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Summary
Background—Inflammatory infiltrates, airway hyper-responsiveness, goblet cell hyperplasia
and subepithelial thickening are characteristic of chronic asthma. Current animal models of
allergen-induced airway inflammation generally concentrate on the acute inflammation following
allergen exposure and fail to mimic all of these features.

Objective—The aim of this study was to use a murine model of prolonged allergen-induced
airway inflammation in order to characterize the cells and molecules involved in the ensuing
airway remodelling. Moreover, we investigated whether remodelling persists in the absence of
continued allergen challenge.

Methods—Acute pulmonary eosinophilia and airways hyper-reactivity were induced after six
serial allergen challenges in sensitized mice (acute phase). Mice were subsequently challenged
three times a week with ovalbumin (OVA) (chronic phase) up to day 55. To investigate the
persistence of pathology, one group of mice were left for another 4 weeks without further allergen
challenge (day 80).

Results—The extended OVA challenge protocol caused significant airway remodelling, which
was absent in the acute phase. Specifically, remodelling was characterized by deposition of
collagen as well as airway smooth muscle and goblet cell hyperplasia. Importantly, these airway
changes, together with tissue eosinophilia were sustained in the absence of further allergen
challenge. Examination of cytokines revealed a dramatic up-regulation of IL-4 and tumour growth
factor-β1 during the chronic phase. Interestingly, while IL-4 levels were significantly increased
during the chronic phase, levels of IL-13 fell. Levels of the Th1-associated cytokine IFN-γ also
increased during the chronic phase.

Conclusion—In conclusion, we have demonstrated that prolonged allergen challenge results in
persistent airway wall remodelling.
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Introduction
Asthma is a chronic disease characterized by airway hyper-responsiveness (AHR), airway
inflammation and reversible airway obstruction [1]. In addition to airway inflammation,
structural changes are also evident within the airways [1]. This phenomenon is termed
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‘airway remodelling’ and is thought to occur as a result of an imbalance in regeneration and
repair mechanisms resulting in the abnormal regulation of extra-cellular matrix components
[2]. Remodelling in the lung has been classified as an increase in airway wall thickness, due
to many factors [3, 4]. Subepithelial fibrosis is a distinctive feature of airway remodelling
and contributes to thickened airway walls due to the deposition of collagen types I, III and V
along with other extracellular matrix proteins such as, tenascin and laminin. An increase in
myocyte muscle mass is also characteristic of airway remodelling in asthma and may be due
to myofibroblast proliferation that may also lead to further collagen production [5].
Excessive mucus secretion from hyperplastic goblet cells is a feature of the asthmatic airway
and may lead to the occlusion of the airways [6]. The combination of these processes leads
to airway narrowing and therefore, reduced lung function [3, 4]. Many mediators have been
implicated in the fibrotic response. Lung specific over-expression of Th2 cell derived
cytokines such as IL-4, IL-5, IL-9 or IL-13 have shown that this group of cytokines is
capable of inducing subepithelial fibrosis in addition to their well-documented roles in
airway inflammation and AHR [7–10]. TGF-β is a potent pro-fibrotic cytokine and is
thought to play a crucial role in the progression of fibrotic events. TGF-β is released by
many different cell types and has been shown to be a regulator of fibroblast/myofibroblast
function with the production of many extracellular matrix proteins including collagen I [5].
Levels of TGF-β are elevated in asthmatic patients and expression has been shown to
correlate with basement membrane thickness, fibroblast number and/or disease severity [11–
13].

Animal models of the acute allergic response to inhaled antigens have been widely studied
in order to try to elucidate the mechanisms leading to the development of inflammation and
AHR during asthma. However, the majority of these models involve relatively short-term
exposure to aerosolized antigen and many do not show the chronic inflammatory and
epithelial changes or the mucosal inflammation characteristic of human asthma. Moreover,
the inflammation and hyper-reactivity that are observed generally resolve after the cessation
of allergen challenge. Repeated exposure of mice to ovalbumin (OVA) has been shown to
increase the thickness of the epithelial layer of the trachea as well as deposition of
collagenous material in the submucosal layer of the trachea [14]. However, remodelling was
not determined in the lower airways nor was the matrix deposition associated with fibrotic
mediators during this model. Recently, it has been demonstrated that mice exposed to
prolonged allergen challenge and subsequently left for up to 8 weeks developed significant
airway remodelling in association with an increase in lung resistance [15]. However, again
the association between airway remodelling and possible causative mediators was not fully
evaluated. The hypothesis behind the study was that prolonged allergen challenge would
lead to irreversible structural changes of the airways characteristic of airway remodelling
observed in chronic asthmatics. We hypothesize that prolonged allergen challenge would
result in an increase in profibrotic factors, such as TGF-β, and lead to the characteristic
features of airway remodelling such as increased matrix deposition and smooth muscle cell
proliferation. Moreover, we hypothesized that this prolonged allergen challenge would lead
to persistent changes to airway structure even if allergen challenge was stopped. To this end
we have characterized a model of prolonged allergen-induced airway inflammation in order
to investigate the development and persistence of remodelling immediately following
chronic allergen exposure as well as after a period of non-exposure. We have determined the
extent of matrix dysregulation and the contribution of inflammatory cells and pro-fibrotic
mediators, as well as the occurrence of changes in airway function. This study reports an
increase in allergen driven remodelling characterized by deposition of collagen in the
airways and airway smooth muscle (ASM) cell proliferation, together with an increase in
IL-4 and TGF-β1 expression. Moreover, airway remodelling and eosinophilic inflammation
but not AHR, were shown to be persistent, even in the absence of further allergen challenge.
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Methods
Allergen-induced airway inflammation

Acute OVA-induced airway inflammation was induced in female BALB/c mice as
previously described [16]. Briefly, mice were sensitized using OVA (Sigma, Poole, UK) at a
concentration of 0.01 mg/mouse in 0.2mL alum (Au-Gel-S, Serva Electrophoresis,
Heidelberg, Germany) intraperitoneal on days 0 and 12. Control mice received the same
volume of phosphate-buffered saline (PBS) in alum. All groups of mice were then
challenged daily with 5% OVA (aerosolized for 20 min) via the airways between days 18
and 23. Mice were killed by exsanguination under terminal anaesthesia at 24 h after the last
serial OVA administration on day 24. We have previously shown that this protocol results in
increased AHR, inflammation of the airways and Th2 cytokine production, and is termed the
acute period for the purposes of this study. Prolonged inflammation was induced by
subsequent exposure of mice to aerosolized OVA (5%) three times a week for 20 min until
groups of mice were killed on days 35 and 55 (chronic phase). In a separate group of mice,
OVA challenging was ceased on day 55 and mice were killed 1 month later on day 80.
Control mice were treated in parallel to test groups and were killed on days 24, 35, 55 and
80. There was no significant differences between these control mice killed at each time
point, therefore groups were pooled and included on graphs as alum controls.

Measurement of AHR
Airway responsiveness was measured indirectly by whole body plethysmography to
calculate enhanced pause (Penh: Buxco Technologies, Petersfield, UK). Response to inhaled
methacholine (Sigma) at concentrations of 3–100 mg/mL were measured for 1 min, as
described previously [17]. Results are shown for Penh after acute (day 24) and prolonged
allergen challenge on days 35, 55 and 80 in mice sensitized to PBS/alum (alum controls) or
OVA/alum.

Bronchoalveolar lavage
Bronchoalveolar lavage (BAL) was performed as described [16]. Briefly, the airways of the
mice were lavaged three times with 0.4 mL of PBS via a tracheal cannula. BAL fluid was
centrifuged (700 g, 5 min, 4 °C) and cells were recovered. BAL cell supernatants were
removed and analysed for T cell derived cytokines by ELISA.

Histology
Paraffin-embedded sections (4 μm) were stained with haematoxylin/eosin (H&E) to
evaluate general morphology, and goblet cells were visualized on periodic acid-Schiff
(PAS)-stained lung sections. Matrix deposition was assessed on Martius scarlet blue (MSB)-
stained sections. All slides were examined by two reviewers in a random blinded fashion.
Image analysis was performed on MSB-stained lung sections using Scion Image Analysis
software package (Scion Corporation, Frederick, MD, USA) adapted from the literature
[18]. Digital photographs of four bronchioles per tissue section were taken at × 40
magnification and these images were converted into monochrome. Ten measurements of 20
μm lines from each of the four bronchioles were drawn at a right angle from the basement
membrane into the submucosa and the mean density of staining intensity along the 20 μm
was calculated and expressed as pixels per μm2.

Quantification of airway eosinophils and smooth muscle cells
Lung tissue eosinophils were counted in H&E-stained lung tissue sections at × 20
magnification. Five hundred inflammatory leukocytes were counted in random regions along
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major airways (30 μm length) and the percentage of eosinophils calculated from total cells
counted.

ASM cells were counted in proliferating cell nuclear antigen (PCNA) immunostained lung
tissue sections at × 40 magnification. Dark elongated smooth muscle cell nuclei and round
nuclei in the muscle bundles were counted in three random measurements (30 μm length)
per bronchiole in three to four bronchioles per mouse [19]. Cells positive for PCNA stained
dark brown. Total cell counts and those positive for PCNA were counted, meaned and
divided by the number of measurements taken. All slides were examined by both
investigators, in a random blinded fashion at the end of the study.

Immunohistochemistry—Paraffin sections (4–5 μm) from alumand OVA-treated mice
were stained with rabbit anti-mouse TGF-β1 (Santa Cruz, Heidelberg, Germany) using an
avidin/biotin staining method. All incubations were carried out under humidified conditions
and slides were washed twice between steps for 5 min each in 0.1 M PBS/0.1% Tween.
Briefly, endogenous peroxidase was blocked by incubation for 20 min in methanol
containing 3% hydrogen peroxide. Non-specific staining due to cross-reaction with
endogenous avidin or biotin was then blocked by incubation with avidin solution followed
by biotin solution, both for 15 min. Thereafter, sections were overlaid with 20% donkey
serum in PBS for 15 min, and then incubated with antibodies specific for TGF-β1. Bound
antibody was visualized by incubation with biotinylated rabbit immunoglobulin for TGF-β1
(diluted in 1% normal mouse serum in PBS), followed by steptavidin complex for 30 min
each. Finally, slides were incubated with a peroxidase substrate, counterstained with
haematoxylin, dehydrated, mounted and studied by light microscopy. Lung tissue sections
were stained with PCNA according to manufacturer’s instructions (DAKO, Ely, UK).

Collagen analysis
Collagen content was measured in lung tissue homogenates by a biochemical assay
according to the manufacturer’s instructions (Sircol collagen assay, Biocolor, Belfast, UK).
Lung tissue (100 mg) was homogenized in 2 mL HBSS, centrifuged (800 g, 10 min) and the
supernatant collected and analysed.

Cytokine analysis
Cytokines were analysed in BAL fluid and lung tissue homogenates. Paired antibodies for
murine IL-4 and IFN-γ (PharMingen, Oxford, UK), IL-5 (Endogen-Pierce, Tattenhall, UK),
TGF-β1 and eotaxin/CCL11 (R&D Systems, Abingdon, UK) were used in standardized
sandwich ELISAs according to the manufacturer’s protocol. Kits to measure IL-13 were
purchased from R&D Systems.

Statistical analysis
Results were expressed as mean ± SEM with a group size of 4–17 from four different
experiments. Data was analysed by ANOVA (Kruskal–Wallis) or Mann–Whitney U-test where
appropriate and statistical significance was accepted when P<0.05.

Results
We have developed a model of prolonged allergen challenge that shares many
characteristics similar to the airway re-modelling observed in human chronic asthma. Mice
were subjected to a period of acute allergen exposure, which induced significant Th2-driven
eosinophilic inflammation in conjunction with AHR (acute phase). Thereafter, in order to
mimic repeated allergen exposure, mice were subjected to OVA challenge three times a
week until they were killed on days 35 and 55 (chronic phase). Airway remodelling was also
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assessed in mice 1 month after the final day 55 OVA challenge in order to investigate
persistence of airway remodelling (day 80).

Airway inflammation is sustained after prolonged OVA challenge
Acute allergen challenge resulted in large inflammatory infiltrates in perivascular and
peribronchiolar regions, consisting mainly of eosinophils as previously described ([16]; Fig.
1a, arrows depict eosinophils). This inflammatory infiltrate was sustained during prolonged
OVA challenge. Interestingly, the composition of the infiltrate became comparatively more
mononuclear in nature, although eosinophils still represented a significant proportion of the
infiltrate. On day 35, 22.7 ± 1.8% (n = 6) of the peribronchiolar infiltrates were eosinophils
and by day 55, 15.6 ± 1.4% (n = 6) of cells in the infiltrates were eosinophils in comparison
with alum controls (0 ± 0%, n = 6; Fig. 1a photomicrographs). Moreover, in the absence of
further allergen challenge, eosinophil infiltration was still evident (7.31 ± 0.53%, n = 6; Fig.
1a, day 80).

Goblet cell hyperplasia occurs after acute and prolonged OVA challenge
Excessive mucus secretion from hyperplastic goblet cells is a characteristic feature of the
asthmatic airway. In order to determine the extent of mucus cell metaplasia following
prolonged allergen challenge, paraffin-embedded sections of lung were stained with PAS.
An increase in PAS-positive cells was observed in the bronchial epithelium during acute
inflammation in comparison with alum controls and was sustained throughout prolonged
OVA challenge (Fig. 1b, pink staining). When allergen challenge was ceased, some PAS-
positive cells were seen in the bronchiolar epithelium, albeit at a significantly reduced rate
compared with day 55, and numbers were not significantly different from alum controls
(Fig. 1b, day 80).

Prolonged OVA challenged results in increased matrix deposition, which is persistent in
the absence of further allergen exposure

A prominent feature of airway remodelling observed in the airways of patients with asthma
is an increase in matrix deposition in the subepithelial region of the bronchioles. In order to
determine if prolonged OVA challenge affected matrix regulation, paraffin-embedded
sections of lung were stained with MSB to show collagen deposition (Fig. 1c, blue
represents collagen). Alum control mice showed little collagen staining around the airways
and the vasculature. Acute OVA challenge was associated with an increase in fine collagen
fibrils within some inflammatory peri-bronchiolar and perivascular infiltrates. In contrast,
during prolonged OVA challenge an increase in matrix was observed in the subepithelial
layer of the airways and also in peri-vascular regions as shown by a dramatic increase in
both the extent of collagen fibril deposition and intensity of staining. Dense collagen fibrils
were seen in the subepithelial and submucosal areas, and in between cells within
inflammatory infiltrates. Importantly, this level of collagen deposition did not resolve when
allergen challenge was ceased, indicating persistence of airway remodelling (Fig. 1c, day
80). In order to quantitate this increase in matrix deposition, image analysis was performed
on MSB-stained lung sections. Image analysis showed a significant increase in the density
of the submucosal region during the acute phase in comparison with alum controls (Fig. 2a).
A further increase in density was observed on days 35 and 55 during the chronic phase.
Density was maintained at day 80, in the absence of allergen challenge indicating the
persistence of pathological changes.

Levels of matrix within the lung tissue were also measured quantitatively using a
biochemical assay of total collagen levels. No significant increase in collagen levels was
observed at day 24 in comparison with alum control mice. Levels of collagen were increased
by 3-fold during the chronic phase in comparison with alum control and acute challenged
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mice on days 35 and 55 (Fig. 2b). In addition, even in the absence of allergen challenge,
increased levels of total collagen were maintained at day 80 in comparison with alum
control mice (Fig. 2b).

An increase in ASM cell proliferation occurs during prolonged allergen challenge
An increase in ASM mass is characteristic of human chronic asthma [20]. To determine the
extent of ASM cell proliferation during prolonged allergen challenge, slides were stained to
evaluate PCNA expression and total and PCNA-positive ASM cells were counted during
acute and chronic allergen challenge. PCNA is a cell surface antigen that is expressed by
proliferating cells in S-phase of the cell cycle. An increase in proliferating cells, as shown by
positive PCNA staining in the smooth muscle layer was observed during the chronic phase
in comparison with the acute phase (Fig. 3a, arrows depict positive cells). ASM counting
showed that acute allergen challenge increased the number of smooth muscle cells, which
was maintained on day 35 during prolonged allergen challenge in comparison with alum
control mice (Fig. 3b). On day 55 during prolonged allergen challenge, a dramatic increase
in the number of ASM cells was observed in comparison with alum and day 24 mice. In the
absence of further allergen challenge (day 80), this increase in smooth muscle cell number
was maintained. By counting the number of ASM cells positive for PCNA along 30 μm of
the basement membrane, we observed that there was no increase in ASM proliferation after
acute allergen challenge (alum: 0.61 cells ± 0.1 vs. day 24: 0.64 cells ± 0.2). However,
during prolonged allergen challenge, numbers of proliferating cells increased 4-fold above
day 24 on days 35 and 55 (2.53 cells ± 0.33 and 2.64 cells ± 1.2). Interestingly, in the
absence of further allergen challenge on day 80, the number of proliferating cells was further
increased 2.5-fold in comparison with day 55 (7.0 cells ± 0.69).

IL-4 is the dominant Th2 type cytokine in the lung during prolonged allergen challenge
Increased levels of Th2 cytokines are indicative of the allergic response. Moreover, Th2
cytokines, such as IL-13, have been implicated in the development of fibrosis in a variety of
transgenic murine models. We used ELISA to measure concentrations of Th2-associated
cytokines IL-4, IL-5 and IL-13 and the Th1-associated cytokine IFN-γ within BAL (Fig. 4,
left panel) and lung tissue (Fig. 4, right panel) compartments after prolonged challenge with
antigen. The response to acute OVA challenge in the BAL and lung tissue was associated
with significant increases in IL-4, IL-5 and IL-13 in comparison with alum controls (Figs
4a–f). Following prolonged OVA challenge, BAL and lung tissue levels of IL-4 were
significantly raised in comparison with alum controls (Figs 4a and b). Levels of IL-5 peaked
on day 35 in both BAL and lung tissue during prolonged allergen challenge (Figs 4c and d).
In contrast, BAL and lung tissue levels of IL-13 were shown to decrease during prolonged
OVA challenge (Figs 4e and f). Interestingly, BAL and lung tissue levels of IFN-γ were
also increased during the chronic phase, achieving significance on day 55 in the lung tissue
in comparison with alum controls (Figs 4g and h). In the absence of further allergen
challenge after day 55, cytokines were no longer detectable in the BAL. In contrast, IL-4
remained significantly elevated in the lung tissue in comparison with alum controls, whereas
IL-5, IL-13 and IFN-γ returned to baseline (Fig. 4, day 80).

Active TGF-β1 is increased during prolonged allergen challenge
TGF-β is a fibrotic cytokine previously shown to be up-regulated in multiple fibrotic
conditions including severe asthma [21]. TGF-β is potentially expressed by a variety of
different cell types, therefore, cellular localization of total TGF-β1 was determined by IHC
(Fig. 5ai–iv). TGF-β1 was found to be constitutively expressed in lung tissue before allergen
challenge (Fig. 5ai). Low levels of expression was seen in some bronchiolar and alveolar
epithelial cells. Expression of TGF-β1 changed significantly after acute OVA challenge
(Fig. 5aii). Less staining was observed within the airway epithelium in comparison with
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alum controls. Positive staining was shown on the surface of mononuclear cells within the
inflammatory infiltrate, but secreted TGF-β1 was also observed within the submucosa.
Following chronic allergen exposure, TGF-β1 staining was more dense within the
inflammatory infiltrate. Intense staining was seen between cells in the infiltrate in
comparison with acute allergen challenge, as well as in the smooth muscle layer (Fig. 5aiii).
In the absence of further allergen exposure after day 55, expression of TGF-β1 remained
elevated above acute allergen challenge lungs (day 80). Staining was less cell bound than
day 55, with more staining being observed between the cells in the submucosa (Fig. 5aiv).
Levels of active TGF-β1 in lung homogenates were measured during prolonged allergen
challenge in comparison with alum controls and acute phase mice using a specific ELISA
(Fig. 5b). There was no difference in levels of active TGF-β1 following acute allergen
challenge in comparison with alum control mice (Fig. 5b). A significant increase in levels of
active TGF-β1 was observed on day 35 in comparison with alum-treated mice. This increase
in levels of active TGF-β1 was maintained up to day 55 during prolonged allergen challenge
(Fig. 5b). If allergen challenging was ceased at day 55 and mice were killed at day 80, levels
of active TGF-β1 returned to levels comparable with those observed during the acute phase.

Levels of eotaxin are increased during acute and prolonged allergen challenge
Levels of eotaxin were also measured in the lung tissue during prolonged allergen challenge
(Fig. 5c). Levels of eotaxin were increased after acute allergen challenge and levels peaked
on day 35 during prolonged allergen challenge (Fig. 5c). Levels remained elevated on day
55 in comparison with alum control mice. In the absence of further allergen challenge, levels
of eotaxin in the lung tissue also remained elevated in comparison with alum controls (Fig.
5c).

Airway hyper-reactivity is sustained during prolonged OVA but decreases to baseline in
the absence of further allergen exposure

Figure 6 shows airway hyper-reactivity to increasing concentrations of methacholine in
OVA-treated mice and alum control mice. Acute allergen challenge (day 24) resulted in a
dose-dependent increase in AHR in comparison with alum control mice (Fig. 6). This
increase in AHR was shown to be sustained on day 35 during prolonged allergen challenge.
On day 55, although AHR remains elevated in comparison with alum controls, the
magnitude of the shift in the dose–response curve is decreased in comparison with earlier
time points. In the absence of continued allergen exposure, by day 80 hyper-reactivity to
cholinergic stimulation was not significantly different from alum control mice.

Discussion
Chronic allergen-induced airway inflammation in atopic asthmatics is characterized by
eosinophilia, AHR as well as irreversible changes to the airway structure, termed airway
remodelling [1, 22]. However, animal models of airway inflammation are generally acute
and induce eosinophilia and AHR only (reviewed by Lloyd et al. [23]). We set out to
establish a model of prolonged allergen-induced airway inflammation to try and mimic the
tissue remodelling observed in asthmatic patients. We found that extending the number and
period of allergen challenges induced airway remodelling as well as airway inflammation
and AHR in mice. This airway remodelling was characterized by deposition of collagen
around the airways and vasculature in the lungs, and ASM cell and goblet cell hyperplasia.
Deposition of collagen occurred alongside an increase in the levels of TGF-β1 and IL-4.
Importantly, this airway remodelling was shown to persist even in the absence of further
allergen challenge.
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Histological assessment of MSB-stained lung sections, image analysis and biochemical
measurements of collagen revealed a modest rise in matrix deposition during acute
inflammation but levels increased significantly during the chronic phase. Moreover,
prolonged allergen challenge was shown to induce ASM cell proliferation, which was
further increased in the absence of further allergen exposure. These increases in proliferating
smooth muscle cells coincides with the increase in matrix deposition. Collagen fibril
deposition was evident in the subepithelial and smooth muscle layer, with fibrils observed
between individual cells. It has been suggested that allergen challenge results in phenotypic
changes in smooth muscle cells that are then able to secrete a range of factors capable of
influencing secretion of extracellular matrix, such as TGF-β [19]. Matrix deposition may
also result from the recruitment and activation of fibroblasts. The particular contribution of
smooth muscle cells and fibroblasts to the changes in matrix regulation after chronic
allergen challenge warrant further investigation.

Together these data indicate that our model of prolonged allergen challenge of sensitized
mice induces matrix changes similar to those observed in asthmatic patients [22]. Repeated
exposure of mice to OVA has been shown to increase the thickness of the epithelial layer of
the trachea as well as deposition of collagenous material in the submucosal layer of the
trachea [14]. However, remodelling was not determined in the lower airways during this
model. Other groups have also indicated that extracellular matrix deposition occurs after
prolonged OVA challenge [24–26]. However, our study demonstrates along with multiple
markers of tissue fibrosis, that prolonged allergen leads to persistent airway remodelling,
being maintained even after the cessation of allergen challenge.

Initiation and progression of fibrosis is thought to depend on the expression of mediators
that influence local cell function. In asthma, exposure of patients to allergen results in
chronic inflammation, with recruitment of inflammatory cells and subsequent secretion of
Th2-associated cytokines, such as, IL-4, IL-5, IL-9 and IL-13, as well as growth factors such
as, TGF-β from infiltrating leukocytes and lung resident cells (reviewed by Renauld [27]).
TGF-β is a cytokine implicated in the development and maintenance of the fibrotic
response. It has been shown that in vitro stimulation of bronchial fibroblasts from asthmatics
with TGF-β resulted in their transformation into myofibroblasts, with the expression of α
smooth muscle actin and pro-collagen I [28]. Moreover, up-regulation of TGF-β expression
has been documented in the airways of asthmatic patients [11, 12]. In our mouse model,
deposition of collagen and ASM proliferation occurred in conjunction with an increase in
lung tissue TGF-β1 protein levels during the chronic phase. In addition, we determined that
mononuclear cells, likely macrophages, were the main source of TGF-β1 during prolonged
OVA challenge. Interestingly, others have suggested that eosinophils are potential sources of
TGF-β [11, 12, 18]. However, we could not find TGF-β protein associated with eosinophils
in lungs during our model. Previous data from clinical studies in asthmatic patients report a
compartmentalization of TGF-β expression occurring after allergen challenge [29]. Non-
asthmatic patients showed epithelial staining for TGF-β1 whereas asthmatic patients had no
epithelial TGF-β1 staining but positive staining in the inflammatory infiltrates in the
submucosal region. We documented a similar phenomenon in our mouse model, showing a
switch from epithelial TGF-β1 staining in unchallenged mice to staining of submucosal and
inflammatory infiltrate after acute and prolonged allergen challenge. It is possible that under
normal conditions TGF-β1 produced by the bronchial epithelial cells acts in a regulatory
capacity, functioning to limit inappropriate immune responses to external allergens, and
promoting pulmonary homeostasis. However, after allergen challenge TGF-β1 is produced
predominantly by inflammatory cells as well as resident lung tissue cells beneath the
basement membrane that allows for interaction with fibroblasts in the connective tissue,
influencing the development of fibrotic reactions.
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Lung specific over-expression of Th2 cell derived cytokines such as IL-4, IL-5, IL-9, IL-11
or IL-13 have shown that this group of cytokines is capable of inducing subepithelial
fibrosis in addition to their well-documented roles in airway inflammation and AHR [7–10,
30]. In our study, levels of IL-4 were found to dominate in the BAL and lung during the
chronic inflammatory phase. An increase in IL-4 levels was also observed during
bleomycin-induced pulmonary fibrosis in mice [31], and IL-4 deficient mice had
significantly less fibrosis than wild-type controls in this model [32]. IL-4 has been described
by several investigators to be a fibrogenic cytokine, and has been shown to regulate collagen
biosynthesis by lung fibroblasts in vitro [33]. Levels of IL-5 in our model were also
increased during chronic allergen exposure with levels peaking at day 35. Anti-IL-5
treatment has been shown to decrease reticulin deposition during a murine model of
allergen-induced airway inflammation [34]. Moreover, recent clinical data using a
humanized antibody to IL-5 has shown an anti-fibrotic role for IL-5 [18]. Treatment with
anti-IL-5 decreased expression of tenascin and pro-collagen III in the lung, together with a
decrease in airway eosinophils. Interestingly, although levels of IL-13 were increased in the
acute phase of our model, levels were comparatively reduced during the chronic phase.
However, this does not rule out IL-13 as a contributor to this pathology since lung tissue
levels are still elevated in comparison with alum control mice. A role for IL-13 in the
development of airway remodelling came from experiments where lung specific
overexpression of IL-13 in mice induced subepithelial fibrosis [10]. However, the
pathophysiology of this particular IL-13 transgenic mouse is more akin to that of
emphysema/chronic obstructive pulmonary disease rather than the airway remodelling
observed in chronic asthmatics. It has been shown that IL-4 and IL-13 act in conjunction to
ensure the rapid onset of a Th2-like response (reviewed by McKenzie [35]). In our model,
IL-13 may act in synergy with IL-4 and with CC-chemokines such as eotaxin and MCP-1 to
contribute to the fibrotic response [10]. Stimulation of human fibroblasts with IL-4 or IL-13
resulted in proliferation and an increase in CCL11/eotaxin and CCL2/MCP-1 release [28,
36]. Moreover, it has been shown in vitro that IL-13 acting in concert with TGF-β can
increase the release of eotaxin from human fibroblasts [37]. Indeed, we have shown that
levels of lung CCL11/eotaxin were also elevated during prolonged allergen challenge. IL-13
has been shown to activate TGF-β1 production in vivo [38]. It has also been demonstrated
that IL-13 and IL-4 can stimulate production of TGF-β2 from human bronchial epithelial
cells in vitro [28, 39]. Thus, in our model it is conceivable that IL-13 and IL-4 produced
during the acute phase may stimulate the production of TGF-β in vivo, which may
contribute to the collagen deposition observed during prolonged allergen challenge. In our
study, we hypothesize that levels of IL-4 combined with IL-5 and IL-13 within the lung
tissue promote fibrosis and result in airway remodelling. In addition, there may be
contribution from other profibrotic cytokines such as platelet derived growth factor (PDGF),
connective tissue growth factor (CTGF), epidermal growth factor (EGF) as well as IL-11, all
of which have been observed in biopsies of patients with remodelled airways [40–42].
Interestingly, levels of the Th1-associated cytokine IFN-γ were also shown to increase at
day 55 in the chronic phase in comparison with control mice. An increase in levels of IFN-γ
in BAL fluid and serum from asthmatic patients have also been documented [43, 44].
Moreover, IFN-γ has been shown to increase expression of markers of activation on
eosinophils, for example, CD69 suggesting a role for IFN-γ in eosinophil activation [45].

AHR is a hallmark feature of human asthma and we were interested to see how the structural
changes reported in the prolonged allergen challenge model impacted on lung function.
AHR was increased after allergen challenge during both the acute allergen challenge phase
of our model as well as during chronic allergen challenge in comparison with alum controls.
However, the magnitude of the response on day 55 was less than that on day 24, perhaps due
to the decline in levels of IL-13, a cytokine shown to be essential for AHR in mice [46, 47].
In the absence of continued allergen exposure after day 55, there was no significant
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difference between alum controls and day 80 mice. A similar improvement in AHR and a
decline in eosinophilia was also observed in asthmatic patients when allergen exposure to
house dust mites was eliminated via high altitude allergen avoidance [48]. In our model, we
also saw a decline in the percentage of eosinophils in airway infiltrates after allergen
challenge was stopped. Interestingly, eosinophils did not disappear completely, and were
still significantly raised above baseline, probably due to elevated levels of eotaxin still
present, although in vitro evidence suggests that TGF-β and IL-13 cooperate to induce
eotaxin secretion from pulmonary fibroblasts, providing a possible mechanism for
maintained eosinophil recruitment [37]. Overall our data indicate that eosinophils may
contribute to the development and maintenance of remodelling, through release of cytokines
and fibrogenic mediators, but not AHR. It is possible that there may be a threshold of
eosinophils necessary to induce AHR, or the decline in AHR may be due to the decrease in
levels of cytokines such as IL-13 or IL-5 that are thought to contribute to AHR in sensitized
mice [46, 47, 49]. Although AHR was not maintained in the absence of allergen challenge,
airway remodelling was shown to be persistent, with no change in symptoms after the
cessation of allergen challenge.

In summary, the study presented here has shown that prolonged allergen challenge of
sensitized mice results in persistent remodelling of the airways. Collagen deposition, ASM
proliferation, fibrotic mediator secretion were observed together with the features of acute
inflammation, namely eosinophilia and Th2 cytokine production. Moreover, the structural
airway changes are sustained even in the absence of further allergen challenge. The protocol
described represents an improved model for the study of airway inflammation in mice since
it faithfully reproduces many of the characteristic features of the chronic human disease and
may be beneficial for testing novel therapies for the treatment of chronic asthma.
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Fig. 1.
Effect of prolonged ovalbumin (OVA) challenge on lung tissue pathology. Representative
photomicrographs of (a) haematoxylin/eosin (H&E)- (arrows depict eosinophils), (b)
periodic acid-Schiff (PAS)- and (c) Martius scarlet blue (MSB)-stained lung sections from
alum control mice, OVA challenged mice at day 24 (acute phase) and day 55 (chronic
phase), and mice that were no longer exposed to OVA from day 55 and killed at day 80 are
shown (original magnification × 40). Data is representative of n = 9–17/group/time point.
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Fig. 2.
Effect of prolonged ovalbumin (OVA) challenge on matrix deposition. (a) Image analysis of
Martius scarlet blue-stained lung sections from mice treated with alum or OVA during acute
and prolonged allergen challenge. Random measurements from the basement membrane into
the submucosa (10 measurements of 20 μm in length) were taken and the mean density
calculated from four bronchioles per mouse, n = 4 mice per group. (b) Levels of total
collagen were measured in lung homogenate samples taken throughout the model. Data is
expressed as mean ± SEM, n = 4/group; *P<0.05 in comparison with alum control mice.
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Fig. 3.
Effect of prolonged ovalbumin (OVA) challenge on airway smooth muscle cell
proliferation. (a) Representative photomicrographs of paraffin-embedded lung sections from
day 24 acute OVA challenged mice and mice from day 55 during prolonged allergen
challenge, stained with antibodies against proliferating cell nuclear antigen (PCNA)
(original magnification × 40. PCNA-positive cells stain brown). Data is representative of n =
4/ group/time point. Ig control sections were negative. (b) Total and proliferating airway
smooth muscle cell counts from lung tissue sections taken from alumand OVA-treated mice
throughout the model. Data is expressed as mean ± SEM, n = 4/group; *P<0.05 in
comparison with alum control mice.
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Fig. 4.
Effect of prolonged ovalbumin (OVA) challenge on cytokine levels. IL-4 (a, b), IL-5 (c, d),
IL-13 (e, f) and IFN-γ (g, h) levels were measured in bronchoalveolar lavage (left panel)
and lung tissue homogenates (right panel) by ELISA in samples from alum controls, acute
and chronic phase killed 24 h after the final OVA challenge and mice from day 80. Data are
expressed as mean ± SEM; n = 4–17/group and *P<0.05 in comparison with alum control
mice. ND, non-detectable.

McMillan and Lloyd Page 17

Clin Exp Allergy. Author manuscript; available in PMC 2012 August 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 5.
Effect of prolonged ovalbumin (OVA) challenge on levels of TGF-β. (a) Representative
photomicrographs of paraffin-embedded lung sections from alum controls (i), OVA
challenged mice at day 24 (ii), day 55 (iii) and day 80 (iv), stained with antibody against
TGF-β1. Data is representative of n = 4/group/ time point. Ig controls were negative
(original magnification × 40). (b) Levels of active TGF-β1 were measured in lung
homogenates by ELISA taken from acute and chronic OVA challenged mice. Data is
expressed as mean ± SEM, n = 5–10/group; *P<0.05 in comparison with alum control mice.
(c) Levels of eotaxin were measured in lung tissue homogenates by ELISA from mice
during prolonged allergen challenge. Data is expressed as mean ± SEM, n = 4/group;
*P<0.05 in comparison with alum control mice.

McMillan and Lloyd Page 18

Clin Exp Allergy. Author manuscript; available in PMC 2012 August 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 6.
Effect of prolonged allergen challenge on airway hyper-responsiveness. Airway hyper-
responsiveness was measured 24 h after each final OVA challenge on days 24 (acute phase),
35 and 55, and in the absence of further allergen exposure on day 80 using a Buxco system
where mice were exposed to increasing concentrations of methacholine (3–100 mg/mL).
Values are expressed as mean ± SEM, n = 8–12/group/time point. *P<0.05 in comparison
with alum control mice.
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