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Differential Regulatory Function of Resting and Preactivated
Allergen-Specific CD4"CD25" Regulatory T Cells in Th2-Type
Airway Inflammation’

Kanako Saito,*” Mie Torii,* Ning Ma,* Tomoko Tsuchiya,® Linan Wang,*" Tomohide Hori,*!
Daisuke Nagakubo,” Nao Nitta,® Shiro Kanegasaki,® Kunio Hieshima,” Osamu Yoshie,"
Esteban C. Gabazza,* Naoyuki Katayama,” Hiroshi Shiku," Kagemasa Kuribayashi,*

and Takuma Kato?*

Although CD4*CD25™ regulatory T (Treg) cells are known to suppress Thl cell-mediated immune responses, their effect on
Th2-type immune responses remains unclear. In this study we examined the role of Treg cells in Th2-type airway inflammation
in mice. Depletion and reconstitution experiments demonstrated that the Treg cells of naive mice effectively suppressed the
initiation and development of Th2-driven airway inflammation. Despite effective suppression of Th2-type airway inflammation in
naive mice, adoptively transferred, allergen-specific Treg cells were unable to suppress airway inflammation in allergen-presen-
sitized mice. Preactivated allergen-specific Treg cells, however, could suppress airway inflammation even in allergen-presensitized
mice by accumulating in the lung, where they reduced the accumulation and proliferation of Th2 cells. Upon activation, allergen-
specific Treg cells up-regulated CCR4, exhibited enhanced chemotactic responses to CCR4 ligands, and suppressed the prolifer-
ation of and cytokine production by polarized Th2 cells. Collectively, these results demonstrated that Treg cells are capable of
suppressing Th2-driven airway inflammation even in allergen-presensitized mice in a manner dependent on their efficient migra-
tion into the inflammatory site and their regulation of Th2 cell activation and proliferation. The Journal of Immunology, 2008,

181: 6889-6897.

llergic asthma is a chronic airway inflammatory dis-

order characterized by airway hyperresponsiveness

(AHR)? and reversible airway obstruction, eventually
leading to airway remodeling and irreversible changes in lung
function (1). Although eosinophils are the predominant infil-
trating cell type in the lungs of asthmatic subjects, Th2 cells
also play a critical role in the pathogenesis of asthma via se-
cretion of cytokines, including IL-4, IL-5, IL-9, and IL-13; IL-4
and IL-5 contribute to eosinophil accumulation, whereas 1L-9
and IL-13 induce AHR (2).
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Naturally occurring CD4"CD25™" regulatory T (Treg) cells of
thymic origin play a significant role in maintaining peripheral self-
tolerance by preventing the activation and proliferation of autore-
active T cells (3). CD47CD25™ Treg cells also regulate immune
responses against foreign Ags, including infectious agents and al-
loantigens, via suppression of Ag-specific CD4™ and CD8" T
cells (4-7). Although the suppression of Th1-mediated diseases by
CD4"CD25" Treg cells has been well documented (8, 9), the role
of these cells in curtailing allergic Th2-mediated diseases is still
controversial. Although human studies suggest that CD4"CD25™"
Treg cells also suppress Th2-type diseases (10—12), mouse studies
have yielded contradictory results. Suto et al. demonstrated that
CD4"CD25" T cells enhanced Th2 cell-mediated allergic inflam-
mation in airways by modulating the Th1/Th2 balance toward a
Th2 phenotype (13). In contrast, Jaffar et al. reported that CD4™
CD25" T cells curtailed Th2-mediated pulmonary inflammation
by suppressing development of the Th2 phenotype (14). Adoptive
transfer of CD4*CD25" T cells into allergen-sensitized mice or
into naive mice with cotransfer of allergen-specific Th2 cells has
also presented inconsistent results, whereas CD4"CD25" Treg
cells reverse airway inflammation in some, but not all, cases (14—
16). The available data do not permit a definitive conclusion re-
garding the role of CD4*CD25" Treg cells in Th2-type airway
inflammation or, more importantly, the rationale for use in the
treatment of allergic asthmatics.

In this study, we demonstrated that CD4"CD25" Treg cells
were capable of suppressing airway inflammation in naive mice.
Depletion of CD25™ cells enhanced airway inflammation and in-
creased eosinophil numbers in the lung. Reconstitution with CD4™
CD25™" Treg cells before allergen sensitization/challenge reduced
these effects. We revealed that allergen-specific CD4"CD25"
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FIGURE 1. Mice depleted of CD25™ cells developed E *
severe airway inflammation and AHR. BALB/c mice 2 50 —
(n = 5-7) were injected i.v. with anti-CD25 mAb 0 0 §
(PC61; 250 wg) or control rat IgG, then sensitized and B Conoligs
challenged with OVA. Twenty-four hours after the B Pce
last challenge, BALF, lung, BLN, and serum samples
were collected or AHR was measured. A, Depletion of C 3000 E
CD25™ cells resulted in increased numbers of eosino- laE
phils and IL-13 levels in BALF. B, H&E staining re- 25001 @ Control IgG -
vealed increased numbers of eosinophils in the lungs of g @ pest 0.3 *
mice depleted of CD25" cells. Representative sections §
for each group are shown. Bars, 100 wm. C, CD25" cell g 0.2
depletion increased AHR in response to methacholine. 3 8
D, Depletion of CD25" cells increased Th2-type cyto- 2 0.1
kine production by BLN cells stimulated in vitro with #
OVA. E, CD25" cell depletion increased the serum lev- 0.0
els of OVA-specific Th2-type Ig isotypes. The serum lev-
els of OVA-specific IgE, IgG1, and IgG2a were assayed at B — o Il Control IgG
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results are representative of three (A and B) and two (C-E) i
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Treg cells, if preactivated before adoptive transfer, efficiently sup-
pressed the airway inflammation induced in allergen-sensitized
mice. Upon activation, allergen-specific CD4"CD25™ Treg cells
up-regulated CCR4, which lead to the enhancement of chemotactic
responses in response to the associated ligands. After adoptive
transfer, these cells efficiently accumulated in the lung, where
CCR4 ligands are highly expressed (17, 18).

Materials and Methods
Mice

Female BALB/c and C.B-17 SCID mice were purchased from Japan SLC
and CLEA Japan, respectively. DO11.10 mice, which bear an «BTCR
transgene that recognizes OVA s, 530 in the context of I-AY, were provided
by Dr. K. M. Murphy (Washington University, St. Louis, MO). Mice
housed under specific pathogen-free conditions in the Institute of Labora-
tory Animals were used at 6—8 wk of age. All experiments were approved
by the Ethics Committee for Animal Experimentation at Mie University
Graduate School of Medicine, Tsu, Japan.

Cells

A CD4"CD25" regulatory T cell isolation kit (Miltenyi Biotec) was used
to separate CD4*CD25~ and CD4"CD25" T cells from the spleens of
BALB/c or DO11.10 mice. When indicated, CD4™ T cells were isolated
using a CD4™" T cell isolation kit (Miltenyi Biotec) from bronchial lymph
nodes (BLN) of BALB/c mice that had been sensitized and challenged with
OVA. Prepared T cell preparations were >95% CD4*CD25" cells, >90%
CD4"CD25" cells, and >95% CD4 " cells as assessed by flow cytometry.
In selected experiments, negatively isolated CD4* T cells from spleen
cells of DO11.10 mice were sorted into CD4"CD25" T cells by using
a FACSAria cell sorter (BD Biosciences) after staining with PerCP-Cy5.5-
conjugated anti-CD4 and allophycocyanin-conjugated anti-CD25. The

sorted CD4"CD25" T cells contained >98% CD4*CD25" cells. OVA-
specific Th2-polarized cells were generated in vitro using CD4*CD25~ T
cells from DO11.10 mice. Briefly, DO11.10-derived CD4"CD25™ T cells
(1 X 10° cells/ml) were cultured with 35 Gy-irradiated BALB/c spleen
cells (2 X 10° cells/ml) in the presence of OVA 3,5 330 (1 pg/ml) and IL-4
(10 ng/ml; Peprotech) and anti-IL-12p40 (C17.8; 5 ug/ml; BD Pharmin-
gen). Th2-polarized cells were maintained in IL-2 (2.5 ng/ml; Ajinomoto).
Th2 polarization was confirmed by intracellular staining for IL-4 and
IFN-vy after restimulation for 24 h with OVA;,; 33, in the presence of
splenic APC. Upon restimulation, >30% and <0.9% of the Th2-polarized
cells expressed IL-4 and IFN-vy, respectively (data not shown). When in-
dicated, T cell preparations were labeled with 1.25 uM CFSE (Invitrogen)
in PBS for 7 min at 37°C.

Preactivation of OVA-specific Treg cells

Purified CD4"CD25" T cells isolated from DO11.10 mice were cultured
for 48 h in wells coated with anti-CD3 (145-2C11; 2 pg/ml) and anti-CD28
(37.51; 2 pg/ml) Abs in the presence of IL-2 (recombinant human IL-2; 2.5
ng/ml, Ajinomoto).

In vitro assessment of regulatory activity

A fixed number of responder CD4™ T cell preparations (5 X 10* cells)
originating from DO11.10 mice were cocultured for 72 h with graded num-
bers of resting or preactivated Treg cells in the presence of 35 Gy-irradi-
ated BALB/c spleen cells (2 X 10° cells) and 1 pg/ml OVA,,; 550 peptide
in a total volume of 250 wl/well in 96-well round-bottom plates. The pro-
liferative responses of the responder CD4" T cells were measured by
[*HITdR incorporation or reductions in CFSE staining within the
CD4"KJ1-26" subset. When indicated, aliquots of the culture supernatants
were collected after 72 h of culture and assayed for cytokine production by
ELISA.
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FIGURE 2. Regulatory role of CD4"CD25" Treg in the development
of airway inflammation. The immune systems of five C.B-17 SCID mice
were reconstituted with total spleen cells (1 X 10°) or CD25™ spleen cells
(1 X 10° with or without CD4"CD25" T cells (2 X 10°) purified from
BALB/c mice. Animals were then subjected to sensitization and challenge
with OVA. Twenty-four hours after the last challenge, BALF was col-
lected. Transfer of CD4"CD25"% T cells suppressed the increases in
eosinophil numbers and IL-13 levels in BALF seen in SCID mice re-
constituted with CD25™ spleen cells alone. These results, which are
representative of two independent experiments, are expressed as the
means = SEM between animals (n = 5); **, p < 0.01.

Induction and analysis of AHR

BALB/c mice were sensitized by three i.p. injections with 10 ug of OVA
and 1.125 mg of aluminum hydroxide (Imject alum; Pierce) in 0.2 ml of
saline at weekly intervals. In selected experiments, to deplete CD25" cells
BALB/c mice were injected i.v. with either anti-CD25 mAb (PC61; 250
ug) or control rat IgG four days before sensitization. When indicated, the
immune systems of C.B-17 SCID mice were reconstituted with total spleen
cells (1 X 10°) or CD25™ spleen cells (1 X 10°) in the presence or absence
of purified CD4*CD25" T cells (2 X 10°) isolated from BALB/c mice 1
day before OVA sensitization. Beginning 1 wk after the last sensitization,
mice were challenged daily with 10 ug of OVA in 25 pul of saline intra-
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FIGURE 3. OVA-specific CD4"CD25" Treg g ol xx
cells inhibit the development of allergen-in- S
duced airway inflammation. The indicated num- 24
bers of purified CD4"CD25" T cells isolated
from DOI11.10 mice were transferred into 0°
BALB/c mice (n = 5-6), followed by sensiti- B
zation and challenge with OVA. Twenty-four 120 *
hours after the final challenge, BALF, BLN, and 100
serum samples were collected. A, The transfer of T 80 T
OVA-specific Treg cells reduced the numbers of g 60 §
eosinophils and IL-13 levels in BALF. B, The ; 40 3
transfer of OVA-specific Treg cells also sup- 20
pressed Th2-type cytokine production by BLN i
cells following restimulation in vitro with OVA.
C, The transfer of OVA-specific Treg cells de- C 1200
creased the serum levels of OVA-specific IgE. *
These results, which are representative of two ~ 1000 1
independent experiments, are expressed as the § 600 4
means = SEM between animals (n = 5-6); u;
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nasally (i.n.) for 3—4 days. Where indicated, OV A-specific Th2-polarized
cells (1 X 10° were transferred i.v. into naive mice in place of OVA
sensitization, followed by i.n. challenge with OVA. Twenty-four hours
after the last challenge, we performed bronchoalveolar lavage of lethally
anesthetized mice as described previously (19, 20). Bronchoalveolar lavage
fluid (BALF) supernatant was stored at —30°C until assayed for cytokines
by ELISA. Cells contained in the BALF were subjected to differential cell
counts after May-Giemsa stain or FACS analysis after intracellular and/or
cell surface staining. Serum samples were obtained by cardiac puncture and
centrifugation and then stored at —30°C until being assayed for OVA-
specific Ig subclasses by ELISA. Airway responsiveness was measured
24 h after final OVA challenge by recording respiratory pressure curves via
whole-body plethysmography (Buxco Electronics) before and after treat-
ment with inhaled methacholine (Sigma-Aldrich) at 10-20 mg/dl for 5
min. Airway reactivity was expressed in enhanced pause (Penh). Histopa-
thology was determined from sections of fixed lungs stained with H&E.

Stimulation of BLN cells

BLN cells obtained from mice 24 h after the last challenge were cultured
at 2 X 10° cells/ml with 250 pg/ml OVA or 1 pg/ml OVA,,; 53. Culture
supernatants collected after 72 h of culture were assayed for cytokines by
ELISA.

Cytokine and 1g ELISA

IL-4, IL-5, IL-10, and IFN-v levels in culture supernatants or BALF
were assayed by ELISA as described (19, 21). The lower detection
limits of these assays were 6 pg/ml (IL-4), 50 pg/ml (IL-5), 100 pg/ml
(IFN-v), and 24 pg/ml (IL-10). OVA-specific IgG1 and IgG2a concen-
trations in serum were assayed using OVA as the capture Ag and bio-
tinylated anti-mouse IgG1 or IgG2a mAb (Caltag Laboratories) as de-
tection Abs. The amount of OV A-specific IgE was determined using a
commercial kit (mouse OVA-IgE ELISA kit; Shibayagi) according to
the manufacturer’s instructions.

Flow cytometry

Cells were stained with biotinylated mAbs specific for CD4 (RM4-5; BD
Pharmingen), CCR4 (2G12; to be described in detail elsewhere; Dr. Na-
gakubo, manuscript in preparation) and CCR7 (EBI-1; eBioscience). Al-
lophycocyanin-conjugated streptavidin (BD Pharmingen) was used as sec-
ondary reagent for detection. FITC-, PE-, PE-Cy5-, PerCP-Cy5.5-, or
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allophycocyanin-conjugated anti-CD4 (RM4-5; BD Pharmingen), anti-
DO11.10 TCR (KJ1-26; Caltag Laboratories), anti-CD62L (MEL-14; BD
Pharmingen), anti-perforin (eBioOMAK-D; eBioscience), anti-CTLA-4
(UC10-4B9; eBioscience), anti-programmed death ligand 1 (PD-L1;
MI1HS; eBioscience), anti-glucocorticoid-induced TNFR-related protein
(GITR; DTA-1; eBioscience), and anti-CD103 (2E7; eBioscience) Abs,
along with the appropriate isotype controls, were also used for staining.
Intracellular Foxp3 staining was performed using a commercial Foxp3
staining kit (FJK-16s; eBioscience) according to the manufacturer’s in-
struction. Stained cells were analyzed with FACScan or FACSCanto (BD
Biosciences) cytometer using CellQuest (BD Biosciences) or Flow Jo soft-
ware (Tree Star), respectively.

Chemotaxis assay

To assess chemotaxis, we used an optically accessible, horizontal che-
motaxis apparatus called TAXIScan (Effector Cell Institute). This de-
vice can trace the migration of each cell in the channel at time-lapse
intervals using a charge-coupled device camera (22, 23). Before assem-
bly of the holder, the surface of the glass plate was coated with RPMI
1640-HEPES containing 10% FCS. Depending on the cell size, etched
silicon tips of 3- or 6-um depths were used for resting and preactivated
Treg cells, respectively. When assembled from an etched silicon tip and
a flat glass plate, the holder forms two compartments, one containing
cells and the other containing the chemoattractant. Before experimen-
tation, the holder, maintained at 37°C, was filled with RPMI 1640-
HEPES medium containing 0.1% BSA. Resting or preactivated Treg
cells (I ul of 1 X 10° cells/ml) were transferred to one of the two
compartments of the holder before 1 ul of CCL17/TARC or CCL22/
MDC (both from R&D systems) solution (where TARC is thymus- and

|
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activation-regulated cytokine and MDC is macrophage-derived cyto-
kine) was injected into the other compartment. Injection marked the
beginning of the experiment, followed by the recording of time-lapse
images taken every minute for 25 min. Cells in the images were tracked
by the program as described previously (22). We calculated velocity
and directionality from the migratory pathway data obtained. The di-
rection of cell migration was determined as the angle (radian) toward
the concentration gradient; for example, a value of 77/2 would indicate
that the cell is migrating toward the concentration gradient, while — /2
would indicate that the cell is migrating against the gradient. To com-
pare the chemotactic abilities of resting and preactivated Treg cells, we
generated a mean velocity-directionality plot, in which the mean ve-
locity and median directionality of all the cells in a channel were cal-
culated and plotted.

Statistical analysis

Statistical analyses used the two-tailed Student’s ¢ test or Fisher’s protected
least squares difference test on StatView-J 5.0 statistical software (SAS
Institute). Results with values of p < 0.05 were considered to be statisti-
cally significant.

Results
Enhancement of allergic inflammation by depletion of
CD4"CD25" regulatory T cells

To test the potential suppression of airway inflammation by endoge-
nous CD4"CD25™ Treg cells, we generated CD25™ T cell-depleted
BALB/c mice by injection of the anti-CD25 mAb PC61. Examination
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FIGURE 5. Transfer of preacti-

vated Treg cells, but not freshly iso-
lated resting Treg cells, influenced
airway inflammation in allergen-sen-
sitized mice. Five naive BALB/c mice
were sensitized with OVA in alum on
days 0, 7, and 14, followed by i.n.
challenge with OVA on days 21-24.
On day 22, resting or preactivated
Treg cells (5 X 10° cells) from
DO11.10 mice were adoptively trans-
ferred into sensitized mice. Twenty-
four hours after the final challenge,
BALF, lung, and BLN samples were
collected. A, Transfer of preactivated
Treg cells reduced the numbers of eo-
sinophils and IL-13 levels in the
BALF of OVA-sensitized mice. B,
H&E staining revealed a decrease in
the numbers of eosinophils infiltrating
into the lungs of mice following the
transfer of preactivated Treg cells.
Sections are shown that are represen-
tative of each group. Bars, 100 um. C,
Transfer of preactivated Treg cells
suppressed the production of IL-5 and
IL-13 by BLN cells restimulated in
vitro with OVA. These results are rep-
resentative of two independent exper-
iments. In A and B, the results are ex-
pressed as the means = SEM between
animals (n = 5). D, Preactivated Treg
cells efficiently migrated into the
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of the CD4™ population in such mice revealed that CD25™ T cells,
including Foxp3™ T cells, were effectively eliminated (data not
shown). After sensitization and subsequent challenge with OVA, Ab-
treated mice demonstrated dramatic increases in both eosinophil
numbers and IL-13 levels in BALF in comparison to control I1gG-
treated mice (Fig. 14). Treg cell ablation also enhanced eosinophil
infiltration into the lung parenchyma (Fig. 1B) and AHR induced by
methacholine at a dose of 20 mg/dl in Ab-treated mice (p < 0.001;
Fig. 1C). To determine the type of airway inflammation occurring in
Ab-treated mice, we next examined cytokine production by BLN cells
and serum levels of OV A-specific Ig subclasses. Upon in vitro stim-
ulation with OVA, BLN cells prepared from Ab-treated mice after
OVA sensitization and challenge produced higher levels of the Th2
cytokines IL-4, IL-5, and IL-13 than those isolated from control IgG-
treated, OV A-sensitized/challenged mice (Fig. 1D); the levels of
IL-10 and IFN-v, a Thl-type cytokine, were similar between the two
groups of mice (Fig. 1D). Serum levels of OV A-specific IgG1 and
IgE, Th2-type Ab isoforms, were significantly increased in Ab-treated
mice in comparison to control IgG-treated mice, whereas the levels of
the Th1-type isoform IgG2a remained similar (Fig. 1E). We obtained

%Foxp3+'KJ1-26*cells in CD4* T cells

BALF BLN

similar results using C57BL/6 mice (data not shown), clearly indicat-
ing that depletion of CD25™ cells exacerbated the Th2-type airway
inflammation seen in mice following sensitization and challenge with
OVA Ag.

Suppression of airway inflammation by CD4"CD25" T cells

Treg cells as well as activated effector T cells, B cells, and
dendritic cells can express CD25 on their cell surface (24). Of
these cell types, dendritic cells may be involved in suppressing
Th2 immunity by facilitating Th1-type immune responses (25).
To examine this possibility and confirm the role of
CD4%CD25" T cells in the suppression of Th2-type airway
inflammation, we performed reconstitution experiments with
SCID mice. Upon sensitization and challenge with OVA, SCID
mice reconstituted with CD25™ cell-depleted spleen cells ex-
hibited dramatic increases in the numbers of eosinophils and
IL-13 levels in BALF in comparison to those animals reconsti-
tuted with whole spleen cells (Fig. 2). The cotransfer of purified
CD4"CD25" T cells with CD25" cell-depleted spleen cells
resulted in similar numbers of eosinophils and IL-13 levels in
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BALF as those seen in mice reconstituted with whole spleen
cells (Fig. 2). These results clearly indicated that CD4*CD25"
T cells, but not other CD25™ T cells, were highly efficient at
suppressing Th2-type airway inflammation.

Suppression of airway inflammation by Ag-specific
CD47CD25" T cells

To address the role of Ag-specific CD4"CD25" T cells in the
suppression of Th2-type airway inflammation, we transferred
OVA-specific CD4*CD25" T cells isolated from DOI11.10
mice into naive BALB/c mice. Transferred Ag-specific CD4™
CD25™ T cells efficiently suppressed the increases in eosinophil
numbers and IL-13 levels in BALF seen upon OVA sensitiza-
tion and airway challenge (Fig. 34). We isolated BLN cells
from mice following transfer of OVA-specific CD4"CD25% T
cells and then subsequent OVA sensitization and challenge;
these cells exhibited markedly reduced production of the Th2-
type cytokines IL-4 and IL-5 as well as IL-10 and IFN-vy (Fig.
3B). Following sensitization and challenge with OVA, serum
levels of OVA-specific IgE were also significantly reduced in
mice that had received transferred OVA-specific CD4*CD25"
T cells (Fig. 3C). The suppressive effect seen after transfer of
Ag-specific CD47CD25% T cells was not observed after the
transfer of similar numbers of CD4"CD25" T cells isolated
from BALB/c mice (data not shown).
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Requirement for preactivated Ag-specific CD4"CD25" T cells
in the suppression of airway inflammation induced in
Ag-sensitized mice

Consistent with results reported previously (26), freshly isolated
OV A-specific CD4"CD25" T cells (resting Treg cells) were in-
efficient in suppressing proliferation of OV A-specific Th2 cells. In
contrast, OVA-specific CD4*CD25™" T cells that had been preac-
tivated with immobilized anti-CD3/anti-CD28 Abs for 48 h (pre-
activated Treg cells) strongly inhibited the proliferation of polar-
ized OVA-specific Th2 cells. These preactivated Treg cells
suppressed cytokine production by activated OVA-specific Th2
cells. Resting Treg cells were effective only at high E:T ratios (Fig.
4B). Preactivated Treg cells demonstrated efficient suppression of
in vitro proliferation of and cytokine production by OVA-stimu-
lated CD4™ T cells isolated from the BLN of OV A-sensitized and
challenged mice (Fig. 4, C and D). As shown in Fig. 4F, the in-
creased efficacy of preactivated Treg cells in suppressing target T cell
activation was associated with enhanced expression of CTLA-4,
GITR, PD-L1, and perforin that have been suggested to constitute the
regulatory mechanism of Treg cells (27-30).

We next examined the effect of OV A-specific preactivated Treg
cell adoptive transfer on the airway inflammation induced in OVA-
sensitized mice. OV A-specific preactivated Treg suppressed air-
way inflammation more efficiently than OV A-specific resting Treg
cells in OVA-presensitized mice following challenge with OVA,
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as assessed by eosinophil numbers and IL-13 levels in BALF (Fig.
5A). Eosinophil infiltration in the lung parenchyma was efficiently
suppressed by OVA-specific preactivated Treg cells (Fig. 5B).
Similar levels of suppression, however, of cytokine production by
BLN cells isolated from OV A-presensitized and -challenged mice
were observed after the transfer of OV A-specific resting and pre-
activated Treg cells stimulated in vitro with OVA (Fig. 5C). Flow
cytometric analysis of cells in the BALF and BLN from these mice
revealed greater accumulation of the preactivated Treg cells in the
lung than that seen for resting Treg cells, whereas both preacti-
vated and resting Treg cells migrated to BLN with a similar effi-
ciency (Fig. 5D).

Efficient suppression of Th2 cell proliferation and migration
into the lung by preactivated CD4*CD25" T cells

To examine the mechanism by which preactivated OV A-specific
CD4"CD25" T cells suppressed effector T cell function, we trans-
ferred CFSE-labeled OV A-specific Th2 cells into naive BALB/c
mice with resting or preactivated Treg cells. After challenge with
OVA, the presence of preactivated Treg cells reduced the number
of eosinophils and IL-13 level in BALF to a greater degree than
that of resting Treg cells (Fig. 6A). This suppression was associ-
ated with the poor proliferative responses of the transferred Th2
cells detected in BALF and BLN (Fig. 6B). We also cotransferred

OVA-specific Th2 cells with resting or preactivated Treg cells to
determine the effect on the migration of Th2 cells into the lung and
BLN. In contrast to animals transferred with only Th2 cells, the
accumulation of Th2 cells in the BALF was significantly reduced
in mice cotransferred with preactivated, but not resting, Treg cells
(Fig. 6C). No differences, however, were seen in the accumulation
of Th2 cells in BLN. Consistent with results obtained from sensi-
tized/challenged mice, preactivated Treg cells accumulated at
higher levels in BALF than those seen for resting Treg cells,
whereas no differences were observed for migration to BLN.

Preactivated CD4"CD25™ T cells express CCR4 and migrate
toward CCR4 ligands

When activated in vitro with immobilized anti-CD3 and anti-CD28
Abs, OVA-specific CD4"CD25" T cells isolated from DO11.10
mice up-regulated CCR4 expression and down-regulated CCR7
minimally and CD62L considerably (Fig. 7A). The population of
OV A-specific CD4"CD25™" T cells contained a subset of CD103™
cells, the proportion of which was reduced upon stimulation. When
we transferred polarized Th2 cells from DO11.10 mice into
BALB/c mice with preactivated OVA-specific CD4*CD25" T
cells and then challenged the animals with OVA, the levels of
CCR7 and CD62L on the donor CD4 ' Foxp3™ T cells in BALF
were further down-regulated. In contrast, CD103 expression on
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donor CD4 Foxp3™ T cells was markedly up-regulated, whereas
that of CCR4 remained unchanged.

To demonstrate the biological significance of CCR4 expression
by activated OV A-specific Treg cells, we compared the velocity
and directionality of resting and preactivated CD4*CD25™ T cells
toward a concentration gradient of the CCR4 ligand CCL17 using
a newly developed chemotaxis device, the TAXIScan (22, 23).
Preactivated CD4"CD25™ T cells exhibited an enhanced velocity
and directionality in comparison to resting CD4"CD25™" T cells at
every concentration of CCL17 tested (Fig. 7B and supplemental
movies).* Overall, preactivated CD4"CD25™ T cells exhibited en-
hanced chemotaxis over resting CD4*CD25" T cells toward a
CCR4 ligand (Fig. 7C), although resting CD4"CD25" T cells
were capable of significant chemotactic responses at high CCL17
concentrations. Similar results were obtained using another CCR4
ligand, CCL22, as the chemoattractant (data not shown). These
results supported the conclusion that preactivated Treg cells were
more chemotactically active toward CCR4 ligands than resting
Treg cells.

Discussion

In this study, we used reconstitution experiments to demonstrate
that allergen-specific preactivated CD4*"CD25" Treg cells effi-
ciently suppressed airway inflammation in allergen-sensitized
mice by accumulating within the lung. Because we sensitized mice
with three pulses of OVA to develop strong Th2 responses that
would mimic those seen in asthmatic patients, the resulting Th2
cells may be relatively resistant to CD4*CD25" Treg cell-medi-
ated suppression. This could explain the decreased effect of resting
Treg cells on the suppression of airway inflammation observed in
this study in comparison to the previous reports in which only a
single allergen sensitization of mice was performed (15). Regard-
less, our results clearly demonstrated that CD4"CD25™" Treg cells
exert significant suppression of Th2-type airway inflammation in
mice. The requirement for preactivation of these Treg cells may
have practical relevance for the therapeutic application of Treg
cells to the treatment of asthmatic patients who are highly sensi-
tized against causative allergens.

Previously, Stassen et al. established that cytokine production
by and proliferation of cultured Th2 cells could only be inhibited
by preactivated CD4"CD25" T cells, although freshly isolated
CD4"CD25™ T cells could inhibit the IL-4-induced development
of Th2 cells from naive CD4™ T cells (26). In this study, we
demonstrated in vitro that OV A-specific CD4 "CD25™" T cells pre-
activated with anti-CD3/anti-CD28 (preactivated Treg cells) sup-
pressed the activation of OV A-specific Th2 cells and CD4 ™" T cells
from OV A-sensitized and -challenged mice to a greater extent than
freshly isolated OVA-specific CD4"CD25" T cells (resting Treg
cells). This increased efficacy of preactivated Treg cells in sup-
pressing effector T cells was associated with higher levels of
CTLA-4, GITR, PD-L1, and perforin expression. Various molec-
ular and cellular events have been described to explain the mech-
anism(s) of Treg cell-mediated suppression of target T cell acti-
vation, such as induction of IDO by B7 interaction with CTLA-4
and/or GITR ligand and subsequent modulation of tryptophan ca-
tabolism (27, 28), signaling through the negative costimulatory
molecule PD-1 by PD-L1 (29), and induction of cell death by
perforin (30). It has been suggested that Treg cells use a combi-
nation of some of these mechanisms to control immune responses
depending on the milieu of immune responses and activation
and/or functional status of target T cells (31, 32). Although the

+The online version of this article contains supplemental material.
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precise mechanism(s) by which preactivated Treg cells suppress
activation of Th2 cells more efficiently than resting Treg cells re-
mains to be determined, it is possible that increased expressions of
these regulatory molecules on preactivated Treg cells at the time of
encounter with target T cells might contribute, at least in part, to
the efficient suppression of Th2 cells. In mice presensitized with
OVA, the OVA-specific preactivated Treg cells accumulated in the
lung at higher levels than OV A-specific resting Treg cells. When
transferred with OV A-specific Th2 cells, preactivated Treg cells
suppressed the proliferation of the cotransferred Th2 cells in vivo
to a greater extent than resting Treg cells. In contrast, the preac-
tivation status of the OV A-specific Treg cells had no effect on their
accumulation in BLN.

We also determined that preactivated OV A-specific Treg cells
up-regulated CCR4 expression, resulting in increased migration
toward CCR4 ligands than that seen for resting Treg cells. In con-
trast, we observed the slight and marked down-regulation of CCR7
and CD62L, respectively, on preactivated Treg cells. After adop-
tive transfer, preactivated Treg cells accumulated at high levels in
the lung, down-regulating CCR7 and CD62L and up-regulating
CD103 expression. The results suggest that preactivated Treg
cells, which express higher levels of CCR4, are recruited with a
greater efficiency to the lung, where the CCR4-specific ligands
CCL17 and CCL22 were expressed at high levels (17, 18). Mi-
grated cells were further activated to up-regulate CD103 and lose
CCR7 expression, which could contribute to their retention and/or
accumulation in lung tissue (33, 34). It was recently reported that
the loss of CCR4 severely inhibited the accumulation of
CD4"CD25" Treg cells in the lung (35). CCR4 ™'~ mice also fail
to develop allograft tolerance after the administration of anti-
CD154 with donor spleen cells, which is associated with a de-
creased accumulation of Foxp3™ Treg cells within the graft (36).

CCR4 has been reported to be expressed on Th2 cells (37, 38).
CCR4 expression may also be responsible for the migration of
allergen-specific Th2 cells into the lung (39). Studies with mAbs
against CCL17 and CCL22, CCR4 ligands, also demonstrated ef-
ficacy at controlling AHR when administered to allergen-sensi-
tized mice (40, 41). Thus, CCR4 and its cognate ligands are po-
tential targets for therapeutic interventions in asthma. A recent
study, however, revealed that CCR4 ™'~ mice develop airway in-
flammation and AHR to a similar extent as wild-type mice (42);
CCR4 blockade using anti-CCR4 mAb failed to suppress airway
inflammation in a mouse model of allergic asthma (43). In this
study, while in vitro propagated Th2-polarized cells did not ex-
press detectable levels of CCR4 (data not shown), they migrated
into the lung and were capable of inducing airway inflammation
upon transfer. We also demonstrated that preactivated Treg cells
up-regulated CCR4, efficiently migrated into the lung, and sup-
pressed airway inflammation. Host Treg cells present within the
lung also expressed CCR4. Therefore, CCR4-blockade could ham-
per normal Treg cell function in vivo, reducing the utility of CCR4
blockade as a treatment for asthma. Experiments are currently in
progress to examine these possibilities.
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