by CT versus placebo. In addition to
improvement in sputum eosinophils, omalizumab treatment
(n = 16) significantly decreased percent wall area and wall
thickness and increased lumen area compared with placebo
(n = 14) [191]. An effect of omalizumab on mesenchymal
changes was also demonstrated by Riccio et al. [192], who
reported that, in a small group of patients with severe
persistent allergic asthma, 12 months of omalizumab
treatment led to a significant mean reduction of RBM
thickness.

Treatments directed against the IgE low-affinity CD23
receptor have not gone beyond early phase studies; hence,
their clinical efficacy or effect on airway remodelling
remains to be investigated [193].

4.7 Interleukin (IL)-5 Antagonists

Given the central role of IL-5 in eosinophil biology,
targeting this cytokine has been regarded as logical
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option in various eosinophilic diseases, including asthma.
IL-5 is the most significant cytokine in the modulation of
eosinophils; hence, it is also known as eosinophil col-
ony-stimulating factor, as it is important for all aspects
of eosinophil survival and function. IL-5 is produced by
Th2 lymphocytes, basophils, eosinophils and natural
killer cells. It is essential for eosinophil proliferation,
differentiation, maturation, chemotaxis, migration and
survival in the tissues. Early clinical trials with the anti-
IL-5 monoclonal antibody mepolizumab have been dis-
appointing, largely due to failure to select patients with
the appropriate asthma phenotype, i.e. eosinophilic asth-
matics [194-196]. Later studies examining the effect of
mepolizumab in patients with severe eosinophilic asthma
have shown significant clinical benefits [27, 197]. The
largest study, the multicenter DREAM trial, has shed
more light on the role of eosinophils in asthma. Treat-
ment for 1 year with mepolizumab reduced severe
asthma exacerbations by more than 50 % [198]. A more
recent meta-analysis confirmed that mepolizumab, in
severe eosinophilic asthma, significantly ameliorates
asthma-related quality of life and reduces exacerbations
[199]. Mepolizumab has profound effect on blood, sub-
mucosal and sputum eosinophil counts [200].

Anti-IL-5 affects remodelling in asthma through its
anti-eosinophilic action [201]. Using a murine asthma
model, Tanaka et al. [202] showed that administration of
anti-IL-5 prior to allergen exposure led to the prevention
of TGF-mediated peribronchial and subepithelial fibrosis.
Only a few clinical studies have examined the effect of
anti-IL-5 on remodelling in asthma. In an RCT involving
atopic asthmatics, Flood-Page et al. [4] showed that,
compared with placebo, three infusions of mepolizumab
resulted in the reduction of tenascin, lumican and pro-
collagen IIl deposited in the subepithelial area, with
improvement of RBM thickness. There was also reduc-
tion in the profibrotic mediator TGF-B in the BAL and
reduction of its corresponding messenger RNA (mRNA)
from eosinophils. Haldar et al. [27, 203], after 12 months
of treatment with mepolizumab, showed, besides
improvements in exacerbations and eosinophil counts in
blood and sputum, reductions in total airway area and
airway wall area on CT compared with placebo which,
interestingly, returned to the pre-treatment baseline
1 year post mepolizumab cessation. Reslizumab is
another anti-IL-5 monoclonal IgG antibody currently
being evaluated in phase III asthma trials. Other methods
of antagonising IL-5 include anti-IL-5 receptor antibodies
(anti-IL-5Ra and IL-5-Bc) and small interfering RNA
techniques; however, the effect of these treatments on
airway remodelling is still unknown.
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4.8 Anti-IL-13, Anti-IL-17, Anti-Tumor Necrosis
Factor (TNF)-Alpha and Tyrosine Kinase
Inhibitors

IL-13 is a pleiotropic Th2 cytokine that plays a significant
role in the development of airway inflammation and
remodelling in asthma. It is produced by activated Th2
cells, dendritic cells and mast cells, and induces goblet cell
hyperplasia, IgE production by B-lymphocytes and ECM
protein deposition through fibroblast activation [204]. In
several animal models, anti-IL-13 has clearly been shown
to improve Th2 inflammation, airway remodelling and
AHR [205-207]. In a large double-blind RCT (n = 219) in
patients with poorly controlled asthma, lebrikizumab (a
humanized antibody that directly deactivates IL-13) has
been shown to improve lung function [208]. This effect
was more pronounced in patients who had high serum
levels of periostin, an ECM protein produced by fibroblasts
and epithelial cells under the influence of IL-13. Periostin
affects epithelial cell adhesion, thus contributing to epi-
thelial fragility, and also leads to increased activation of
lung fibroblasts, leading to mesenchymal fibrosis. Tral-
okinumab, another anti-IL-13 antibody, has been shown in
a phase II RCT to improve FEV; when administered to
patients with moderate-to-severe uncontrolled asthma
[209]. The signalling of both IL-4 (another Th2 cytokine
with important remodelling and inflammatory effects in
asthma) and IL-13 could be inhibited downstream by tar-
geting the alpha subunit of the IL-4 receptor (IL-40), which
is a common overlapping part of both IL-4 and IL-13
receptors [210, 211]. Recently, Wenzel et al. [212] showed
that treating patients with persistent moderate-to-severe
eosinophilic asthma with dupilumab, a human monoclonal
antibody to IL-40, in an ICS and LABA withdrawal study,
resulted in improved lung function and the reduction of
both Th2-associated markers and asthma exacerbations.
IL-17 is a cytokine mainly produced by Thl7 cells,
specialised lymphocytes that are distinct from Th1 and Th2
cells, and contributes to adaptive immunity, especially
against extracellular bacteria. Furthermore, IL-17 is also a
pro-inflammatory cytokine involved in the pathogenesis of
different autoimmune and chronic inflammatory condi-
tions, including asthma. IL-17 is involved in the recruit-
ment and activation of both neutrophils and eosinophils. In
asthma, IL-17 expression is increased and is associated
with disease severity and AHR. Moreover, IL-17 might
also contribute to remodelling in asthma through its direct
action on structural cells as suggested by some in vitro
studies showing an effect on epithelial proliferation and
mucin production [213, 214]. Brodalumab (a human anti-
IL-17 receptor monoclonal antibody) is the only IL-17
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antagonist to have been tested in a clinical trial in asthma.
Busse et al. [215], in patients with moderate-severe asthma,
reported no improvement in lung function or asthma con-
trol with 12 weeks’ treatment with brodalumab; however,
pre-specified subgroup analysis showed improvement in
asthma control in patients with high FEV, reversibility.

TNF-o is a pro-inflammatory cytokine secreted by a
range of cells, including mast cells, eosinophils and mac-
rophages. Airway high TNF-a signalling was demonstrated
in patients with refractory asthma compared with both
patients with milder asthma and non-asthmatic healthy
controls [216, 217]. TNF-a has been demonstrated to drive
vascular remodelling in a murine model of airway
inflammation [218]. Anti-TNF-a has an established role in
the treatment of chronic inflammatory conditions like
rheumatoid arthritis, Crohn’s disease and psoriasis. An
initial small clinical trial of the anti-TNF-o agent etaner-
cept, a soluble TNF-a receptor, in patients with refractory
asthma showed promising results, with improvement in
FEV,, AHR and asthma-related quality-of-life scores;
however, a subsequent larger RCT using golimumab, a
monoclonal antibody against TNF-a, showed no improve-
ment in FEV, or exacerbation rate and the trial was dis-
continued early due to an unfavourable risk/benefit profile
[217, 219]. Unfortunately, airway remodelling was never
measured as an endpoint in any clinical study involving
anti-TNF-o therapy in asthma.

Tyrosine kinase is an enzyme that plays an important
role in signal transduction and regulates various cellular
activities. Due to their effect on apoptosis, angiogenesis
and cellular division, tyrosine kinase inhibitors are used as
a biological treatment of various cancers. Signalling of
some airway remodelling mediators is through receptor
tyrosine kinases, which could be blocked by such therapy
with direct effect on airway remodelling. EGFR, which is
increased in expression in asthma and correlates with
severity, has been linked with epithelial and mesenchymal
remodelling changes and could be targeted by tyrosine
kinase inhibitors [220-222]. In murine asthma models,
treatment with erlotinib, an EGFR tyrosine kinase inhibi-
tor, resulted in reduction in ASM mass, RBM thickness,
collagen deposition and AHR [220, 223]. Stem cell factor
is important in mast cell biology and could also be blocked
by the tyrosine kinase imatinib. Using another murine
model, Rhee et al. [224] showed that imatinib reduces
ASM thickness. A double-blind RCT on the use of imatinib
in severe refractory asthma is currently on-going [225].
Masitinib is another tyrosine kinase inhibitor that could
potentially be used in the treatment of asthma. In addition
to inhibiting stem cell factor receptor (c-kit), it also targets
platelet-derived growth factor receptor. In a phase Ila RCT
involving 44 patients with severe corticosteroid-dependent
asthma, 16 weeks of treatment with masitinib resulted in

improvement in asthma control [226]. A phase III multi-
centre RCT using masitinib in patients with severe per-
sistent asthma who are on maintenance oral GCs is
currently recruiting [227].

4.9 Statins, Metformin and Vitamin D

Statins are inhibitors of the 3-hydroxy-3-methylglutaryl-
coenzyme-A (HMG-CoA) reductase enzyme and are used
for therapeutically inhibiting cholesterol biosynthesis and
reducing cholesterol levels. It has been suggested that
statins have a beneficial effect in asthma. However, a
systematic review concluded that although statins had an
anti-inflammatory effect in asthma, they did not signifi-
cantly affect lung function or symptoms [228]. On the other
hand, a recent retrospective review of obese patients with
severe asthma showed that receiving statins was associated
with better symptom control, suggesting a role for statins in
this specific asthma phenotype [229]. The effects of statins
on inflammation and remodelling have been studied mainly
using simvastatin in animal models of allergic asthma.
Simvastatin has been shown to inhibit epithelial IL-13-
inducable pro-inflammatory cytokine production [230].
Ahmad et al. [231] showed that simvastatin in a murine
model resulted in reduction in inflammatory cell infiltra-
tion, mucus hypersecretion, epithelial injury, collagen
deposition and AHR. This was shown to be mediated by
the influence of simvastatin on nitric oxide metabolism.
Zeki et al. [232], in a similar model, showed reduction in
goblet cell hyperplasia and lung arginase, an important
mediator of vascular remodelling in asthma. In vitro,
simvastatin was shown to inhibit ASM proliferation, which
was mediated through RhoA inactivation; and to reduce
TGF-B1-induced fibronectin production by human airway
fibroblasts [233, 234].

Metformin is a biguanide used in the treatment of type 2
diabetes mellitus. It possesses anti-inflammatory and anti-
oxidant properties and has been shown to improve tissue
injury and remodelling in models of various diseases [235,
236]. In a murine asthma model, through the activation of
AMP-activated protein kinase (AMPK), metformin resul-
ted in the attenuation of eosinophilic inflammation, peri-
bronchial fibrosis and ASM hypertrophy. Moreover, the
authors also demonstrated, in vitro, decreased TGF-B1-
induced fibronectin expression in cultured fibroblasts,
which was also mediated through AMPK activation [237].

Vitamin D and its deficiency has been implicated in
airway remodelling in asthma. Gupta et al. [238] demon-
strated that vitamin D levels are significantly lower in
children with severe therapy-resistant asthma and this was
associated with increased ASM mass, poor lung function
and worse asthma control. In vitro, vitamin D has been
shown to inhibit platelet-derived growth factor-mediated
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human ASM cell proliferation through the inhibition of
phosphorylation of both checkpoint kinase-1 and the reti-
noblastoma protein [239]. This negative effect of vitamin D
on ASM proliferation could also result from the inhibition
of NF-kB signalling, which has also been demonstrated in
human ASM cells [240].

4.10 Bronchial Thermoplasty

BT is the only FDA-approved asthma therapy that directly
targets airway remodelling. It is a novel non-drug tech-
nique for patients with severe persistent asthma who do not
achieve control despite maximal medical therapy, where
temperature-controlled radio frequency (RF) energy is
targeted at proximal airways to reduce ASM mass, result-
ing in clinical benefit. In cardiology, RF has long been used
to treat conduction defects and arrhythmias by targeting
specific areas of the cardiac muscle and inducing thermal
cell death [241]. The effect of RF on ASM has initially
been seen in patients with lung cancer treated with the
technique. The first proof of concept study was published
by Danek et al. [242] in 2004, where applying BT to dogs
resulted in reduction of the ASM layer, which was largely
replaced by a mature collagen layer. This was accompanied
by and correlated with significant reduction in AHR. The
first study of BT in humans was published the year after,
where the treatment was applied to nine patients who were
undergoing lung resection for proven or suspected lung
cancer. At 3 weeks before the planned resection, BT was
applied only to the segments and lobes to be removed. This
was a feasibility and safety study, and it showed that BT
was safe and resulted in 50 % reduction in ASM, with the
effects of the treatment limited to the airway and peri-
bronchial regions [243]. The first clinical study in patients
with asthma was reported by Cox et al. [244], who showed
that, in 16 patients with mild-to-moderate asthma, BT
resulted in improvement in AHR that was sustained for up
to 2 years. They also showed improvement in symptom-
free days and peak flow measurements monitored in the
first 12 weeks post treatment. However, no change in spi-
rometry was seen. Three RCTs assessing BT in asthmatics
followed: the AIR, RISA and AIR?2 trials. The AIR trial
was an unblinded RCT (n = 116) assessing BT in patients
with moderate-severe persistent asthma. After 12 months,
BT resulted in improvements in peak flow measurements,
mild exacerbations, symptom-free days, Asthma Quality of
Life Questionnaire (AQLQ) and Asthma Control Ques-
tionnaire (ACQ) scores, and rescue medication use; how-
ever, no effect on AHR or spirometry was seen [245]. In a
smaller unblinded RCT (RISA trail), Pavord et al. [246], in
a group with severe asthma, compared BT (n = 15) and
usual care (n = 17). They showed similar results, with
improvements in symptoms and use of rescue medications.
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Additionally, they also showed improvement in FEV . This
was at the expense of increased short-term asthma-related
morbidity246.

Finally, the AIR2 trial was the largest study on the use
of BT in patients with severe asthma. This was a multi-
centre, randomized, double-blind, sham-controlled clinical
trial involving 288 patients [247]. BT significantly
improved AQLQ score, the primary outcome, compared
with sham treatment. Moreover, in the period between 6
and 52 weeks post BT, the BT group had reduction in
severe exacerbations, emergency department (ED) visits
and days missed from work/school. Most of the patients in
the BT group were followed up in the second year fol-
lowing treatment, revealing the same rate of exacerbations,
adverse events, and hospitalization as in the first year,
although this was not compared with the sham group [248].
Reduced rates of both severe exacerbations and ED visits
for respiratory symptoms were further demonstrated in
85.3 % of the BT group patients, who were followed up
annually for 5 years [249]. All BT studies have shown
short-term adverse events in the form of lower respiratory
tract infections and pneumonia, lobar collapse and
increased hospitalization (6 % more in the BT group than
in the sham group in AIR2), but these are limited to the first
6 weeks post treatment [249].

The exact effect of BT on airway structure and how that
leads to clinical benefit is unknown. All the evidence for
the effect of BT on remodelling is from healthy dogs and
cancer patients undergoing resection where it was shown to
reduce ASM mass, but whether this is the mechanism in
asthma is uncertain. The inconsistent effect on AHR and
the absence of spirometry improvement is curious. It has
been suggested that BT might be ablating a form of ASM
pacemaker in the proximal airways with effect propagating
distally, although this is no more than a hypothesis [250].
Examples of alternative mechanisms of action of BT
include influencing mucus production or altering behaviour
of other mesenchymal cells are possible but need to be
assessed by future studies. Interestingly, a recently reported
case series showed reduction in ASM, although the number
of participants was too small (three patients) to make any
informative conclusions [251]. Several studies are cur-
rently evaluating the effect of BT on airway tissue but their
results are yet to be published [252, 253].

5 Conclusion

New asthma therapies are desperately needed, especially
for patients with severe disease. In recent years, airway
remodelling in asthma has regained significant interest so
as to help develop therapies that target the process; how-
ever, remodelling is complex and not fully understood.
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Beside GCs, the effect of various asthma treatments on
remodelling has not been well studied. BT, the only ther-
apy used to treat remodelling, has unfortunately only
resulted in modest clinical benefits. The relative contribu-
tion of the heterogeneous elements of airway remodelling
to the pathogenesis and pathophysiology of asthma is
unknown; this remains a major gap in our knowledge that
hinders development of anti-remodelling therapies. As a
result of the lack of longitudinal studies examining
remodelling in asthma, both the relevance and the fluidity
of different aspects of remodelling are still obscure. Which
aspects of remodelling should be targeted and at what stage
in the natural history of the process remains unanswered.
Heterogeneity in the clinical and inflammatory charac-
teristics of asthma has been well recognised and has been
influencing asthma drug development [254]. Many recent
asthma drug trials have been conducted in patients with
specific phenotypes, e.g. anti-IL-13 in patients with Th2
biological markers, thus developing a personalized medi-
cine approach to asthma treatment [208]. However, airway
remodelling has never been taken into account in the
models used to identify asthma phenotypes. Whether doing
this would help discern new asthma phenotypes or possibly
new endotypes, such as an airway remodelling-predomi-
nant endophenotype (an endotype is defined as a subtype of
a condition, with distinct molecular and pathobiological
mechanisms), and whether this would subsequently help
inform future asthma drug developments remains to be
answered. Furthermore, whether future interventions
should be directed at preventing airway remodelling, per-
haps in childhood, or should aim for the amelioration of
established remodelling needs to be fully understood.
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