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Abstract

Background: Asthma and especially severe asthma affect
women more frequently than men. Since asthma severity
correlates with remodeling changes in the lung, a female
propensity to remodeling could be expected. We studied
whether our previous observation that female mice have
more pronounced airway inflammation than males is associ-
ated with more pronounced remodeling in two models of
chronic allergic asthma. Methods: Male and female BALB/c
mice were (1) sensitized and subsequently challenged with
ovalbumin (OVA) for 4 weeks, or (2) exposed to house dust
mite (HDM) for 5 weeks. In both models, allergic inflamma-
tion, remodeling, antigen-specific IgE and methacholine
(MCh) responsiveness were assessed. Results: Females had
higher antigen-specific serum IgE levels, higher numbers of
eosinophils and were more responsive to MCh. In the OVA
model, females also had higher levels of Th2 cytokines in
lung tissue than males. Both sexes developed similar airway
remodeling (smooth muscle layer thickness, collagen Il de-

position and goblet cell hyperplasia) in the two models. Con-
clusions: Combining results of an OVA- and a HDM-induced
mouse model of allergic airway inflammation, we have
shown that more severe allergic inflammation in females is
not accompanied with more pronounced airway remodel-

ing. Copyright © 2010 S. Karger AG, Basel

Introduction

The contribution of remodeling to asthma pathogen-
esis and its clinical relevance remain controversial.
Remodeling in asthma is characterized by structural ab-
normalities like hypertrophy of airway smooth muscle,
subepithelial fibrosis, goblet cell hyperplasia, and prolif-
eration of airway blood vessels and nerves. Airway re-
modeling is more prominent in patients with severe asth-
ma [1] and inflammation has been regarded as the main
pathogenic factor. However, it is not clear whether more
inflammation directly leads to more remodeling. It has
been suggested that severe asthma is a disease different
from mild/moderate asthma and does not necessarily de-
velop from moderate asthma [2].
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Fig. 1. Experimental design of the study:
OVA and HDM model.
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The importance of airway remodeling as an early and
consistent feature of asthma has been suggested by recent
studies in children with asthma [3, 4]. These studies sug-
gest that remodeling starts early during the development
of asthma and occurs in parallel with inflammation or is
even a prerequisite for persistent inflammation [5, 6].

In adulthood, asthma occurs more frequently among
women, and severe asthma is a predominantly female
disease [7]. Since asthma severity correlates with remod-
eling changes in the lung, a female propensity for remod-
eling could be anticipated. To our knowledge, no studies
have addressed this issue yet.

To assess whether more severe airway inflammation
leads to more remodeling, we used two mouse models of
chronic allergic asthma in which remodeling was defined
as goblet cell hyperplasia and depositions of collagen III
and a-smooth muscle actin (a-SMA) around airways.
We and others recently showed that in a model of ovalbu-
min (OVA)-induced allergic asthma, female mice develop
more severe airway inflammation as compared to males
[8-10]. We adapted this model of acute airway inflamma-
tion to a model of chronic inflammation to study airway
remodeling. In parallel to this model, we ran the clini-
cally more relevant house dust mite (HDM)-induced air-
way inflammation mouse model to compare responses.
First, we confirmed sex differences in airway inflamma-
tion in both models and next we investigated the extent
of remodeling in male and female mouse lungs.
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Materials and Methods

Animals

Male and female BALB/c mice aged 6-8 weeks (Harlan, Horst,
The Netherlands) were held under specific pathogen-free condi-
tions in groups of 6-8 mice per cage. The experiments, approved
by the local Committee on Animal Experimentation, were per-
formed under strict governmental and international guidelines
on animal experimentation.

OVA Model

Male (n = 6 per group) and female (n = 6 per group) mice were
sensitized to OVA on days 1, 14, and 21 by intraperitoneal injec-
tions of 10 pg OVA (Grade V, Sigma Aldrich, Zwijndrecht, The
Netherlands) emulsified in 1.5 mg aluminum hydroxide (Alu-
minject, Pierce Chemical, Etten-Leur, The Netherlands) diluted
to 200 wl with PBS. They were subsequently challenged with 1%
OVA aerosols in PBS (OVA mice) or PBS aerosols (PBS mice) for
20 min, twice a week for 4 weeks (fig. 1). On day 49, responsiveness
to methacholine (MCh) was tested and the animals were sacri-
ficed on day 50 to collect serum for OVA-specific IgE and lung
tissue for histological analysis and cytokine determination.

HDM Model

Male (n = 8 per group) and female (n = 8 per group) mice were
exposed intranasally to 25 g (in 10 wl PBS) purified whole-body
HDM extract (Dermatophagoides pteronyssinus, Greer laborato-
ries, Lenoir, N.C., USA) 4 times a week during 5 weeks. Control
animals were exposed to 10 wl PBS.

Responsiveness to MCh was tested 1 day after the last intrana-
sal challenge (day 36) and the animals were sacrificed on day 37
to collect serum for HDM-specific IgE and lung tissue for histo-
logical analysis and cytokine determination (fig. 1).
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Each experiment has been replicated in 6 (OVA model) or 8
(HDM model) mice per exposure group. Due to logistical reasons,
these experiments had a staggered design, so in each group, mice
were sacrificed at different times.

Assessment of MCh Responsiveness

MCh responsiveness was assessed as changes in enhanced
pause (Pe,p) in conscious, spontaneously breathing animals using
a whole-body plethysmography system (Buxco Electronics, Pe-
tersfield, UK) as described previously [11]. Recently, there has
been a discussion about the accuracy of whole-body plethysmog-
raphy to measure airway responsiveness. Therefore, we used this
technique in conscious mice to assess the response to a nonspe-
cific bronchoconstrictor (MCh) and not as a measure of airway
resistance per se. We therefore have chosen the term ‘MCh re-
sponsiveness’ instead of ‘airway hyperresponsiveness’.

Measurement of OVA-Specific Serum IgE

OVA-specific serum IgE was measured by ELISA as described
previously [8]. Levels of OVA-specific IgE were expressed in arbi-
trary ELISA units.

Measurement of HDM-Specific Serum IgE
HDM-specific serum IgE was measured by ELISA as described
previously [12].

Cytokines

Concentrations of interleukin (IL)-4, IL-5, IL-6, IL-13, IL-17
and interferon-y (IFN-v) in lung tissue were measured with a
multiplex ELISA system (Lincoplex Systems, St. Charles, Mo.,
USA) on a Luminex 100 system using Starstation software (Ap-
plied Cytometry Systems, Sheffield, UK). Lung tissue was homog-
enized (20% w/v) in 50 mM Tris-HCI buffer containing 150 mM
NaCl, 0.002% Tween-20 (pH 7.5) and a protease inhibitor (Sigma
Aldrich). This was centrifuged at 12,000 g for 10 min to remove
any insoluble material. Supernatants were subsequently stored at
-80°C until further analysis.

Transforming growth factor-f; (TGF-B,) in serum was mea-
sured with a sandwich ELISA (R&D Systems, Abingdon, UK).

Histology

Frozen lung sections were made in the caudal-cranial axis
from the ventral end (the convex side) of the right azygous and
diaphragmatic lobe. Sections were made where small/intermedi-
ate airways were present and large cartilaginous airways were to-
tally or largely absent in the sectional plane.

Paraffin/Nakane embedded lung sections were made cross-
sectionally halfway the left lobe, 45° from the dorsal-ventral axis
(to exclude the large cartilaginous bronchi close to the hilum).
Sections were made when small/intermediate airways were pres-
ent and large cartilaginous airways were totally or largely absent
in this sectional plane as well.

Eosinophils were identified in 4-pm cryosections by staining
for cyanide-resistant endogenous peroxidase activity with diami-
nobenzidine (Sigma Aldrich) and quantified by morphometric
analysis using Leica Qwin image analysis software (Leica Micro-
systems, Rijswijk, The Netherlands) and expressed as volume per-
centages. Neutrophils were identified in 4-pum sections of Na-
kane-fixed lung tissue (OVA model) or 4-pm cryosections (HDM
model) with a rat monoclonal anti-GR1 antibody (BD Bioscienc-
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es) and visualized with 3-amino-9-ethylcarbazole (AEC, Sigma
Aldrich). Positive cells were quantified by manual counting in the
whole tissue section and the total tissue area was quantified by
morphometric analysis. The numbers of cells were expressed per
square millimeter. Positive cells were quantified by morphomet-
ric analysis and expressed as volume percentages.

Airway remodeling was defined as increased goblet cell hyper-
plasia, collagen III deposition and a-SMA expression around air-
ways. Goblet cells were determined in 4-pm sections of frozen
lung tissue (OVA model) or formalin-fixed lung tissue (HDM
model) by counting cells staining positive for periodic acid-Schiff
(PAS). The length of all airways (measured at the basal end of the
airway epithelium) in the section was determined, and the total
number of PAS-positive cells was expressed per millimeter air-
way.

Collagen IIT and a-SMA were identified in 4-pum sections of
frozen lung tissue with a polyclonal goat-anti-mouse collagen III
antibody (SBA, Birmingham, Ala., USA) and a monoclonal mouse
anti-rat o-SMA antibody (Progen, Heidelberg, Germany), respec-
tively. They were visualized with fuchsin chromogen (for collagen
III) and AEC for a-SMA, respectively. The surface of positively
stained tissue was expressed as square millimeters per millimeter
airways in a total lung section. Staining in parenchymal tissue and
directly adjacent to blood vessels was excluded from the measure-
ment.

Cartilaginous airways if present were excluded from all analy-
ses. Each analysis was performed blinded by the same observer.

Statistical Analysis

When residuals were not normally distributed, appropriate
log10 or 1/x transformation of the data was performed. The inter-
action of the effect of antigen exposure and the effect of sex dif-
ference was investigated with a multiple linear regression model
(SPSS 14.0 software, SPSS Inc. Chicago, I1l., USA). Multiple linear
regression analysis can distinguish between a positive interaction
and a negative interaction. A significant positive interaction (the
only interaction type found in our analyses) means that the effect
of antigen exposure is greater in females than in males. When no
interaction was found, the effect of antigen exposure (OVA/HDM
effect) was assessed by linear regression analysis. When no inter-
action and no effect of antigen exposure were found, the effect of
sex was assessed by linear regression analysis. The multiple linear
regression analyses were performed for the OVA and HDM mod-
els together, except for the cytokines IL-6, IL-13,1L-17, IFN-y and
TGEF-, since these cytokines did not fall into equal ranges for the
two models. For analysis of MCh responses, the area under the
Penn curve was calculated and analyzed with the Mann-Whitney
U test. p < 0.05 was considered significant.

Results

Females have higher volume percentages of eosino-
phils in lung tissue and higher levels of antigen-specific
IgE in serum after antigen exposure.

OVA and HDM significantly increased the volume
percentage of eosinophils in lung tissue (fig. 2a) and levels
of antigen-specific IgE in serum (fig. 2b) in male and fe-
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male mice (OVA/HDM effect). The response to antigen
exposure was larger in female mice (explanation for the
interaction between the effects of antigen exposure and
sex). No differences in numbers of neutrophils per square
millimeter lung tissue were found with respect to antigen
exposure or sex (data not shown).

Cytokine Levels

Levels of IL-4 (fig. 3a) and IL-5 (fig. 3b) were measured
in equal ranges for the two models and were therefore
analyzed collectively. Levels of IL-13, IFN-v, IL6, IL-17
and TGF-pB, (fig. 3c—g) were not measured in equal rang-
es and were therefore analyzed separately for the OVA
and the HDM model.

Antigen exposure induced a larger increase in the lev-
els of IL-4 in females than in males (explanation for the
interaction between the effects of antigen exposure and
sex), but no such interaction was found for IL-5. In addi-
tion, OVA exposure increased IL-13 and both OVA and
HDM exposure increased levels of IL-6 and IL-17. Fur-
thermore, antigen exposure resulted in a larger increase
in IL-6 in the OVA-exposed females and a larger increase
in IL-17 in HDM-exposed females compared to males
(explanation for the interactions between the effects of
antigen exposure and sex).

IFN-vy and TGF-3; were not affected by antigen expo-
sure in either sex but were lower in females than in males
in the OVA model (sex effect p = 0.013 and p = 0.008, re-
spectively).

Both Sexes Display Similar Airway Remodeling after

Antigen Exposure

Antigen exposure significantly increased the number
of goblet cells in the airways (fig. 4a), smooth muscle lay-
er thickness around the airways (fig. 4b) and collagen III
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deposition around the airways (fig. 4¢). For these three
remodeling parameters, no interaction between the effect
of antigen exposure and sex was found.

Females Display Increased MCh Responsiveness after

Antigen Exposure in Both Models

OVA exposure as well as HDM exposure increased the
sensitivity for MCh in females as compared to females
exposed to PBS (fig. 5a). This left shift of the curve was
not seen in males exposed to OVA or HDM compared to
PBS-exposed animals (fig. 5b).

Discussion

This study in two models of chronic asthma confirms
earlier findings in acute OVA models [8, 10, 13, 14]. We
and others previously found that females are more prone
to developing a more severe asthma phenotype than
males. More importantly, we show that this higher pro-
pensity to develop allergic airway inflammation in fe-
males is not accompanied with increased airway remod-
eling.

Two important characteristics of allergic airway in-
flammation, i.e. eosinophils in lung tissue and antigen-
specific IgE in serum, were more pronounced in females
than in males in both chronic models. Additionally, the
levels of Th2 cytokine IL-4 in lung tissue also showed a
larger increase in antigen-exposed females than males.
This is in line with the higher levels of antigen-specific
IgE in females.

However, when we investigated whether the severity of
airway remodeling (goblet cell hyperplasia, smooth mus-
cle layer and collagen III deposition) in male and female
mice was associated with the severity of airway inflam-
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Fig. 3. Levels of IL-4 (a), IL-5 (b), IL-13 (c), IFN-vy (d), IL-6 (e), IL-
17 (f) in lung tissue and TGF-, (g) in serum from male and fe-
male mice exposed to PBS or antigen in the OVA model (open
symbols) and HDM model (closed symbols). Individual data
points and means are shown. Linear regression analyses for the
cytokines IL-13, IFN-v, IL-6, IL-17 and TGF-3; were performed
for both models separately. ‘Interaction’ indicates a larger effect of

mation, we found that this was not the case. The amount
of remodeling in both male and female mice as compared
to unchallenged mice was increased, yet there was no dif-
ference between male and female mice in this respect.
Taken together, our group sizes were sufficiently large to
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Mice

antigen exposure in females as compared to males. a, b OVA/
HDM effect, p < 0.001. ¢ OVA effect, p < 0.01, HDM effect, n.s.
d OVA and HDM effect, n.s. e HDM effect p < 0.01. f OVA and
HDM effect, p < 0.001. g OVA and HDM effect, n.s. * p < 0.05,
** p < 0.01 (OVA model), * p < 0.05, * p < 0.01 (HDM model);
n.s. = not significant in post-hoc analyses.

pick up differences in eosinophilic inflammation, anti-
gen-specific IgE and levels of IL-4 between male and fe-
male mice whereas remodeling was similar in males and
females or at least differed to a smaller extent between the
two sexes. Since there was a trend for an interaction be-
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tween the effect of antigen exposure and sex for airway
smooth muscle layer, an even larger group size may show
that females are more prone to develop airway smooth
muscle hyperplasia. However, we do not expect that this
will also be the case for goblet cell hyperplasia and col-
lagen III deposition.

Several studies have shown that inflammatory cyto-
kines such as IL-4 and IL-13 can contribute to goblet cell
hyperplasia [15, 16] and smooth muscle cell growth in vi-
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tro [17]. The lack of an association between goblet cell
hyperplasia and airway smooth muscle layer on the one
hand and IL-4 on the other hand in this study does not
necessarily imply that this cytokine does not contribute
to the remodeling process at all in our mouse models of
asthma. It is possible that the remodeling parameters we
measured can only increase up to a certain maximum
beyond which inflammation can increase without fur-
ther increases in remodeling (ceiling effect). This hypoth-
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esis is supported by a study by Payne et al. [18], who
showed equal increases in reticular basement membrane
thickness (another marker of airway remodeling which is
shown to be correlated with collagen III and fibronectin
deposition) in children and adults with mild or acute life-
threatening asthma, despite changes in eosinophilic air-
way inflammation, anti-inflammatory therapy or dura-
tion of asthma.

Furthermore, we show that antigen exposure results in
higher MCh responsiveness in females than in males, and
this suggests that MCh responsiveness may be related to
airway eosinophilia rather than to airway remodeling (at
least in our female mice). A recent study in mice supports
this, showing that airway responsiveness and reduced
baseline lung function were evident before the onset of
collagen deposition and that airway responsiveness to-
gether with airway eosinophilia in this model decreased,
independently of the persistent peribronchial collagen
deposition [19]. Several clinical studies have suggested a
relationship between airway responsiveness and reticular
basement membrane thickness [20, 21] or airway smooth
muscle thickness [22] in biopsies, yet many other studies
have not shown consistent relationships between airway
remodeling and airway responsiveness, as reviewed in
these papers [23, 24]. Therefore, our data in mice are com-
parable to data in clinical studies showing that airway
remodeling may not always contribute to airway respon-
siveness and that other factors contribute as well. Fur-
thermore, one could interpret from our data that male
mice do not develop MCh responsiveness. However, this
is not the case since our short-term study provides evi-
dence of MCh responsiveness in male and female mice
[8]. This suggests that MCh responsiveness in male mice
decreases after long-term OVA or HDM exposure, in
contrast to ongoing MCh responsiveness in female mice.
This is compatible with previous observations that female
mice are more prone to chronic inflammation [8] where-
as male mice may be more prone to acute or nonallergic
inflammation and subsequent MCh responsiveness [25,
26].

Interestingly, when we investigated the cytokine levels
in both models, we found no interactions between the ef-
fect of antigen exposure and the effect of sex difference
for the Th2 cytokines IL-5 and IL-13, but we observed
that the levels of these cytokines were higher in OVA-
exposed females than in OVA-exposed males. Post-hoc
subgroup analysis with Mann-Whitney U tests con-
firmed this finding. This indicates that chronic and
short-term OVA exposure have similar effects with re-
spect to sex differences [8, 10], but that these effects are

Comparison of Male and Female Allergic
Mice

less pronounced. Furthermore, we observed that in the
OVA model, cytokine levels of IL-13 and IL-17 were high-
er and levels of IFN-y and TGF-f3; were lower in sen-
sitized and PBS-challenged female mice compared to
sensitized and PBS-challenged male mice. This was also
confirmed with post-hoc subgroup analyses. Since this
difference between PBS-challenged male and female
mice was not present in the HDM model, this may indi-
cate that female mice respond differently to the proce-
dure of intraperitoneal sensitization with alum and OVA
than male mice with respect to subsequent cytokine pro-
duction. Whether this is caused by the intraperitoneal
injections or by the administration of the adjuvant can-
not be established from our data. In an interesting study
by Careau et al. [27], intraperitoneal sensitization of rats
with an allergen induced phenotypical differences in pul-
monary macrophages and these macrophages subse-
quently had proallergic capabilities. The mechanism be-
hind this remarkable finding was not further investigat-
ed, but may be one of the causes for the sex differences
found. Especially so as we have just shown that macro-
phages are probably responsible for the aggravated air-
way inflammation in female mice in the acute OVA mod-
el [10].

Additionally, the lower levels of TGF-$, in females
may have caused less downregulation of airway inflam-
mation and responsiveness in females but may have had
no effect on airway remodeling. This is supported by the
finding that TGF-f is an important downregulator of in-
flammatory responses [28], known to specifically sup-
press the activity of eosinophils, Th2 cells, B cells and
macrophages. The absence of TGF-f signaling increased
airway inflammation and airway responsiveness but had
no effect on airway remodeling in mice exposed to HDM
[29]. Thus, lower levels of this cytokine could induce the
higher susceptibility of females to allergic airway inflam-
mation. Our data are in concurrence with data showing
that neutralization of TGF- in female mice increased
MCh responsiveness and Th2 inflammation and that in-
traperitoneal alum + OVA sensitization decreased TGF-f3
levels in mice [30]. However, this would not explain the
sex differences found in the HDM model.

An interesting novel finding was that the increase in
IL-6, involved in Th17 differentiation, was larger in fe-
males in the OVA model. Furthermore, post-hoc analysis
revealed that the level of IL-17, the major product of Th17
cells, was also higher in OVA-exposed females compared
with OVA-exposed males, which is consistent with the
larger increase in IL-17 in females than in males in the
HDM model. IL-17 is known to be associated with airway
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responsiveness to MCh [31] and IL-17-expressing cells are
increased in sputum and BAL from asthmatic patients
[32]. Since Schnyder-Candrian et al. [33] showed that IL-
17 is essential in the sensitization phase of establishing
allergic asthma, the higher IL-17 levels in females could
have made them more susceptible to allergic sensitization
and therefore to airway inflammation and MCh respon-
siveness.

In summary, we have shown increased eosinophilic
airway inflammation, IL-4 levels in lung tissue, antigen-
specific IgE levels in serum and MCh responsiveness in
female mice compared to male mice in two models of
asthma. Since airway inflammation is thought to have an
effect on airway remodeling, a female propensity for air-
way remodeling was anticipated. Although we have

shown that airway remodeling is increased in mice with
airway inflammation, female mice do not show signs of a
more pronounced airway remodeling as compared to
males in both models. This indicates that airway inflam-
mation and remodeling are characteristics of asthma that
can occur in parallel but may not necessarily be related.
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