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The Journal of Immunology

Regulatory T Cells Migrate to Airways via CCR4 and
Attenuate the Severity of Airway Allergic Inflammation

Lucas Faustino,* Denise Morais da Fonseca,† Maisa Carla Takenaka,‡ Luciana Mirotti,*

Esther Borges Florsheim,* Marcia Grando Guereschi,‡ João Santana Silva,†

Alexandre Salgado Basso,‡ and Momtchilo Russo*

We have previously shown that regulatory T (Treg) cells that accumulate in the airways of allergic mice upregulate CC-chemokine

receptor 4 (CCR4) expression. These Treg cells suppressed in vitro Th2 cell proliferation but not type 2 cytokine production. In the

current study, using a well-established murine model of allergic lung disease or oral tolerance, we evaluated the in vivo activity of

Treg cells in allergic airway inflammation with special focus on CCR4 function.We found that allergic, but not tolerant, mice treated

with anti-CD25 Ab showed increased airway eosinophilia and IL-5– or IL-4–producing Th2 cells when compared with untreated

mice. Notably, mice with CCR4 deficiency displayed an augmented airway allergic inflammation compared with wild-type or

CCR2 knockout (KO) mice. The allergic phenotype of CCR4KO mice was similar to that observed in anti-CD25–treated mice.

The exacerbated allergic inflammation of CCR4KO mice was directly associated with an impaired migration of Treg cells to

airways and augmented frequency of pulmonary Th2 cells. Adoptive transfer of CD25+CD4+ T cells expressing high levels of

CCR4, but not CCR4KO CD25+CD4+ T cells, attenuated the severe airway Th2 response of CCR4KO mice. Our results show that

CCR4 is critically involved in the migration of Treg cells to allergic lungs that, in turn, attenuate airway Th2 activation and

allergic eosinophilic inflammation. The Journal of Immunology, 2013, 190: 000–000.

A
llergic asthma is characterized by airway eosinophilic
inflammation associated with airway hyperresponsiveness,
mucus hypersecretion, and elevated production of IgE (1,

2). The development of allergic responses is mediated by Th2 ef-
fector cells that secrete type 2 cytokines IL-4, IL-5, IL-9, and IL-13
responsible to the asthma phenotype (2).
Foxp3+ regulatory T (Treg) cells are essential for maintenance

of immunological homeostasis and self-tolerance, and deficiency
of Foxp3 results in spontaneous development of autoimmunity
and other inflammatory disorders, including allergic reactions
both in humans and mice (3–7). Usually, mucosal exposure to
nonpathogenic Ags results in a state of hyporesponsiveness,
known as mucosal tolerance, which is revealed upon immu-

nogenic contact with the same Ag. Indeed, it has been shown that
oral or nasal Ag administration can efficiently inhibit pulmonary
Th2-mediated responses (8–10). The involvement of Treg cells in
preventing the development of asthma-like response was clearly
shown in transgenic T/B monoclonal mice, which lack naturally
occurring Treg cells (11). In these mice, previous oral exposure to
OVA resulted in the generation of adaptive Foxp3-expressing Treg
cells in the spleen and draining lymph nodes that efficiently
inhibited the development of allergic airway disease in a TGF-b–
dependent manner (11). It has been postulated that insufficient
suppressive activity of Treg cells in allergic patients during birch
pollen season or in atopic individuals underlines allergic airway
inflammation (12, 13).
We have recently shown that Foxp3+ Treg cells accumulate in

the lungs of allergic mice and that the majority of these cells
upregulated CCR4, CD69, and CD54 and drastically downreg-
ulated CD62L, a phenotype that resemble effector/memory
T cells, distinguishing from naive CCR4lowCD692CD54low

CD62Lhigh Treg cells (14). Our in vitro studies showed that
highly purified infiltrating lung Treg cells efficiently suppress
pulmonary Th cell proliferation but fail to inhibit type 2 cytokine
production (14). However, in vivo studies are still necessary to
pinpoint and dissect the role of Treg cells in allergic processes or
in tolerance.
Naive and activated Treg cells as other T cells can be distin-

guished by the expression of particular chemokine receptors and
adhesion molecules responsible for their localization in lymph
nodes or inflamed tissues (15, 16). Some studies indicate a crucial
role of CCR4 in the pathogenesis of asthma by recruiting Th2
cells to the site of allergen exposure (17–19). However, other
studies using knockout (KO) mice for CCR4 or Abs against these
chemokine receptor gathered conflicting results (19–22).
In this study, we approached the function of Treg cells in al-

lergic or tolerant mice by inactivating Treg cells in vivo with anti-
CD25 mAb treatment or by the use of CCR4-deficient mice.
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We found that in allergic but not in tolerant mice, treatment
with anti-CD25 mAb during allergen challenges resulted in more
activated Th2 cells producing IL-5 when compared with wild-
type (WT) animals. Likewise, CCR4 KO mice also showed
more activated Th2 cells and IL-5 production. In addition, Treg
cell migration into airways of CCR4-deficient mice was de-
creased compared with CCR4-sufficient or CCR2-deficient mice. In
conclusion, airway allergic inflammation was more severe in anti-
CD25–treated or CCR4-deficient mice than in their counterparts.
Our results highlight the role of Treg cell migration via CCR4
pathway in the attenuation of allergic lung inflammation in situ.

Materials and Methods
Mice

Female C57BL/6 mice at 8–12 wk old, housed under specific pathogen-
free conditions at the Department of Immunology, Biomedical Science
Institute, University of São Paulo, São Paulo, Brazil, were used throughout
the experiments. CCR4 KO mice were provided by the Department of
Biochemistry and Immunology, School of Medicine of Ribeirao Preto,
University of São Paulo, and were housed at the Department of Immu-
nology, Biomedical Science Institute, University of São Paulo. Mice were
treated according to Animal Welfare guidelines of the Biomedical Science
Institute, University of São Paulo.

Induction of allergic airway disease and oral tolerance

Mice were sensitized and boosted by s.c. route with 4 mg chicken OVA/1.6
mg of aluminum hydroxide gel in 0.2 ml PBS at days 0 and 7. Airway
inflammation was induced by two intranasal challenges with 10 mg OVA at
days 14 and 21. Experiments were performed 24 h after the last challenge
with OVA intranasally (day 22). Oral tolerance to OVA was induced by
spontaneous intake of 1% OVA (grade V; Sigma-Aldrich) solution dis-
solved in sterile drinking water for 5 consecutive d before sensitization as
previously described (11).

Anti-CD25 treatment

In selected experiments, mice were treated with 500 mg purified anti-CD25
mAb (PC61), with isotype control rat IgG1 mAb (GL113), or sterile PBS
administered i.v. on days 13, 14, 15, and 20 to deplete and/or to inactivate
CD25+ putative Treg cells (23–25). In our experimental protocol, the anti-
CD25 treatment of allergic mice decreased .50% of infiltrating lung
Foxp3+CD4+ T cells (Supplemental Fig. 4).

Bronchoalveolar lavage fluid and lung cell isolation

Mice were deeply anesthetized, the trachea was cannulated, and lungs were
lavaged with 1 ml cold PBS. Total and differential cell counts of bron-
choalveolar lavage (BAL) were determined by hemocytometer and cytospin
preparation stained with Instant-Prov (Newprov). After collection of BAL,
lungs were perfused with 5 ml ice-cold PBS and removed. Lungs were
minced and placed in 6 ml RPMI 1640 containing 2 mg/ml collagenase IV
and 1 mg/ml DNase I (Sigma-Aldrich) and incubated at 37˚C for 30 min. To
make a single-cell suspension, the remaining tissue was forced through a
70-mm cell strainer. Cells were pelleted, and RBCs were lysed using 1 ml
ACK lysing buffer (Life Technologies). The remaining cells were washed
with RPMI 1640 containing 10% FBS, and viable cells were counted via
trypan blue exclusion.

Isolation and adoptive transfer of preactivated CD25+CD4+

T cells

CD25+CD4+ T cells from C57BL/6 WT or CCR4KO mice obtained from
spleens and lymph nodes were purified using mouse CD4+ T cell enrich-
ment kit (EasySep) followed by sorting of stained CD25+ cells using an
FACSAria cell sorter (BD Biosciences). Before cell transfers, sorted
CD25+CD4+ T cells (.98%) that expressed .80% of Foxp3 (data not
shown) were preactivated by culturing the cells in wells coated with anti-
CD3 (145-2C11; 2 mg/ml) and anti-CD28 (37.51; 2 mg/ml) mAb in the
presence of rIL-2 (2.5 ng/ml) for 36 h. This procedure was performed to
increase the CCR4 expression of WT CD25+CD4+ T cells as described by
Saito et al. (26) and shown in Supplemental Fig. 3. Preactivated CD25+

CD4+ T cells (53 105 cells) were then i.v. transferred into OVA/aluminum
hydroxide gel–sensitized CCR4KO mice 24 h after the first OVA chal-
lenge, and the experiments were performed at day 22, 1 d after the second
OVA challenge.

Flow cytometry analysis

Single-cell suspensions were preincubated with FcBlock (2.4G2) (BD Bio-
sciences). Cells were stained with fluorochrome-conjugated Abs against
surface markers CD3 (145-2C11), CD4 (RM4-5), CD8a (53-6.7), CD45RB
(C363.16A), CD69 (H1.2F3), CCR4 (2G12), Siglec-F (E50-2440), Gr1 (RB6-
8C5), and MHC class II (MHC II; M5/114.15.2) in staining buffer (PBS
containing 2% FCS and 0.1% NaN3) for 30 min on ice and then washed. For
Foxp3 (FJK-16s), IL-5 (TRFK5), and IL-4 (11B11) staining, cells were
permeabilized and subsequently stained using the Foxp3 Staining Buffer Set
(eBioscience) according to the manufacturer’s protocol. Cell acquisition was
performed on an FACSCanto II instrument using FACSDiva software (BD
Biosciences). For each sample, at least 300,000 events were collected. Data
were analyzed using FlowJo software (Tree Star).

Determination of OVA-specific IgE and IgG1

OVA-specific Abs were assayed by sandwich ELISA as previously de-
scribed (8). For OVA-specific IgE determinations, plates were coated with
2 mg/ml goat anti-mouse IgE Ab (Southern Biotechnology Associates).
Serum samples were added followed by addition of biotin-labeled OVA.
Bound OVA–biotin was revealed by streptavidin peroxidase conjugate
(Sigma-Aldrich) as previously described (8). Hyperimmune serum was
used as IgE standard and arbitrarily assigned as 10,000 U/ml. For OVA-
specific IgG1, serum samples were plated on 96 wells previously coated
with OVA (2 mg/well). The bound Abs were revealed with goat anti-mouse
IgG1 followed by peroxidase-labeled rabbit anti-goat Abs (all from
Southern Biotechnology Associates). The concentration of OVA-specific
Ab was estimated by comparison with IgG1 standards run in parallel as
previously described (8).

Cytokine determination

The levels of IL-4 and IL-5 in the BAL fluid were assessed by a sandwich
ELISA kit according to the manufacturer’s recommendations as previously
described (8). Values are expressed as picograms per milliliter deduced
from standards run in parallel with recombinant cytokines. Purified and
biotinylated Abs to IL-4 and IL-5 kits were from BD OptEIA (BD Bio-
sciences).

Lung histology

Lungs were perfused via the right ventricle with 10 ml cold PBS, removed,
and immersed in 10% phosphate-buffered formalin for 24 h and then in 70%
ethanol until embedding in paraffin. Tissues were sliced, and 5-mm sections
were stained with hematoxylin/periodic acid-Schiff (PAS) for analysis of
cellular inflammation and mucus production.

Statistical analysis

Statistical significance was assessed by either the two-tailed Student t test
(two groups) or ANOVA for multiple groups with a post hoc Tukey test to
determine the significance, *p , 0.05, **p , 0.01, and ***p , 0.001, all
performed using Prism 5.0 software (GraphPad). Data are presented as
means 6 SEM.

Results
Anti-CD25 treatment exacerbates airway allergic inflammation

We have previously shown that Treg cells accumulate in the lungs
after OVA challenge in allergic mice but not in mice made tolerant
by previous OVA feeding (14). To assess the function of Treg
cells in vivo, we treated the allergic or tolerant animals with four
i.v. injections of anti-CD25 mAb (PC61) after allergic sensiti-
zation to deplete and/or to inactivate putative CD25+ Treg cells
(23–25) as depicted in Fig. 1A. As expected, allergic but not tol-
erant mice developed allergic lung inflammation (Fig. 1). Notably,
allergic but not tolerant mice treated with anti-CD25 mAb showed
a higher number of eosinophils in the BAL fluid (Fig. 1B) and
more intense parenchymal lung infiltrates than allergic mice not
treated with anti-CD25 (PBS group) (Fig. 1C). More specifically,
the percentage and number of eosinophils characterized as Siglec-
F+Gr1intMHC II2 cells were.2-fold higher in the lungs of allergic
mice treated with anti-CD25 than those not treated (Fig. 1D, 1E)
or treated with isotype control rat IgG1 mAb (GL113) (data not
shown). As mentioned, the treatment of tolerant mice with anti-
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CD25 did not modify the tolerance status as evidenced by reduced
number of eosinophils in the BAL (Fig. 1B) and absence of lung
allergic inflammation (Fig. 1C–E).

Anti-CD25 treatment increases effector Th cells in lung tissue

The above results suggested that anti-CD25 treatment probably
inhibited Treg cell function (23). However, as activated T cells also
express CD25, we were interested in determining the activation
status of airway Th cells. For this, we evaluated the expression of
the activation markers CD69 or CD25 as well as the production of
IL-5 and IL-4 by infiltrating CD4+ T cells.
We found that anti-CD25 treatment of allergic mice increased

the frequency of CD4+ T cells expressing CD69, whereas the
frequency of CD4+CD25+Foxp3- T cells was decreased when

compared with allergic PBS group (Fig. 2A, 2B, Supplemental
Fig. 4A, 4B). Again, no differences were observed between tol-
erant mice treated or not with anti-CD25, which showed very low
expression of activated T cells in the lungs when compared with
allergic groups (Fig. 2A, 2B). The frequency of cells expressing
CD69 and type 2 cytokines IL-5 and IL-4 in tolerant mice treated
or not with anti-CD25 was almost absent (Fig. 2A–E). In contrast,
the frequency of CD4+ T cells producing IL-5 or IL-4 increased in
the lungs of anti-CD25–treated mice when compared with PBS
group (Fig. 2C–E). Notably, the frequency of IL-5–producing
CD4+ T cells was 10-fold higher when compared with T cells
producing IL-4 (Fig. 2C–E).
We conclude that inactivation of putative CD25+ Treg cells with

anti-CD25 treatment augments allergic lung inflammation by in-

FIGURE 1. Anti-CD25 treatment aggravates airway eosinophilic inflammation. (A) Anti-CD25 treatment protocol of C57BL/6 mice induced to oral

tolerance or airway allergic inflammation. Lung and BAL cells were harvested after 24 h of the last OVA challenge from mice treated with PBS or anti-

CD25 mAb i.v. (B) Differential counts of cytospin preparations from BAL cells. (C) Representative lung sections stained with hematoxylin/PAS for analysis

of cellular inflammation and mucus production (original magnification 3100). Percentage (D) and number (E) of lung Siglec-F+Gr1intMHC II2 cells

representing eosinophils. Cells recovered from lung were stained for MHC II, Gr1, and Siglec-F and gated in MHC II2 cells. Values represent the means 6
SEM for groups of three mice and are representative of two independent experiments. Significant differences, *p , 0.05, **p , 0.01, and ***p , 0.001,

are shown.

FIGURE 2. Anti-CD25 treatment increases

activated CD4+ T cells in allergic lungs.

Representative FACS histogram (A) and

percentage of lung Foxp32CD4+ T cells

expressing CD69 (B). Cells recovered from

lungs of tolerant or allergic mice treated

with PBS or anti-CD25 mAb i.v. were

stained for CD3, CD4, Foxp3, and CD69

and gated in Foxp32CD4+CD3+ cells. (C–E)

Percentage of lung CD4+ T cells expressing

IL-5 and IL-4. Cells recovered from lung

were stained for CD3, CD4, IL-5, and IL-4

and gated in CD4+CD3+ cells. Values rep-

resent the means 6 SEM for groups of three

mice and are representative of two inde-

pendent experiments. Significant differ-

ences, *p , 0.05, **p , 0.01, and ***p ,
0.001, are shown.
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creasing the number of activated Th2 cells producing IL-5. In
addition, we found that the vast majority of lung infiltrating CD4+

T cells were CD25 negative (Supplemental Fig. 4).

Foxp3+ Treg cells expressing CCR4 accumulate in the airways
of allergic mice

We have previously shown that Treg cells accumulated in the lungs
of allergic mice were phenotypically different from those present in
lymphoid organs and could be characterized among other activation
markers as CCR4+ (14). Therefore, we first monitored the ap-
pearance of Treg cells in the lungs of allergic or tolerant mice. Fig.
3 shows that the frequency of Foxp3+CD4+ T cells started to in-
crease 24 h after the first OVA challenge, reaching maximum values
with 3 d and plateauing thereafter in allergic but not tolerant mice
(Fig. 3A). Next, we determined the frequency of Foxp3+ Treg cells
expressing CCR4 in different organs of allergic or naive mice. We
could not detect any difference between naive and allergic mice in

CCR4 expression of Treg cells present at draining cervical lymph
nodes, mesenteric lymph nodes (MLN), Peyer’s patches, thymus,
and spleen (Fig. 3B). However, a significant difference in the dis-
tribution of Foxp3+ T cells expressing CCR4 between allergic and
naive mice was detected in the lungs (Fig. 3B, 3E). In addition, the
expression of CCR4 in Treg cells was more pronounced in allergic
mice when compared with naive mice (Fig. 3C, 3D).
These results clearly indicate that Treg cells from allergic mice

migrate to lung tissue after allergen challenge.

CCR4 deficiency impairs Treg cell migration to airways

To assess the role of CCR4 in the migration of Treg or effector
T (Teff)/memory T cells during airway allergic inflammation,
we performed experiments in CCR4KO mice. We found that the
percentage of Foxp3+CD4+ T cells was markedly decreased in the
BAL and lungs of allergic CCR4KO mice, reaching values ∼8%
when compared with allergic WT mice that showed .20% values
(Fig. 4A–C). No significant differences in Treg cells were ob-
served between WT and CCR4KO mice in draining lymph nodes
or spleen (Fig. 4D, 4E).
To further characterize the phenotype of CD4+ T cells present

in the airways of allergic CCR4KO mice, we determined the fre-
quency of Treg cells and activated CD4+ T cells. For comparison
we used WT and CCR2KO mice because this chemokine receptor
has also been shown to be expressed by Treg cells (27). We found
that the frequency of Foxp32CD4+ T cells expressing CD69 or
with low expression of CD45RB (CD45RBlow), a marker of Teff/
memory T cells, was increased in the airways of CCR4KO mice
when compared with WT or CCR2KO mice (Fig. 5A, Supple-
mental Fig. 1). In contrast, the frequency of Treg cells in BAL and
lungs was decreased in CCR4KO mice when compared with WTor
CCR2KO mice (Fig. 5B, 5C). No differences were observed in
activated T or Treg cells present in the spleen (Fig. 5A, 5D).
Therefore, CCR4 deficiency affected profoundly the balance be-
tween Treg and activated CD4+ T cells in the airways as revealed
by the ratio of Teff/Treg cells (Fig. 5E).

CCR4-deficient mice display severe eosinophilic lung
inflammation

Because in allergic mice CCR4 deficiency resulted in an increased
ratio of Teff versus Treg cells, we next determined the magnitude
of allergic inflammation in these mice compared with WT mice.
Notably, we found that CCR4KO mice showed an intense influx
of eosinophils to airways as revealed by differential cell BAL
counts (Fig. 6A). Indeed, the number of eosinophils was .3-fold
higher in the BAL of allergic CCR4KO mice (24.2 6 3.9 3 105

cells) than in WT mice (6.7 6 0.7 3 105 cells). In addition,

FIGURE 3. CCR4-expressing Treg cells accumulate in lung allergic

inflammation. (A) Time course of Foxp3+CD4+ T (Treg) cells frequency in

the lungs of tolerant and allergic mice. Cells recovered from lung were

stained for CD4 and Foxp3 and gated in CD4+ cells. (B) Percentage of

Foxp3+CD4+ T cells expressing CCR4. Cells recovered from cervical

lymph nodes (CLN), MLN, Peyer’s patches (PP), spleen, thymus, and

lungs were stained for CD3, CD4, Foxp3, and CCR4 and gated in Foxp3+

CD4+CD3+ cells. (C) Representative FACS histogram of lung Foxp3+CD4+

T cells expressing CCR4. (D) Mean fluorescence intensity (MFI) of CCR4

expressed by lung Foxp3+CD4+ T cells. (E) Number of Foxp3+CD4+

T cells expressing CCR4 in the lungs. Values represent the means 6 SEM

for groups of four mice and are representative of two independent ex-

periments. Significant differences, *p , 0.05, **p , 0.01, and ***p ,
0.001, are shown.

FIGURE 4. CCR4 deficiency

impairs Treg cell migration to air-

ways. (A) Percentage of lung CD4+

T cells expressing Foxp3 and

CD45RB. Cells recovered from lungs

of naive or allergic WT and CCR4-

deficient mice were stained for CD3,

CD4, Foxp3, and CD45RB and gated

in CD4+CD3+ cells. Percentage of

Foxp3+CD4+ T cells in BAL (B), lung

(C), draining lymph nodes (dLN) (D),

and spleen (E). Values represent the

means6 SEM for groups of fourmice

and are representative of three inde-

pendent experiments. Significant dif-

ferences, *p , 0.05 and ***p ,
0.001, are shown.
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CCR4KO mice showed a more intense lung parenchymal in-
flammation characterized by diffuse cell infiltrates than WT mice
(Fig. 6B). FACS analysis confirmed that the frequency and number
of eosinophils (Siglec-F+Gr1intMHC II2 cells) in lung tissue were
more pronounced in CC4KO than in WT mice (Fig. 6C–E). Con-
sistent with the enhanced number of eosinophils in the airways, the
BAL levels of IL-5 and the percentage of lung CD4+ T cells
producing IL-5 were ∼2-fold higher in allergic CCR4KO mice
than in allergic WT mice (Fig. 6F, 6G, Supplemental Fig. 2A). In
addition, the production of IL-4 by lung infiltrating CD4+ T cells
was higher in CCR4KO mice than in WT mice (Fig. 6F, 6H,
Supplemental Fig. 2B). However, the levels of OVA-specific IgE
and IgG1 did not differ between both allergic groups (Supple-
mental Fig. 2C, 2D). Our results show that CCR4KO mice de-
velop a more intense allergic lung inflammation than WT mice.

Adoptive transfer of WT CD25+CD4+ T cells to sensitized
CCR4KO mice attenuates eosinophilic airway inflammation
and lung T cells secreting type 2 cytokines

We reasoned that the aggravation of allergic lung inflammation by
anti-CD25 or by CCR4 deficiency was due to diminished function
of Treg cells in the lung. Therefore, to demonstrate the biological
role of CCR4 molecule on Treg cell function in vivo, we per-

formed adoptive-transfer experiments of CD25+CD4+ T cells iso-
lated from WT or CCR4-deficient mice into allergic CCR4KO
mice. For this, we first preactivated isolated CD25+CD4+ T cells
with anti-CD3/anti-CD28 mAb to upregulate the expression of
CCR4, (Supplemental Fig. 3). Then we transferred these cells to
sensitized CCR4KO mice 1 d after the first OVA challenge and
performed the experiments 24 h after the second OVA challenge.
We found that transfer of WT, but not CCR4-deficient, CD25+

CD4+ T cells decreased significantly the total number of inflam-
matory cells and eosinophils in the BAL of allergic CCR4KO mice
(Fig. 7A, 7B). Also, adoptive transfer of WT, but not CCR4-defi-
cient, CD251CD41 T cells decreased the frequency and number of
eosinophils (Siglec-F+Gr1intMHC II2 cells) in the lungs (Fig. 7C–
E). Notably, the percentage of CD4+ T cells producing IL-5 and IL-
4 was markedly reduced in the lungs of mice that received CD25+

CD4+ T cells from WTwhen compared with animals that received
CCR4-deficient CD25+CD4+ T cells or none (Fig. 7F–H). Con-
sistent with diminished allergic airway inflammation, the ratio
between lung Th2 cytokine–producing cells and Foxp3+ Treg cells
was lower in mice transferred with WT CD25+CD4+ T cells than
with CCR4-deficient CD25+CD4+ T cells (Fig. 7I). Altogether,
these results clearly highlight the suppressive role of CCR4+ Treg
cells on Th2-mediated allergic airway inflammation.

Discussion
In the present work, we investigated the in vivo role of Treg cells
in allergic mice or in mice made tolerant by previous Ag feeding.
For this, we treated the animals with anti-CD25 mAb, a procedure
that are known to deplete and/or inactivate Treg cell function (23–
25). We found that anti-CD25 treatment did not alter the state of
unresponsiveness induced by oral tolerance. In contrast, in allergic
mice, the anti-CD25 treatment aggravated airway inflammation as
evidenced by an increased number of lung activated T cells, IL-4–,
IL-5–producing T cells, and eosinophils. It was previously re-
ported that anti-CD25 treatment could directly abrogate effector
CD25+ T cell responses during an inflammatory episode (28). We
have shown that both lung CD25+ and CD252 T cells are effector
cells because they produce substantial amounts type 2 cytokines
(14). In this study, we showed that the vast majority of lung-
infiltrating CD4+ T cells were CD252, which are not affected
by anti-CD25 treatment. In addition, effector CD25+ T cells de-
creased after treatment. Therefore, the augmented effector Th2
activity observed after anti-CD25 treatment is exerted mainly by
the lack of Treg function and effector CD252 Th2 cells. Our
results with anti-CD25 treatment during allergen challenges are in
line with previous findings showing that anti-CD25 treatment
before OVA sensitization exacerbates allergic airway inflamma-
tion and type 2 cytokine production (26). In our study, the anti-
CD25 treatment was performed during the period of allergen
challenges, and the fact that it exacerbated allergic inflammation
indicates that this treatment is preferentially affecting Treg rather
than Teff cell function.
The fact that Treg cells did not revert the tolerance state appear

conflicting in light of our previous work showing that Treg cells
via TGF-b are crucial for the establishment of oral tolerance
(11). Indeed, it is well documented that oral tolerance is strictly
related to the emergence of Treg cells (29–31). However, it
should be noted that we treated the animals after the establish-
ment of oral tolerance, and in this scenario, Treg cells may not
play an active role as they play during the induction phase of
tolerance when they inhibit the emergence of Teff cells (11, 32).
In sharp contrast, our results with anti-CD25 treatment high-
lighted the active role that Treg cells exert on lung allergic in-
flammation, a condition in which Teff cells have been already

FIGURE 5. CCR4 deficiency alters the balance between Treg and ac-

tivated CD4+ T cells in allergic airways. (A) Percentage of Foxp32CD69+

CD4+ T cells in BAL, lung, and spleen of allergic WT, CCR4-, and

CCR2KO mice. Percentage of Foxp3+CD4+ T cells in BAL (B), lung (C),

and spleen (D). (E) Ratio between Foxp32CD69+CD4+ T (Teff) cells and

Foxp3+CD4+ T (Treg) cells present in the BAL and lungs. Cells recovered

from BAL and lung were stained for CD3, CD4, Foxp3, and CD69 and

gated in CD4+CD3+ cells for analysis of Treg (Foxp3+) cells or gated in

Foxp32CD4+CD3+ cells for analysis of Teff (CD69+) cells. Values rep-

resent the means 6 SEM for groups of four mice or more and are repre-

sentative of three independent experiments. Significant differences, *p ,
0.05, **p , 0.01, and ***p , 0.001, are shown.

The Journal of Immunology 5

 at Inst Superiore de Sanita-R
om

a on February 9, 2013
http://jim

m
unol.org/

D
ow

nloaded from
 

http://jimmunol.org/


generated during the sensitization process. In this situation, we
noticed the aggravation of airway allergic inflammation after
anti-CD25 treatment, reinforcing the view of functional inacti-
vation of Treg cells by anti-CD25 treatment. Because anti-CD25
mAb was given systemically (i.v.) and not in the airways, we could
not determine whether Treg cells were exerting their suppressive
activity in lymphoid organs such as draining lymph nodes or
spleen, inhibiting the development of Teff cells, or in the lung
tissue acting on emigrated Teff cells. However, we favor the notion
that Treg cells attenuate allergic inflammation, exerting their ac-
tivity in the lung tissue. First, we have previously shown that
Foxp3+ Treg cells accumulate in the lungs of allergic mice and
efficiently suppressed pulmonary T cell proliferation but not type 2
cytokine production (14). Second, our experiments with CCR4KO
mice clearly showed that Treg cell migration to the lungs was
impaired. In turn, these animals exhibited an asthma phenotype
similar to the one observed with anti-CD25 treatment (i.e., they
showed severe allergic airway inflammation with increased number
of activated CD4+ T cells producing IL-5). Indeed, the more no-
ticeable effects of anti-CD25 treatment or CCR4 deficiency were
the increased infiltration of eosinophils and IL-5–producing T cells
in the airways. In addition, micrographs of lung sections of anti-
CD25–treated or CCR4KO mice showed a more dispersed cellular
infiltrate occupying the lung parenchyma than that observed in
their allergic counterparts. Other allergic parameters such as IgE
production were not affected by anti-CD25 treatment or CCR4
deficiency, indicating that Treg cells may exert their suppressive
activity in the lung instead of systemically.
Our results with CCR4KO mice are in line with other reports

showing the role of CCR4 in Treg cell migration and function. For
instance, CCR4KO mice failed to develop tolerance to allograft
after administration of anti-CD154 and donor spleen cells, and this
was associated with impaired recruitment of Foxp3-expressing
T cells to the graft (33). In a model of inflammatory bowel dis-

ease, CCR4-deficient Treg cells failed to migrate to the MLN and
could not prevent colitis (34). Notably, in noninflammatory con-
ditions, mice with a complete loss of CCR4 on Treg cells develop
severe inflammatory disease in the skin and lungs, suggesting a
role of CCR4-positive Treg cells in the control of tissue homeo-
stasis (35). In our model, we found that CCR4-expressing Foxp3+

Treg cells are naturally distributed in different tissues of naive
mice, but were increased in the lungs of mice undergoing allergic
airway inflammation, reinforcing the notion that allergic milieu
triggers the migration of Treg cells into the airways that, in turn,
exert a suppressive activity. It is likely, based on our findings and
previous work, that lung Treg cells are attenuating lung inflam-
mation by inhibiting the in situ proliferation of Teff lung cells.
Regarding allergic inflammation, CCR4 appears to be dispens-

able for Th2-mediated allergic lung disease because CCR4KO
mice exhibited more T cell–producing IL-5 and IL-4 and eosi-
nophils when compared with WT. Our results are in line with other
reports showing that allergic airway disease was not impaired in
mice deficient for CCR4 or after treatment with anti-CCR4 (21,
22). However, these findings conflict with other studies showing
that CCR4 and its interaction with respective chemokines CCL17
(thymus and activation-regulated chemokine) and CCL22 (mac-
rophage-derived chemokine) play a role in allergic inflammation
(20, 36–43). These conflicting results on the role of CCR4 in al-
lergy remain to be elucidated, but may be due to different ex-
perimental protocols and animals employed. Other chemokine
receptors, besides CCR4, such as CCR8 and CCR3, are also
expressed by Th2 cells and might have overlapping functions (44–
48). Thus, it is possible that in our experiments with CCR4KO
mice, CCR8 and/or CCR3 mediated the migration of inflamma-
tory Th2 cells to the lungs that, in turn, promoted Th2-mediated
allergic airway inflammation.
We postulated that the aggravation of allergic lung inflammation

by anti-CD25 or CCR4 deficiency was due to diminished function

FIGURE 6. CCR4 deficiency

exacerbates the allergic airway in-

flammation. (A) Differential counts of

cytospin preparations from BAL cells

of WT and CCR4-deficient mice. (B)

Representative lung sections stained

with hematoxylin/PAS for analysis

of cellular inflammation and mucus

production (original magnification

3100). Percentage (C, D) and num-

ber (E) of lung Siglec-F+Gr1intMHC

II2 cells representing eosinophils.

Cells recovered from lung were

stained for MHC II, Gr1, and Siglec-

F and gated in MHC II2 cells. (F–H)

Percentage of lung CD4+ T cells

expressing IL-5 or IL-4. Cells recov-

ered from lung were stained for CD3,

CD4, IL-5, and IL-4 and gated in

CD4+CD3+ cells. Values represent

the means 6 SEM for groups of four

mice and are representative of three

independent experiments. Significant

differences, *p , 0.05, **p , 0.01,

and ***p , 0.001, are shown.
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of Treg cells in the lungs. To evaluate the role of putative Treg
cells in vivo, we transferred preactivated WT CD25+CD4+

T cells that expressed high levels of CCR4 to allergic CCR4KO
mice. We found that the transferred cells efficiently suppressed
allergic lung inflammation as revealed by the decreased number
of eosinophils and Th2 cells secreting type 2 cytokines. In
contrast, preactivated CD25+CD4+ T cells from CCR4KO ani-
mals were without effect. These results clearly highlight the
regulatory role exerted by CD25+CD4+ T cells expressing
CCR4 in lung allergic inflammation.
Eosinophils play a central role in asthma (49–51), and clinically,

asthma varies from mild to severe forms (52). Interestingly, it was
shown in severe asthma with a follow-up of 5 y that high numbers
of eosinophils could persist despite treatment with inhaled and
oral corticosteroids (53). It is possible that inappropriate Treg cell
function might underline an asthma phenotype (12). Our findings
extend this concept by showing that impaired Treg cell migration
to sites of allergic inflammation aggravates the severity of airway
eosinophilic inflammation.
Finally, our work provides a warning against the validity of

CCR4 as a therapeutic target in the treatment of asthma and
opens up the possibility of exploiting CCR4-positive Treg cells
for the control of lung eosinophilic inflammation.
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J. J. Lafaille. 2001. Hyper immunoglobulin E response in mice with monoclonal
populations of B and T lymphocytes. J. Exp. Med. 194: 1349–1359.

7. Chatila, T. A., F. Blaeser, N. Ho, H. M. Lederman, C. Voulgaropoulos, C. Helms,
and A. M. Bowcock. 2000. JM2, encoding a fork head-related protein, is mutated
in X-linked autoimmunity-allergic disregulation syndrome. J. Clin. Invest. 106:
R75–R81.

8. Russo, M., M. A. Nahori, J. Lefort, E. Gomes, A. de Castro Keller, D. Rodriguez,
O. G. Ribeiro, S. Adriouch, V. Gallois, A. M. de Faria, and B. B. Vargaftig. 2001.
Suppression of asthma-like responses in different mouse strains by oral toler-
ance. Am. J. Respir. Cell Mol. Biol. 24: 518–526.

9. Akbari, O., R. H. DeKruyff, and D. T. Umetsu. 2001. Pulmonary dendritic cells
producing IL-10 mediate tolerance induced by respiratory exposure to antigen.
Nat. Immunol. 2: 725–731.

10. Mucida, D. S., D. Rodrı́guez, A. C. Keller, E. Gomes, J. S. Menezes, A. M. de
Faria, and M. Russo. 2004. Decreased nasal tolerance to allergic asthma in mice
fed an amino acid-based protein-free diet. Ann. N. Y. Acad. Sci. 1029: 361–365.

FIGURE 7. Adoptive transfer of WT CD25+CD4+ T cells attenuates allergic airway inflammation of CCR4KO mice. On day 15, after OVA sensitization

and first OVA challenge, CCR4KO mice received i.v. 5 3 105 preactivated CD25+CD4+ T cells from WT or CCR4KO mice. At day 21, mice were

challenged again with OVA, and 24 h later, BAL fluid and lung samples were collected for analysis. Total number of cells (A) and eosinophils (B) in the

BAL. Percentage (C, D) and number (E) of lung Siglec-F+Gr1intMHC II2 cells representing eosinophils. Cells recovered from lung were stained for MHC

II, Gr1, and Siglec-F and gated in MHC II2 cells. (F–H) Percentage of lung CD4+ T cells expressing IL-5 and/or IL-4. Cells recovered from lung were

stained for CD3, CD4, IL-5, and IL-4 and gated in CD4+CD3+ cells. (I) Ratio between IL-5+IL-4+Foxp32CD4+ T (Th2) and Foxp3+CD4+ T (Treg) cells

present in the lungs. Cells recovered from lung were stained for CD3, CD4, Foxp3, IL-5, and IL-4 and gated in CD4+CD3+ cells for analysis of Treg

(Foxp3+) cells or gated in IL-5+IL-4+Foxp32CD4+CD3+ cells for analysis of Th2 cells. Values represent the means 6 SEM for groups of four mice.

Significant differences, *p , 0.05, **p , 0.01, and ***p , 0.001, are shown.

The Journal of Immunology 7

 at Inst Superiore de Sanita-R
om

a on February 9, 2013
http://jim

m
unol.org/

D
ow

nloaded from
 

http://jimmunol.org/


11. Mucida, D., N. Kutchukhidze, A. Erazo, M. Russo, J. J. Lafaille, and
M. A. Curotto de Lafaille. 2005. Oral tolerance in the absence of naturally oc-
curring Tregs. J. Clin. Invest. 115: 1923–1933.

12. Grindebacke, H., K. Wing, A. C. Andersson, E. Suri-Payer, S. Rak, and
A. Rudin. 2004. Defective suppression of Th2 cytokines by CD4CD25 regula-
tory T cells in birch allergics during birch pollen season. Clin. Exp. Allergy 34:
1364–1372.

13. Ling, E. M., T. Smith, X. D. Nguyen, C. Pridgeon, M. Dallman, J. Arbery,
V. A. Carr, and D. S. Robinson. 2004. Relation of CD4+CD25+ regulatory T-cell
suppression of allergen-driven T-cell activation to atopic status and expression of
allergic disease. Lancet 363: 608–615.

14. Faustino, L., D. Mucida, A. C. Keller, J. Demengeot, K. Bortoluci,
L. R. Sardinha, M. C. Takenaka, A. S. Basso, A. M. Faria, and M. Russo. 2012.
Regulatory T cells accumulate in the lung allergic inflammation and efficiently
suppress T-cell proliferation but not Th2 cytokine production. Clin. Dev.
Immunol. 10.1155/2012/721817.

15. Huehn, J., K. Siegmund, J. C. Lehmann, C. Siewert, U. Haubold, M. Feuerer,
G. F. Debes, J. Lauber, O. Frey, G. K. Przybylski, et al. 2004. Developmental
stage, phenotype, and migration distinguish naive- and effector/memory-like
CD4+ regulatory T cells. J. Exp. Med. 199: 303–313.

16. Huehn, J., and A. Hamann. 2005. Homing to suppress: address codes for Treg
migration. Trends Immunol. 26: 632–636.

17. Panina-Bordignon, P., A. Papi, M. Mariani, P. Di Lucia, G. Casoni, C. Bellettato,
C. Buonsanti, D. Miotto, C. Mapp, A. Villa, et al. 2001. The C-C chemokine
receptors CCR4 and CCR8 identify airway T cells of allergen-challenged atopic
asthmatics. J. Clin. Invest. 107: 1357–1364.

18. Pilette, C., J. N. Francis, S. J. Till, and S. R. Durham. 2004. CCR4 ligands are
up-regulated in the airways of atopic asthmatics after segmental allergen chal-
lenge. Eur. Respir. J. 23: 876–884.

19. Mikhak, Z., M. Fukui, A. Farsidjani, B. D. Medoff, A. M. Tager, and
A. D. Luster. 2009. Contribution of CCR4 and CCR8 to antigen-specific T(H)2
cell trafficking in allergic pulmonary inflammation. J. Allergy Clin. Immunol.
123: 67–73.e3.

20. Perros, F., H. C. Hoogsteden, A. J. Coyle, B. N. Lambrecht, and H. Hammad.
2009. Blockade of CCR4 in a humanized model of asthma reveals a critical role
for DC-derived CCL17 and CCL22 in attracting Th2 cells and inducing airway
inflammation. Allergy 64: 995–1002.

21. Conroy, D. M., L. A. Jopling, C. M. Lloyd, M. R. Hodge, D. P. Andrew,
T. J. Williams, J. E. Pease, and I. Sabroe. 2003. CCR4 blockade does not inhibit
allergic airways inflammation. J. Leukoc. Biol. 74: 558–563.

22. Chvatchko, Y., A. J. Hoogewerf, A. Meyer, S. Alouani, P. Juillard, R. Buser,
F. Conquet, A. E. Proudfoot, T. N. Wells, and C. A. Power. 2000. A key role for
CC chemokine receptor 4 in lipopolysaccharide-induced endotoxic shock. J.
Exp. Med. 191: 1755–1764.

23. Kohm, A. P., J. S. McMahon, J. R. Podojil, W. S. Begolka, M. DeGutes,
D. J. Kasprowicz, S. F. Ziegler, and S. D. Miller. 2006. Cutting Edge: Anti-CD25
monoclonal antibody injection results in the functional inactivation, not deple-
tion, of CD4+CD25+ T regulatory cells. J. Immunol. 176: 3301–3305.

24. Couper, K. N., D. G. Blount, J. B. de Souza, I. Suffia, Y. Belkaid, and
E. M. Riley. 2007. Incomplete depletion and rapid regeneration of Foxp3+
regulatory T cells following anti-CD25 treatment in malaria-infected mice. J.
Immunol. 178: 4136–4146.

25. Setiady, Y. Y., J. A. Coccia, and P. U. Park. 2010. In vivo depletion of CD4+
FOXP3+ Treg cells by the PC61 anti-CD25 monoclonal antibody is mediated
by FcgammaRIII+ phagocytes. Eur. J. Immunol. 40: 780–786.

26. Saito, K., M. Torii, N. Ma, T. Tsuchiya, L. Wang, T. Hori, D. Nagakubo,
N. Nitta, S. Kanegasaki, K. Hieshima, et al. 2008. Differential regulatory
function of resting and preactivated allergen-specific CD4+ CD25+ regulatory T
cells in Th2-type airway inflammation. J. Immunol. 181: 6889–6897.
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Supplemental Figure legends 1 

Supplemental Figure 1. CCR4-deficiency increases effector/memory CD4+ T cells in 2 

allergic airways. Percentage of Foxp3−CD69+CD4+ T cells in (A) BAL, (B) lung, (C) 3 

draining lymph node (dLN) and (D) spleen of naïve or allergic wild-type (WT) and 4 

CCR4-deficient mice. Percentage of Foxp3−CD45RBlowCD4+ T cells in (E) BAL, (F) 5 

lung, (G) dLN and (H) spleen. Cells recovered from BAL, lung and spleen were stained 6 

for CD3, CD4, Foxp3, CD69 and CD45RB and gated in Foxp3−CD4+CD3+ cells for 7 

analysis of activated T (CD69+) cells or for analysis of effector/memory T (CD45RBlow) 8 

cells. Values represent the means ± SEM for groups of four and are representative of 9 

three independent experiments. Significant differences *P<0.05, **P<0.01, ***P<0.001 10 

are shown. 11 

 12 

Supplemental Figure 2. Type 2 cytokine production and OVA-specific antibodies in WT 13 

and CCR4KO mice. (A) IL-5 and (B) IL-4 in the BAL, (C) anti-OVA IgG1 and (D) anti-14 

OVA IgE in the serum were determined by ELISA. Values represent the means ± SEM 15 

for groups of four mice and are representative of three independent experiments. 16 

Significant differences *P<0.05, ***P<0.001 are shown. 17 

 18 

Supplemental Figure 3. Sorted CD25+CD4+ T cells up-regulate CCR4 expression upon 19 

in vitro activation with anti-CD3 and anti-CD28. Expression of CCR4 in isolated 20 

CD25+CD4+ T cells preactivated or not (None) with immobilized anti-CD3 (2µg/ml) and 21 

anti-CD28 (2µg/ml) mAb in the presence of recombinant IL-2 (2.5ng/ml) for 36h. Values 22 

are representative of groups of four mice. 23 
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 24 

Supplemental Figure 4. Anti-CD25 treatment decreases Foxp3+Treg cells. (A, B) 25 

Percentage of Foxp3 and CD25 in lung CD4+ T cells of tolerant or allergic C57BL/6 26 

mice treated with PBS or anti-CD25 mAb i.v. Twenty -four hours of the last OVA 27 

challenge the cells recovered from the lungs were stained for CD3, CD4, CD25 and 28 

Foxp3 and gated in CD4+CD3+ cells for flow cytometry analysis of Foxp3 and CD25. 29 

Values represent the means ± SEM for groups of three mice and are representative of two 30 

independent experiments. Significant differences *P<0.05, ***P<0.001, are shown. 31 

 32 
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