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Burchell JT, Wikstrom ME, Stumbles PA, Sly PD, Turner DJ.
Attenuation of allergen-induced airway hyperresponsiveness is medi-
ated by airway regulatory T cells. Am J Physiol Lung Cell Mol Phys-
iol 296: L307–L319, 2009. First published November 21, 2008;
doi:10.1152/ajplung.00521.2007.—Understanding the mechanisms
involved in respiratory tolerance to inhaled allergens could potentially
result in improved therapies for asthma and allergic diseases. Airway
hyperresponsiveness (AHR) is a major feature of allergic asthma, thus
the aim of the current study was to investigate mechanisms underlying
suppression of allergen-induced AHR during chronic allergen expo-
sure. Adult BALB/c mice were systemically sensitized with ovalbu-
min (OVA) in adjuvant and then challenged with a single 3 or 6 wk
of OVA aerosols. Airway and parenchymal responses to inhaled
methacholine (MCh), inflammatory cell counts, cytokines, OVA-
specific IgE and IgG1, parenchymal histology, and numbers of airway
CD4�69� activated and CD4�25�FoxP3� regulatory T (Treg) cells
were assessed 24 h after the final aerosol. Single OVA challenge
resulted in AHR, eosinophilia, increased serum OVA-specific IgE,
and T helper 2 (Th2) cytokines in bronchoalveolar lavage (BAL) but
no difference in numbers of Treg compared with control mice. Three
weeks of OVA challenges resulted in suppression of AHR and greater
numbers of airway Treg cells and increased transforming growth
factor-�1 (TGF�1) compared with control mice despite the presence
of increased eosinophilia, OVA-specific IgE and IgG1, and airway
remodeling. Six weeks of OVA challenges restored AHR, whereas
airway Treg numbers, TGF�1, BAL eosinophilia, and Th2 cytokines
returned to control levels. Partial in vivo depletion or adoptive transfer
of Treg cells restored or inhibited AHR, respectively, but did not
affect TGF�1 or Th2 cytokine production. In conclusion, AHR sup-
pression is mediated by airway Treg cells and potentially via a
paracrine induction of TGF�1 in the airways.

asthma; T regulatory cell; lung function

THE IMMUNE SYSTEM IS CONTINUALLY exposed to a vast array of
antigens, mostly via the skin and mucosal epithelium of the
respiratory and gastrointestinal tracts. How the immune system
differs in response to inhaled allergen between allergic asth-
matic and healthy individuals is an ongoing question. In
allergic individuals, innocuous inhaled antigens can provoke a
T helper 2 (Th2)-biased immunological response that may
result in a number of allergic features including airway hyper-
responsiveness (AHR), airway eosinophilic inflammation, an-
tigen-specific IgE production, and, in more chronic cases,
airway remodeling (10, 19, 53).

AHR is one of the primary features of allergic airways
disease. Despite continued allergen exposure, AHR does not
become progressively worse in atopic asthmatic individuals.
The mechanisms limiting AHR are unknown. Many previous
studies examining allergen-induced inhalational tolerance have
focused on the development of peripheral tolerance, defined as
suppression of antigen-specific serum antibodies. One such
study has shown that inhalation tolerance to ovalbumin (OVA)
in rats is associated with suppression of antigen-specific IgE
(33). However, less is known of physiological tolerance to
inhaled allergens, defined as allergen-induced suppression of
AHR. Understanding the mechanism of allergen-induced AHR
suppression in animal models could produce new and more
targeted asthma therapies.

It is now widely accepted that CD4� T cells play a major
role in the development of chronic asthma and allergic airways
disease (41). Early studies in mice and rats have demonstrated
that AHR can be adoptively transferred by CD4� T cells (17,
26, 48). Inhibition of the late asthmatic reaction (LAR) after
allergen challenge in atopic patients by cyclosporin A, a drug
that targets T cell activation, has supported the role of T cells
in the human LAR (55). More recently, Ali and colleagues (2)
have demonstrated that the development of AHR in cat allergic
patients after inhalation of Felis domesticus (Fel d1) peptides is
associated with increased numbers of CD4� T cells in the
airways. In addition, depletion of CD4� cells using a mono-
clonal antibody can abrogate an allergic response in sensitized
animals, including AHR (32).

The presence of T cell subsets with the ability to suppress
various disease states to maintain peripheral tolerance has been
demonstrated for a number of years (5, 6). Regulatory T cells
(Treg) have been implicated in the suppression of a number of
diseases including asthma (25). In particular, naturally occur-
ring Treg delineated as CD4�25� were originally described by
Sakaguchi et al. (52) and shown to be critical in the inhibition
of a wide range of autoimmune diseases. In recent years, a
small number of studies have demonstrated a direct link be-
tween Treg and suppression of AHR in asthma (35, 38, 56).
However, only one of these studies (56) used a physiological
technique, low-frequency forced oscillation (31, 51), to parti-
tion lung function into airway and parenchymal components in a
rat model of allergic airways disease. As such, there are no data
available for associations between Treg and AHR in the mouse
using accurate measures of lung function to determine AHR.
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The mechanism of Treg-mediated suppression of AHR is
currently unknown, however, the immunomodulatory cytokine
transforming growth factor-�1 (TGF�1) has been ascribed a
role in this process. The role of TGF� in immune suppression
is not clearly defined. Recent studies have proposed a role for
both Treg cells and TGF� in attenuating the allergic response
to allergen (1, 16, 22, 30, 35, 43, 46). Allergen-induced Treg
are known to produce TGF�1 in vitro (29). Administration of
TGF� can convert CD4�25� cells into CD4�25� cells in the
periphery (11). Neutralization by soluble TGF� receptor in an
in vivo murine model has been shown to potentiate the devel-
opment of AHR (1).

The aim of the current study was to investigate, in a
conventional murine model of allergen-induced AHR, the
mechanisms involved in suppression of allergen-induced AHR
during chronic allergen exposure. More specifically, the aim
was to suppress allergen-induced AHR and then to correlate
suppression with associated allergic features, including Treg
numbers in the trachea of BALB/c mice. To elucidate the role
of Treg in AHR suppression, Treg cells were partially depleted
or adoptively transferred into recipient-sensitized and OVA-
challenged mice. Lung function and methacholine (MCh) re-
sponsiveness were measured with the low-frequency forced
oscillation technique (31, 51) capable of providing separate
estimates of the responsiveness of airway and lung paren-
chyma. To investigate the potential mechanism of Treg-medi-
ated AHR suppression, TGF�1, IL-10, and Th2 cytokines were
measured in BAL fluid (BALF) after OVA challenge, CD25
depletion, and Treg adoptive transfer.

MATERIALS AND METHODS

Animals. Eight-week-old female BALB/c mice were purchased
from the Animal Resource Center (ARC), Murdoch, Western Austra-
lia. Mice were free of known pathogens, housed in a clean animal
house environment with a 12:12-h light-dark cycle, and had access to
food and acidified water ad libitum. The Telethon Institute for Child
Health Research Animal Ethics and Experimentation Committee ap-
proved all study protocols, which were conducted in accordance with
the National Health and Medical Research Council of Australia
guidelines for animal experimentation.

Sensitization and challenge protocol. Mice were sensitized intra-
peritoneally with 20 �g of OVA (chicken-egg OVA grade V; Sigma,
St. Louis, MO) in 200 �l of aluminum hydroxide (Alu-Gel-S; Serva,
Heidelberg, Germany) on days 0 and 14. Commencing on day 21,
mice were challenged with a single OVA aerosol (1% solution in
sterile saline) or multiple aerosols delivered 3 times per week for 3 or
6 wk. Aerosols were delivered for 30 min to 8 mice per group in a
custom-designed 12-compartment Perspex chamber via an ultrasonic
nebulizer (DeVilbiss UltraNeb; Sunrise Medical, Somerset, PA). Con-
trol mice were sensitized to OVA and received saline aerosols using
an identical protocol. As there were no differences between outcomes
from the three saline control groups (single and 3 and 6 wk), only the
single-challenged saline control group data are shown. All measure-
ments described in this study were performed 24 h after the final
aerosol.

Animal preparation for lung function. Animals were anesthetized
by intraperitoneal injection containing xylazine (2 mg/ml; Troy Lab-
oratories, New South Wales, Australia) and ketamine (40 mg/ml; Troy
Laboratories) at a dose of 0.1 ml/10 g body wt. Following tracheos-
tomy, a 10-mm polyethylene tube (1.27 mm outer diameter; 0.86 mm
inner diameter; Microtube Extrusions, New South Wales, Australia)
was inserted into the trachea, and mice were ventilated at 450
breaths/min with a tidal volume of 8 ml/kg and a positive end-

expiratory pressure (PEEP) of 2 cmH2O (flexiVent; SCIREQ, Mon-
tréal, Québec, Canada). Once on the ventilator, volume history was
established by giving the animals 2 sighs (of twice the tidal volume)
5 min apart, followed by 3 pressure-volume maneuvers to 20 cmH2O.

Measurements of respiratory mechanics using the forced oscilla-
tion technique. Respiratory mechanics were measured using an adap-
tation of the low-frequency forced oscillation technique (LFOT).
Input impedance of the lung (Zrs) was measured between 0.25 and
19.625 Hz by applying a composite 16-s signal containing 19 mutu-
ally prime sinusoidal waves with amplitude of 50% of tidal volume
(i.e., 4 ml/kg) during pauses in regular ventilation (51). The flexiVent
calibration procedure removes the impedance of the tracheal cannula.
A parameter-estimation model, the constant phase model (CPM)
described by Hantos and colleagues (31), was used to partition Zrs
into components representing the mechanical properties of the air-
ways, i.e., frequency-independent airway resistance (Raw), and lung
parenchyma, i.e., coefficients of tissue damping (G) and tissue elas-
tance (H). Following removal of the tracheal cannula, airway iner-
tance was negligible and is not reported. Individual frequency points
were manually excluded from the model fit where they coincided with
heart rate and its harmonics if cardiac activity caused low signal-to-
noise ratio, i.e., a coherence �0.95.

Measurements of lung function were made every minute for 5 min
to establish a baseline and then again following a saline nebulization
and after each dose of MCh as outlined below.

Responses to MCh. Mice received a saline aerosol followed by
increasing doses of aerosolized MCh from 0.1 to 30 mg/ml as
described previously (66). Aerosol durations were 90 s. Lung function
was measured every minute for 5 min after the conclusion of each
aerosol. Dose-response curves were constructed from the maximal
response per dose of MCh averaged for 8 mice per group and
expressed as a percentage change over the saline baseline for all
parameters. Reactivity to MCh was assessed by calculating the effec-
tive dose of MCh producing a 200% increase (EC200) in Raw, G, and
H above the control.

Quantification of airway inflammatory cells and cytokines. After
MCh challenges, mice were lavaged 3 times with 1 ml of saline
containing 0.2% BSA (Sigma) and 0.35% lidocaine (Sigma). Between
70% and 80% of the bronchoalveolar lavage (BAL) fluid was rou-
tinely recovered. BAL samples were centrifuged, and the supernatant
was removed and stored at �80°C for subsequent analysis of cyto-
kines. Total cell counts and viability were determined using a hemo-
cytometer. Data were expressed as the total number of cells retrieved.
The remaining cell suspension was centrifuged, and the resulting
slides were stained with Leishman stain for determination of a
differential cell count. Cells were counted on the basis of their
morphology to a total number of 300 cells, generating a percentage of
each cell type. This percentage was then multiplied with the total cell
count to determine differential cell counts. Airway cytokines (IL-2, -4,
-5, IFN-�, and TNF�) were measured in BAL supernatants using a
Cytometric Bead Array (BD Biosciences) as per the manufacturer’s
instructions. Samples were measured using a four-color FACSCalibur
(BD Biosciences) and analyzed using FlowJo software (TreeStar).
IL-13, IL-10, and TGF�1 (R&D Systems, Minneapolis, MN) were
measured by ELISA as per the manufacturer’s instructions. BAL
samples for quantification of TGF�1 were activated as per manufac-
turer’s instructions before use in the assay.

Lung morphometry. Following MCh challenges and after death,
lungs were inflated with paraformaldehyde in situ at 20 cmH2O for a
minimum of 4 h. Lungs were then removed and further fixed in 70%
ethanol for at least 24 h, embedded in paraffin wax, section to 4 �m,
and stained with both hematoxylin and eosin (H&E) and periodic
acid-Schiff (PAS). Images were captured using a light microscope
(Leica Microsystems, Wetzlar, Germany). To determine structural
changes in parenchymal airways, measurements of airway wall thick-
ness and the presence of goblet cells were analyzed. Using a camera
lucida and digitizing tablet, perimeter and area of the outer airway
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wall and inner airway wall were measured in bronchioles, defined as
being small noncartilaginous airways. The outer perimeter was de-
fined as the outer border of adventitia and inner perimeter defined as
the luminal border of epithelium. Selection criteria for choosing
airways to measure corresponded to those proposed by Bai and
colleagues (3). Approximately 16 airways per mouse lung were
measured in 5–8 mice per treatment group, resulting in 80–130
measurements per treatment group. To minimize overrepresentation
of wall thickness from larger airways, measurements are shown as
square millimeters divided by basement membrane length of the
airway.

Antibody responses. After conclusion of MCh challenges, blood
was collected via cardiac puncture, left to clot, and then centrifuged at
2,000 rpm for 10 min for collection of sera. OVA-specific IgE and
IgG1 were then analyzed using a sandwich ELISA #0 or an indirect
ELISA, respectively. For IgE, purified anti-mouse IgE (BD Bio-
sciences) was coated overnight onto 96-well microtiter plates and
blocked with 1% BSA in PBS before adding test serum samples or
purified anti-mouse OVA IgE (Serotec, Oxford, United Kingdom) as
a standard for 1 h at room temperature. OVA-specific IgE was
detected using an in-house-generated biotinylated OVA followed by
streptavidin-horseradish peroxidase (Sav-HRP; Amersham) and de-
veloped with ABTS substrate. For the IgG1 ELISA, plates were
coated overnight with OVA (10 �g/ml) and blocked with 1% BSA in
PBS before adding test serum samples or anti-OVA (chicken) mouse
monoclonal antibody (Antibody Shop, Gentofte, Denmark) as a stan-
dard for 1 h at room temperature. OVA-specific IgG1 was detected
using a biotin-conjugated rat anti-mouse IgG1 monoclonal antibody
(BD Biosciences) followed by Sav-HRP and developed with ABTS
substrate. Lower limits of detection were 100 and 10 ng/ml for IgE
and IgG1, respectively. Plates were read on a photometry 96-well
plate reader (Victor2; Wallac Oy, Turku, Finland) at an absorbance of
405 nm.

Quantification of airway and lymph node Treg cells. In separate
groups of animals, mice were killed 24 h after the final OVA aerosol,
and tracheas were removed (n � 5 per group). Tracheas were cut into
longitudinal sections and digested with type IV collagenase (1.5–2
mg/ml; Worthington Biochemical, Lakewood, NJ) and pancreatic
type I DNase (0.1 mg/ml; Sigma). Airway-draining lymph nodes
(DLN; composed of parathymic and mediastinal lymph nodes) were
removed and digested as described for tracheas. After a single cell
suspension was created, Fc receptors were blocked using anti-
CD16/32 followed by anti-CD4 conjugated to allophycocyanin
(APC), anti-CD69-phycoerythrin-Cy5 (PE-Cy5), biotinylated anti-
CD25, and streptavidin-PE (BD Biosciences). Cell suspensions were
split in half. Dead cells were detected by adding propidium iodide to
half of the cells of each sample. The remaining cells were permeabil-
ized overnight and then stained with anti-forkhead box P3 (FoxP3)
conjugated to fluorescein isothiocyanate (24) using a commercially
available staining kit (eBioscience, San Diego, CA). All antibodies
used were purchased from BD Biosciences unless otherwise stated.
Cell populations were detected using an LSR II (Becton-Dickinson)
and analyzed using FlowJo software (TreeStar).

Administration of antibody for in vivo CD25 depletion. Two sep-
arate groups of mice were sensitized and received 3 wk of OVA
aerosols as previously described. In addition, one group received 100
�g of functional grade purified anti-mouse CD25 (PC61.5; eBio-
science) intravenously immediately after the seventh aerosol. The
second group received 100 �g of functional grade purified mouse
IgG1 isotype control (eBioscience) intravenously immediately after
the seventh aerosol. In both groups of animals, the eighth aerosol was
delivered 72 h after administration of antibody. Twenty-four hours
after the final (8th) aerosol, mice were anesthetized for determination
of lung function. After conclusion of lung function measurements,
animals were killed and lavaged, and DLN was removed, processed,
and stained using anti-CD4 APC, biotinylated anti-CD25 (7D4),
streptavidin-PE, and FoxP3-FITC antibodies as previously described.

Purification and adoptive transfer of CD4�25� and CD4�25�

cells. Donor BALB/c mice were sensitized and received 3 wk of OVA
aerosol exposures. Twenty-four hours after the final aerosol mice were
killed, DLN were removed, processed, and stained with anti-CD4
APC, biotinylated anti-CD25, and streptavidin-PE. The cell suspen-
sion was sorted into CD4�25� and CD4�25� cells using a FACSAria
cell sorter (BD Biosciences). The two donor cell populations were
separately labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE; Invitrogen-Molecular Probes, Carlsbad, CA). Recipient
BALB/c mice were sensitized and received either 1 	 106 CFSE-
labeled CD4�25� or CD4�25� donor cells on day 20 followed by a
single OVA aerosol on day 21. Twenty-four hours after the OVA
aerosol recipient mice were killed. Tracheas, peripheral lungs, DLN,
and inguinal lymph nodes were removed, processed, and stained with
anti-CD4 APC, biotinylated anti-CD25, and streptavidin-PE as de-
scribed previously. CFSE-labeled cells were detected using an LSR II
(BD Biosciences) and analyzed with FlowJo (TreeStar).

In a separate but parallel experiment, CD4�25� and CD4�25�

cells were sorted as described above but were not labeled with CFSE.
Cells were transferred to recipient-sensitized mice on day 20 followed
by a single OVA aerosol on day 21 as described above. Twenty-four
hours later, the OVA aerosol recipient mice were anesthetized and
tracheostomized for analysis of MCh responsiveness. At the conclu-
sion of the experiment, mice were killed and lavaged. To confirm that
the transferred CD4�25� cells were naturally occurring Treg (FoxP3�), a
proportion of the donor cells were permeabilized and stained with
anti-FoxP3-FITC.

Statistical analysis. Analyses of MCh dose-response curves were
performed using two-way repeated measures (RM) ANOVA with
statistical significance defined as P � 0.05. All other analyses were
performed using either one-way ANOVA or unpaired t-tests as indi-
cated. Where data were not normally distributed, ANOVA was per-
formed on ranks (SigmaStat). Values for all figures are expressed as
means 
 SD unless otherwise stated.

RESULTS

Altered lung function with varying durations of airway
allergen exposure. Baseline lung function and EC200 values to
MCh are shown for each treatment group in Table 1. Baseline
values of Raw were unaltered by single or multiple allergen
challenges. However, baseline measurements of G and H were
significantly increased after 3 wk of allergen challenge (P �
0.05, 1-way ANOVA on ranks) and returned to control levels
after 6 wk of allergen challenge.

Dose-response curves to inhaled MCh are shown in Fig. 1
for Raw (Fig. 1A), G (Fig. 1B), and H (Fig. 1C). Mice exposed
to a single OVA challenge showed a significant increase in
responsiveness to MCh in both the main conducting airways
(Raw; P � 0.05, 2-way RM ANOVA) and lung parenchyma
(G and H; P � 0.05) compared with control animals (Fig. 1),
consistent with data previously described (66). EC200 values
were significantly lower for G and H (P � 0.05; Table 1)
following a single OVA aerosol compared with the control
group.

In contrast, 3 wk of allergen challenge attenuated the in-
creased responsiveness to MCh in Raw, G, and H observed
after a single allergen challenge (P � 0.05; Fig. 1) to the point
where there were no significant differences between 3-wk-
challenged and control mice. In addition, response to MCh
revealed a significant increase in EC200Raw between single
and 3-wk groups (P � 0.05; Table 1). EC200G and EC200H
did not differ between 3-wk-exposed animals and controls
(Table 1).
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Continuation of OVA challenges for a further 3 wk (6 wk in
total) reversed the suppression of AHR observed in 3-wk-
challenged mice (Fig. 1, A–C). After 6 wk of allergen chal-
lenge, mice again showed significantly increased responsive-
ness to MCh compared with the control group for Raw, G, and
H (P � 0.05) and compared with 3-wk allergen-challenged
mice for G and H (P � 0.05). There were no differences
between single and 6-wk-challenged mice for Raw, G, or H.
EC200 values were decreased in 6-wk-challenged mice com-
pared with control mice for both G and H and for H alone
compared with 3-wk-challenged mice (Table 1; P � 0.05).

Airway and lung inflammation and airway wall remodeling.
Total cell numbers increased in BAL following a single aerosol
challenge (P � 0.001) and markedly increased (P � 0.001) after
3 wk of allergen exposures (Fig. 1D; nonparametric t-test on
ranks). The increase in cells was primarily due to an increase in
eosinophils that paralleled the trend observed in total cell numbers
(Fig. 1D). Macrophage numbers remained relatively conserved
between all groups. Mice receiving 6 wk of allergen challenges
demonstrated a decrease in total cells within the airways com-
pared with 3-wk-challenged mice (P � 0.001, unpaired t-test) yet
still remained elevated above control levels (P � 0.05).

Table 1. Baseline lung function and the effective concentration of methacholine causing a 200% increase in baseline values
(EC200) for airway resistance (Raw), tissue damping (G), and tissue elastance (H)

Raw G H

Baseline, hPa/ml EC200, mg/ml Baseline, hPa/ml EC200, mg/ml Baseline, hPa/ml EC200, mg/ml
Control 0.23 (0.01) 8.89 (5.27) 5.76 (0.33) 3.74 (3.89) 38.05 (2.37) 26.79 (3.21)
Single 0.22 (0.01) 1.85 (0.50)* 5.61 (0.09) 3.21 (0.57)* 37.05 (0.71) 4.05 (0.91)*
3 wk 0.24 (0.03) 6.31 (1.97)† 8.31 (0.35)*† 15.87 (5.25)† 48.54 (2.68)*† 20.99 (5.70)
6 wk 0.21 (0.01) 4.64 (1.34) 5.88 (0.27)‡ 4.65 (10.13)* 34.77 (10.16)‡ 5.40 (10.37)*‡

Values are expressed as means (SD), n � 6–8 mice per group. Measurements were made 24 h following a saline aerosol (Control), a single ovalbumin (OVA)
aerosol (Single), and 3 and 6 wk of OVA aerosols. *P � 0.05 compared with control group; †P � 0.05 compared with single OVA aerosol-exposed group; and
‡P � 0.05 compared with 3-wk OVA aerosol-exposed group.

Fig. 1. Lung function analysis, inflammation, and allergic antibody production of ovalbumin (OVA) aerosol-exposed mice. OVA-sensitized BALB/c mice were
exposed to saline (control: open circles) or single (closed circles), 3 wk (closed triangles), or 6 wk (closed squares) of OVA aerosols (A–C). Lung function was
measured by forced oscillation technique 24 h after the last aerosol. Changes in responsiveness to methacholine (MCh) for airway resistance (Raw; A), tissue
damping (G; B), and tissue elastance (H; C) compared with control animals were determined as described in MATERIALS AND METHODS. Data are expressed as
a percentage of the baseline saline values and shown as means 
 SD for each group (n � 8 mice per group). *P � 0.001, 2-way repeated measures ANOVA.
Bronchoalveolar lavage (BAL) fluid (BALF) cell counts are shown in D for (from left to right) total cells (black bars), eosinophils (light gray bars), macrophages
(medium gray bars), neutrophils (white bars), and lymphocytes (dark gray bars) and are expressed as the total number of cells retrieved per group (n � 8 mice
per group). OVA-specific IgE and IgG1 measured in serum are shown in E and F, respectively, and data are expressed as mean antibody concentration with SD
error bars. *P � 0.05 compared with control group.
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Similarly, in the lung parenchyma, no inflammatory cells
were observed in control mouse lungs (Fig. 2A), whereas small
foci of eosinophils and a lesser extent lymphocytes were
present around and within the airway walls after a single

allergen challenge (Fig. 2B, arrow shows inflammation). How-
ever, this predominantly eosinophilic inflammation was greatly
enhanced after 3-wk allergen challenges in both peribronchio-
lar and perivascular regions (Fig. 2C, arrows show inflamma-
tion). Six-week allergen challenge decreased inflammation in
the parenchyma (Fig. 2D). In addition, few goblet cells were
present within the airway epithelium after a single allergen
challenge (Fig. 2B), whereas, after 3 wk of allergen challenges,
goblet cells formed an almost-continuous lining within the
airway epithelium (Fig. 2C, open arrowhead shows goblet
cells). Six weeks of allergen challenges reduced the presence
of goblet cells within the airway epithelium (Fig. 2D).

Airway wall thickness was unaltered following a single
allergen challenge (0.022 
 1.77 	 10�3 mm2) and increased
after 3-wk allergen exposure (0.040 
 3.62 	 10�3 mm2)
compared with control animals (0.018 
 5.97 	 10�4 mm2)
(P � 0.05, 1-way ANOVA on ranks). Airway wall thickness
decreased after 6 wk of allergen exposure (0.032 
 2.15 	
10�3 mm2) compared with 3 wk of allergen challenge but
remained elevated compared with control animals (P � 0.05).
Thus a single allergen challenge resulted in inflamed central
and parenchymal airways, which worsened following 3 wk of
allergen challenges with the addition of goblet cell metaplasia,
which contributed to thickened airway walls. In contrast, 6 wk
of allergen challenges partially reversed these inflammatory
and structural changes in both the central and parenchymal
airways.

Allergen-specific IgE and IgG1 production. Serum levels of
OVA-specific IgE were significantly increased following sin-
gle (2.18 	 103 
 0.54 ng/ml; P � 0.01, unpaired t-test), 3 wk
(2.00 	 103 
 0.31 	 103 ng/ml; P � 0.006), and 6 wk
(1.96 	 103 
 0.29; P � 0.024) of OVA challenges compared
with control animals (0.64 	 103 
 0.05 ng/ml) (Fig. 1E).
Serum OVA-specific IgG1 was significantly decreased after a
single OVA aerosol (49.37 	 103 
 18.82 	 103 ng/ml; P �
0.013, unpaired t-test) and increased following 3 wk (205.75 	
103 
 31.98 	 103 ng/ml; P � 0.017) and 6 wk of allergen
challenge (198.33 	 103 
 6.84 ng/ml; P � 0.025) compared
with control animals (98.45 	 103 
 13.24 ng/ml) (Fig. 1F).

Airway cytokine production. Levels of IL-4, IL-5, and IL-13
were significantly increased (unpaired t-tests, P � 0.001 for
all) in BAL in the single OVA-challenged group compared
with the control group and then reduced to control levels in
both the 3- and 6-wk OVA-challenged groups (Fig. 3). TNF�
followed a similar trend to IL-4 and IL-5, with a significant
increase after a single aerosol exposure (P � 0.022) and
decline following repeated exposure; however, levels of this
cytokine remained elevated above control levels during pro-
longed exposure (Fig. 3). Levels of IL-2 were unchanged
between control and single-challenged groups but were signif-
icantly decreased after 3- and 6-wk allergen exposure (P �
0.016 and P � 0.001, respectively; Fig. 3). IFN-� levels were
undetectable in BAL samples from all groups (data not shown).
The immunomodulatory cytokines IL-10 and TGF�1 were also
measured in BALF. IL-10 was undetectable in all samples
(data not shown). TGF�1 was increased after a single OVA
challenge (P � 0.001) and further increased after 3 wk of OVA
challenges (P � 0.001) compared with control animals
(Fig. 3).

Fig. 2. Airway and lung histology following OVA aerosol exposure. OVA-
sensitized BALB/c mice were exposed to saline aerosol (A) or single OVA (B),
3-wk OVA (C), or 6-wk OVA (D) aerosol challenges. Lung tissue were
harvested and fixed 24 h after the final aerosol. Representative sections of
lungs in each treatment group (n � 8 mice per group) are shown stained with
both hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) and viewed
using light microscopy (original 	4 magnification). Block arrowheads indicate
regions of peribronchiolar (B and C) and perivascular (C) inflammation. The
open arrowhead indicates a region of goblet cell metaplasia (C).
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Airway CD4�69� and CD4�25�FoxP3� Treg cell num-
bers. Treg numbers within the airways after varying durations
of airway allergen exposure were examined as a potential
mechanism for AHR suppression. Twenty-four hours after a
single OVA challenge, total numbers of CD4�25�FoxP3�

cells (Treg) were reduced within the airways; however, this
was not significant compared with control animals (Fig. 4B). In
contrast, 3-wk allergen exposure induced a significant increase
in Treg numbers (unpaired t-test, P � 0.002) in the airways
compared with single-exposed mice, whereas 6-wk OVA-

Fig. 3. BALF cytokine concentrations after OVA challenge. BALF was harvested from OVA-sensitized and aerosol-challenged mice 24 h after the final aerosol
and following conclusion of lung function tests. Supernatants were prepared, and levels of IL-4, IL-5, IL-2, and TNF� were quantified by Cytometric Bead Assay
as described in MATERIALS AND METHODS. IL-13 and transforming growth factor-�1 (TGF�1) were measured by ELISA. Data are shown as means 
 SD for n �
6–8 BAL samples per group; *P � 0.05 unpaired t-test.

Fig. 4. Quantification of regulatory T (Treg)
and T effector cells in the airways (trachea)
and draining lymph nodes (DLN). Mice were
killed 24 h after the final aerosol, and tracheas
(A and B) and DLN (C and D) were removed
for flow cytometric analysis of T cell popula-
tions of CD4�69� (T effector) cells (A and C)
and CD4�25�FoxP3� (Treg) cells (B and D).
Data are shown as mean (SE) numbers of
cells of 3–6 separate experiments with pools
of n � 5 mice per group in each experiment.
*P � 0.05 compared with control animals;
#P � 0.05 compared with single OVA aero-
sol-exposed animals.
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exposure showed a trend toward a decrease in Treg numbers
within the trachea compared with 3-wk-challenged animals
(P � 0.064). There were no significant differences between
total numbers of cells recovered from the airways of control
(43.29 	 104 
 7.69 	 104), single OVA (29.03 	 104 

10.12 	 104), 3-wk OVA (23.81 	 104 
 8.85 	 104)-, or
6-wk OVA (34.15 	 104 
 14.42 	 104)-challenged animals.
Similarly, there were no significant differences between pro-
portions of CD4�69� and CD4�25�FoxP3� cells in the air-
ways from control (14.24% 
 3.97% and 4.40% 
 1.10%,
respectively), single OVA (18.70% 
 5.53% and 5.71% 

1.08%), 3-wk OVA (23.66% 
 2.16% and 2.47% 
 0.75%)-,
and 6-wk OVA (25.59% 
 13.12% and 3.95% 
 2.09%)-
challenged animals. A single OVA aerosol exposure also
significantly decreased the numbers of activated CD4�69� T
cells in the airways, and the numbers of these cells remained
consistently decreased after 3 and 6 wk of OVA challenge
(Fig. 4A).

A single OVA challenge increased the number of CD4�69�

cells in the DLN compared with control animals (P � 0.015),
and these cell numbers remained elevated above control levels
after both 3-wk (P � 0.008) and 6-wk (P � 0.098) OVA
challenge protocols (Fig. 4C). CD4�25�FoxP3� cell numbers
were increased following a single OVA challenge compared
with control animals (P � 0.043), were further increased
following 3-wk OVA challenge (P � 0.001), and returned to
control levels following 6-wk OVA challenge (P � 0.406; Fig.
4D). There were no significant differences between proportions
of CD4�25�FoxP3� cells in the DLN from control (1.94% 

1.28%), single OVA (5.71% 
 2.42%)-, 3-wk OVA (2.47% 

1.68%)-, and 6-wk OVA (3.95% 
 2.09%)-challenged ani-
mals.

Partial in vivo depletion of Treg restored AHR in the main
conducting airways. To determine the importance of Treg in
the attenuation of AHR, we attempted to deplete Treg in vivo
using an antibody targeted to the CD25 cell surface marker
(PC61). To initially test the efficiency of in vivo CD25 deple-
tion, we administered either IgG1 isotype control or �CD25 to
two separate groups of sensitized and 3-wk OVA aerosol-
exposed mice (n � 5 per group). There was a 69% decrease in
CD4�25�FoxP3� cells after �CD25 treatment (1.0%) com-
pared with IgG1 (3.19%) administration within the trachea and
a reduction of 63% after �CD25 treatment (1.66%) compared
with IgG1 (4.48%) in the DLN. To test whether partial in vivo
CD25 depletion could restore AHR in attenuated (3-wk OVA-
challenged) mice, we measured response to MCh after either
IgG1 or �CD25 treatment. MCh responsiveness for Raw, G,
and H were determined as previously described. �CD25 treat-
ment increased the response to MCh for Raw (Fig. 5B),
however, �CD25 had no effect on G or H compared with IgG1

(Fig. 5, C and D, respectively). To confirm the efficiency of
CD25 depletion in MCh-challenged animals, DLN were re-
moved at the conclusion of MCh challenges and stained with
antibodies against CD4 and CD25. Figure 5A shows frequency
of CD25� cells among CD4� cells in the DLN of individual
MCh-challenged mice. MCh-challenged animals showed a
decrease (50% reduction) in CD4�25� cells within the DLN
(P � 0.022). Concentrations of TGF�1, IL-4, IL-5, and IL-13
in BALF remained unchanged after partial CD25 depletion
compared with 3-wk OVA-challenged animals (Fig. 5, E–H,
respectively).

Adoptive transfer of Treg cells attenuated AHR in estab-
lished allergic airways disease. To test the hypothesis that
Treg cells could attenuate AHR in vivo in established allergic
airways disease, CD4�25� cells were sorted from DLN of
3-wk OVA-challenged mice and adoptively transferred into
single OVA-challenged mice. To confirm that the transferred
CD4�25� cells were bona fide Treg (FoxP3�), a proportion of
the donor cells were permeabilized and stained with anti-
FoxP3-FITC. Of the CD4�25� cells to be adoptively trans-
ferred, 92% (12.5% of 13.57%) coexpressed FoxP3 (Fig. 6A).
To examine whether transferred CD4�25� or CD4�25� cells
could migrate to the airways, CD4�25� or CD4�25� cells
were labeled with CFSE immediately before adoptive transfer.
A total of 1 	 106 CFSE� CD4�25� or CD4�25� cells were
transferred to separate groups of sensitized mice followed by a
single OVA challenge 24 h later (n � 8 per group). The
numbers of CFSE�CD4�25� that were recovered in tissues
and lymph nodes of interest from a pool of 5 mice were 540 in
the trachea, 750 in the peripheral lungs, 2,930 in the DLN, and
3,958 in the inguinal lymph nodes. In comparison, the number
of recovered CFSE�CD4�25� cells were 267 in the trachea,
1,028 in the peripheral lungs, 2,211 in the DLN, and 2,233 in
the inguinal lymph nodes. These numbers represented less than
1% of total CD4� cell numbers in all compartments measured.

To determine whether adoptively transferred CD4�25� cells
could attenuate AHR, MCh responsiveness was measured in
single OVA-challenged mice after CD4�25� or CD4�25�

transfer. Dose-response curves to inhaled MCh for Raw, G,
and H are shown in Fig. 6, B–D, respectively. A single OVA
aerosol to sensitized mice increased MCh responsiveness for
Raw, G, and H, thus resulting in AHR, compared with control
animals. Administration of 1 	 106 CD4�25� cells on day 20
to sensitized mice followed by a single OVA aerosol on day 21
showed increased responsiveness to MCh for Raw, G, and H
(P � 0.042, 0.010, and 0.025, respectively, 2-way RM
ANOVA) compared with animals receiving CD4�25� cells.
There were no differences in response to MCh between
CD4�25� and single OVA-challenged animals for Raw, G, or
H. In addition, there were no differences in MCh responsive-
ness between animals receiving CD4�25� cells and control
animals for Raw, G, and H. Concentrations of TGF�1, IL-4,
IL-5, and IL-13 in BALF remained unchanged after Treg
adoptive transfer compared with single OVA-challenged ani-
mals (Fig. 6, E–H, respectively).

DISCUSSION

Results from the present study show that chronic exposure to
OVA over 3 wk suppressed the AHR and Th2 cytokine
response in the airways associated with allergen-induced in-
flammation despite increasing allergen-specific IgE and IgG1,
airway and parenchymal eosinophilia, and bronchiolar wall
thickness. Further allergen exposure (6 wk) reversed the sup-
pression of AHR in both the central and peripheral airways
while reducing allergen-induced airway and parenchymal
eosinophilia, Th2 cytokines, airway wall thickness, and goblet
cell metaplasia, whereas OVA-specific IgE and IgG1 remained
elevated. Allergen-induced AHR was associated with rela-
tively low numbers of Treg within the main conducting air-
ways (trachea), whereas AHR suppression was associated with
increased numbers of Treg within the airways.
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In the current study, a single OVA airway challenge to
sensitized mice resulted in increased responsiveness to MCh
as described previously (66). Three weeks of OVA chal-
lenges suppressed AHR in the conducting airways (Raw)
and parenchyma (G and H) as determined by a decrease in

responsiveness to MCh. In examining the mechanism(s)
underlying the suppression of AHR, we need to consider the
potential effects of the alteration in lung structure as a result
of chronic allergen exposure. Three weeks of OVA expo-
sures resulted in substantial lung inflammation and airway

Fig. 5. Effects of partial in vivo CD25 de-
pletion on airway hyperresponsiveness
(AHR) and airway cytokine concentrations.
MCh responsiveness for Raw, G, and H are
shown in B–D, respectively. Data are ex-
pressed as a percentage of the baseline saline
values and shown as means 
 SD for IgG1-
treated (closed circles) or �CD25-treated
(open circles) animals (n � 8 mice per
group). The proportion of CD4� cells ex-
pressing CD25 in the DLN of MCh-chal-
lenged mice after IgG1 or �CD25 treatment
are shown in A. Data are expressed as per-
centage of CD25� cells from individual
mice (data points) with a mean bar. Concen-
trations of TGF�1, IL-4, IL-5, and IL-13
were measured in BALF as described in
MATERIALS AND METHODS (E–H, respec-
tively). Data are expressed as cytokine con-
centration from n � 6–8 mice per group.
*P � 0.05.
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remodeling that was associated with an alteration in the
mechanical properties of the lung parenchyma, i.e., an
increase in the coefficients of tissue damping and tissue
elastance (P � 0.05). Stiffening of the lung parenchyma
may limit airway constriction by providing an increased
load against which the airway smooth muscle must contract
(45). However, airway remodeling involving thickening of
the airway wall and goblet cell hyperplasia is likely to
provide a mechanical advantage for airway smooth muscle
to increase airway narrowing and increasing airway respon-

siveness to MCh (34). This effect on the airways is likely to
outweigh any effect from parenchymal stiffening. After 6 wk
of OVA challenges, the pulmonary inflammation and airway
remodeling had returned to normal, whereas the suppression of
AHR had waned, with the heightened airway and parenchymal
responsiveness returning. This dissociation between pulmonary
inflammation, structural remodeling, and AHR argues against a
mechanical contribution to the allergen-induced AHR seen after a
single OVA challenge and the suppression of AHR seen with
chronic exposure.

Fig. 6. Effects of Treg adoptive transfer on
AHR and airway cytokine concentrations.
MCh responsiveness for Raw, G, and H are
shown in B–D, respectively. Data are ex-
pressed as a percentage of the baseline saline
values and shown as means 
 SD for sensi-
tized saline-challenged control mice (open cir-
cles), single OVA-challenged mice (closed cir-
cles), sensitized, single OVA-challenged mice
receiving CD4�25� cells (closed triangles), or
sensitized, single OVA-challenged mice re-
ceiving CD4�25� cells (open triangles) ani-
mals (n � 8 mice per group). A representative
fluorescence-activated cell sorter (FACS) plot
of the proportion of adoptively transferred
CD4� cells coexpressing CD25 and FoxP3
(Treg) from the DLN of 3-wk OVA-chal-
lenged animals (pool of n � 5 mice) is shown
in A. Concentrations of TGF�1, IL-4, IL-5, and
IL-13 were measured in BALF as described in
MATERIALS AND METHODS (E–H, respectively).
Data are expressed as cytokine concentration
from n � 6–8 mice per group. *P � 0.05.
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The role of inflammation in the development of AHR has
been controversial. Eosinophils have been reported as key
contributors to AHR (9, 28, 59), however, more recent data
suggest that these two features are not related (15). Our data
confirm the dissociation between AHR and inflammation as
AHR developed in the presence of mild eosinophilia and was
suppressed during a maximal eosinophilic response in both the
airways and lung parenchyma. The current data strengthen this
dissociation as 6 wk of allergen challenges produced AHR with
minimal eosinophilia.

Our data also show that development, suppression, and
reemergence of AHR are independent of OVA-specific IgE in
serum. This does not agree with previous allergen-inhalation
models exhibiting tolerance to IgE in the mouse (33). How-
ever, our model differs widely in a number of ways including
species used and respiratory challenge protocol. Furthermore,
OVA-specific IgG1 decreased after a single OVA exposure and
increased after 3 and 6 wk of OVA challenges compared with
control mice. Recently, Erazo and colleagues (21) have re-
ported that IgE and IgG1 production are linked to a common
memory B cell progenitor as IgG1

� cells and IgG1
� memory B

cells could undergo a secondary switch to IgE, which was
dependent on the presence of IL-4 and inhibited by IL-21. Our
data support these findings, as an increase in OVA-specific IgE
was observed after a single OVA aerosol, which could be
explained by B cell class switching from IgG1 to IgE. The
decrease in IgG1 after a single OVA aerosol may be due to
IgG1 being lost to the formation of immune complexes. How-
ever, increased IgG1 and IgE after 3 and 6 wk of allergen
challenges may be a result of continuous activation of memory
B cells by T lymphocytes and/or the longevity of plasma cells.
Finally, the demonstration that AHR can be adoptively trans-
ferred with CD4� T cells from sensitized and challenged mice
to naı̈ve mice shows that allergen-induced AHR is not depen-
dent on serum antibodies (12).

CD4� cells are widely reported to contribute to the produc-
tion of AHR via the production and release of Th2 cytokines
such as IL-4, IL-5, and IL-13 (42, 65), however, their role in
AHR suppression remains unclear. In the model used in the
present study, Th2 cytokines were increased concurrent to the
development of AHR and are reduced during AHR attenuation.
Thus we hypothesize that in the conventional model of aller-
gen-induced inflammation IL-4, IL-5, and IL-13 may contrib-
ute to the development of AHR and the absence of these
cytokines after multiple allergen challenges may contribute to
AHR suppression. However, we speculate that the attenuation
of AHR cannot be explained by reduction of Th2 cytokines
alone. Although we cannot conclude definitively that inhibition
of Th2 cytokine production after 3 and 6 wk of allergen
challenges is due to active immune suppression of cytokine-
secreting cells, our data do suggest that these cytokine-secret-
ing cells are not deleted as numbers of CD4�69� cells do not
change between single and 3 and 6 wk of OVA challenge.
Levels of the proinflammatory cytokine TNF� were signifi-
cantly increased in the single OVA-challenged group and
decreased after 3 wk of allergen exposure, although the reduc-
tion was to a lesser extent than observed for the Th2 cytokines
(Fig. 3). Elevated TNF� production has been reported to be
associated with the late asthmatic response to allergen chal-
lenge in atopic asthmatic patients (39). The current data sup-
port these human data by associating elevated TNF� produc-

tion with AHR. Therefore, decreased TNF� in the airways in
addition to decreased Th2 cytokines may contribute to AHR
attenuation.

In addition, levels of the pleiotropic cytokine IL-2 were
unchanged after a single OVA challenge and decreased after 3
wk of OVA challenge compared with control animals (Fig. 3).
IL-2 is known to play a central role in Th2 differentiation (13).
A reduction in IL-2 may reflect a decrease in T cell activation
and recruitment to the airways, which may explain the ob-
served decrease in numbers of CD4�69� cells and reduced
Th2 cytokine secretion in the airways, suggesting a downregu-
lation in the adaptive immune response. Collectively, these
data suggest that a homeostatic mechanism may be
in place to limit Th2 responses and AHR with prolonged
allergen exposure. This may help to explain why prolonged
allergen exposure does not result in continually worsening
AHR in atopic asthmatic individuals. Interestingly, the reemer-
gence of AHR after 6 wk of allergen challenges was not
associated with IL-4, IL-5, or IL-13 production. These data
suggest mechanisms other than Th2 cytokine production can
mediate AHR in our model.

Effector CD4� T cells are known to contribute to the
development of AHR (26, 36, 49). Treg cells are known to
inhibit both Th1 and Th2 cells in vitro (4, 8, 18, 20, 64) and in
vivo (14, 27, 38, 44, 56, 60). Therefore, one potential mecha-
nism for the attenuation of allergen-induced AHR is an alter-
ation in the cell numbers or balance between activated effector
and Treg cells in the airways and/or DLN.

Surprisingly, numbers of airway CD4� T cells expressing
the activation marker CD69 (CD4�69�) were decreased after
a single and 3-wk OVA challenge compared with sensitized
control animals (Fig. 4A). This may be due to the loss of CD69
expression from these cells in the trachea. An alternate and
possibly more plausible explanation is the death of activated
effector T cells in the trachea. Although there is little published
evidence to support this idea (61), activated effector T cells
have been shown to have a short lifespan (i.e., less than 24 h)
in nonlymphoid tissue (7) especially during the recall response
to antigen (M. E. Wikstrom, personal communication). Con-
sistent with previously published data (40, 62, 63), CD4�69�

cell numbers were increased within the DLN after both a single
and 3-wk OVA airway challenge, which supports the hypoth-
esis that activated effector T cells are required to drive the
adaptive immune response to antigen. An explanation for the
divergent effector cell numbers in the airways and DLN may
be due to expression of the CD69 marker, which has been
reported to cause retention of these cells in lymph nodes (54).
This retention may occur to allow time for Th2 differentiation
to occur in the lymph nodes.

Following a single OVA challenge, the numbers of airway
(tracheal) CD4�25�FoxP3� (Treg) cells were unchanged
compared with control animals (Fig. 4B). Following 3 wk of
OVA challenges, the numbers of Treg cells were increased in
the airways compared with control animals. Treg cell numbers
were increased after a single OVA challenge and further
increased after 3 wk of OVA challenge in the DLN. These data
suggest that Treg do not appear to migrate to the airways after
a single OVA challenge. Thus further allergen challenges may
initiate the process of migration to the airways by increasing
secretion of chemokines and/or expression of chemokine re-
ceptors. Collectively, these data are consistent with the devel-
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opment and attenuation of allergen-induced AHR being asso-
ciated with fluctuating numbers of Treg cells within the air-
ways with minimal Treg cell numbers associated with the
development of AHR and increased Treg cell numbers associ-
ated with AHR attenuation.

Associations between allergen-induced AHR attenuation us-
ing accurate measures of lung function (LFOT) and increased
numbers of Treg cells within the airways have been previously
described in a rat model of allergic airways disease (56).
Results from the current study are consistent with the published
study in rats. The current and the published (56) studies are
comparable as both used a sensitive technique for measuring
lung function (low-frequency forced oscillation), however, the
studies differ in species used and allergen challenge protocol.
The present study was the first to determine an association
between the relative numbers of Treg and T effector cells with
the development and attenuation of accurate measurements of
AHR in a mouse model of allergic asthma.

To further elucidate the importance of Treg cells in attenu-
ating AHR, CD25� Treg were either partially depleted in vivo
or adoptively transferred into recipient-sensitized mice.
�CD25 antibody was administered to 3-wk OVA-challenged
animals to examine the effect of systemic Treg depletion on
AHR attenuation. Results demonstrated that partial CD25 de-
pletion could successfully restore AHR in the main conducting
airways (Raw) but not in the parenchymal tissues (G and H;
Fig. 5, B–D). These data indicate that regulation of AHR by
Treg cells differs in the main conducting airways compared
with the parenchymal tissues, suggesting that hyperresponsive-
ness in the main conducting airways is predominantly T cell-
dependent and under Treg control, whereas the inflammatory
and structural changes occurring in the smaller peripheral
airways and lung tissues after prolonged OVA challenge would
be more difficult to reverse by partially depleting Treg cells. To
elucidate these mechanisms further, CD25� Treg cells (of
which 92% expressed FoxP3; Fig. 6A) were adoptively trans-
ferred to single OVA-challenged animals exhibiting AHR.
This approach demonstrated that adoptive transfer of Treg cells
could attenuate AHR in vivo in the main conducting airways
(Raw; Fig. 6B). These data are consistent with published data
(35, 38, 56), however, only the previously mentioned study in
rats (56) has demonstrated AHR attenuation separately in the
main conducting airways, a site known to play a central role in
AHR. The current study is comparable to the published study
(56) in that similar numbers of Treg cells were removed from
DLN of multiple airway-challenged animals exhibiting AHR
attenuation and transferred to sensitized animals in addition to
use of the same technique to measure lung function. The
studies differ in a variety of ways including species used and
allergen challenge protocol.

Recently published in vitro data have demonstrated that Treg
cells can suppress the function of activated effector T cells and
also naı̈ve T cells by inhibiting T cell growth and/or prolifer-
ation (4, 8, 18, 20, 64). The current in vivo 3-wk OVA
challenge results support the in vitro data by demonstrating that
increased numbers of Treg cells within the airways were
associated with a decrease in Th2 cytokine secretion within the
airways (3-wk OVA challenge; Fig. 3). However, numbers of
CD4�69� cells within the airways were unchanged during
AHR development and attenuation but are increased in the
lymph nodes during these processes. Collectively, these data

suggest that increased numbers of Treg cells could prevent
migration of activated effector T cells to the airways, possibly
via inhibiting T cell chemoattractant factors. The decrease in
Th2 cytokine secretion may be due to an inhibition of prolif-
eration resulting from decreased IL-2 secretion or even dele-
tion of activated T cells in the airways. Alternatively, inhibition
of proliferation or clonal deletion could be occurring locally
within the airways but not in the regional lymph nodes.

Th2 cytokine secretion was measured in BALF after Treg
depletion or adoptive transfer as a potential mechanism for
Treg-mediated AHR attenuation. However, Treg depletion or
adoptive transfer had no effect on Th2 cytokine secretion in the
airways, suggesting that Treg-mediated attenuation of AHR
does not occur via inhibition of Th2 cytokine secretion. Treg
cells present within the airway mucosa could inhibit Th2
effector cells either by a contact-dependent mechanism or via
the production of immunomodulatory cytokines such as IL-10
and TGF-�. The former hypothesis could not be tested with
currently available equipment in the current in vivo model. The
latter hypothesis was examined by measuring levels of IL-10
and TGF�1 in BALF in the various groups of control and
OVA-exposed mice. IL-10 was undetectable in all samples
measured (data not shown), which was not unexpected as the
role of IL-10 in the asthmatic response remains poorly defined.
A number of studies have reported that IL-10 levels are
decreased in asthmatic patients (37, 57). The current data are
consistent with these human studies as IL-10 levels were
undetectable in the current allergic mouse model during both
the physiological (single OVA challenge) and inflammatory
response (3-wk OVA challenge) to allergen.

The role of TGF� in immune suppression is not clearly
defined. Recent studies have proposed a role for both Treg cells
and TGF� in attenuating the allergic response to allergen (1,
16, 22, 30, 35, 43, 46). Therefore, the hypothesis in the current
study was that AHR attenuation would be mediated by TGF�
secreted by Treg cells. TGF�1 concentration in BALF re-
mained low after a single OVA challenge but were signifi-
cantly elevated after 3 wk of OVA challenge (Fig. 3). This
pattern mimicked that of the number of Treg cells within the
airways and was inversely related to AHR status.

To test the hypothesis that Treg could mediate AHR poten-
tially via secretion of TGF� and/or inhibition of Th2 cytokine
secretion, TGF�1, IL-4, IL-5, and IL-13 concentrations were
measured in BALF after Treg depletion or adoptive transfer in
vivo. Results demonstrated that concentrations of all measured
cytokines remained unchanged after these experimental proce-
dures (Fig. 5, E–H, and Fig. 6, E–H). These data initially
suggested that the main cellular source of TGF� in the airways
did not appear to be Treg cells. This result was not surprising
as one recent study examining the role of TGF�1 in AHR
determined that the main cellular source of TGF�1 was airway
epithelial cells (1). Therefore, in the current study, the presence
of Treg cells could trigger TGF� release from epithelial cells
either by a contact-dependent (50) or paracrine mechanism (23,
58). These results also suggest that attenuation of AHR is
unlikely to occur via a Treg-mediated reduction of Th2 cyto-
kines resulting in limitation of the adaptive immune response.

The mechanism of TGF�-mediated immune suppression is
poorly understood. A limitation of our results is a lack of
mechanistic data on the role of TGF� in AHR attenuation,
which could be addressed via administration of TGF� to single
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OVA-challenged mice and administration of soluble TGF�
receptor to 3-wk OVA-challenged mice with outcome mea-
surements of lung function, which is currently being addressed
in our laboratory. However, a hypothesis arising from the
current study is that increased levels of TGF�1 could alter the
APC microenvironment and cause a deficiency in allergen
capture by APC populations in an attempt to limit the adaptive
immune response. In support of this hypothesis, Fogel-Petrovic
et al. (22) recently reported that TGF� could inhibit human
dendritic cell maturation in vitro resulting in deficient T cell
differentiation and proliferation.

In summary, 3-wk allergen challenge decreased numbers of
activated effector T cells but increased numbers of Treg cells
in the airways, which was associated with AHR suppression.
We have demonstrated suppression of allergen-induced AHR
in the presence of a large inflammatory (eosinophilic) infiltrate
in both airway and lungs, high levels of allergen-specific IgE
and IgG1, airway remodeling, and damage to airway epithe-
lium. Increased numbers of airway Treg cells were associated
with increased TGF�1 secretion in BALF. Depletion or adop-
tive transfer of Treg cells restored or suppressed AHR in vivo,
respectively. Depletion or adoptive transfer of Treg cells had
no effect on either Th2 cytokine (IL-4, IL-5, and IL-13) or
TGF�1 secretion. Therefore, Treg cells appear to mediate AHR
attenuation in vivo potentially via a paracrine mechanism
involving TGF�1 production by airway epithelial cells.
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