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Naturally Occurring Lung CD4�CD25� T Cell Regulation

of Airway Allergic Responses Depends on IL-10 Induction

of TGF-�1

Anthony Joetham, Katsuyuki Takada, Christian Taube, Nobuaki Miyahara, Satoko Matsubara,

Toshiyuki Koya, Yeong-Ho Rha, Azzeddine Dakhama, and Erwin W. Gelfand2

Peripheral tolerance to allergens is mediated in large part by the naturally occurring lung CD4�CD25� T cells, but their effects

on allergen-induced airway responsiveness have not been well defined. Intratracheal, but not i.v., administration of naive lung

CD4�CD25� T cells before allergen challenge of sensitized mice, similar to the administration of the combination of rIL-10 and

rTGF-�, resulted in reduced airway hyperresponsiveness (AHR) and inflammation, lower levels of Th2 cytokines, higher levels of

IL-10 and TGF-�, and less severe lung histopathology. Significantly, CD4�CD25� T cells isolated from IL-10�/� mice had no

effect on AHR and inflammation, but when incubated with rIL-10 before transfer, suppressed AHR, and inflammation, and was

associated with elevated levels of bronchoalveolar lavage TGF-� levels. By analogy, anti-TGF-� treatment reduced regulatory T

cell activity. These data identify naturally occurring lung CD4�CD25� T cells as capable of regulating lung allergic responses in

an IL-10- and TGF-�-dependent manner. The Journal of Immunology, 2007, 178: 1433–1442.

E
xposure and sensitization to common environmental al-

lergens in susceptible hosts leads to a number of allergic

diseases, including allergic asthma. Asthma is a disease of

the airways associated with altered smooth muscle contractility

that is the result of lung inflammation, the accumulation of nu-

merous inflammatory cell types, including T lymphocytes, eosin-

ophils, neutrophils, and mast cells, and the release of a number of

cytokines and chemokines (IL-4, IL-5, IL-9, IL-13, and eotaxin,

among others). The end result is airway hyperresponsiveness

(AHR)3 and, initially, reversible airway obstruction, which over

time and with repeated exacerbations can lead to airway remod-

eling and irreversible changes in lung function. It has been pro-

posed that asthma, and allergic disorders in general, are the result

of an immune imbalance between Th1 and Th2 responses, with

susceptible individuals developing allergen-specific Th2 responses

that drive the immunopathology in the lung.

The concept of a simple Th1/Th2 imbalance underlying asthma

pathogenesis has been called into question, with both subsets of

responses potentially contributing to the disease (1, 2). Recent

studies have suggested that the allergic diseases, similar to auto-

immune disorders, may be the result of impaired or deficient reg-

ulatory T cell (Treg) responses (3–5). In humans, the generation of

allergen-specific Treg and increased production of IL-10 and

TGF-� were shown to be essential early events in specific immu-

notherapy (6, 7). There are several populations of T cells that ex-

hibit regulatory activity on a variety of immune responses. Com-

mon to these inducible or naturally occurring Treg subsets is their

capacity to release IL-10 (8). At present, it is unclear whether these

populations differ based on lineage and what their relationship is to

TR1 cells, since some release IFN-� and IL-5 as described for TR1

cells (9, 10), whereas others do not (11–14).

Naturally occurring CD4�CD25� Treg comprise roughly 5-

10% of the CD4� population in normal mice and in humans (15,

16). It remains to be determined whether the inducible Treg sub-

sets share any relationship with the naturally occurring Treg cells.

In mice, Ag-driven, IL-10-secreting Treg have similar properties

as the naturally occurring Treg in that they inhibit proliferation of

naive CD4� T cells (14). Unlike naturally occurring Treg, the

inducible Treg appear to exhibit inhibitory activity by both a cell-

cell contact-dependent mechanism, independent of IL-10 and

TGF-� (16, 17), or via the secretion of these cytokines (14).

Naturally occurring CD4�CD25� Treg can be isolated, manip-

ulated, or depleted in mice based on the high levels of expression

of CD25, although this per se does not differentiate them from

activated T cells, which also can express CD25, perhaps more

transiently (16, 18, 19). Additional cell surface markers that these

CD4�CD25� express include CTLA4 (20, 21) and glucocorticoid-

induced TNFR-related protein (22, 23). However, activated T cells

may also express these markers as well (16, 24–27). The forkhead

(winged helix) transcription factor, forkhead box P3 (Foxp3), may

be specifically expressed by naturally occurring Treg (28–31) and

may be essential to their functional development. Mutations in the

gene encoding Foxp3 are associated with a severe lymphoprolif-

erative and autoimmune disease (32). In atopic dermatitis,

CD25�Foxp3� cells are also deficient (33).

Both Ag-driven (inducible) IL-10-secreting Treg and CD4�

CD25� naturally occurring Treg have been implicated in the

down-regulation of allergen-triggered Th2 responses in mice as

well as humans (31, 34–38), but their ability to be distinguished

Department of Pediatrics, Division of Cell Biology, National Jewish Medical and
Research Center, Denver, CO 80206

Received for publication July 6, 2006. Accepted for publication November 11, 2006.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by National Institutes of Health Grants HL-36577 and
HL-61005 and by Environmental Protection Agency Grant R825702.

2 Address correspondence and reprint requests to Dr. Erwin W. Gelfand, Department
of Pediatrics, National Jewish Medical and Research Center, 1400 Jackson Street,
Denver, CO 80206. E-mail address: gelfande@njc.org

3 Abbreviations used in this paper: AHR, airway hyperresponsiveness; Treg, regula-
tory T cell; Foxp3, forkhead box p3; MNC, mononuclear cell; RL, lung resistance;
MCh, methacholine; BAL, bronchoalveolar lavage; PAS, periodic acid-Schiff; WT,
wild type.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-1767/07/$2.00

The Journal of Immunology

www.jimmunol.org

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


phenotypically from effector T cells during an inflammatory re-

sponse to allergen has been questioned (39). Furthermore, whereas

data on the ability of Treg to inhibit allergen-driven Th2 responses

or lung inflammation are consistent, there is little (40–43) or neg-

ative data (44) on their role in modulating airway responsiveness

on the allergen challenge of sensitized mice.

In this study, we have examined the phenotypic and functional

characteristics of naturally occurring lung CD4�CD25� in the reg-

ulation of lung allergic responses and airway function in sensitized

and challenged mice. The data identify the ability of these cells to

regulate all of these responses in a TGF-�-dependent manner,

which is, in turn, dependent on IL-10 production.

Materials and Methods
Animals

Pathogen-free, 8- to 10-wk-old female BALB/c/ByJ and C57BL/6 mice
from The Jackson Laboratory and IL-10�/� (C57BL/6) mice provided by
Dr. P. Marrack (National Jewish Medical and Research Center, Denver,
CO) were used and maintained on an OVA-free diet under institutional-
approved guidelines.

Sensitization

Mice were sensitized by i.p. injection of 20 �g of OVA (grade V; Sigma-
Aldrich) emulsified in 2.25 mg of alum hydroxide (AlumImject; Pierce) in
a total volume of 100 �l on days 1 and 14. Sensitized and naive (PBS) mice
received aerosolized allergen challenge (1% OVA) for 20 min on 3 consecu-
tive days (days 26, 27, and 28) using an ultrasonic nebulizer (AeroSonic
ultrasonic nebulizer; DeVilbiss) (45).

Cell preparation and culture

CD4�CD25� and CD4�CD25� T cells from naive donors were isolated
by collagenase digestion from lungs and enriched using nylon wool col-
umns. In brief, lungs were perfused via the right ventricle with warm
(37°C) calcium- and magnesium-free HBSS containing 10% FCS, 0.6 mM
EDTA, 100 U/ml penicillin, and 100 �g/ml streptomycin. Lungs were
removed and minced into small pieces (300 �m). Minced tissue, suspended
in 5 ml of HBSS containing 175 U/ml collagenase (type IA; Sigma-
Aldrich), 10% FCS, 100 U/ml penicillin, and 100 �g/ml streptomycin,
was incubated for 60 min in an orbital shaker at 37°C. The digested lungs
were sheared with a 20-gauge needle and filtered through 45- and 15-�m
filters. Total lung cells, following lysis of RBC with 10 ml of RBC lysis
buffer (Sigma-Aldrich) at 37°C for 15 min, were counted (Coulter Counter;
Corixa). Lung mononuclear cells (MNC) were separated by Ficoll-
Hypaque gradient centrifugation (lymphocyte separation medium; Or-
ganon Teknika). CD4�CD25� cells represented 1.4–2% of this popula-
tion. The total lymphocyte population was enriched by passing MNC
through the nylon wool columns (Robbins Scientific). Enriched lympho-
cytes were further purified by CD4�CD25� Treg MACS beads (Miltenyi
Biotec), giving a purity of �95% CD4�CD25� T cells. From each lung
�2–2.5 � 105 CD4�CD25� T cells and �3 � 106 CD4�CD25� T cells
were isolated.

For in vitro culture, isolated CD4�CD25� and CD4�CD25� T cells
were washed, counted, and resuspended to a final concentration of 4 � 106

cells/ml. Cells (1 � 106) were cultured with PMA (5 ng/ml)/ionomycin
(500 ng/ml) for 24 h, and supernatants were collected.

Adoptive transfer and cytokine treatment

Each recipient mouse was administered isolated lung CD4�CD25�

(5 � 105) or CD4�CD25� T cells (5 � 105), or 200 pg of rIL-10,
rTGF-� (R&D Systems), or the combination intratracheally 1 day be-
fore allergen challenge.

Antibodies

Ab to TGF-� (1, 10, or 30 �g; R&D Systems), was given intratracheally
before challenge and adoptive transfer of Treg.

Measurement of airway responsiveness

Airway responsiveness was monitored 48 h following the last allergen
challenge as a change in lung resistance (RL) in response to aerosolized
methacholine (MCh) (45). MCh was administered for 10 s (60 breaths/min,
500-�l tidal volume) in increasing concentrations (1.56, 3.13, 6.25, and

12.5 mg/ml for BALB/c mice and 6.25, 12.5, 25, 50, and 100 mg/ml for
C57BL/6 mice). RL was continuously computed (Labview; National In-
struments) by fitting flow, volume, and pressure to an equation of motion
curve. Maximum values of RL were taken and expressed as a percentage
change from the baseline (PBS aerosol).

Bronchoalveolar lavage (BAL)

Immediately following measurements of AHR, lungs were lavaged, and
BAL fluid was recovered. Total leukocyte numbers were measured
(Coulter Counter; Corixa). Differential cell counts were performed under
light microscopy in a blinded manner, counting at least 200 cells on
cytocentrifuged preparations (Cytospin 2, Cytospin; Thermo Shandon),
stained with Leukostat (Fisher Scientific), and differentiated by standard
hematological procedures.

Determination of serum Ab titers by ELISA

Serum levels of total IgE, OVA-specific IgG1, IgG2a, and IgG2b were
measured by ELISA as described (46). Total IgE levels were calculated by
comparison with known mouse IgE standards (BD Pharmingen). ELISA
data were analyzed with the Microplate Manager software for the Macin-
tosh computer (Bio-Rad).

Measurement of cytokines

Cytokine levels in the BAL fluid and supernatants of in vitro-cultured lung
MNC were measured by ELISA using IL-4, IL-5, IL-10, IFN-�, TGF-�
(BD Biosciences/BD Pharmingen), and IL-13 (R&D Systems) kits.
ELISAs were performed according to the manufacturer’s directions. The
limits of detection were 4 pg/ml for IL-4 and IL-5, 10 pg/ml for IL-10 and
IFN-�, 8 pg/ml for IL-13, and 6 pg/ml for TGF-�.

Flow cytometry analysis

Enriched lung MNC and BAL cells were incubated with naive mouse se-
rum in staining buffer (PBS, 2% FCS, and 0.2% sodium azide) followed by
labeling with the following conjugated Abs (BD Pharmingen): anti-CD3
(17A2), anti-CD4 (L3T4), anti-CD25 (7D4, PC61), anti-CD8 (53-6.7), and
CLTA-4 (9H10). For intracellular staining, cells were stimulated with or
without PMA (5 ng/ml) and ionomycin (500 ng/ml; Sigma-Aldrich) for 6 h
in the presence of brefeldin A (10 �g/ml; Sigma-Aldrich). Following stain-
ing for cell surface markers, cells were fixed with 4% paraformaldehyde in
PBS, permeabilized in 0.1% saponin, and stained for the following
intracellular proteins using PE- or allophycocyanin-conjugated Abs to
IL-10, (JES5-16E3): IFN-�, (XMG1.2), TGF-� (A75-3.1), and Foxp3
(eBioscience). Stained cells were analyzed on a FACSCalibur (BD Bio-
sciences) using CellQuest software.

Histopathology

Lungs were fixed by inflation (1 ml) and immersion in 10% formalin.
Cells containing eosinophilic major basic protein were identified by
immunohistochemical staining as previously described using rabbit anti-
mouse major basic protein (provided by Dr. J. J. Lee, Mayo Clinic,
Scottsdale, AZ). For the detection of mucus-containing cells in forma-
lin-fixed airway tissue, sections were stained with periodic acid-Schiff
(PAS) and quantitated as described (47).

Statistical analysis

All results are expressed as the mean � SEM as a standard method of
presentation for this type of data. The t test was used to determine differ-
ences between two groups and the Tukey-Kramer test was used for com-
parisons between multiple groups. Measured values may not be normally
distributed and due to the small sample sizes, this may be difficult to test
for. Nonparametric analysis using the Mann-Whitney U test was also used
to confirm that the statistical differences remained significant even if the
underlying distribution was uncertain. The p values for significance were
set to 0.05 for all tests.

Results
Naturally occurring lung CD4�CD25�, but not CD4�CD25�,

T cells, suppress the development of lung allergic responses

To delineate the regulatory effects of CD4�CD25� T cells on air-

way responses in previously sensitized mice, we investigated the

consequences of intratracheal administration of isolated lung

CD4�CD25� and CD4�CD25� T cells from naive mice on air-

way responsiveness and inflammation following allergen chal-

lenge of sensitized recipient mice. CD4�CD25� cells expressed

1434 CD4�CD25� T CELL REGULATION OF AHR
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high levels of both Foxp3 and CTLA-4, with little to no ex-

pression of Foxp3 and fewer CTLA-4-positive cells in the

CD4�CD25� cells (Fig. 1A). Sensitized BALB/c recipients of

CD4�CD25� cells given intratracheally before allergen chal-

lenge showed a significant reduction in AHR in contrast to re-

cipients of CD4�CD25� cells (Fig. 1B). Intravenous adminis-

tration of these cells was without effect, even when up to 5 �

106 cells were injected (data not shown). The responses in the

CD4�CD25� recipients were virtually identical to the controls.

Furthermore, the degree of suppression of AHR was dependent

on the number of CD4�CD25� cells transferred with peak ef-

fectiveness following the transfer of 0.5–1.0 � 106 cells and

less of an effect when 0.05 � 106 cells were transferred (data

not shown).

FIGURE 1. Adoptive transfer of lung CD4�

CD25� cells. As described in Materials and Meth-

ods, lung CD4�CD25� cells were isolated from

naive BALB/c mice and transferred intratracheally

into sensitized recipients before challenge. A, Ex-

pression of Foxp3 and CTLA4 on CD4�CD25�

(upper panel) and CD4�CD25� (lower panel) T

cells. CD4�CD25� and CD4�CD25� T cells

were isolated, and cells were stained with analysis

of CD4� gated cells. B, Lung resistance. C, BAL

cell accumulation. D, BAL cytokine levels. E,

Lung histopathology. n � 12 in each group. �, p �

0.05 increase; p � 0.05 decrease.

1435The Journal of Immunology
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The effects on BAL inflammatory cell accumulation paralleled

those of airway responsiveness. Intratracheal transfer of CD4�

CD25�, but not CD4�CD25�, T cells, induced a significant re-

duction in the numbers of eosinophils and lymphocytes in the BAL

fluid (Fig. 1C).

CD4�CD25� T cell transfer induces a change in cytokine

pattern, but not in Ab response

In sensitized and challenged mice given PBS or CD4�CD25� T

cells, but not challenged-only animals, levels of IL-4, IL-5, and

IL-13 increased, and IL-10 and IFN-� levels decreased. BAL

TGF-� levels in both of these groups of sensitized and challenged

mice also increased compared with mice that were challenged

alone. Intratracheal transfer of isolated lung CD4�CD25� T cells,

in contrast, resulted in significant reductions in the levels of the

Th2 cytokines IL-4, IL-5, and IL-13, but an increase in the levels

of IL-10 and IFN-�. Interestingly, a further increase in the levels

of TGF-� in BAL was detected in the mice given CD4�CD25� T

cells as shown in Fig. 1D.

When serum levels of OVA-specific Abs were examined, sen-

sitized, and challenged, mice showed increases in Abs of all iso-

types (IgE, IgG1, IgG2, IgG2b), and there was little difference

among the three groups (data not shown). The absence of regula-

tory effects on specific Ab production, particularly IgE Ab, again

likely reflects that sensitization with alum was completed before

Treg transfer.

Lung histopathology following CD4�CD25� T cell transfer

Sensitized recipients of CD4�CD25� T cells given intratracheally

after sensitization and before allergen challenge demonstrated a

marked accumulation of inflammatory cells, including eosinophils,

mucus hyperproduction, and goblet cell metaplasia. In contrast, in

lung digests from sensitized and challenged mice that received

CD4�CD25� T cells (Fig. 1E) compared with CD4�CD25� T

cells, there was a significant reduction in inflammatory cells

(20.5 � 1.8 � 106 compared with 29.4 � 2.1, n � 8, p � 0.05)

and eosinophils (1.7 � 1.0 � 106 compared with 3.7 � 1.4, n �

8, p � 0.05), and fewer mucus-containing goblet cells could be

detected. Few PAS� cells were detected in nonsensitized and chal-

lenged mice (0.1 � 0.3 cells/mm basement membrane). Recipients

of CD4�CD25� T cells showed a significant reduction in the num-

bers of PAS� cells compared with recipients of CD4�CD25� T

cells (51.3 � 5.8 compared with 87.3 � 9.6 cell/mm basement

membrane, n � 8, p � 0.05).

Production of IL-10 and TGF-� from lung

CD4�CD25� Treg

Because the cytokine pattern shifted in CD4�CD25� recipient

mice with decreased Th2 cytokine levels and elevated levels of

IL-10 and TGF-� in BAL fluid, we next defined the cellular source

of these cytokines in in vitro cultures. CD4�CD25� and

CD4�CD25� cells, isolated from the lungs of naive mice, were

cultured in medium alone or were stimulated with PMA (100

ng/ml) and ionomycin (2 �g/ml; Sigma-Aldrich). Supernatants

were collected 24 h later and analyzed by ELISA for levels of

IL-10 and TGF-�. As shown in Fig. 2A, unstimulated CD4�

CD25� cells spontaneously produced TGF-� and IL-10 following

culture in medium alone, and the levels increased significantly

following stimulation with PMA and ionomycin. There was lit-

tle change in IFN-� production comparing unstimulated and

stimulated cultures. In contrast, in cultures containing CD4�

CD25� cells, the levels of IL-10 and TGF-� were lower and did

not increase following stimulation. Consistent with the in vitro

culture data of CD4�CD25� cells, there were higher numbers

of IL-10� and TGF-�� cells in unstimulated cultures, which

further increased following stimulation. In cultures of CD4�

CD25� cells, the number of cells that stained positive for in-

tracellular IL-10 and TGF-� were lower and did not change

FIGURE 2. In vitro cytokine production. Isolated CD4�CD25� and

CD4�CD25� cells were cultured overnight in medium (Med) or in the

presence of phorbol/ionomycin (P/I). A, Culture supernatant levels of

TGF-�, IL-10, and IFN-�. B, Percentage of cells staining for TGF-�, IL-

10, and IFN-�. C, Representative plot of intracellular staining for IL-10 and

TGF-� in phorbol/ionomycin-stimulated CD4�CD25� and CD4�CD25�

T cells. D, Culture supernatant levels of IL-4, IL-5, IL-13, and IFN-�.

�, p � 0.05 increase.

1436 CD4�CD25� T CELL REGULATION OF AHR
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following stimulation (Fig. 2B). A representative plot of phorbol/

ionomycin-stimulated CD4�CD25� cells is shown in Fig. 2C.

As shown in Fig. 2D, very low levels of IL-4, IL-5, IL-13, and

IFN-� were detected in CD4�CD25� or CD4�CD25� T cells,

with little alteration following PMA/ionomycin stimulation.

Combination of rIL-10 and rTGF-� suppresses AHR and

airway inflammation

Previous studies have proposed cell-cell contact in the functional

activity of Treg on immune responses, whereas others reported the

secretion of IL-10 and/or TGF-� independent of cell-cell contact

as the mechanism underlying Treg function (16, 27). Based on

the increased production of IL-10 and TGF-� by regulatory

CD4�CD25� T cells, we determined whether these cells were

required or whether IL-10 and/or TGF-� could mimic the findings

of transferred, naturally occurring Treg. In this study, the effects of

direct intratracheal instillation of rIL-10, rTGF-�, or a combina-

tion of the two on lung allergic responses were assessed. Based on

preliminary experiments, we determined that the administration of

either IL-10 or TGF-� at a dose of 200 pg failed to reduce AHR

(Fig. 3A). However, the combination of these two cytokines

showed effectiveness, reducing airway responsiveness to baseline

levels. Of note, in data not shown, single doses (600 pg) of either

cytokine did elicit some reduction in airway responsiveness, but

not to the extent seen with the combination. In parallel, although

single cytokine administration did not reduce AHR, BAL eosino-

phil numbers were reduced, but not to the extent of the combina-

tion of rIL-10 and rTGF-� in BAL (Fig. 3B), suggesting some

dissociation between AHR and BAL eosinophil numbers. The

reduction in AHR and inflammation following the administra-

tion of the recombinant cytokines mirrored the results obtained

following transfer of CD4�CD25� T cells, suggesting that cell-

cell contact may not be required for Treg to suppress lung al-

lergic responses.

These data were further confirmed when BAL cytokine levels

were examined. As shown in Fig. 3C, intratracheal administra-

tion of both rIL-10 and rTGF-� mimicked the changes in the

cytokine profile seen following transfer of CD4�CD25� T

cells, where levels of IL-5 and IL-13 were significantly de-

creased and IFN-� was increased in sensitized and challenged

mice. Mice given rIL-10 alone showed only increased levels of

IL-10, but not TGF-�, and decreases in IL-4 and IL-5, but not

IL-13. Similarly, in mice given rTGF-� alone, only the levels of

TGF-� increased, but not IL-10, and levels of IL-4 and IL-5

were increased, but not IL-13. These results, similar to the re-

sults on AHR and eosinophilia, implicate the interdependence

of these two cytokines in the suppression of allergic lung

responses.

Treg functional activation is dependent on IL-10

A number of studies have suggested that IL-10-producing Treg

play a physiological role in controlling the development of allergic

disease, although exceptions have been described (40, 41, 43, 44).

To address this issue, lung CD4�CD25� T cells were isolated

FIGURE 3. Combination of rIL-10 and rTGF-� sup-

presses AHR and airway inflammation. Sensitized

BALB/c mice received 200 pg of rIL-10, rTGF-�, or the

combination intratracheally before challenge. A, Lung

resistance. B, BAL cell accumulation. C, BAL cytokine

levels. n � 8 in each group. �, p � 0.05 increase; #, p �

0.05 decrease.

1437The Journal of Immunology
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from naive IL-10�/� mice (or wild-type (WT) C57BL/6 mice)

and administered intratracheally to sensitized WT mice before

challenge. As shown in Fig. 4A, in mice that received IL-10-

deficient CD4�CD25� or CD4�CD25� cells, AHR developed

normally with no evidence of suppression as seen following

transfer of WT CD4�CD25� T cells. Associated with this fail-

ure of IL-10�/� Treg to suppress AHR was the increase in

numbers of BAL eosinophils (Fig. 4B) and increased Th2 cy-

tokine levels (Fig. 4C). Further distinguishing the response to

transfer of WT CD4�CD25� T cells, the levels of BAL IL-10

and TGF-� did not increase in mice given CD4�CD25� T cells

from IL-10�/� mice (Fig. 4C).

These in vivo data were confirmed in vitro. Lung CD4� CD25�

cells were isolated from WT and IL-10�/� mice and cultured in

medium for 24 h. The levels of TGF-� were increased in the

supernatants from cultures of WT CD4�CD25� cells, but not

in the cultures of IL-10-deficient CD4�CD25� cells (Fig. 5).

However, following overnight culture together with rIL-10 (0.2

�g/ml), IL-10-deficient CD4�CD25� cells produced significant

amounts of TGF-�, almost to levels seen in WT CD4�CD25�

cells.

To determine whether the Treg activity of IL-10-deficient

CD4�CD25� cells could similarly be induced following culture

with rIL-10, lung IL-10-deficient CD4�CD25� cells were cultured

overnight in the presence of IL-10 (0.2 �g/ml) and washed before

intratracheal transfer into WT mice. When transferred into sensi-

tized WT recipients, these IL-10-deficient, treated CD4�CD25�

cells acquired function and mediated suppression of AHR (Fig.

6A), a reduction in BAL eosinophilia (Fig. 6B), and inhibition of

IL-4, IL-5, and IL-13, accompanied by significant increases in

BAL TGF-� levels (but not IL-10; Fig. 6C).

Finally, to determine whether Treg function in vivo could be

altered by inhibiting TGF-� in recipient mice, anti-TGF-� Ab was

FIGURE 5. In vitro induction of TGF-� from IL-10�/� CD4�CD25�

cells by rIL-10. CD4�CD25� cells were isolated from the lungs of naive

IL-10�/� and IL-10�/� naive C57BL/6 mice and cultured in medium or

200 pg of rIL-10 overnight. Culture supernatants were assayed for levels of

TGF-�. n � 6 in each group. �, p � 0.05 increase.

FIGURE 4. Dependence of Treg function on IL-10.

CD4�CD25� cells were isolated from the lungs of na-

ive IL-10�/� or IL-10�/� mice and administered intra-

tracheally before challenge. A, Lung resistance. B, BAL

cell accumulation. C, BAL cytokine levels. n � 8 in

each group. �, p � 0.05 increase; #, p � 0.05 decrease.
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administered intratracheally to sensitized mice just before chal-

lenge and transfer of Treg. As shown in Fig. 7, administration of

anti-TGF-� restored AHR in a dose-dependent manner. Transfer

of CD4�CD25� Treg reduced AHR, but when these mice received

30 �g of anti-TGF-�, AHR was fully restored.

Together, the in vivo and in vitro data support the notion that

IL-10 may induce or regulate the release of TGF-� from natu-

rally occurring CD4�CD25� T cells, which in turn are essential

for the expression of regulatory function in allergen-sensitized

and -challenged mice.

FIGURE 6. Induction of Treg function in IL-10�/�

CD4�CD25� cells following overnight culture in the

presence of rIL-10. Lung CD4�CD25� cells were iso-

lated from the lungs of naive IL-10�/� or IL10�/�

C57BL/6 mice and cultured overnight in the presence of

200 pg of rIL-10, then extensively washed and trans-

ferred intratracheally into sensitized recipients before

challenge. A, Lung resistance. B, BAL cell accumula-

tion. C, BAL cytokine levels. n � 8 in each group. �, p �

0.05 increase; #, p � 0.05 decrease.

FIGURE 7. In vivo effects of anti-

TGF-� on Treg function. Sensitized

BALB/c mice received Treg intratra-

cheally before challenge. Before trans-

fer of Treg, mice received 1 or 10 �g of

anti-TGF-� intratracheally. Lung resis-

tance was monitored as described. n �

6 in each group. �, p � 0.05 increase;

#, p � 0.05 decrease.
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Discussion
Under normal conditions, immune responses are tightly regulated,

protecting the host through complex stimulatory and suppressive

pathways. This fine balance is upset in a number of disease states,

including allergic disorders. The findings of increases in allergen-

specific IgE Abs, eosinophils, airway inflammation, IL-4, IL-5,

and IL-13 levels, at times accompanied by decreases in IFN-�

levels, promoted the notion that the imbalance between Th2 and

Th1 cytokines was the basis for these diseases. Further support for

this concept was gained from studies suggesting reduced Th1 stim-

ulatory pathogen exposure in Westernized countries where allergy

or atopy has increased accompanied by the natural bias of new-

borns to Th2 responses (48). Although attractive and consistent

with available clinical and animal data, the hypothesis has been

challenged with data supporting the role of both Th1 and Th2

cytokines in asthma pathogenesis (1, 2).

For the last several years, there has been increasing recognition

of the role of suppressive CD4�CD25� T cells in maintaining this

immunological balance (49, 50). These CD25� Treg suppress the

proliferation and cytokine production of CD4�CD25� T cells, as

well as of CD8� T cells and established Th1 cells (51–53). The

pivotal studies showed that the depletion of these CD4�CD25� T

cells resulted in autoimmune disease (54), and transfer of these

cells prevented autoimmunity (17, 55, 56).

Both naturally occurring and Ag-driven Treg have been impli-

cated in the regulation of allergen-induced Th2 responses in mice

and humans (31, 34–38). The literature is somewhat confusing

since different models are used to induce disease; there are differ-

ences in numbers and timing of Treg administration and whether

naturally occurring or Ag-specific Treg are used. This likely ac-

counts for the inconsistency in findings with depletion of Treg pre-

venting the development of Th1 cells (40) and Treg suppressing

Th2 responses but not AHR (41), as well as differences described

for freshly isolated Treg compared with preactivated CD4�CD25�

Treg (31). Depletion of Treg has recently been shown to increase

AHR in a nonresponder strain, but surprisingly without affecting

responses in a responder strain (42). Some of the findings using

depleting Ab to this subset have been ascribed to the inability to

distinguish effects on activated effector T cells from naturally oc-

curring Treg, the use of different in vitro systems used to assess

activity, and differences in the specific mouse models used (57). In

addition, because of the persistence of the Ab following injection,

it may be difficult to distinguish effects on naturally occurring vs

Ag-driven Treg.

In the present study, we focused on a well-characterized model

of allergen-induced AHR and airway inflammation and the role of

naturally occurring lung CD4�CD25� T cells in regulating aller-

gic responses in the lung. CD4�CD25� and CD4�CD25� T cells

were isolated from the lungs of naive mice and transferred intra-

tracheally into sensitized recipients, but before airway challenge.

The majority of the isolated CD4�CD25� cells expressed Foxp3

and CTLA4 as previously described for naturally occurring Treg

(20, 29, 30, 58). The CD4�CD25� cells demonstrated lower levels

of CTLA-4 and Foxp3. This small subset of Foxp3�CD25� cells

may represent a Treg in transition capable of cell division (59).

When given intratracheally to sensitized mice before challenge,

CD4�CD25� T cells significantly reduced AHR, airway and lung

eosinophilia, and Th2 cytokine production, as well as goblet cell

metaplasia and mucus hyperproduction. The results of CD4�

CD25� T cell transfer were similar in recipients that were on either

a BALB/c or C57BL/6 background. Of interest, when adminis-

tered systemically, we were unable to demonstrate suppressive ac-

tivity in this population of cells on lung allergic responses. Thus,

the route of administration may be important for defining local

effects and may explain the absence of effects on airway reactivity

described by others (44). Instillation of CD4�CD25� T cells

before challenge had little or no effect on sensitized recipient re-

sponses to airway challenge.

Associated with the suppressive activity of the CD4�CD25�

subset of T cells in recipient mice, BAL levels of IL-10 and TGF-�

were significantly elevated. It is well documented that subsets of

Treg produce IL-10 and TGF-�, including naturally occurring

Treg (25, 27), with some exceptions reported (42, 43). Nakamura

et al. (60) demonstrated that stimulated CD4�CD25� T cells may

be a preferential source of secreted TGF-� and, under certain cir-

cumstances, produce mainly surface-bound TGF-�. The increased

production of these two cytokines by lung CD4�CD25� T cells

compared with CD4�CD25� T cells was confirmed in vitro by

both spontaneous and PMA/ionomycin-stimulated secretion in cul-

ture and by direct intracellular staining.

The importance of the combination of IL-10 and TGF-� in the

regulatory activity of Treg was established in two ways. In the

first, when given individually and intratracheally, neither rIL-10

nor rTGF-� alone (at 200 �g/ml) was effective in reducing AHR,

lung eosinophilia, or Th2 cytokine levels in sensitized and chal-

lenged mice. However, when administered together, the combina-

tion effectively suppressed these specific responses in sensitized

and challenged mice.

The second approach was to isolate naturally occurring

CD4�CD25� Treg from the lungs of IL-10�/� mice. Adoptive

transfer of these cells into sensitized WT recipients before chal-

lenge failed to alter the lung allergic responses. However, when

cultured in vitro overnight with IL-10 before transfer, these IL-

10-deficient CD4�CD25� T cells recovered their ability to pro-

duce TGF-� and exhibited suppressive activity on AHR and eo-

sinophilic inflammation in sensitized and challenged recipient

mice. Following transfer of these cultured IL-10-deficient Treg,

BAL levels of TGF-�, but not IL-10, were significantly increased

in recipient mice. These studies further support the essential role of

IL-10 in the functional activation of naturally occurring Treg and

that TGF-� was the likely effector-suppressive molecule in these

cells. A similar dependency on Treg production of IL-10 and

TGF-� has been demonstrated in colitis models (61, 62) and that

T cells that cannot respond to TGF-� escape control by

CD4�CD25� Treg (63). These results differ to some extent from

the results of others, where IL-10 effects on dendritic cell function

were linked to Treg suppressive activity (35, 42). The data also

differ from those of Kearley et al. (43), who showed that suppres-

sion, although reversed by anti-IL-10 receptor Ab, was nonetheless

still observed when CD4�CD25� T cells obtained from spleens of

IL-10-deficient mice were transferred. These discrepancies may be

explained by differences in the experimental protocols, including

the use of Ag-driven, OVA transgene-expressing spleen cells and

evaluation of CD25� cell depletion alone. In our studies, we spe-

cifically addressed the function of naturally occurring CD4�

CD25� T cells isolated from the lungs of nonprimed, WT, or

IL-10-deficient mice.

IL-10 modulates many cell activities that are associated with

allergic disease, including mast cell (64) and eosinophil (58) func-

tion and Th2 activation. In allergic diseases and in asthma, there is

a reported inverse association between disease severity and IL-10

levels (65). Increasing IL-10 levels in the lungs can block allergic

airway inflammation (66) and tolerance induction induced by air-

way allergen exposure was dependent on pulmonary dendritic cells

promoting the induction of IL-10-secreting Treg (35). Paradoxi-

cally, we (67) and others (68) showed that, in the absence of IL-10,

development of allergen-induced AHR may be attenuated, which
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also precluded the use of IL-10-deficient mice as recipients in

these studies.

Taken together, the data presented here implicate both IL-10 and

TGF-� in the suppressive activity of isolated, naturally occurring

lung Treg. To address the requirement for Ag specificity, we have

conducted initial experiments in which CD4�CD25� T cells were

isolated from D011.10 RAG�/� mice and administered intratra-

cheally to ragweed-sensitized and challenged mice. AHR and eo-

sinophilic inflammation were suppressed and associated with in-

creased levels of IL-10 and TGF-� in BAL, all consistent with

results in this manuscript (data not shown). We take these data as

indirectly showing that the regulatory effects of the lung Treg are

indeed Ag independent. A number of studies have identified reg-

ulatory CD4� T cells, including Th3 cells, that can induce Ag

tolerance and which involve cell-cell contact and membrane-

bound TGF-� (and Foxp3) (69, 70). Furthermore, adoptive transfer

of TGF-�-transfected cells inhibited AHR and inflammation (71)

and, in vitro, TGF-� suppressed APC function, T cell proliferation,

and Th2 responses (72, 73). For the most part, all of these regu-

latory functions were demonstrated in Ag-driven systems. In con-

trast, the naturally occurring Treg described here were not Ag

driven. When administered individually and intratracheally, nei-

ther rIL-10 nor rTGF-� at doses of 200 �g was capable of inhib-

iting the lung allergic responses to the levels seen with the com-

bination of the two. These data may suggest that the end

suppressive molecule is, in fact, TGF-�, whose production in nat-

urally occurring CD4�CD25� Treg is induced by IL-10, possibly

in an autocrine fashion. The suggestion that IL-10 is necessary as

a facilitator of TGF-� production is supported by the results seen

in the regulation of experimental colitis (62).

To establish the central and specific role of TGF-� in the me-

diation of Treg activity, mice were administered anti-TGF-� just

before the transfer of Treg. Following instillation of the Ab intra-

tracheally, the suppressive activity of Treg was reduced in a dose-

dependent manner with normalization of MCh-induced AHR de-

tected in 30-�g Ab-treated mice. This particular Ab has previously

been shown to prevent tolerance induction to repeated exposure of

low doses of aerosolized Ag (69). The ability of anti-TGF-� to

alleviate Treg suppression of allergen-induced AHR further sup-

ports the notion that the essential suppressive factor from naturally

occurring Treg in the regulatory activity is dependent on TGF-�.

It is unclear at present from our studies whether TGF-�, which is

secreted, is essential or that the regulatory activity involves Treg

that express membrane-bound TGF-�, as demonstrated in models

of Ag-induced tolerance and allergic airway inflammation (69, 74).

In summary, we have shown that adoptive transfer of naturally

occurring lung CD4�CD25�Foxp3� T cells from naive mice be-

fore challenge of sensitized mice can suppress allergen-induced

AHR, eosinophilic inflammation, Th2 responses including IL-4,

IL-5, and IL-13 cytokine production, mucus hyperproduction, and

goblet cell metaplasia. The suppressive activity exhibited by the

Treg appeared dependent on the induction of both IL-10 and

TGF-� production, with the former necessary for production of the

latter. Further quantitation and functional characterization of these

naturally occurring Treg cells in susceptible hosts should provide

novel insights and identify approaches for the treatment of allergic

airway diseases, including asthma.
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