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Rationale: There is conflicting information about the development
and resolution of airway inflammation and airway hyperresponsive-
ness (AHR) after repeated airway exposure to allergen in sensitized
mice.
Methods: Sensitized BALB/c and C57BL/6 mice were exposed to
repeated allergen challenge on 3, 7, or 11 occasions. Airway function
in response to inhaled methacholine was monitored; bronchoal-
veolar lavage fluid inflammatory cells were counted; and goblet cell
metaplasia, peribronchial fibrosis, and smooth muscle hypertrophy
were quantitated on tissue sections. Bone marrow–derived den-
dritic cells were generated after differentiation of bone marrow
cells in the presence of growth factors.
Results: Sensitization to ovalbumin (OVA) in alum, followed by three
airway exposures to OVA, induced lung eosinophilia, goblet cell
metaplasia, mild peribronchial fibrosis, and peribronchial smooth
muscle hypertrophy; increased levels of interleukin (IL)-4, IL-5,
IL-13, granulocyte-macrophage colony–stimulating factor, trans-
forming growth factor-�1, eotaxin-1, RANTES (regulated on activa-
tion, normal T-cell expressed and secreted), and OVA-specific IgG1
and IgE; and resulted in AHR. After seven airway challenges, devel-
opment of AHR was markedly decreased as was the production of
IL-4, IL-5, and IL-13. Levels of IL-10 in both strains and the level of
IL-12 in BALB/c mice increased. After 11 challenges, airway eosino-
philia and peribronchial fibrosis further declined and the cytokine
and chemokine profiles continued to change. At this time point,
the number of myeloid dendritic cells and expression of CD80 and
CD86 in lungs were decreased compared with three challenges.
After 11 challenges, intratracheal instillation of bone marrow–
derived dendritic cells restored AHR and airway eosinophilia.
Conclusions: These data suggest that repeated allergen exposure
leads to progressive decreases in AHR and allergic inflammation,
through decreases in myeloid dendritic cell numbers.

Keywords: airway hyperresponsiveness; chronic asthma; cytokine;
dendritic cells; eosinophil

Chronic inflammation of the airways with variable airflow limita-
tion is responsible for the altered airway responsiveness seen in
individuals with asthma to a variety of stimuli (1). Elevated
serum IgE levels and inflammatory cell infiltration, especially of
eosinophils, mast cells, and CD4� T cells, appear to be involved
in the pathogenesis of the disease (2–4). Much of our understand-
ing of asthma points to a complex and multifactorial condition
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involving interactions between genetic factors and environmen-
tal stimuli. It has been argued that repeated exposure to airborne
allergens, such as house dust mite or animal dander, contributes
to the initiation and persistence of airway inflammation, which
is believed to be the central abnormality resulting in airway
damage and dysfunction (5, 6). Several studies identified in-
creased muscle mass and airway wall thickening as determinants
of airway hyperresponsiveness (AHR) (7, 8). This chronic airway
inflammatory response, which is characteristic of asthma, can
lead to airway remodeling, and structural alterations that may
underlie some of the persistent manifestations of asthma. Indeed,
a variety of cells, including epithelial cells, fibroblasts, and
smooth muscle cells, in the chronic stages of asthma likely con-
tribute through the secretion of various cytokines and chemo-
kines that result in the irreversible fibrosis and remodeling seen
in the airways of individuals with asthma (9, 10).

In allergic diseases, such as atopic dermatitis and allergic
asthma, allergen-specific T cells express a helper T-cell type 2
(Th2) phenotype (11). In animal models of acute allergic in-
flammation, Th2 cell–derived cytokines, notably interleukin
(IL)-4, IL-5, IL-9, and IL-13 and C-C chemokine family members
such as RANTES (regulated on activation, normal T-cell ex-
pressed and secreted) and eotaxin-1, are pivotal in the induction
of eosinophilic airway inflammation, antigen-specific IgE pro-
duction, and AHR (12). Although airway inflammation and Th2
cytokines and chemokines are undoubtedly a cornerstone of
asthma, it is clear that the asthmatic response is more complex.
The relative importance of these factors may vary according to
the stage or duration of asthma. Much less is known about the
pathogenesis of chronic airway eosinophilic inflammation and
cytokine/chemokine production in long-standing asthma. Be-
cause no satisfactory disease-modifying treatment is currently
available for chronic asthma, evaluation of the therapeutic ef-
fects of the modulation of cytokine/chemokine production in
chronic disease is an important area of investigation (13). In this
regard, an essential first step is to characterize the profile and
kinetics of cytokine/chemokine production in a model system
where allergen challenges are incremental, to identify potential
therapeutic targets.

Whereas the role of T cells has been fairly well described,
much less information is available on the role of dendritic cells
(DCs) in allergic airway inflammation. DCs have been thought
to be an important cell type in the initiation of T-cell–mediated
inflammation by priming naive T cells (14, 15). Several reports
have identified a critical role for DCs in allergic airway inflamma-
tion (16, 17). DCs are subdivided on the basis of surface antigen
expression. Each DC subtype may induce different stimulatory
signals on T cells and on the development of allergic inflammation.
For example, bone marrow–derived DCs (BMDCs) expressing
a myeloid DC (mDC) phenotype prime T cells to specific antigen
and induce their expansion (18). On the other hand, plasmacytoid
DCs (pDCs) inhibit the development of effector T cells (19).
The purpose of this study was to delineate the characteristics of
allergic airway responses after repeated allergen challenge and
the role of DCs in regulating these responses.
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METHODS

Animals

Female BALB/c and C57BL/6 mice were purchased at 8 to 12 wk of
age from Jackson Laboratories (Bar Harbor, ME) and housed under
specific pathogen–free conditions. The animals were maintained on
an ovalbumin (OVA)-free diet. Experiments were conducted under a
protocol approved by Institutional Animal Care and Use Committee
of the National Jewish Medical and Research Center (Denver, CO).

Protocols for OVA-induced Allergic Airway Inflammation

Mice were sensitized on Days 1 and 14 by intraperitoneal injection of
20 �g of OVA (grade V; Sigma-Aldrich, St. Louis, MO) premixed with
2.25 mg of Al(OH)3 (Pierce Biotechnology, Rockford, IL) in 100 �l
of phosphate-buffered saline (PBS). After sensitization, animals were
exposed to aerosolized OVA (1% in saline) for 20 min/d on Days 28,
29, and 30 (3 challenges, short-term challenge), or continued to receive
airway challenges on Days 36, 40, 44, and 48 (7 challenges), as well as
on Days 52, 56, 60, and 64 (11 challenges; Figure 1). Forty-eight hours
after the last OVA challenge (Day 32, 50, or 66) AHR was assessed
and bronchoalveolar lavage (BAL) fluid, serum, and tissues were ob-
tained for further analyses. Control groups consisted of nonsensitized
but OVA-challenged animals.

Assessment of Airway Function

Airway function was assessed as previously described by measuring
changes in lung resistance (Rl) and dynamic compliance (Cdyn) in
response to increasing doses of inhaled methacholine (MCh) (20).

BAL

Immediately after assessment of airway function, lungs were lavaged
via the tracheal tube with 1 ml of Hanks’ balanced salt solution at
room temperature. Total leukocyte numbers were measured (Coulter
Counter; Beckman Coulter, Fullerton, CA). Cytospin slides were
stained with Leukostat (Fisher Diagnostics, Pittsburgh, PA) and differ-
entiated by standard hematologic procedures in a blinded fashion.

Lung Histopathology and Morphometric Analyses

Lungs were fixed in 10% formalin and processed into paraffin. Mucus-
containing goblet cells were detected by staining of paraffin sections
(5-�m thick) with periodic acid–Schiff (PAS). Airway fibrosis was de-
tected by staining of collagen with Sirius red. Airway smooth muscle
cells were stained with immunoperoxidase, using anti–�-smooth muscle
actin monoclonal antibody (Sigma-Aldrich). Tissue-infiltrating eosino-

Figure 1. Experimental protocol for antigen sensitization and challenge.
BALB/c and C57BL/6 mice were injected intraperitoneally with oval-
bumin (OVA)–alum in 100 �l of phosphate-buffered saline (PBS) on
Days 1 and 14 and received aerosol challenges with 1% OVA–saline
solution on Days 28, 29, and 30 (short-term group; 2ip�3Neb) or on
Days 28, 29, 30, 36, 40, 44, and 48, or on Days 28, 29, 30, 36,
40, 44, 48, 52, 56, 60, and 64 (long-term groups; 2ip�7Neb and
2ip�11Neb). Control mice received 3, 7, or 11 challenges without
intraperitoneal sensitization.

phils were identified by immunofluorescence staining of major basic
protein as previously described using rabbit anti-mouse major basic
protein (kindly provided by J. J. Lee, Mayo Clinic, Scottsdale, AZ)
(20). CD4� T cells were detected by immunoperoxidase staining of
frozen lung tissue sections with a rat anti-mouse CD4 antibody (L3T4;
BD Biosciences Pharmingen, San Diego, CA). As a control, rat IgG
was used. Histologic analyses were performed in a blinded manner by
light microscopy linked to an image capture system. The data were
analyzed by quantitative morphometry, using Scion Image analysis
software available as public domain software from the U.S. National
Institutes of Health (http://rsb.info.nih.gov/nih-image/). Numbers of
PAS-positive goblet cells, airway tissue–infiltrating eosinophils, and
collagen (Sirius red staining) were determined only in cross-sectional
areas of the airway wall. Tangential sections and airway wall areas
adjacent to large blood vessels were excluded from the analysis. For
smooth muscle and collagen analysis, the slice density function of the
software was used to highlight pixels belonging to the staining, excluding
intercellular space and unstained tissue structures, which fall within
the stained collagen or smooth muscle areas, and expressed as square
micrometers. To allow for comparisons, all measurements were normal-
ized to the length of the basement membrane of the adjacent epithelium
for each corresponding airway. Airways 250 to 500 �m in internal diame-
ter were evaluated and 10 different sections were evaluated per animal.
The obtained measurements were averaged for each animal and the
mean values and standard errors were determined for each group.

Measurement of BAL Fluid Cytokines and Chemokines

Levels of cytokines and chemokines were determined by commercial
ELISAs in accordance with the manufacturer instructions. ELISA kits
for detection of IL-4, IL-5, IL-10, IL-12 (p70), and IFN-� in supernatants
were obtained from BD Biosciences Pharmingen. IL-13, transforming
growth factor (TGF)-�1, granulocyte-macrophage colony–stimulating
factor (GM-CSF), eotaxin-1 and RANTES ELISA kits were purchased
from R&D Systems (Minneapolis, MN). Before the TGF-�1 assay, BAL
fluid samples were acidified to activate any latent TGF-�1 (21). The limits
of detection for each assay were as follows: 4 pg/ml for IL-4 and IL-5;
10 pg/ml for IL-10, IL-12, and IFN-�; 1.5 pg/ml for IL-13 and GM-CSF;
3 pg/ml for eotaxin-1 and RANTES; and 7 pg/ml for TGF-�1.

Measurement of OVA-specific Antibodies

Serum levels of OVA-specific IgE, IgG1, and IgG2a were measured
by ELISA as previously described (22).

Lung Cell Isolation

Lungs were dissected into small pieces and exposed to an enzymatic
digestion solution containing collagenase V (175 IU/ml; Sigma-Aldrich,
St. Louis, MO) in Hanks’ balanced salt solution for 60 min. After enzymatic
digestion, total lung leukocytes were further enriched by 35% Percoll
(Sigma-Aldrich) gradient centrifugation. The pellets were resuspended in
5 ml of red blood cell lysing buffer (Sigma-Aldrich) for 10 min on ice.
The cells were then washed twice and resuspended in PBS containing 1%
bovine serum albumin.

Flow Cytometry

The surface phenotype of lung cells was analyzed with monoclonal antibod-
ies (mAbs) in conjunction with a three- or four-color immunofluorescence
test. To minimize nonspecific binding, 5 � 105 cells were incubated with
0.25 �g of Fc-blocking solution (CD16/CD32; clone 2.4G2) for 10 min
and subsequently treated with fluorochrome-labeled mAbs. The mAbs
included fluorescein isothiocyanate-, phycoerythrin-, peridinin chlorophyll
protein-, or allophycocyanin-conjugated anti-CD11b (M1/70), anti-CD11c
(HL3), anti–Ly-6G and anti–Ly-6C (Gr-1 RB6–8C5), anti-CD80 (16–
10A1), anti-CD86 (GL1), and anti-CD45R/B220 (RA3–6B2; all obtained
from BD Biosciences Pharmingen). For staining pDCs, anti–mPDCA-1
(JF05–1C2.4.1) was obtained from Miltenyi Biotec (Auburn, CA). For
control staining, similarly labeled isotype-matched control antibodies were
used. After washing, staining was analyzed by flow cytometry on a FACS-
Calibur using CellQuest software (BD Biosciences, Mountain View, CA).

Generation and Transfer of BMDCs

DCs were generated from bone marrow cells of naive BALB/c mice
according to the procedure described by Inaba and coworkers (23), with
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some modification. In brief, bone marrow cells obtained from femurs
and tibias of mice were placed in 75-cm2 flasks at 37�C in DC culture
medium (RPMI 1640 containing 10% heat-inactivated fetal calf serum,
50 �M 2-mercaptoethanol, 2 mM l-glutamine, penicillin [100 U/ml],
streptomycin [100 �g/ml; GIBCO; Invitrogen, Carlsbad, CA], recombi-
nant mouse GM-CSF [10 ng/ml], and recombinant mouse IL-4 [10 ng/ml;
R&D Systems]). Nonadherent cells were collected by aspirating the
medium and transferred into fresh flasks. On Day 8, cells were pulsed
with OVA (200 �g/ml) for 24 h and washed three times with PBS.
More than 90% of the cells were mDCs (CD11c�CD11b�Gr-1–). For
DC transfer after sensitization and 11 challenges with OVA, under
anesthesia 1 � 106 OVA-pulsed BMDCs in 40 �l of PBS were instilled
to BALB/c mice through the trachea, using fiberoptic illumination.
Control groups of mice received PBS. Six days after DC transfer, mice
were exposed to aerosolized OVA (1% in saline) for 20 min/d for
3 consecutive d. Forty-eight hours after the last challenge, AHR was
assessed and BAL fluid and lung tissues were obtained.

Statistical Analysis

Mann-Whitney U tests were used to determine the levels of difference
between all groups. Data were pooled from three independent experi-
ments with four mice per group in each experiment (n 	 12). Compari-
sons for all pairs were performed by Kruskal-Wallis test. Significance
was assumed at p values less than 0.05. Values for all measurements
were expressed as means 
 SEM.

RESULTS

Airway Hyperresponsiveness

Figure 2 illustrates the changes in lung resistance and dynamic
compliance in response to inhaled MCh in both strains of mice
after repeated allergen exposure. Exposure of sensitized mice
to aerosolized allergen results in AHR to inhaled MCh. In sensi-
tized BALB/c mice, short-term allergen exposure (i.e., three
daily challenges) resulted in the development of increased AHR,
detected by significant increases in lung resistance (Figure 2A)
and decreases in dynamic compliance (Figure 2B), compared
with similar challenge of nonsensitized animals. These results
were strikingly different when sensitized mice were subjected
to additional exposures of aerosolized allergen—in these mice
there was little persistent alteration in airway function after
seven allergen challenges. In fact, the results were similar to
those of nonsensitized mice exposed to seven challenges alone.
This absence of AHR was also observed after additional allergen
exposure (11 challenges). In sensitized C57BL/6 mice the results
were similar, with AHR developing after short-term exposure,
but progressively declining with long-term allergen exposures
(Figures 2C and 2D). As seen previously (24), the amounts of
MCh required to elicit maximum responses in C57BL/6 mice
were higher than needed in BALB/c animals.

Inflammatory Cell Composition

BAL fluid was examined in sensitized mice after 3, 7, and 11
inhalational challenges. In both BALB/c (Figure 3A) and
C57BL/6 (Figure 3B) mice, significant increases in numbers of
BAL fluid eosinophils were seen after three challenges. These
numbers further increased in BALB/c mice exposed to seven
challenges. However, after 11 challenges eosinophil numbers
were reduced significantly in both strains. In both strains of mice,
BAL fluid lymphocyte numbers were also increased after short-
term challenge and the increases were sustained even after 11
challenges; in BALB/c mice the increases were also greater after
long-term challenge. There were only small changes in neutro-
phil numbers. These results revealed some dissociation between
AHR and the persistence of BAL fluid eosinophilia, at least
after seven challenges of sensitized mice.

Lung Tissue Analysis

In parallel to the analysis of BAL fluid, lung tissue sections were
immunolabeled with antibody to major basic protein to identify
eosinophils in the lung tissue. As shown in Figures 4A and 4B,
few eosinophils were detected in nonsensitized but challenged
mice. In sensitized mice, after both short-term (three) and long-
term (seven) challenges, lung eosinophilia developed and per-
sisted. Interestingly, when these mice were monitored for an
additional 2 wk (11 challenges), tissue eosinophilia was signifi-
cantly decreased in the lung.

When these same tissues were stained for the presence of
CD4� T lymphocytes, both short- and long-term challenge proto-
cols resulted in marked increases in cell numbers, compared
with the nonsensitized controls (Figures 4C and 4D). These
increases in CD4� T cells persisted through 11 challenges in
both sensitized strains of mice.

Goblet cell metaplasia and mucus hyperproduction were eval-
uated by PAS staining and quantification of positively stained
cells. In nonsensitized mice of either strain, few positive cells
were detected (Figures 4E and 4F, and Figure 5A). This con-
trasted with staining of tissue from sensitized and short- and
long-term challenged mice, where the number of PAS-positive
cells increased and was maintained, at least after 7 challenges
(Figures 4E and 4F, and Figures 5B and 5C); after 11 challenges,
the numbers of PAS-positive cells were decreased (Figures 4E
and 4F, and Figure 5D). Thus, despite the persistence of BAL
fluid and lung tissue eosinophilia, mucus hyperproduction, and
infiltration of CD4� lymphocytes, seven challenges with allergen
via the airways was nonetheless associated with reduced AHR.

Sirius red staining of the same tissues revealed a prominent
subepithelial deposition of collagen in sensitized BALB/c and
C57BL/6 mice after three and seven OVA challenges. However,
after 11 challenges, the areas of collagen detected in the airway
wall of sensitized mice were significantly reduced to levels that
were comparable to those seen in nonsensitized but challenged
control mice (Figures 4G and 4H, and Figures 5E–5H).

After short-term allergen challenge, the area of the peribron-
chial smooth muscle layer was also increased in both sensitized
BALB/c and C57BL/6 mice, when compared with challenged-only
mice. However, this increase in airway smooth muscle area de-
clined progressively with increasing allergen challenge (Figures
4I and 4J, and Figures 5I–5L).

Cytokine/Chemokine Levels in BAL Fluid

After sensitization and short-term challenge of both strains of
mice, levels of the Th2 cytokines IL-4, IL-5, and IL-13 were
significantly increased in BAL fluid (Figures 6A–6F). As pre-
viously reported (25), the BAL fluid levels of these cytokines
were consistently higher in BALB/c mice (Figures 6A–6C) than
in C57BL/6 mice (Figures 6D–6F). In contrast to short-term
challenge, the levels of these cytokines decreased after additional
(7 or 11) challenges.

As previously reported (26), IL-10 levels in BALB/c mice
decreased in the BAL fluid of sensitized animals compared with
controls after short-term allergen challenge (Figures 6G and 6J).
In contrast, after 7 and 11 challenges, levels of IL-10 increased
significantly, to levels above those in controls of both strains.
IFN-� levels showed significant decreases after short-term chal-
lenge (Figures 6H and 6K), whereas IL-12 levels increased after
the long-term challenges, more markedly in BALB/c mice than
in C57BL/6 mice (Figures 6I and 6L). GM-CSF levels increased
in both strains and were maintained even after 11 challenges in
C57BL/6 mice (Figures 6M and 6O).

Levels of total TGF-�1 in BAL fluid were also elevated after
three challenges in BALB/c mice or after three and seven
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Figure 2. Changes in airway resistance
(RL) and dynamic compliance (Cdyn) in
short- and long-term challenged mice.
Increasing concentrations of nebulized
methacholine (MCh) were adminis-
tered 48 h after the last OVA challenge.
(A and B ) BALB/c mice (n 	 12/group);
(C and D ) C57BL/6 mice (n 	 12/
group). Data represent means 
 SEM.
*p � 0.05 compared with nonsensitized
OVA-challenged mice; #p � 0.05 com-
pared with sensitized mice exposed to
7 and 11 OVA challenges. 3Neb, 7Neb,
and 11Neb 	 nonsensitized mice ex-
posed to 3, 7, or 11 OVA challenges,
respectively; 2ip�3Neb, 2ip�7Neb,
and 2ip�11Neb 	 sensitized mice ex-
posed to 3, 7, or 11 OVA challenges,
respectively.

challenges in C57/BL6 mice. However, these levels declined to
control baseline levels after 11 challenges (Figures 6N and 6P).
Among the chemokines assayed, eotaxin-1 levels increased after
three and seven challenges in both strains, although levels were
much higher in C57BL/6 mice (Figures 6Q and 6S). After 11
challenges, these levels fell significantly. RANTES levels also
increased after 3 and 7 challenges in both strains, but returned
to control values after 11 challenges (Figures 6R and 6T).

Serum Antibody Levels

OVA-specific IgE levels paralleled those of the Th2 cytokines,
especially in sensitized BALB/c mice, with increases after three
challenges followed by a significant decrease after long-term chal-
lenge (Figures 7A and 7D). In both strains, levels of OVA-specific
IgG1 were maintained through the 11 challenges, as were levels
of OVA-specific IgG2a (Figures 7B, 7C, 7E, and 7F).

Lung DCs

To determine whether repeated allergen challenge altered the
number of DCs, lung cells were stained with anti–Gr-1 and anti-
CD11c. In mice exposed to 11 challenges, the percentage of
mDCs (CD11c�Gr-1–) was significantly decreased compared
with that of mice receiving three challenges, returning to control
baseline levels (percentage mDCs: 6.5 
 0.7, 1.4 
 0.2, and 1.5 


0.3 for sensitized mice exposed to 3 challenges, sensitized mice
exposed to 11 challenges, and nonsensitized mice exposed to
3 challenges, respectively; n 	 6; Figure 8A). Furthermore, ex-
pression of CD80 and CD86 on mDCs was significantly lower
after 11 challenges, as was the mean fluorescence intensity (Figures
8B and 8C). On the other hand, numbers of pDCs (CD11c�

Gr-1�B220�PDCA-1�) were not significantly different between
the groups exposed to 3 and 11 challenges (data not shown).

Transfer of BMDCs

Given that repeated allergen challenge, which led to the attenua-
tion of AHR and Th2-mediated inflammation, was associated
with decreased numbers of mDCs and lower expression of costi-
mulatory molecules, we investigated whether intratracheal ad-
ministration of OVA-pulsed mDCs could restore AHR and air-
way inflammation in recipient mice previously exposed to 11
challenges with OVA. As shown in Figure 9, the transfer of
antigen-pulsed BMDCs restored AHR (Figure 9A) and BAL
fluid eosinophilia (Figure 9B) compared with control mice.

DISCUSSION

Airway inflammation and AHR are hallmarks of allergic asthma.
There are many reports in humans and in animal models linking
airway inflammation and altered airway function to increases in
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Figure 3. Bronchoalveolar lavage (BAL) fluid cellular
composition of mice sensitized and challenged with
OVA. (A ) BALB/c mice; (B ) C57BL/6 mice. BAL fluid
was obtained from the same groups described in
Figure 2. *p � 0.05 compared with nonsensitized
OVA-challenged mice; �p � 0.05 compared with
sensitized mice exposed to three OVA challenges;
#p � 0.05 compared with sensitized mice exposed
to three and seven OVA challenges.

Th2 cytokine and/or chemokine levels produced by immune cells
(27, 28); the common theme is that these factors produce AHR
indirectly through the recruitment of inflammatory cells. How-
ever, there remains significant controversy as to which cyto-
kine(s) or chemokine(s) are essential to one or both processes.
Despite their importance, only limited data are available with
respect to the kinetics of development and maintenance or per-
sistence of airway immune/inflammatory responses and AHR
after repetitive allergen exposure of sensitized hosts. The primary
purpose of the present study was to examine the kinetics of the
development and resolution of AHR and airway inflammation
after repetitive allergen exposure and relate these changes, when
possible, to cytokine and chemokine responses.

A characteristic and consistent feature of the murine response
to sensitization and short-term airway allergen challenge is the
development of AHR in response to inhaled MCh. Changes in
lung function, measured in a variety of ways, have been demon-
strated in both BALB/c and C57BL/6 mice. Although there are
strain-related differences in the extent, for example, of changes

in lung resistance versus compliance (24), or MCh reactivity
(24, 25), AHR remains a consistent outcome of sensitization and
short-term airway challenge. Extending airway challenge with
the addition of four or eight more exposures over an additional
2 to 4 wk resulted in a marked attenuation of AHR in both strains
of mice. In BALB/c mice, AHR was virtually abolished after
seven challenges, whereas C57BL/6 mice showed a progressive
decrease in AHR with increasing challenges. These decreases in
AHR were observed throughout the MCh dose–response curve
and in measures of both Rl and Cdyn.

These significant decreases in AHR occurred despite the
maintenance of a significant increase in numbers of BAL fluid
and lung tissue eosinophils through seven inhalation challenges
with allergen. At face value, the data suggest the absence of a
correlation between lung and BAL fluid eosinophilia and persis-
tence of AHR. By 11 challenges, this dissociation was no longer
apparent, as airway function normalized. The role of eosinophils
in AHR is controversial in many species, including humans
(29, 30) and mice (31, 32). Even after sensitization and short-term
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Figure 4. Quantitative analysis of lung eo-
sinophils (A and B ), CD4� T cells (C and
D ), periodic acid–Schiff (PAS)-positive cells
(E and F ), Sirius red staining (G and H ),
and anti–�-smooth muscle actin staining
(I and J ) in BALB/c mice (A, C, E, G, and
I ) and C57BL/6 mice (B, D, F, H, and J )
sensitized and challenged with OVA. Data
represent means � SEM for groups of mice
and are representative of two separate ex-
periments. *p � 0.05 compared with non-
sensitized OVA-challenged mice; �p �

0.05 compared with sensitized mice ex-
posed to three OVA challenges; #p � 0.05
compared with sensitized mice exposed to
three and seven OVA challenges. BM 	

basement membrane.

challenge, discrepancies have been reported (33). We and others
(31, 34) have suggested that eosinophils and IL-5 are linked to
AHR, in contrast to another report (35), at least when sensitiza-
tion is followed by limited airway challenge (one to three intrana-

sal or nebulized challenges). Moreover, with respect to the tem-
poral sequence of these events, lung tissue eosinophilia has been
better correlated with AHR than BAL fluid eosinophil num-
bers (24). Exceptions to the association of AHR and BAL fluid
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Figure 4. Continued.

eosinophilia may be attributed to differences in the challenge
protocol and readouts of lung function (36), although the exact
reason(s) remain unclear. In a previous study, we also demon-
strated that after secondary challenge, the role of eosinophils in
the development of AHR became more complicated, and, to
some extent, eosinophil independent (37).

The persistence of lung and BAL fluid eosinophilia in the
absence of AHR after seven challenges could be the result of
several possibilities. One possibility is that the data simply reflect
differences in the kinetics of individual responses. A second
possibility is that eosinophilia is not linked to development of
AHR; this is possible but less likely on the basis of the data
discussed above. These discrepancies are reinforced by two con-
tradictory reports using “eosinophil-less” mice (38, 39). A third
alternative is that the eosinophils persist for longer periods in
the lung tissue (34), but are no longer activated so as to result
in AHR. As there are no good markers of eosinophil activation,
this question remains open, and could explain the shift in kinetics
or dissociation of eosinophilia and AHR. Since other factors
(eotaxin-1, RANTES, and GM-CSF) affecting eosinophil re-
cruitment, survival, and activation were elevated, at least after
seven challenges, this may account for the persistent eosinophilia
but an eosinophil activation factor present after short-term chal-

lenge, such as IL-5, was no longer available. However, our results
showed that the levels of RANTES or GM-CSF in BAL fluid
were not correlated to the persistence of AHR in mice after
repeated OVA challenges.

It is also striking that other responses implicated in the devel-
opment of AHR also persisted after repetitive challenges despite
the normalization of lung function in response to inhaled MCh.
CD4� T cells are thought to play a central role in the develop-
ment of AHR and lung inflammation (40). Depletion of CD4�

T cells during the sensitization phase prevented the subsequent
development of these responses (41). CD4� T cells are also
responsible for the production, at least in part, of the Th2 cyto-
kines IL-4, IL-5, and IL-13 (11). Virtually all the pathophysiolog-
ical manifestations of allergen-induced airway inflammation and
AHR can be accounted for by these cytokines (42–44). After
increasing numbers of challenges, the levels of these Th2 cyto-
kines in BAL fluid were significantly reduced despite persistent
elevation of CD4� T cells in lung tissue. If CD4� T cells are
primarily responsible for Th2 cytokine production, one implica-
tion is that after long-term airway challenge, the functional activ-
ity of these lung T cells or their phenotype is altered. Although
Th2 CD4� T cells may be essential in the induction phase of
allergic responses in the lung, their role over time may become
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Figure 5. Mucus production
and subepithelial collagen in
BALB/c lung tissue obtained
48 h after the last challenge.
Sections were stained with PAS
(A–D; original magnification:
�100, insets, �400), Sirius red
(E–H ), and anti–�-smooth
muscle actin (I–L; original mag-
nification, �400). Representa-
tive histology from controls
(A, E, and I ), short-term chal-
lenged mice (sensitized mice
exposed to 3 OVA challenges;
B, F, and J ), and long-term chal-
lenged mice (sensitized mice
exposed to 7 OVA challenges
[C, G, and K] and sensitized
mice exposed to 11 OVA
challenges [D, H, and L]).

modified (45). It is also possible that with repeated challenges they
become “tolerized”—that is, no longer responsive to allergen—
although we have no direct data supporting this conclusion.

Despite the decreases in levels of IL-13 after seven challenges,
goblet cell metaplasia/mucus hyperproduction persisted. How-
ever, after 11 challenges, this increase in PAS-positive cell num-
bers was also resolving. IL-13 appears essential for goblet cell
metaplasia and mucus production (44). Rather than involving
an undefined pathway maintaining this response over seven chal-
lenges, the results likely reflect a simple shift in kinetics, with
levels of IL-13 falling more rapidly than the disappearance of
PAS-positive cells. As observed with eosinophils, continued
monitoring for an additional 2 wk showed a loss of these PAS-
positive cells.

In contrast to the decreases in Th2 cytokine production, in-
creases were seen in other cytokine levels. IL-12 levels were
increased in the BAL fluid of BALB/c and C57BL/6 mice, but
with different kinetics. IL-12 is an important regulator of the
balance between Th1 and Th2 cells (46). IL-12 induces produc-
tion of IFN-� (47), but we saw no concomitant increases in the
levels of IFN-� in BAL fluid. In similar murine models, IL-12
administration did inhibit lung eosinophilia and AHR, as well
as decrease IL-4 and IL-5, and increase IFN-� (48). IL-12 effects
may also be IFN-� independent (49). However, it seems unlikely
that the dissociation between AHR and lung and BAL fluid
eosinophilia after seven challenges was related to IL-12 levels.
This dissociation was not seen after 11 challenges in both strains,
and elevated IL-12 levels at this time point were associated with
the inhibition of AHR as well as the attenuation of lung and
BAL fluid eosinophilia.

Common to both strains after long-term challenge was the
increase in BAL fluid IL-10 levels. These IL-10 levels were
sustained for a further 2 wk (11 challenges). In general, IL-10
is considered to be an antiinflammatory factor and the release
of IL-10 in asthma serves to downregulate the inflammatory
reaction associated with this disorder (50–52). IL-10 is produced
by CD4�CD25� regulatory T cells, which have been shown to
play a critical role in several models of tolerance (53, 54). Al-
though in our study it is not clear that tolerance was induced
by long-term challenge, the increases in IL-10 with repeated
challenge could have contributed to the loss of AHR, the reduc-
tion in lung BAL fluid eosinophilia, and perhaps the prevention

of eosinophil activation. We also considered “tolerance” from
the point of view of oral tolerance developing as a result of
licking of the pelt over time with repeated exposures. Initial
experiments using repeated intranasal challenges did not alter
the character of the responses, but simply shifted the kinetics
by 1 to 2 wk (data not shown).

Considerable efforts have been made by several laboratories
to develop a murine model of chronic allergic airway inflamma-
tion and AHR (55–60) (see Table E1 in the online supplement).
The presumption in these studies is that chronic allergic airway
inflammation, expressing an eosinophilic signature, is main-
tained by long-term (repetitive) airway allergen exposure, which
leads to structural airway remodeling and, as a result, persistent
AHR. Although the experimental designs varied considerably
between the studies (i.e., strains of mice, type of allergen, route
of sensitization, and duration or number of airway challenges),
the endpoint measurements were common and included AHR,
airway eosinophilia, and airway tissue remodeling (goblet cell
metaplasia, collagen deposition, and thickness of the airway
smooth muscle layer). Of significance in evaluating and compar-
ing these studies is the implication of a specific component in
the ability to elicit chronic and persistent changes. Thus, the
strain of mouse, the specific allergen, the dose and number of
allergen challenges, the route of administration, and the intervals
between exposures all have been interpreted to explain a success-
ful outcome. There are also considerable differences in what
constitutes a persistent change in, for example, lung function or
eosinophilic inflammation, where for the most part, all have
shown attenuation of both of these responses with increasing
allergen exposure, with rare exceptions (60). The demonstration
of increased collagen deposition, smooth muscle hypertrophy,
or limited airway eosinophilia with increasing allergen exposure,
findings we did not observe, is also subject to interpretation.
Careful morphometry, avoidance of tangential sections, and ex-
clusion of areas around blood vessels are absolutely necessary
to show such chronic changes, especially in the face of normaliza-
tion of lung function.

Concern has also been raised that commercial preparations
of OVA are contaminated with endotoxin and that endotoxin
coadministration with OVA creates a state of tolerance (61).
Somewhat to the contrary, endotoxin contamination has also
been stated to be necessary for Th2 responses, at least in some
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Figure 6. BAL fluid interleu-
kin (IL)-4 (A and D), IL-5
(B and E), IL-13 (C and F ),
IL-10 (G and J), IFN-� (H and
K), IL-12 (I and L), granulo-
cyte-macrophage colony–
stimulating factor (GM-CSF;
M and O), transforming
growth factor (TGF)-�1 (N
and P), eotaxin-1 (Q and S),
and RANTES (R and T) levels
were determined in short-
and long-term challenged
mice after OVA challenge
by ELISA as described in
METHODS. (A–C, G–I, M, N,
Q, and R ) BALB/c mice;
(D–F, J–L, O, P, S, and T )
C57BL/6 mice. Results for
each group are expressed
as means � SEM. *p � 0.05
compared with nonsensi-
tized OVA-challenged mice;
#p � 0.05 compared with
sensitized mice exposed to
7 and 11 OVA challenges;
�p � 0.05 compared with
sensitized mice exposed to
three OVA challenges; •p �

0.05 compared with sensi-
tized mice exposed to 3 and
7 OVA challenges. ND 	

not detectable.
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Figure 6. Continued.
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Figure 7. (A–F ) Serum ti-
ters of OVA-specific anti-
bodies were determined in
short- and long-term chal-
lenged mice as described
in METHODS. *p � 0.05 com-
pared with nonsensitized
OVA challenged mice;
�p � 0.05 compared with
sensitized mice exposed to
three OVA challenges; #p �

0.05 compared with sensi-
tized mice exposed to 7
and 11 OVA challenges.
ND 	 not detectable.

strains of mice (62). We have seen little difference in results
when using preparations of OVA assayed to be “endotoxin free.”

A number of studies have focused on the functional diversity
of DCs in the lung parenchyma and airways (63–66), and the

Figure 8. Flow cytometric analysis of lung dendritic cells.
(A ) Anti–Gr-1 and anti-CD11c staining of lung leukocytes
from nonsensitized mice exposed to three OVA challenges
(3Neb), sensitized mice exposed to three OVA challenges
(2ip3Neb), and sensitized mice exposed to 11 OVA chal-
lenges (2ip11Neb). Data from a representative experiment
are shown. (B and C ) Percentage of CD80-expressing cells
(B ) and percentage of CD86-expressing cells (C ) in the
myeloid dendritic cell (mDC) fraction; n 	 6. Mean fluores-
cence intensity (MFI) values for the corresponding samples
are shown. *p � 0.05 between the groups indicated.
3N 	 nonsensitized mice exposed to three OVA challenges;
2ip3N 	 sensitized mice exposed to three OVA challenges;
2ip11N 	 sensitized mice exposed to 11 OVA challenges.

role these cells play in the priming and activation of T lympho-
cytes (65, 66). The important contribution of DCs in asthma
pathogenesis has also been described (16, 17). The role of DCs
after chronic or repeated allergen challenge has not been well
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Figure 9. Changes in airway resistance (RL) in
response to inhaled MCh (A ) and BAL fluid
cellular composition (B ) after transfer of bone
marrow–derived dendritic cells (BMDCs). After
11 challenges, 106 antigen-pulsed BMDCs or
PBS was administered to BALB/c mice via the
trachea. Six days later, allergen exposure via
the airways was performed on 3 consecutive
d followed by assessment of airway function
and BAL fluid cell analysis 48 h after the last
OVA challenge. *p � 0.05 compared with PBS-
administered mice (n 	 12/group). Eos 	

eosinophils; Lym 	 lymphocytes; Mac 	 macro-
phages; Neu 	 neutrophils.

defined. In the present study, we determined whether alterations
in DC function might account for the progressive decreases in
AHR and airway inflammation after increasing challenges, while
numbers and expression of CD80 and CD86 were significantly
decreased after 11 versus 3 challenges. Further, we investigated
whether there were changes in DC numbers or phenotype in
the peribronchial lymph nodes, and none were detected. It is
unclear at present whether the decrease in number and accessory
molecule expression of lung mDCs was responsible for the T-
cell unresponsiveness to allergen after increased challenges and
whether this was linked to the increase in IL-10 seen after 11
challenges. A number of reports suggested that IL-10 attenuates
the differentiation and maturation of DCs in vitro, especially mDCs
(67–69). Immature mDCs, generated under these high IL-10 condi-
tions, may induce T-cell tolerance (69, 70), thus playing a role
in the resolution of AHR and airway allergic inflammation after
repeated allergen challenge. de Heer and coworkers reported that
pDCs provided intrinsic protection against inflammatory responses
to antigen (19). However, in our experiments, pDCs (CD11c�Gr-
1�B220�PDCA-1�) were not increased in the lung parenchyma
or draining lymph nodes. To directly address the issue of the role
of lung mDCs in the resolution of AHR and allergic airway
inflammation, transfer experiments were performed. Transfer of
antigen-pulsed BMDCs to mice receiving 11 allergen challenges
restored responsiveness to allergen, with development of AHR
and eosinophilic inflammation. These data suggest that DCs can
sustain T-cell–mediated allergic responses in the airways. The
mechanism(s) contributing to the restoration of AHR and airway
eosinophilia by instillation of mDCs after repeated allergen chal-
lenges are not clear. One possibility is that transferred DCs reacti-
vated previously stimulated, antigen-specific T cells. Alternatively,
and perhaps more likely, transferred DCs could activate newly
primed T cells. BMDCs have the potential to generate primed T
cells from naive T cells. Another possibility is that DCs directly
cause AHR. Several reports have demonstrated that myeloid DCs
have the capacity to produce several cytokines, not only IL-12
and IL-10, but also IL-13, which may directly contribute to airway
smooth muscle hypercontractility.

In summary, this study demonstrates that repeated allergen
challenge in two strains of mice results in the loss of AHR to
inhaled MCh despite the persistence of airway eosinophilia, at
least for a period beyond normalization of lung function. Together
with the loss of AHR, there were significant decreases in Th2
cytokine production but consistent and sustained increases in
IL-10 and IL-12 levels. Repeated challenge was associated with

a reduction in the number of lung mDCs, and transfer of antigen-
pulsed DCs reversed this attenuation of AHR and eosinophilic
inflammation. This decrease in allergic responsiveness with re-
peated challenge has plagued the development of a true chronic
model of allergen exposure in mice. Nonetheless, the data reveal
potential avenues of intervention in preventing some of the long-
term consequences of repeated allergen exposure.
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