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The role of eosinophils in airway tissue remodelling in asthma
Harsha H Kariyawasam'#? and Douglas S Robinson’+?

There is an increasing evidence that airway structural
change (termed remodelling) is associated with the severity
and chronicity of asthma. Recent studies support an important
role for eosinophils in the remodelling process. In particular
eosinophil depletion studies have demonstrated that

several aspects of remodelling are attenuated. Eosinophils
have been confirmed as an important source of TGF-34 as well
as other important cytokines that can lead to the direct
activation of epithelium and mesenchymal cells that are
considered to drive airway remodelling. The current studies
that support a role for eosinophils in airway remodelling are
reviewed in article.
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Introduction

Airway structural change termed remodelling is a
characteristic feature of asthma. The clinical effects
of airway remodelling are at present uncertain, but
the accelerated lung function decline over time in
asthmatics compared to non-asthmatics [1]. The devel-
opment of fixed airflow obstruction in some asthmatics
[2] and the association of AHR with remodelling [3] all
suggest that remodelling must be an important area of
therapeutic focus. It has been appreciated for a while
that tissue eosinophilia and eosinophil degranulation is
commonly associated with fibrotic disease [4]. Recent
studies using eosinophil depletion strategies have high-
lighted an important role for eosinophils as important
inflammatory cells in the process of airway remodelling
in asthma.

Eosinophils

Eosinophils comprise less than 5% of the circulating
white cell population in healthy individuals and are easily
distinguished by their bi-lobed appearance and the
characteristic granules that occupy up to one fifth of
the cytoplasmic content. The primary role of the eosino-
phil has been considered as host defence against parasitic
infection through the release of cytotoxic cellular con-
tents. Major basic protein (MBP) accounts for 50% of the
secondary granule crystalloid core and the non-crystalloid
core provides storage for other basic proteins such as
eosinophilic cationic protein (ECP), eosinophil-derived
neurotoxin (EDN) and eosinophil-derived peroxidase
(EPO). The latter can generate hypohalous acids and
reactive oxygen species. Eosinophils can also generate
membrane phospholipids-derived eicosanoids, in particu-
lar leukotriene C4 which may act in airways mooth muscle
constriction and mucus hyper-secretion. Eosinophils are
also a significant source of cytokines and growth factors.
Whilst eosinophil degranulation may lead to effective
combat in the context of host defence, the release of
such cellular contents will lead to bystander tissue
damage and modulation of the accompanying inflamma-
tory tissue response [5].

Eosinophils and asthma

The precise role of the cosinophil in asthma pathogenesis
remains uncertain. Eosinophils traffic from the bone
marrow into the lung in response to allergen challenge
in atopic asthma. The products released by eosinophils
have been demonstrated to promote some of the patho-
physiological hallmarks of asthma such as airway hyper-
responsiveness (AHR). For example direct installation of
MBP and EPO induce both bronchoconstriction and
AHR in the primate airway [6]. Post mortem analysis
of asthma death patients consistently shows eosinophils
and extracellular MBP associated with nerve fibres in the
airway smooth muscle suggesting role for MBP in neuro-
genic inflammation that may modulate smooth muscle
responses. MBP binds to the M, inhibitory muscarinic
receptor on parasympathetic nerves leading to increased
acetylcholine release with subsequent M3 receptor acti-
vation and hence bronchoconstriction [7]. The cytosti-
mulatory properties of MBP on basophils, mast cells and
neutrophils [8,9] result in the propagation of the inflam-
matory response. Primed eosinophils have been ident-
ified as a predominant cellular source of L'TCy in
bronchial biopsies from asthmatic airways [10]. L'TCy
undergoes extracellular sequential enzymatic cleavage
of glutamic acid and glycine from its sulphide chains to
form the metabolites L'TD, and LTE,, respectively.
These products can elicit paracrine effects that result
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in mucus hypersecretion [11], AHR, oedema [12] and
potent bronchoconstriction [13]. Collectively these find-
ings suggest that eosinophils may be the major pro-
inflammatory effector cells in the pathogenesis of asthma
and has lead to the eosinophil hypothesis in asthma.

Airway remodelling and asthma

Inflammation can be viewed as the response of tissue to
injury. The aim of this inflammatory response is to repair
the injury. Rapid restoration of tissue structure following
injury is essential for the maintenance of organ integrity
and function and any dysregulated or excessive repair will
lead to tissue fibrosis and contribute to disease states. In
asthma the epithelium displays structural damage with
marked goblet cell, smooth muscle and fibroblast hyper-
plasia together with the recruitment and activation of
myofibroblasts. Increased deposition of collagens and
other extracellular matrix (ECM) proteins occur both in
the lamina reticularis of the basement membrane (RBM)
and throughout the bronchial mucosa together with pro-
minent airway angiogenesis.

The molecular mechanisms that drive remodelling
remain undefined but aberrant signalling by the trans-
forming growth factor (T'GF) superfamily, of which TGF-
B is the prototypic member, is increasingly recognised as
playing an important role. The eosinophil is an important
source of growth factors such as TGF-B; [14]. TGF-B; is
an important fibroblast chemotactic factor [15] and fibro-
blast numbers have been shown to correlate with TGF-;
expression [16]. TGF-B; induces the differentiation of
fibroblasts to myofibroblasts [17]. Collagen I and III
transcription is rapidly upregulated [18] whilst at the
same time collagen degradation is demonstrated in foetal
lung fibroblast iz vitro experiments [19].

Eosinophils and airway remodelling

Whilst the role of the eosinophil in asthma pathogenesis
currently remains an area of vigorous debate, there has
been growing recognition that the eosinophil may have an
important role in airway remodelling. Most fibrotic dis-
eases share a common paradigm of a persistent inflam-
matory stimulus with lymphocyte—monocyte interactions
that generate fibrogenic cytokines that can initiate and
even propagate fibrotic processes. It is, therefore, not
unexpected that some aspects of airway structural cell
activation and remodelling will be related to inflamma-
tory consequences.

It was in an eosinophil depletion study in human asthma
using a monoclonal antibody (mAb) mepolizumab (SB-
240563), a humanised IgG1/k mAb, against interleukin
(IL))-5 that an important causal role for eosinophils in
airway remodelling was highlighted [20]. IL-5 acts
specifically on eosinophils to promote terminal differen-
tiation of cosinophil-lineage committed precursors and
together with the chemokine eotaxin leads to eosinophil

recruitment to sites of inflammation. In this study bron-
chial biopsies were obtained at baseline and after three
infusions of anti-IL-5 (mepolizumab) in 24 individuals
with atopic asthma. Only a 55% reduction in bronchial
tissue eosinophilia was achieved with no effect on AHR.
There was no reduction in free airway deposition of MBP.
The study was not powered to detect changes in AHR
and the persistence of AHR may be explained by the
residual eosinophil population. The novel finding in this
study was that the decrease in eosinophilia was associated
with significant reduction of markers of airway remodel-
ling. RBM procollagen III, tenascin and lumican were all
significantly decreased. This was in association with the
reduction in proportion of eosinophils expressing TGF-;
and bronchoalveolar lavage (BAL) concentrations of
TGF-B;. It is of note that other aspect of remodelling
such as type IV collegen did not change with anti-11.-5
treatment. We were not able to assess smooth muscle
changes in this study but it would be of great interest to
examine effects of eosinophil depletion on myofibroblast
and airway smooth muscle. It may be that some elements
of remodelling are more or less eosinophil dependent and
that there is a spectrum of reversibility of airway remo-
delling changes in asthma which may affect AHR and
other aspects of lung function differentially. Certainly it
has been suggested that airway muscle remodelling in
asthma is associated with epigenetic changes and may
thus be irreversible [56]. It is of note that tissue remodel-
ling is also seen in other eosinophilic diseases such as
eosinophilic oesophagitis [57], where eosinophil-derived
TGEFB is also detected.

Animal models of eosinophil depletion have supported
the findings in human studies. Transgenic overexpression
of IL.-5 in the murine lung was associated with peribron-
chial collagen deposition [21]. Interestingly this group has
recently gone on to develop a double airway transgenic
mouse expressing [L-5 systemically in T cells and
eotaxin-1 in the airway epithelium. This animal has
features of spontaneous degranulation and AHR as well
as remodelling changes; all of which strongly supports the
potential for eosinophils in airway changes of asthma
including remodelling [58]. Furthermore, airway changes
did not occur in the absence of eosinophils when the
double I1.-5/eotaxin transgenic was crossed to the PHIL
mouse. In an alternative approach, Cho e /. demon-
strated in a repetitive ova challenge IL-5 gene deleted
murine model of airway injury that the ecosinophil
depleted C57BL mice demonstrate significantly less total
lung collagen deposition less peribronchial collagen Type
IIT and IV deposition as well as markedly reduced evi-
dence of fibroblast activation as detected by a-smooth
muscle actin expression compared to wild type mice [22].
Eosinophils were again the predominant inflammatory
cell source of TGF-B; and in this model epithelial
expression of the integrin o a potent activator of
latent TGF-B4, was reduced.
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GATA-1 is an essential transcription factor for the de-
velopment of the eosinophil lineage [23]. Adbl mice with
eosinophil depletion as a result of deletion of a high-affinity
GATA-1 promoter binding site that selectively abolishes
eosinophil lineage development without effecting other
GATA-1-dependent lineages were protected from peri-
bronchial collagen deposition and increased airway smooth
muscle mass in response to chronic allergen exposure [24].
AHR and mucus production did not decrease in this model.
This maybe a reflection of the fact that IL-13, a key
cytokine that is produced by Th2 cells, mast cells as well
as epithelial and structural cells that is strongly implicated
in the pathogenesis of AHR and mucus production, was not
effected. In this model, there is no difference in TGF-B4
expression between the Adbl and wild-type controls. This
finding is in contrast to the earlier study by Cho ez a/. Airway
epithelium and other inflammatory cells such as macro-
phages are important sources of TGF-B; as well other
potent growth factors such as activin-A that have potent
effects on airway remodelling also. However, the sugges-
tion from this study is that eosinophils may contribute to
airway remodelling by the secretion of other fibrogenic
factors. In a separate study, eosinophil depletion through
the lineage specific expression of the cytotoxic diphtheria
toxin A under the control of the cosinophil peroxidase
promoter in a transgenic line of mice (PHIL) demonstrated
reductions in epithelial cell hypertrophy and mucus cell
metaplasia [25]. Whether IL.-13 production was suppressed
in the PHIL mice is not known and therefore it is not
possible to conclude that it was eosinophil depletion that
leads to mucus cell changes and production. It is also not
reported whether there was any reduction in other markers
of airway remodelling. This study demonstrated reduction
in AHR.

The contrasting findings of these studies highlight the
importance of strain heterogeneity of animal models. The
Adbl GATA mice were originally bred on a Balb/c back-
ground and it has been previously demonstrated that
Balb/c IL.-5 deficient mice can still develop AHR upon
allergen sensitization and airway challenge [26]. By con-
trast the B6 background IL-5 deficient strain is protected
from AHR development [27]. It is important to consider
the effect of strain of animal on pathological outcomes in
mouse models. For example the manifestation of airway
AHR is strain dependent [28] with A/] strain mice dis-
playing the greatest degree of AHR and re-modelling
changes [29]. Strain heterogeneity effects cellular local-
ization, in particular of eosinophils [28], and the propen-
sity for angiogenesis [30]. Thus it would be important to
perform these experiments in similar strains that are
prone to develop AHR with standardised allergen chal-
lenge protocols before the exact contribution of eosino-
phils to remodelling and AHR can be evaluated.

In a recent study we confirmed that allergen provocation
in allergen-induced asthma was associated with the rapid

and simultancous activation of cellular inflammation and
airway remodelling, but demonstrated dissociation of
selected aspects of remodelling from inflammation occur
at a later time point [3]. The suggestion from this study
was that inflammatory cells may initiate remodelling by
the release of cytokines and fibrogenic factors which will
lead to activation of the remodelling pathways through
activation of structural cells such as epithelium and
fibroblasts. At a later time point, remodelling may pro-
ceed in the absence of further inflammatory cell recruit-
ment through the sustained activation of structural cells
which now propagate the remodelling process. Thus
eosinophils that are initially recruited into the airway
after allergen challenge may initiate remodelling through
the release of their contents that lead to epithelial and
fibroblast activation. Airway remodelling then may be
propagated by sustained structural cell activation in the
absence of any further eosinophil recruitment.

Mechanisms of eosinophil-induced
remodelling

Eosinophils are implicated in both inflammation and
remodelling by the release of cytokines and fibrogenic
factors. Eosinophils have been identified as a significant
source of TGF-B; in asthma. TGF-B; is one of the most
fibrogenic factors known. Inflammatory cells probably
account for the increased amounts of TGF-B; found in
the asthmatic airway at baseline [16,31,32] with further
increases in response to allergen challenge [32]. Eosino-
phils are of an activated phenotype following allergen
challenge [31,33] and will, therefore, more readily release
their stores of TGF-B; on tissue recruitment.

An /n vivo model of allergen-induced inflammation in
atopic skin has provided convincing support for an associ-
ation of eosinophils with expression of markers of remo-
delling [34]. In this model eosinophils expressing TGF-3
were temporally associated with fibroblast transformation
to myofibroblasts and ECM expression. Direct eosinophil
activation of mesenchymal cells leading to ECM pro-
duction was demonstrated 77 vitro using eosinophil-dermal
fibroblast co-culture experiments. Neutralising antibodies
against TGF-B; inhibited fibroblast-myofibroblast trans-
formation as well as tenascin and procollagen I production.
It is, therefore, conceivable that eosinophil-derived pro-
ducts will directly interact with airway fibroblasts and other
structural cells in the asthmatic airway leading to activation
and ECM production.

Airway epithelium is a significant source of the TGF-f3
superfamily of ligands. Eosinophil cytotoxicity can lead to
direct activation of epithelium. For example the iz vitro
effects of MBP include epithelial detachment and ciliary
dysfunction which may contribute to airway injury. It is
possible that such MBP-induced epithelial cytotoxicity
leads to epithelial cell activation and release of growth
factors such as T'GF-B; that can now act upon the
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underlying fibroblast layers leading to induction of col-
lagen and ECM production [35]. It is also probable that
cosinophil contents will modulate mesenchymal function
directly. Fibroblasts in inflamed tissue will be exposed to
granule contents. ECP has been shown to inhibit the
degradation of proteoglycans by fibroblasts [36]. MBP has
also been recently identified as having potent heparanase
inhibitor function. Heparanases serve to cleave the
heparin-sulphate intrachain, with subsequent release of
heparin-bound growth and differentiation factors present
in tissue ECM reservoirs. Newly released growth factors
can now undergo activation and signal to activate down
stream remodelling processes. Thus MBP may have a
functional role in the repair response to injury by regulat-
ing ECM growth factor release that leads to limitation of
tissue injury and promotion of healing.

Eosinophils are implicated as a source of several other
fibrogenic cytokines and modulators of remodelling such
as fibroblast and smooth muscle cell mitogen heparin-
binding epidermal growth factor-like growth factor (HB-
EGF) [37], nerve growth factor (NGF) [38] and TGF-a
[39]. IL.-4 and IL.-13, both predominantly Th, cytokines,
are also produced by eosinophils [40,41]. 1L.-13 can
induce fibroblast differentiation into myofibroblasts with
activation of collagen production. 11.-13 leads to sub-
epthelial fibrosis [42] and goblet cell hyperplasia and
secretion. The ability of I1.-13 to induce the production
of TGF-B; and also activate stored latent TGF-B; [43]
may explain the potent fibrogenic properties of I1.-13.

A balance between production and degradation achieves
the regulation of ECM turnover. ECM degradation is
dependent on the family of proteinases termed matrix
metalloproteinases (MMPs). The tissue inhibitors of
metalloproteinases (TIMPs) serve to inhibit MMP
activity by binding to MMPs in a 1:1 manner and this
exact balance is critical in determining the normal matrix
turnover. An imbalance can lead to either excess degra-
dation or accumulation of ECM. Eosinophils express both
MMP-9 and TIMPs [44,45]. IL-5 is an inducer of MMP-9
expression in eosinophils.

There is growing evidence of a role for CysLL'T's such as
L'TC4 in airway remodelling. [z vitro studies confirm
increased structural cell activation with marked prolifer-
ation of airway epithelium as well as fibroblasts in
response to LL'T'C4 [46] whilst L' TD4 participates with
growth factors in induction of ASM proliferation [47].

Eosinophils infiltration in particular is associated with
increased vascularity [48]. Vascularity in turns correlates
with asthma severity [49] whilst inversely correlating with
the degree of airway obstruction and AHR [50]. Vascularity
is driven by the overproduction of multiple growth factors
that include vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF) and angiogenin. Using

double immunohistochemical staining with MBP, eosino-
phils have been identified as a significant cellular source of
VEGF and also FGF and angiogenin in asthmatic airways
[S51]. VEGF in particular is a potent multifunctional cyto-
kine which can drive not only inflammation and vascular
and tissue remodelling but also enhance antigen presen-
tation and Th2 inflammation in asthma [52].

It is important to consider how ecosinophils and other
inflammatory cells interactions may propagate airway
remodelling. Eosinophils secrete mast cell stem cell
factor (SCF) essential for mast cell growth, activation,
chemotaxis and degranulation. This may explain why
tissue eosinophilia is often in association with mast cell
recruitment. In turn mast cell-derived TNF-a is a potent
stimulus for eosinophil TGF-B; release.

Mast cells have significant potential to contribute to
remodelling as they are important sources of several
fibrogenic factors. Of particular interest is tryptase which
signals through the G-protein coupled protease activated
receptor type-2 (PAR-2) present on inflammatory cells as
well as epithelium, fibroblasts and ASM [53]. PAR-2
activation leads to structural cell activation and prolifer-
ation [54,55]. In turn fibroblasts secrete GM-CSF and
SCF leading to sustenance of eosinophil and mast cell-
derived inflammation and repair in the tissue.

In conclusion the emerging evidence suggests that the
eosinophil may have an important role in airway remodel-
ling in asthma. The development of studies that more
effectively deplete eosinophils are eagerly awaited as
only then can it become more certain that eosinophils
are a major contributory source of growth factors and
cytokines that drive the remodelling pathways.
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