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It is now fully appreciated that asthma is a disease of a chronic
nature resulting from intermittent or continued aeroallergen expo-
sure leading to airway inflammation. To investigate responses to
continuous antigen exposure, mice were exposed to either house
dust mite extract (HDM) or ovalbumin intranasally for five consecu-
tive days, followed by 2 days of rest, for up to seven consecutive
weeks. Continuous exposure to HDM, unlike ovalbumin, elicited
severe and persistent eosinophilic airway inflammation. Flow cyto-
metric analysis demonstrated an accumulation of CD4� lympho-
cytes in the lung with elevated expression of inducible costimulator
a marker of T cell activation, and of T1/ST2, a marker of helper T
Type 2 effector cells. We also detected increased and sustained pro-
duction of helper T cell Type 2-associated cytokines by splenocytes
of HDM-exposed mice on in vitro HDM recall. Histologic analysis of
the lung showed evidence of airway remodeling in mice exposed
to HDM, with goblet cell hyperplasia, collagen deposition, and peri-
bronchial accumulation of contractile tissue. In addition, HDM-
exposed mice demonstrated severe airway hyperreactivity to meth-
acholine. Finally, these responses were studied for up to 9 weeks
after cessation of HDM exposure. We observed that whereas airway
inflammation resolved fully, the remodeling changes did not resolve
and airway hyperreactivity resolved only partly.

Keywords: allergy and immunology; animal; asthma; models

Asthma is an airway inflammatory disease of a chronic nature
(1, 2). As asthma is an allergen-induced, immune-driven in-
flammatory disease, “chronicity” can be understood as the conse-
quence of recurrent episodes of airway inflammation resulting
from intermittent allergen exposure or, alternatively, as persis-
tent airway inflammation resulting from continuous allergen ex-
posure. Exposure to seasonal allergens such as ragweed would
exemplify the former, whereas exposure to perennial allergens
such as house dust mite would be representative of the latter.
Chronic allergen exposure likely triggers a distinct array of im-
munobiological and biochemical responses, the impact of which
to the airway structure is thought to contribute significantly to
clinical symptoms (3, 4). In humans, such changes include airway
wall thickening, subepithelial fibrosis, collagen deposition, goblet
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cell hyperplasia, myofibroblast hyperplasia, and epithelial cell
hypertrophy (5, 6). Importantly, the molecular and biochemical
processes underlying airway structural remodeling remain
poorly understood.

Although studies examining the airways of humans with
asthma are invaluable, they provide only a snapshot of what is
surely a complex and dynamic process. Although murine models
have been useful in understanding the basic cellular and molecu-
lar mechanisms of allergic sensitization and acute airway in-
flammation, they have generally been much less productive in
advancing our understanding of the mechanisms and implica-
tions of chronic airway inflammation and remodeling. A central
reason for this lies in the antigen generally used in these models,
ovalbumin (OVA), because it has been shown that respiratory
exposure to OVA does not lead to chronic airway inflammation,
but instead results in inhalation tolerance, and continuous expo-
sure to OVA in a sensitized animal leads to a diminution, in
fact a complete abrogation, of airway inflammation (7). Our
laboratory has developed novel mouse models of airway in-
flammation involving exposure to common environmental aer-
oallergens, such as ragweed (8) and house dust mite (9). Previous
studies involved short-term exposure to aeroallergen extracts
(7–10 days); in the present study we investigated the impact of
prolonged exposure (5–7 weeks) to a house dust mite (HDM)
extract on local and systemic immunoinflammatory responses,
and on the functional and structural consequences of such
exposure.

Our data show that chronic exposure to HDM leads to promi-
nent and sustained airway eosinophilic inflammation, along with
elevated serum levels of helper T cell Type 2 (Th2)-associated
immunoglobulins and significantly increased production of Th2-
associated cytokines by splenocytes in vitro. We have also identi-
fied, by flow cytometry, a persistent accumulation of activated/
effector T cell subsets in the lung. Moreover, we have docu-
mented widespread and severe structural changes in HDM-
exposed animals, with evidence of goblet cell hyperplasia and
significant increases in subepithelial collagen deposition and
contractile tissue. Finally, airway reactivity to methacholine
was considerably increased after 5 weeks of HDM exposure.
Although cessation of allergen exposure allowed for a rapid
resolution of the immunoinflammatory response in the airway,
persistent structural and functional abnormalities were observed
even after 9 weeks of nonexposure.

Some of the results of these studies have been previously
reported in the form of an abstract (10).

METHODS

Animals

Female BALB/c mice (6–8 weeks old) were purchased from Jackson
Laboratory (Bar Harbor, ME). Mice were housed under specific patho-
gen-free conditions and a 12:12 hour light:dark cycle. All experiments
described in this study were approved by the Animal Research Ethics
Board of McMaster University (Hamilton, ON, Canada).
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Antigen Administration

Mice were exposed to either purified HDM extract (Greer Laboratories,
Lenoir, NC) or OVA (Grade V; Sigma, Oakville, ON, Canada) intrana-
sally (25 �g of protein in 10 �l of saline) for 5 days/week for up to
seven consecutive weeks.

Collection and Measurement of Specimens

Blood and bronchoalveolar lavage fluid (BALF) were collected and
evaluated as previously described (11).

Splenocyte Culture

Splenocytes were isolated and cultured, and supernatants were collected
for ELISA analysis. See the online supplement for additional details
on the methods used to make these measurements.

Quantification of Cytokines and Immunoglobulins

ELISA kits were purchased from R&D Systems (Minneapolis, MN).
Total IgE and HDM-specific IgG1 levels in the serum were detected
by antigen-capture ELISA. See the online supplement for additional
details on the methods used to make these measurements.

Lung Cell Isolation and Flow Cytometric Analysis of
Lung Cell Subsets

Lung mononuclear cells were isolated as previously described (12)
and stained for flow cytometric analysis. Data were collected with a
FACScan (BD Biosciences Immunocytometry Systems, Sunnyvale,
CA) and were analyzed with WinMDI software (Scripps Research
Institute, La Jolla, CA). See the online supplement for additional details
on the methods used to make these measurements.

Measurement of Airway Hyperresponsiveness

Airway responsiveness was measured on the basis of the response of
total respiratory system resistance to increasing intravenous doses of
methacholine (MCh) as previously described (13). See the online sup-
plement for additional details on the methods used to make these
measurements.

Histology and Immunohistochemistry

Lungs were inflated with 10% formalin at a standard pressure of 20
cm H2O. Tissues were then paraffin embedded and cut at a thickness
of 3 �m. Sections were stained with hematoxylin and eosin, Alcian blue
(pH 2.5), and Picro Sirius red. To detect the presence of smooth muscle
in the airway, immunohistochemistry was performed with anti-� smooth
muscle actin (�-SMA), employing methods described in detail in the
online supplement.

Morphometry

Images for morphometric analysis were captured with OpenLab version
3.0.3 (Improvision, Guelph, ON, Canada), via a Leica camera and
microscope attached to a Macintosh computer (Mac OS 9 operating
system). Analysis was performed on a custom computerized image
analysis system (Northern Eclipse software, version 5 [Empix Imaging,
Mississauga, ON, Canada] on a Pentium III computer [700-MHz proces-
sor, Windows 98 operating system]). Analysis of sections stained for
�-SMA and Picro Sirius red was performed as previously described (14).

Data Analysis

Data were analyzed with SigmaStat version 2.03 (SPSS Inc., Chicago,
IL), and are expressed as means � SEM, unless otherwise indicated.
Results were interpreted by analysis of variance followed by the Tukey
post hoc test (when applicable). Differences were considered to be
statistically significant when p � 0.05.

RESULTS

Cellular Profile of the BALF of Animals Continuously
Exposed to HDM

BALB/c mice were chronically exposed to either OVA or HDM
extract, without the provision of exogenous adjuvant, for up to

7 weeks. We observed robust eosinophilic airway inflammation,
as evidenced by elevated total cells (Figure 1A) and eosinophils
(Figure 1B) in BALF after 3, 5, and 7 weeks of continuous HDM
exposure (p � 0.05 compared with naive animals). Eosinophils
represented about 30% of total cells at these time points.

Flow Cytometric Analysis of Lung Mononuclear Cells during
Continuous Exposure to HDM

Dendritic cells were identified as MHCII�/CD11c�, macro-
phages were identified as MHCII�/CD11b�, and B cells were
identified as MHCII�/B220�. Table 1 demonstrates a rapid in-
crease in the number of dendritic cells after only 1 week of
antigen exposure, compared with naive animals, which remained
elevated in the lungs of animals continuously exposed to HDM
for 5 weeks. A similar trend was observed for macrophages,
with higher expression in animals exposed to HDM for 5 weeks,
compared with naive animals (Table 1). No changes in B cells
were observed in animals exposed to HDM (Table 1). The popu-
lations of dendritic cells, macrophages, and B cells in OVA-
exposed animals were similar to those observed in naive animals
(data not shown).

We also evaluated the expansion of activated T lymphocytes
(by inducible costimulator [ICOS] expression) and effector Th2
lymphocytes (by T1/ST2 expression) in the lungs. After 5 weeks
of antigen exposure, we detected a substantial increase in the
population of CD4�/ICOS� cells (Figure 2A) in animals exposed
to HDM compared with naive animals. Expression of the puta-
tive marker of Th2 cells, T1/ST2, on CD4� cells (Figure 2B) was
also increased in animals continuously exposed to HDM for 5
weeks compared with naive animals. The populations of CD4�/
ICOS� and CD4�/T1/ST2� lymphocytes in OVA-exposed ani-
mals were similar to those observed in naive animals (data not
shown).

In Vitro Cytokine Production by HDM-exposed Animals

In vitro recall of splenocytes challenged with HDM demon-
strated considerable production of Th2-associated cytokines at
every time point in the chronic allergen exposure protocol
(p � 0.05). As seen in Figure 3, the production of interleukin
(IL)-5 (Figure 3A) and IL-13 (Figure 3B) by cultured splenocytes
was elevated in animals continuously exposed to HDM (p � 0.05).
Similar increases in the in vitro production of IL-4 were also
observed: 237, 227, 487, and 731 pg/ml at 1, 3, 5, and 7 weeks of
HDM exposure, respectively. We observed no significant increases
in the in vitro production of IFN-� in HDM-exposed animals, and
no significant changes in the in vitro production of IL-4, IL-5,
IL-13, and IFN-� in OVA-exposed mice (data not shown).

Impact of Continuous Exposure to HDM on Serum
Immunoglobulin Production

Serum immunoglobulin levels of total IgE after 3 weeks of HDM
exposure were significantly increased compared with naive ani-
mals (p � 0.05), and remained high in animals exposed to HDM
for 5 and 7 weeks (Figure 3C). We also detected increased levels
of HDM-specific IgG1 after 3 weeks of HDM exposure (p �
0.05), with similar levels seen after 5 and 7 weeks of exposure
(Figure 3D).

BALF Cellular Profile and in Vitro Cytokine Production after
Cessation of HDM Exposure and after in Vivo Allergen Recall

HDM administration was discontinued after 5 weeks of expo-
sure. Total cells and eosinophils (Figures 4A and 4B) returned to
baseline within 2 weeks of the final allergen exposure. However,
splenocytes of these animals retained the ability to respond to
HDM in vitro, as shown by elevated production of IL-5 and
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Figure 1. Inflammatory response
observed after continuous exposure
to ovalbumin (OVA) (black bars) or
house dust mite (HDM) (gray bars).
Total cells (A ) and eosinophils (B ) in
bronchoalveolar lavage fluid (BALF)
demonstrate abundant inflamma-
tion in the lungs of HDM-exposed
animals, in comparison with naive
and OVA-exposed animals. Animals
were administered antigen intrana-
sally (5 days/week) and inflamma-
tion was evaluated at the indicated
time points. Data shown represent
means � SEM (n � 8–12), *p �

0.05 compared with naive animals.
Statistical analysis was performed
by one-way analysis of variance
(ANOVA) with the Fisher least signif-
icant difference (LSD) post hoc test.

IL-13 up to 9 weeks after the last antigen exposure (Figures 4C
and 4D), as well as after in vivo allergen recall (Table 2) (p �
0.05). Nine weeks after the last allergen exposure, animals were
reexposed to HDM for three consecutive days, resulting in in-
creased total cell and eosinophil numbers in the BALF (Table 2).

Histologic Analysis of Lung Inflammation and
Goblet Cell Hyperplasia

Histologic evaluation of lung tissue in mice subjected to continu-
ous antigen exposure corroborated our findings in the BALF.
Low-magnification analysis demonstrated extensive peribron-
chial and perivascular airway inflammation in HDM-exposed
animals (Figure 5B) compared with naive mice (Figure 5A).
Higher magnification revealed marked eosinophilic infiltration
into the airway parenchyma by 5 weeks of HDM exposure (Fig-
ures 5C and 5D). Histology of animals exposed to OVA was
not different from that of naive animals (data not shown).

Continuous Exposure to HDM Is Associated with Structural
Changes in the Airway

Marked morphologic changes to the airway epithelium and gob-
let cell hyperplasia were also apparent in animals continuously
exposed to HDM for 5 weeks (Figure 6). After 5 weeks of HDM
exposure, lung histology demonstrated increased numbers of
mucin-producing cells and goblet cell hyperplasia (Figure 6B)
and significant increases in peribronchial contractile elements
(Figure 6D) and airway collagen deposition (Figure 6F), as com-

TABLE 1. FLOW CYTOMETRIC ANALYSIS OF
ANTIGEN-PRESENTING CELLS IN ANIMALS
EXPOSED TO HOUSE DUST MITE*

Percentage of Cells

Cell Type Naive 1 week HDM (1 wk) HDM (5 wk)

MHCII�CD11c� 2.24 5.58 5.73
MHCII�CD11b� 1.85 5.18 5.17
MHCII�B220� 9.13 8.90 7.25

Definition of abbreviation: HDM � house dust mite.
* Mice were exposed to HDM, 5 days/week, for 1 or 5 weeks. Nonexposed

animals were used as naive controls. Mononuclear cells from four to six pooled
lungs were collected and stained for MHCII, CD11c, CD11b, and B220 surface
expression. Cells were analyzed by four-color flow cytometry.

pared with naive animals (Figures 6A, 6C, and 6E, respectively).
The observed increases in contractile elements and collagen
accumulation in the airways were quantified morphometrically,
as shown in Figure 7. After 3 weeks of HDM exposure, we
detected a nonsignificant trend for increases in both collagen
deposition (50%) and �-SMA staining (34%) when compared
with naive animals (23 and 23%, respectively). However, after
5 weeks of exposure, these increases were significantly elevated
above baseline (collagen, 55%; �-SMA, 53%). Whereas the ob-
served increases in �-SMA staining (45%) appeared to have
decreased somewhat 9 weeks after cessation of HDM exposure,
we observed a trend for increased collagen staining (65%) at
this time point (Figure 7). There were no increases in Picro
Sirius red or �-SMA staining in OVA-exposed animals (data
not shown).

Continuous Exposure to HDM Results in
Severe Airway Hyperreactivity

The key indicators of airway responsiveness (as described in
Leigh and coworkers [14]), namely, airway reactivity (the rate
of increase in respiratory resistance for a given increase of dose
of MCh), airway sensitivity (the lowest dose of MCh to produce
bronchoconstriction), and maximal inducible bronchoconstric-
tion (maximum respiratory resistance), were evaluated in naive
animals, animals continuously exposed to HDM for 5 weeks,
and animals exposed to HDM for 5 weeks followed by a resolu-
tion period. Compared with naive animals, 5-week-exposed ani-
mals demonstrated a significant and severe increase in airway
reactivity as evidenced by the slope of the dose–response curve
to MCh (Figure 8). Significantly higher maximal inducible bron-
choconstriction was also observed in these animals (Figure 8)
(p � 0.05). After cessation of HDM exposure, these indicators
of airway responsiveness showed some improvement, but maximal
inducible bronchoconstriction was still significantly elevated in
these animals compared with naive animals (Figure 8) (p � 0.05).
There was no evidence of changes in airway sensitivity in any
group of animals, based on the calculated lowest dose of MCh
required to increase respiratory resistance in naive animals. There
were no changes observed in any indices of airway responsiveness
in animals continuously exposed to OVA (data not shown).

DISCUSSION

It is now appreciated that allergic asthma is a disease of a chronic
nature resulting from intermittent or continued aeroallergen
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Figure 2. Flow cytometric analysis of CD3�/CD4� cells in naive animals and in animals continuously exposed to HDM for 5 weeks. Animals received
HDM intranasally, 5 days/week, for five consecutive weeks. Lung mononuclear cells were isolated and analyzed for ICOS and T1/ST2 expression
on the CD3�/CD4� population. HDM-exposed animals demonstrated a robust increase in inducible stimulator� (A ) and T1/ST2� (B ) CD3�/CD4�

lymphocytes in the lung, compared with naive animals.

exposure. In either case, the airway is ultimately subjected to a
prolonged chronic inflammatory state that leads to a number of
structural abnormalities collectively referred to as airway remod-
eling. These abnormalities affect both the epithelial and subepi-
thelial compartments (14, 15), and are thought to have functional

Figure 3. Effects of continuous antigen expo-
sure on T helper type type 2 (Th2)-associated
humoral immune responses. In vitro expression
of Th2-associated cytokines interleukin (IL)-5 (A )
and IL-13 (B ) was elevated in animals continu-
ously exposed to HDM. Splenocytes were iso-
lated at the indicated time points and cultured
for 120 hours in medium alone (black bars) or
medium supplemented with HDM (gray bars).
Serum levels of total IgE (C ) and HDM-specific
IgG1 (D ) in HDM-exposed animals were also
significantly increased at the indicated time
points, compared with naive animals. Data rep-
resent means � SEM (n � 4–12), *p � 0.05
compared with naı̈ve animals. Statistical analysis
was performed using one-way ANOVA with the
Fisher LSD post hoc test.

consequences that contribute to clinical symptoms (15).
Although our knowledge of aeroallergen-induced acute asthma-
tic inflammation has markedly increased, much less progress has
been made toward understanding the mechanisms underlying
chronic inflammation and tissue remodeling. Protocols utilizing
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Figure 4. Effects of cessation of antigen expo-
sure on cellular and humoral immune responses
in animals continuously exposed to OVA (black
bars) or HDM (gray bars). Total cells (A ) and
eosinophils (B ) in the BALF demonstrate diminu-
tion of inflammation after cessation of antigen
exposure. Animals were administered antigen
intranasally, 5 days/week, for five consecutive
weeks, at which point antigen administration
was stopped. Inflammation in the lung was eval-
uated at the indicated time points. In vitro ex-
pression of Th2-associated cytokines IL-5 (C )
and IL-13 (D ) remained elevated in animals after
cessation of HDM exposure. Splenocytes were
isolated at the indicated time points and cul-
tured for 120 hours in medium alone (black bars)
or medium supplemented with HDM (gray
bars). Data represent means � SEM (n � 4–8),
*p � 0.05 compared with naive animals. Statis-
tical analysis was performed by one-way ANOVA
with the Fisher LSD post hoc test.

surrogate allergens such as OVA have been unable to establish
chronic airway eosinophilic inflammation and, therefore, are
inadequate to mechanistically recapitulate some of the processes
involved in airway remodeling.

In this study, we investigated the impact of continuous respi-
ratory exposure to a common environmental aeroallergen, a
purified HDM extract. House dust mites are a significant source
of indoor allergens implicated in a variety of allergic symptoms
in 10% of the population (9). In particular, Dermatophagoides
pteronyssinus is the mite-related allergen most frequently associ-
ated with respiratory allergy (9, 16, 17). It is well known that
the main antigens of house dust mite, Der p 1, 3, 5, and 9, are
cysteine and/or serine proteases (18–20), and a number of
in vitro studies have demonstrated that these antigens are able
to stimulate airway epithelial cells to produce a number of cyto-
kines, including granulocyte-macrophage colony-stimulating fac-

TABLE 2. BRONCHOALVEOLAR LAVAGE FLUID
INFLAMMATION AND IN VITRO CYTOKINE PRODUCTION
DURING IN VIVO ALLERGEN RECALL*

In Vivo HDM Recall

Total cells 3.8 � 0.7†

Eosinophils 6.1 � 2.7†

IL-5 3.2 � 0.8†

IL-13 59.6 � 6.1†

* Mice were exposed to HDM, 5 days/week, for 5 weeks, at which point antigen
exposure was stopped. Nine weeks after the last HDM administration, animals
were readministered HDM for three consecutive days. Splenocytes were collected
at sacrifice and cultured in medium alone or in medium supplemented with HDM
for 120 hours. Data were measured as follows: total cells in the BALF, � 106/ml;
eosinophils in the BALF, � 105/ml; IL-5, ng/ml; and IL-13, ng/ml.

† p � 0.05 when compared with naive animals; n � 4 per group.

tor, likely through a protease-activated receptor 2–mediated
mechanism (21, 22). In vivo, Gough and coworkers (23) have
demonstrated that the proteolytic activity of Der p 1 enhances
the allergenicity of this antigen in a conventional (i.e., peritoneal
sensitization) acute murine model of airway inflammation. We
have previously shown that intranasal exposure of mice to HDM
for 10 days, without additional adjuvants, results in evident Th2
allergic airway eosinophilic inflammation that appears to be me-
diated by granulocyte-macrophage colony-stimulating factor (9).
These studies impelled us to investigate the consequences of
chronic, continuous exposure to this aeroallergen. The experi-
ments presented here detail the immunoinflammatory events
that occur in the effector organ (the airway/lung compartment)
and in the periphery (serum and spleen), as well as the structural
and functional impact of chronic aeroallergen exposure.

Our data show that continuous exposure to HDM leads to
sustained airway eosinophilic inflammation, quantifiable in the
BALF and clearly evident histopathologically (Figures 1, 5, and
6). Interestingly, this inflammatory response is not limitless;
rather, it plateaus between 3 and 7 weeks of exposure. At the
moment, the factors that limit the extent of the inflammatory
response in the airway remain to be elucidated. As eosinophilia
is a characteristic terminal event of Th2 responses, a distinct inter-
action between antigen-presenting cells and T cells is implicated
in the initiation of this process (24). Thus, to extend our analysis
of the immune response elicited by continuous HDM exposure,
we performed flow cytometric analysis of lung mononuclear cells.
This investigation demonstrated a considerable increase in the
dendritic cell and macrophage populations (Table 1) and an
expansion of the populations of both activated T cells and
Th2 effector cells after 5 weeks of continuous HDM exposure
(Figure 2).

Because allergic sensitization is a systemic process, it was of
interest to investigate relevant markers of systemic Th2 immune
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Figure 5. Histologic analysis of lung inflammation in HDM-exposed ani-
mals. Low-magnification analysis of lung tissue in naive mice (A ) and
in mice continuously exposed to HDM over a 5-week period (B ) demon-
strates severe peribronchial and perivascular inflammatory infiltrate.
Higher magnification (C and D ) shows eosinophilic infiltration of the
lung parenchyma and airway wall. Naive animals were not manipulated
whereas HDM-exposed animals were administered HDM at 5 days/
week for five consecutive weeks. Lungs were dissected out at the time
of sacrifice, fixed in 10% formalin, embedded in paraffin, and stained
with hematoxylin and eosin. Scale bars: (A and B ) 40 �m; (C ) 10 �m;
(D ) 5 �m.

activity. One such marker is in vitro splenocyte expression of
Th2-associated cytokines, indicative of an antigen-specific mem-
ory response. Our data demonstrate elevated production of IL-4,
IL-5, and IL-13 in mice chronically exposed to HDM in vivo
(Figures 3A and 3B). These elevations were apparent after only
1 week of HDM exposure and were largely maintained over the
ensuing 7 weeks. Furthermore, we provide evidence of a humoral
response in HDM-exposed mice, as indicated by elevated serum
levels of Th2-affiliated immunoglobulins, total IgE, and HDM-
specific IgG1 (Figures 3C and 3D).

To examine the dependence of the immunoinflammatory re-
sponse on the continuous presence of allergen, we ceased HDM
exposure after 5 weeks and assessed immune and inflammatory
parameters for an extended period of time. Our data show full
resolution of airway eosinophilia in the BALF after 2 weeks,
with a return to baseline total cell numbers after 9 weeks of
nonexposure (Figures 4A and 4B). Whereas airway inflamma-
tion is clearly dependent on continued aeroallergen exposure,
systemic markers of Th2 immunity are not. Indeed, even after
9 weeks of nonexposure, splenocytes have an unabated capacity
to produce Th2-associated cytokines on HDM recall in vitro
(Figures 4C and 4D; and Table 2). The maintenance of this
memory capacity is manifested in the lung when mice are reex-
posed in vivo to HDM for 3 days, an exposure that, in a nonsensi-
tized animal, would induce a negligible inflammatory response,
but instead results in robust airway eosinophilic inflammation
(Table 2).

The preceding findings afforded the opportunity to investi-
gate the impact of chronic eosinophilic inflammation on the
structure of the airway. In addition to goblet cell hyperplasia
(Figure 6), generally observed after shorter exposure protocols,
our data illustrate an increased expansion of peribronchial con-
tractile elements, presumably myofibroblasts, as well as collagen

Figure 6. Histologic analysis of lung structural abnormalities in HDM-
exposed animals. Alcian blue (pH 2.5) staining of lung histology dem-
onstrates increased mucin production in epithelial goblet cells in
HDM-exposed mice (B ), compared with naive animals (A ). Picro Sirius
red staining visualized under polarized light was performed to demon-
strate subepithelial accumulation of collagen in naive mice (C ) and
HDM-exposed mice (D ). Immunohistochemistry for anti-� smooth mus-
cle actin in naive mice (E ) and HDM-exposed mice (F ) indicates in-
creased contractile elements in the airway wall in animals exposed to
HDM. Naive animals were not manipulated whereas HDM-exposed
animals were administered HDM at 5 days/week for five consecutive
weeks. Scale bars: 20 �m.

deposition in the subepithelial layer. These peribronchial and
subepithelial changes, evident qualitatively by histology and im-
munohistochemistry (Figure 6), have been further quantified
by morphometric analysis (Figure 7). Such abnormalities were
incipient after 3 weeks of exposure and striking after 5 weeks.
Repeated intermittent exposures to OVA in intraperitoneally
sensitized mice have been shown to induce some of these struc-
tural abnormalities (14, 25, 26). That OVA and HDM are, from
a biochemical standpoint, different entities would suggest that
the molecular basis underlying these abnormalities is likely to
be different. An observation of considerable interest, in our
view, is that whereas airway inflammation fully resolves after a
period of nonexposure to HDM, the airway remodeling changes
do not. Studies involving lengthier exposure to HDM or later
observations after the cessation of antigen exposure will be re-
quired to further assess the kinetics of the structural changes
observed here.

Finally, continuous exposure to HDM has profound func-
tional consequences. We show that animals chronically exposed
for 5 weeks to HDM exhibit markedly increased airway hyper-
reactivity to methacholine (Figure 8). Importantly, the airways
of these mice remain hyperreactive, although less so, after
5 weeks of exposure to HDM followed by a period of nonexpo-
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Figure 7. Morphometric analysis of lung histology. Structural changes
were assessed in naive mice and in mice exposed to HDM at 5 days/
week for 3 or 5 weeks, 9 weeks after the completion of 5 weeks of
HDM administration. Data are expressed as a percentage of the area
of interest stained with either Picro Sirius red (A ) or �-SMA (B ) at the
indicated time points. For comparison, eosinophil numbers in the BALF
are shown for each time point (C ). Data represent means � SEM (n �

3–6), *p � 0.01 compared with naive animals. Statistical analysis was
performed by one-way ANOVA with the Fisher LSD post hoc test.

sure. Notably, airway inflammation is severe after 5 weeks of
exposure and completely absent after a period of nonexposure.
Presumably, then, whereas the airway hyperreactivity observed
after this resolution period largely represents a remodeling-
mediated dysfunction, that observed after 5 weeks of HDM expo-
sure encompasses an additional inflammation-mediated compo-
nent. Detailed further exploration of the evolution of structural
and functional abnormalities in this model will likely improve
our understanding of the various mechanisms contributing to
airway hyperreactivity.

In summary, our data demonstrate that continuous exposure
to HDM for up to 7 weeks results in sustained airway inflamma-
tion characterized by an accumulation of both Th2 effector cells
and eosinophils that is dependent on continued exposure to the
aeroallergen. We also show that continuous exposure to HDM
results in persistent systemic Th2 immunity that is ultimately
independent of aeroallergen exposure, as illustrated by spleno-
cyte cytokine production and serum levels of immunoglobulins.
This immunoinflammatory process is associated with profound

Figure 8. Analysis of airway hyperreactivity to methacholine in naive
mice (closed circles) and animals exposed to 5 weeks of HDM (closed
squares), and after cessation of antigen exposure (open squares). A dose–
response relationship between respiratory resistance and increasing in-
travenous doses of methacholine is evident. HDM-exposed animals were
administered HDM at 5 days/week for five consecutive weeks. Data
represent means � SEM (n � 8–10), *p � 0.05 compared with naive
animals. Statistical analysis was by one-way ANOVA with the Fisher LSD
post hoc test.

structural-functional abnormalities as demonstrated by progres-
sive airway remodeling and severe bronchial hyperreactivity.
While the airway inflammatory response resolves fully, the re-
modeling changes do not resolve at all and airway hyperreactivity
resolves only partly.

Thus, we have introduced a novel model of chronic eosino-
philic airway inflammation and tissue remodeling in response to
continuous exposure to house dust mite extract. Whole mite
extract is, from an immunologic perspective, a complex material,
and further studies will be required to dissect the role of its
various components in the outcomes that we have reported.
However, this extract does mimic common environmental aer-
oallergen exposure, and the use of this material affords us the
opportunity to elaborate a complete pathogenic sequence of
events, from initiation to resolution. We surmise that the data
presented here provide a foundation to explore the biochemical
and molecular basis of aeroallergen-induced immunopathology,
with the potential to identify novel therapeutic targets and to
evaluate prospective new therapies, particularly in reference to
tissue remodeling.

Conflict of Interest Statement : J.R.J. has no declared conflict of interest; R.E.W.
has no declared conflict of interest; R.F. has no declared conflict of interest; F.K.S.
has no declared conflict of interest; B.U.G. has no declared conflict of interest;
A.J.C. is an employee of Millennium Pharmaceuticals; J-C.G-R. is an employee of
Millennium Pharmaceuticals; R.E. has no declared conflict of interest; M.D.I. has
no declared conflict of interest; M.J. has a laboratory project completely unrelated
to the research contained in this manuscript that is funded by Millennium Pharma-
ceuticals.

Acknowledgment : The authors are indebted to Tina Walker, Theresa Shea, Steph-
anie Pacitto, and Jennifer Wattie for technical support, and are grateful to Mary
Kiriakopoulos for secretarial assistance.

References

1. Busse WW, Lemanske RF Jr. Asthma. N Engl J Med 2001;344:350–362.
2. Boulet LP, Turcotte H, Laviolette M, Naud F, Bernier MC, Martel S,

Chakir J. Airway hyperresponsiveness, inflammation, and subepithel-
ial collagen deposition in recently diagnosed versus long-standing mild
asthma: influence of inhaled corticosteroids. Am J Respir Crit Care
Med 2000;162:1308–1313.

3. Laprise C, Laviolette M, Boutet M, Boulet LP. Asymptomatic airway
hyperresponsiveness: relationships with airway inflammation and re-
modelling. Eur Respir J 1999;14:63–73.



Johnson, Wiley, Fattouh, et al.: HDM Elicits Airway Inflammation 385

4. Fish JE, Peters SP. Airway remodeling and persistent airway obstruction
in asthma. J Allergy Clin Immunol 1999;104:509–516.

5. Knight DA. Epithelium–fibroblast interactions in response to airway
inflammation. Immunol Cell Biol 2001;79:160–164.

6. Trifilieff A, Fujitani Y, Coyle AJ, Kopf M, Bertrand C. IL-5 deficiency
abolishes aspects of airway remodelling in a murine model of lung
inflammation. Clin Exp Allergy 2001;31:934–942.

7. Swirski FK, Sajic D, Robbins CS, Gajewska BU, Jordana M, Stampfli
MR. Chronic exposure to innocuous antigen in sensitized mice leads
to suppressed airway eosinophilia that is reversed by granulocyte mac-
rophage colony-stimulating factor. J Immunol 2002;169:3499–3506.

8. Cates EC, Gajewska BU, Goncharova S, Fattouh R, Coyle AJ, Gutierrez-
Ramos J-C, Jordana M. Effect of GM-CSF on immune, inflammatory,
and clinical responses to ragweed in a novel model of mucosal sensitiza-
tion. J Allergy Clin Immunol 2003;111:1076–1086.

9. Cates EC, Fattouh R, Jordana M. Intranasal exposure of mice to house
dust mite elicits allergic airway inflammation via a GM-CSF-mediated
mechanism [abstract]. J Allergy Clin Immunol 2003;111:S81.

10. Johnson JR, Wiley RE, Gajewska BU, Fattouh R, Jordana M. Chronic
exposure to house dust mite extract (HDM) elicits persistent eosino-
philic airway inflammation with evidence of airway remodeling
[abstract]. Am J Respir Crit Care Med 2003;167:A453.

11. Stampfli MR, Wiley RE, Neigh GS, Gajewska BU, Lei XF, Snider DP,
Xing Z, Jordana M. GM-CSF transgene expression in the airway allows
aerosolized ovalbumin to induce allergic sensitization in mice. J Clin
Invest 1998;102:1704–1714.

12. Wiley RE, Goncharova S, Shea T, Johnson JR, Coyle AJ, Jordana M.
Evaluation of inducible costimulator/B7-related protein-1 as a thera-
peutic target in a murine model of allergic airway inflammation. Am
J Respir Cell Mol Biol 2003;28:722–730.

13. Ewart SL, Mitzner W, DiSilvestre DA, Meyers DA, Levitt C. Airway
hyperresponsiveness to acetylcholine: segregation analysis and evi-
dence for linkage to murine chromosome 6. Am J Respir Cell Mol
Biol 1996;14:487–495.

14. Leigh R, Ellis R, Wattie J, Southam DS, de Hoogh M, Gauldie J, O’Byrne
PM, Inman MD. Dysfunction and remodeling of the mouse airway
persist after resolution of acute allergen induced inflammation. Am J
Respir Cell Mol Biol 2002;27:526–535.

15. Fahy JV. Remodeling of the airway epithelium in asthma. Am J Respir
Crit Care Med 2001;164:S46–S51.

16. Fernandez-Caldas E. Dust mite allergens: mitigation and control. Curr
Allergy Asthma Rep 2002;2:424–431.

17. Nahm DH, Kim HY, Park HS. House dust mite-specific IgE antibodies
in induced sputum are associated with sputum eosinophilia in mite-
sensitive asthmatics. Ann Allergy Asthma Immunol 2000;85:129–133.

18. John RJ, Rusznak C, Ramjee M, Lamont AG, Abrahamson M, Hewitt
EL. Functional effects of the inhibition of the cysteine protease activity
of the major house dust mite allergen Der p 1 by a novel peptide-
based inhibitor. Clin Exp Allergy 2000;30:784–793.

19. Wan H, Winton HL, Soeller C, Taylor GW, Gruenert DC, Thompson
PJ, Cannell MB, Stewart GA, Garrod DR, Robinson C. The transmem-
brane protein occludin of epithelial tight junctions is a functional
target for serine peptidases from faecal pellets of Dermatophagoides
pteronyssinus. Clin Exp Allergy 2001;31:279–294.

20. Wan H, Winton HL, Soeller C, Gruenert DC, Thompson PJ, Cannell
MB, Stewart GA, Garrod DR, Robinson C. Quantitative structural
and biochemical analyses of tight junction dynamics following expo-
sure of epithelial cells to house dust mite allergen Der p 1. Clin Exp
Allergy 2000;30:685–698.

21. Asokananthan N, Graham PT, Stewart DJ, Bakker AJ, Eidne KA,
Thompson PJ, Stewart GA. House dust mite allergens induce proin-
flammatory cytokines from respiratory epithelial cells: the cysteine
protease allergen, Der p 1, activates protease-activated receptor
(PAR)-2 and inactivates PAR-1. J Immunol 2002;169:4572–4578.

22. Sun G, Stacey MA, Schmidt M, Mori L, Mattoli S. Interaction of mite
allergens Der p3 and Der p9 with protease-activated receptor-2 ex-
pressed by lung epithelial cells. J Immunol 2001;167:1014–1021.

23. Gough L, Campbell E, Bayley D, Van Heeke G, Shakib F. Proteolytic
activity of the house dust mite allergen Der p 1 enhances allergenicity
in a mouse inhalation model. Clin Exp Allergy 2003;33:1159–1163.

24. Tsuyuki S, Tsuyuki J, Einsle K, Kopf M, Coyle AJ. Costimulation through
B7-2 (CD86) is required for the induction of a lung mucosal T helper
cell 2 (TH2) immune response and altered airway responsiveness.
J Exp Med 1997;185:1671–1679.

25. Blyth DI, Pedrick MS, Savage TJ, Hessel EM, Fattah D. Lung inflamma-
tion and epithelial changes in a murine model of atopic asthma. Am
J Respir Cell Mol Biol 1996;14:425–438.

26. Temelkovski J, Hogan SP, Shepherd DP, Foster PS, Kumar RK. An
improved murine model of asthma: selective airway inflammation,
epithelial lesions and increased methacholine responsiveness following
chronic exposure to aerosolized allergen. Thorax 1998;53:849–856.


