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Over the years, the role of the eosinophil in asthma and

allergic processes has been disputed. Recent human

experiments using a humanisedmonoclonal antibody to

interleukin-5 (IL-5), and animal studies involving specific

IL-5 gene deletion, indicates that eosinophils might

control downstream repair and remodelling processes.

Eosinophils are a rich source of fibrogenic factors,

particularly transforming growth factor-b (TGF-b), the

latent form of which is activated by epithelial-cell

expression of the intergin avb6. The emerging role for

the eosinophil in airway remodelling might be import-

ant in future anti-asthma strategies. However, more

effective eosinophil-depleting agents than anti-IL-5 are

required before the definitive role of this cell type in

asthma airway pathophysiology can be established.

Asthma is a chronic inflammatory condition of the airways
characterised by a prominent eosinophilic inflammatory
infiltrate in the bronchial mucosa. For many years it has
been recognised that eosinophils have the potential to
cause damage to the airway mucosa and associated nerves
Table 1. Eosinophil-derived proteins that might be involved in airw

Protein Properties relevant to remodelling

Angiogenin Angiogenesis

FGF-2 Fibroblast proliferation; endothelial-cell prolif

HB-EGF Fibroblast and smooth muscle-cell proliferati

IL-4 Fibroblast activation

IL-11 In vivo fibroblast activation

IL-13 Increased fibroblast activity mediated through

IL-17 Inducer of fibroblast cytokine and chemokine

MBP Act synergistically with IL-1 and TGF-b to incr

MMP-9 Matrix protein degradation

NGF Fibroblast ECM production; endothelial-cell p

PDGF Myofibroblast development

TGF-a Epithelial proliferation

TGF-b Myofibroblast formation; ECM production an

TIMP-1 and TIMP-2 Inhibitor of MMPs

TNF-a Inducer of angiogenic and fibrogenic growth

VEGF Angiogenic factor; induces vascular hyperper
aAbbreviations: ECM, extracellular matrix; FGF, fibroblast growth factor; HB-EGF, heparin

basic protein, MMP-9, matrix metalloproteinase-9; NGF, nerve growth factor, PDGF, plate

of metalloproteinase, TNF, tumour necrosis factor, VEGF, vascular endothelial growth f

Corresponding author: A. Barry Kay (a.b.kay@imperial.ac.uk).
Available online 23 July 2004

www.sciencedirect.com 1471-4906/$ - see front matter Q 2004 Elsevier Ltd. All rights reserved
through release of granule-associated basic proteins
(which damage nerves and epithelial cells), lipid
mediators (which cause bronchoconstriction, vasodilata-
tion and mucus hypersecretion) and reactive oxygen
species (which generally injure mucosal cells). These
observations, as well as the broad correlation between
activated eosinophils and severity of asthma, have led to
the hypothesis that the eosinophil is the central effector
cell responsible for ongoing airway inflammation.

Less attention has been given to a possible role for
eosinophils in repair and remodelling processes, despite
the well-documented association of tissue eosinophilia and
eosinophil degranulation with several fibrotic syndromes
[1]. In fact, eosinophils are a source of several molecules
implicated in tissue remodelling processes [2]. These
include transforming growth factor-a (TGF-a) [3], TGF-b1
[4], fibroblast growth factor-2 (FGF-2) [5], vascular
endothelial growth factor (VEGF) [6], matrix metallopro-
tease-9 (MMP-9) [7], tissue inhibitor of metalloproteinase-1
(TIMP-1) [8], interleukin-13 (IL-13) [9] and IL-17 [10]
(Table 1).
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Asthma and remodelling

The remodelled phenotype in asthma, which might be the
consequence of excessive repair processes following
repeated airway injury, includes increased deposition of
several extracellular matrix (ECM) proteins in the
reticular basement membrane (RBM) and bronchial
mucosa, as well as increases in airway smooth muscle
mass, goblet-cell hyperplasia and new blood vessel
formation [11]. These ECM proteins include pro-collagen
III (the mature precursor for collagen III) and the
proteoglycans, tenascin and lumican. Apart from the
effects on airway structure, these ECM proteins might
also influence cellular function, including adhesion,
differentiation and survival [12]. The origin of fibroblasts
below the RBM (the attenuated fibroblast sheath) is of
particular interest. Current evidence suggests that follow-
ing allergen challenge of atopic asthmatics, or appropri-
ately sensitised mice, CD34C–collagen1–a-smooth muscle
actinC fibrocytes are recruited, together with eosinophils,
to the airway wall from the circulation, that is, circulating
fibrocytes act as myofibroblast precursors [13]. The
physiological consequences of this deposition of ECMs
within the sub-epithelial basement membrane are
debated, however, in severe asthmatics there is a clear
association with increased numbers of bronchial mucosal
eosinophils [14]. It has been suggested that airway
remodelling might contribute to airway hyper-responsive-
ness, particularly through smooth muscle increases [15],
and/or to fixed airway obstruction, which develops in some
severe asthmatics [16] and might explain the accelerated
loss of lung capacity seen in asthmatics [17]. However, it is
also of note that airway remodelling changes are seen in
children with asthma, or soon after diagnosis, and there is
no clear evidence of progression of these changes [18].

Role of TGF-b

TGF-b, in particular, is a potent regulator of fibroblast and
myofibroblast function and controls the production of
several ECM proteins, including collagens, proteoglycans
and tenascin [19]. Of the three closely related isoforms
(TGF-b1, b2 and b3), TGF-b1 is the most widely studied.
All isoforms induce fibroblast proliferation, collagen
production and collagen gel contraction. TGF-b synthesis,
storage and action are complex. The molecule is secreted
as part of a large latent complex from which it is released
by several activators, including integrins (e.g. avb6),
proteases and thromospondin-1. TGF-bs either act locally,
by binding of the TGF-b large latent complex to the
extracellular matrix through the latent TGF-b-binding
protein, or distally, through proteolytic release of the
latent complex from the ECM.

Although eosinophils are a rich source of TGF-b1, other
cell types involved in allergic inflammation are also
potential sources of this fibrogenic factor. These include
macrophages, T cells, mast cells, neutrophils, endothelial
and epithelial cells, as well as smooth muscle cells and
fibroblasts themselves [20]. Furthermore, there is import-
ant ‘crosstalk’ between mast cells, eosinophils and
fibroblasts [21]. For example, TGF-b release from eosino-
phils is enhanced by mast cell-derived tumour necrosis
factor-a (TNF-a), and mast-cell tryptase also induces
www.sciencedirect.com
fibroblast proliferation, both through proteinase-activated
receptor 2 (PAR2) and peroxisome proliferator-activated
receptor g (PPARg) [through newly synthesised products
of cyclooxygenase 2 (COX2) activity]. Fibroblasts, in turn,
secrete stem-cell factor (SCF) and granulocyte–macro-
phage-colony stimulating factor (GM-CSF), which support
the survival of mast cells and eosinophils, respectively. In
addition TGF-b1 is chemotactic for both mast cells and
macrophages.

Support for an association among IgE-mediated sensi-
tivity, eosinophils and markers of repair in humans was
obtained from an in vivomodel of allergic inflammation in
atopic skin. After allergen cutaneous challenge, eosino-
phil-derived TGF-b1 was temporally associated with
myofibroblast formation and the expression of tenascin
and procollagen-I by dermal fibroblasts [22]. When
eosinophils and fibroblasts were co-cultured in vitro, a-SM
(smooth muscle) actinC myofibroblasts were observed,
together with the generation of tenascin transcripts and
protein product. Both of which could be inhibited using
neutralising antibodies to TGF-b1. Tenascin is of particu-
lar interest because this matricellular protein is expressed
primarily during growth and in response to injury and is
believed to have a role in cell trafficking by enabling cell
influx at low density and inhibiting migration at high
density [23].

Anti-IL-5 and asthma

There have been several recent attempts to dissect the role
of the eosinophil in asthma by the use of humanised
monoclonal antibodies (mAbs) against IL-5. To date, two
mAbs against human IL-5, SCH55700 (Schering-Plough
Research Institute, www.sch-plough.com) and mepolizu-
mab (GlaxoSmithKline, www.gsk.com), have been used in
clinical trials. SCH55700 is a humanised mAb of the
IgG4/k subtype derived from the rat anti-human antibody,
39D10 [24]. Mepolizumab (SB-240563) is a humanised
mAb of the IgG1/k subtype derived in a similar fashion
from the murine monoclonal anti-human IL-5 antibody,
2B6, and expressed in Chinese hamster ovary cells [25].

IL-5 is a key cytokine in eosinophil differentiation [26],
maturation, recruitment and activation at sites of inflam-
mation [27]. It stimulates the expansion and differen-
tiation of eosinophil precursors [28] and upregulates
expression of its own specific receptor a chain during
human eosinophil development [29]. IL-5 is produced
primarily by activated Tcells, although secretion by CD8C

T cells [30], natural killer (NK) cells [31], mast cells [32],
eosinophils [33] and airway epithelial cells [34], has also
been reported. In addition, it is chemotactic for eosino-
phils, stimulates their activation [35], prolongs their
survival [36], and facilitates their degranulation in
response to specific stimuli. In contrast to the broad
range of biological activities of the other cytokines known
to have a role in eosinophilia (i.e. IL-3 and GM-CSF), the
action of IL-5 is specific for eosinophils in humans. This
specificity is probably conferred by the restriction of
expression of the IL-5 receptor a chain to eosinophils
and basophils [37].

We recently reported that anti-IL-5 (mepolizumab)
arrests maturation of the human eosinophil lineage in
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the bone marrow [38] and depletes the cell from the
peripheral blood [39]. However, it only partially (but
selectively) reduces eosinophils in the airway wall, even
after multiple dosing. Thus, there was a 55% decrease in
bronchial mucosa eosinophils, compared to a 100%median
reduction in eosinophils in blood and 79% reduction in
bronchoalveolar lavage. An earlier study, based on a single
infusion of mepolizumab, showed significant reduction in
both blood and induced sputum eosinophils, but no
changes in either the late asthmatic reaction or airway
hyper-responsiveness [40]. This study did not include
bronchial biopsies, and was criticised with respect to
statistical power [41], however, the lack of significant
clinical changes seen in this, and other studies with anti-
IL-5 in asthma [42], might be as a result of a failure to
deplete eosinophils sufficiently from the bronchial
mucosa. This might be because airway eosinophils have
downregulated IL-5Ra expression and thus become less
dependent on this cytokine [12,43].

Anti-IL-5 and remodelling

We then proceeded to test the hypothesis that reduction of
bronchial mucosal eosinophils with anti-IL-5 would
reduce markers of airway remodelling. Bronchial biopsies
were obtained before and after three infusions of anti-IL-5
(mepolizumab) in 24 atopic asthmatics in a randomised,
double-blind, placebo-controlled study [44]. The thickness
and density of tenascin, lumican and procollagen III, in
the RBM were measured by confocal microscopy. At
baseline, there was airway eosinophil infiltration and
ECM protein deposition was increased in the RBM of
asthmatics compared with non-asthmatic controls. How-
ever, after anti-IL-5 treatment there was a significant
reduction in tenascin, lumican and procollagen III, when
compared with placebo. There was also a significant
reduction in the number and percentage of tissue
eosinophils expressing mRNA for TGF-b1, as well as the
concentration of TGF-b1 in bronchoalveolar (BAL) fluid.
Although there were no appreciable improvements in
clinical outcomes, the study was not powered to detect
changes in lung function or airway hyper-responsiveness.
The study did, however, provide strong evidence that
there is a causal relation between eosinophils and airway
remodelling.

IL-5, eosinophils and TGF-b in animal models of airway

remodelling with allergen challenge

Until recently, dissection of the mechanisms of airway
remodelling was hampered by the lack of a good animal
model. However, in recent years several groups have
developed models involving repetitive allergen inhalation
challenge in sensitised mice that can reproduce many of
the features of the remodelled asthmatic airway [45–50].
These models differ from each other, particularly the
timing of the last allergen challenge with respect to killing
of the animal and study of airway pathology. In the model
of Leigh et al. [45], airway hyper-responsiveness, collagen
deposition and smooth muscle increases persisted for 8
weeks after the last allergen challenge, despite resolution
of airway eosinophilia and BAL IL-13 concentrations.
McMillan et al. [46] confirmed persistence of the
www.sciencedirect.com
remodelled phenotype up to 80 days after the last
challenge, although in this model there was resolution of
both bronchial hyper-responsiveness (BHR) and inflam-
mation. Blyth et al. [47] studied the role of IL-5 in their
model by using an anti-IL-5 antibody, giving intravenous
anti-IL-5 antibody 30 min before each of three intra-
tracheal allergen challenges in sensitised animals. They
noted a reduction in subepithelial reticulin in the airways
with selective and almost complete depletion of airway
eosinophilia. Trifilieff et al. [48] used IL-5 deficient mice
and showed absence of bronchoalveolar eosinophilia
together with reduced BAL fibronectin and epithelial-
cell proliferation compared to wild-type controls in a
model involving repeat allergen challenge on days 21–25.
Interestingly intratracheal IL-5 alone in sensitised wild
type animals was not sufficient to lead to remodelling
changes.

More recently, Cho et al. [49] confirmed, in a chronic
repetitive allergen challenge model, that IL-5 gene
deletion suppresses lung eosinophilia and tissue remodel-
ling in parallel. Specifically, IL-5-deficient mice exhibited
reduced eosinophil numbers in BAL fluid and in peribron-
chial tissue. This was associated with decreased TGF-b1
content of the lung tissue with evidence that eosinophils
are the major source of this cytokine. Interestingly,
epithelial-cell expression of avb6, the integrin that acti-
vates latent TGF-b1 [51], was also suppressed. Allergen-
induced increases in peribronchial fibrosis, collagen III,
collagen IVand total lung collagen content, was reduced in
IL-5-deficient animals. Peribronchial smooth muscle
thickness and epithelial mucus expression were also
reduced. Tanaka et al. also observed reduced airway
eosinophila, TGF-b1 production and remodelling in IL-5
knockout animals, and reported increased airway fibrosis
in IL-5 transgenic animals after repeated allergen
inhalation [52]. Taken together, these animal studies
strongly support the hypothesis that eosinophils contrib-
ute, to a greater or lesser extent, to the remodelled
phenotypes, and that eosinophil-derived TGF-b1 is central
in facilitating matrix deposition in the airway wall.

Other factors that might link eosinophils to airway

remodelling

As mentioned earlier, and illustrated in Figure 1,
numerous cytokines and fibrogenic factors are implicated
in airway remodelling in asthma in human studies and in
animal models. Transgenic expression of IL-5, IL-11 and
IL-13 [53–55] in the airway of mice leads to tissue
remodelling, which in the case of IL-13 were partially
TGF-b1-dependent [56]. Whether these remodelling
events are eosinophil-dependent remains to be estab-
lished. Many of the factors implicated in remodelling in
animal models are also expressed by eosinophils and
are increased in the asthmatic airway, including FGF-2,
IL-11, IL-4, IL-13, IL-17, nerve growth factor (NGF) and
VEGF (Table 1).

Eosinophil infiltration of the airway is also seen in
other lung conditions. Particular interest has been focused
recently on eosinophilic bronchitis (EB), a condition
characterised by sputum eosinophilia and cough but
without the airway hyper-responsiveness or variable
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Figure 1. Potential involvement of eosinophils in airway remodelling. Eosinophils produce a wide range of proteins involved in fibrogenesis and angiogenesis, as well as

cytokines, which activate various mesenchymal cells and induce the synthesis of ECM proteins. Activation of fibroblasts is a property of IL-4, IL-6, IL-11, IL-13, IL-17, TGF-b,

NGF and PDGF. This, in turn, can lead to fibroblast migration and differentiation to the myofibroblast phenotype, trans-differentiation of myofibroblasts to ASM cells, as well

as the migration of various mesenchymal cells and ECM synthesis. Thus, there is considerable plasticity between fibroblasts, myofibroblasts and ASM cells. The pericyte is

also involved in these trans-differentiation processes. TGF-b and FGF-2 have direct effects on ASM, such as proliferation and protein synthesis. Eosinophils also produce

angiogenic factors, including VEGF and angiogenin. Endothelial cells can also be activated by FGF-2 and TNF-a. Epithelial-cell activation, ECM synthesis and mucus

hypersecretion might be the result of the release of eosinophil-derived TGF-b, IL-4, IL-13 and TGF-a. Abbreviations: ASM, airway smooth muscle; ECM, extracellular matrix;

FGF, fibroblast growth factor; GFs, growth factors; IL-4, interleukin-4; NGF, nerve growth factor; PDGF, platelet-derived growth factor; TGF-b, transforming growth factor-b;

TNF-a, tumour necrosis factor-a; VEGF, vascular endothelial growth factor.
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airflow obstruction that characterise asthma [57].
Brightling et al. [58] showed subepithelial thickening
in EB similar to that seen in asthma, supporting the
link between eosinophils and, at least this element of,
remodelling. The major reported difference between EB
and asthma is the infiltration of airway smooth muscle
by mast cells in asthma, which is not seen in EB. It
will therefore be important to see if airway smooth
muscle remodelling occurs in EB and asthma: one
possibility is that eosinophils contribute to some
elements of fibrosis and ECM deposition whereas
mast cells and other cells are related to smooth muscle
and epithelial changes.

Future work

To provide definitive evidence that eosinophils are key
cytokines in airway remodelling more effective strategies
are required to deplete tissue eosinophils. Even in animal
models of asthma, there is residual tissue eosinophilia in
the airways after anti-IL-5 administration [59]. In fact,
deletion of both IL-5 and eotaxin are required to abolish
tissue eosinophils and airway hyper-responsiveness in
mice, suggesting that IL-5 blockade alone is insufficient.
Combination therapy with, for example, anti-IL-5 and a
www.sciencedirect.com
CCR3 antagonist, might be more useful than IL-5
blockade alone because this would have the theoretical
advantage of inhibiting both bone marrow maturation
(mainly an IL-5 effect) and tissue accumulation (predomi-
nantly a CCR3-dependent effect). Another approach would
be to inhibit GATA-1, an essential transcription factor in
the eosinophil lineage [60]. TGF-b polymorphisms have
been linked to asthma severity, and it will be of interest to
see if there is differential regulation of the TGF-b gene
between asthmatics and non-asthmatics and whether this
genetic effect is by changes in remodelling [61].

Whether the eosinophil is involved in late asthmatic
reactions and airway hyper-responsiveness remains
uncertain. Its participation in remodelling events now
seems persuasive. Effective depletion of eosinophils from
the airways of chronic severe asthmatics could have useful
clinical benefit, although long-term treatment would
probably be required. In this context, it is relevant that
a treatment strategy directed at normalisation of the
induced sputum eosinophil count reduced asthma exacer-
bations and hospital admissions without the need for
additional anti-inflammatory treatment [62]. Interest in
the eosinophil as an important cell in asthma has waned
over the past few years because of the first negative
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mepolizumab (mAb to IL-5) study [40], which showed no
change in the late asthmatic reaction or airway hyper-
reactivity. However, recent data show that this cell has
still to be reckoned with, and furthermore, could even turn
out to have more, unexpected, tricks up its sleeve.
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