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Objective The role of CCR4 in Th1, Th2, and Th17 cell-mediated allergic airway inflamma-

Method We generated an allergic airway inflammation model by adoptive transfer of
in vitro-polarized ovalbumin (OVA)-specific Th1, Th2, and Th17 cells. The effect of a
low-molecular weight CCR4 antagonist, Compound 22, on this model was examined.
Results Upon in vitro polarization of DO11.10 naive T cells, Th1- and Th2-polarized cells
dominantly expressed CXCR3 and CCR4, respectively, while Th17-polarized cells
expressed CCR6 and CCR4. Intranasal OVA-challenge of mice transferred with each T cell
subset induced accumulation of T cells in the lungs. Eosinophils were also massively
accumulated in Th2-transferred mice, whereas neutrophils were preferentially recruited in
Th1- and Th17-transferred mice. Compound 22, as well as anti-CCL17 or anti-CCL22 anti-
body selectively suppressed accumulation of Th2 cells and eosinophils in the lungs of
Th2-transferred and OVA-challenged mice. Compound 22 also inhibited bronchial hyper-
responsiveness but had little effect on goblet cell hyperplasia in Th2-transferred and
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Conclusions and Clinical Relevance There were notable differences in allergic lung inflam-
mation mediated by different T cell subsets. CCR4 blockage was selectively effective for
suppression of Th2-mediated allergic inflammation by blocking infiltration of Th2 cells.
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Introduction

At least four distinct CD4* T cell subsets (Th1, Th2,
Th17, and Treg) that are characterized by the expression
of specific transcription factors and cytokines are cur-
rently recognized [1]. Among them, Th2 cells are con-
sidered to play the major role in development of
allergic inflammation [1, 2]. A number of investigations
have demonstrated that different T cell subsets tend to

express a unique set of chemokine receptors. Thus, Th1
cells selectively express CXCR3, while Th2 cells CCR4
[3-6]. Th17 cells are reported to characteristically
express CCR6 [7-9]. Accordingly, CCR4 has been impli-
cated in the recruitment of antigen-specific Th2 cells to
sites of allergic inflammation [2-6]. In asthmatic
patients, antigen exposure was shown to induce the
accumulation of CCR4-expressing T cells in the lungs
[10, 11]. Furthermore, up-regulation of CCR4 ligands
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was demonstrated in asthmatic lungs during the late-
phase reaction [11-13]. In murine models, interventions
of CCR4 as well as the CCR4 ligands, CCL17 and CCL22,
were shown to attenuate development of airway inflam-
mation and bronchial hyperresponsiveness (BHR) [14—
16].

However, the importance of CCR4 in allergic diseases
still remains controversial, given some contradictory
results obtained from CCR4-gene disruption and/or
blockade of CCR4 in mouse models of allergic airway
inflammation or remodelling [17-19]. As a possible rea-
son for such discrepancy, involvement of other T cell
subsets than Th2 cells in the development of allergic
inflammation could be considered. Antigen provocation
in mice transferred with either Th1 or Th17 cells indeed
induced airway inflammation with massive accumulation
of neutrophils in the airways followed by the develop-
ment of BHR [20-22]. Furthermore, Wakashin et al. dem-
onstrated that Th17 cells enhanced Th2-mediated airway
eosinophilic inflammation [23]. As Th1 and Th17 cells
mainly express CXCR3 and CCR6, respectively [2, 3], the
CCR4/CCR4-ligand interactions may not play the major
role in allergic inflammation mediated by these T cell
subsets. Therefore, the efficacy of chemokine receptor
blockers may need to be separately evaluated in allergic
airway inflammation induced by each T cell subset.

Recently, several CCR4 antagonists applicable for in
vivo administration have been reported [24, 25]. Among
them, Compound 22 ((R)-{4-{4-[(2,4-dichlorobenzyl)
amino]pyrido[2,3-d]pyrimidin-2-yl} piperazin-1-yl}-pip-
eridin-2-yl-methanone), has been shown to efficiently
inhibit CCR4-mediated Ca®* mobilization and chemo-
taxis in wvitro, to be >500-fold less effective against
other chemokine receptors (CCR2, CCR3 and CXCR3)
and GPCRs (5-HT1A, 5-HT6 and 5-HT7), and to sup-
press eosinophil accumulation in the lungs of antigen-
immunized mice in vivo [24].

We have developed a mouse model of airway
inflammation in which mice are transferred with
in vitro-differentiated T cells and challenged with the
corresponding antigen. The model has provided rela-
tively consistent and reproducible results and thereby
enables us to easily evaluate the efficacy of antibodies
and chemical compounds [26-28]. Herein, we employed
this model to evaluate the role of CCR4 in the develop-
ment of allergic inflammation by using Compound 22.
Mice transferred with ovalbumin (OVA)-specific Thi,
Th2, and Th17 cells were challenged with OVA and
monitored for the accumulation of inflammatory cells
in the lungs. Compound 22 efficiently suppressed Th2
cell-mediated airway inflammation and BHR, but not
those mediated by Th1 or Th17 cells. Thus, our present
study provides a proof of principal for the effectiveness
of CCR4 blockade on allergic airway inflammation
mediated by Th2 cells.

Materials and methods

Reagents

Compound 22 (99.5% purity) was synthesized based on
published information [24] with the help of the NARD
Institute (Hyogo, Japan).

In vitro polarization of T cells

All experiments and animal care were performed in
accordance with the guidelines approved by the animal
use committee of the Tokyo Metropolitan Institute of
Medical Science. OVA-specific naive CD4" T cells were
isolated from the spleens of DO1 1.10/RAG-2_/_ mice by
positive selection using CD4 microbeads and a magnetic
cell sorting system (Miltenyi, Bergisch Gladbach,
Germany). Cells were cultured with X-ray-irradiated
BALB/c splenocytes in RPMI1640 medium supplemented
with 10% fetal bovine serum, 0.3 pm OVA323-339 pep-
tide and 10 U/mL recombinant IL-2 (BD Bioscience, San
Jose, CA, USA). Appropriate cytokines and anti-cytokine
antibodies (Abs) were added for Thl and Th2 cell
development as described previously [27]. For Th17 cell
development, IL-1B (10 ng/mL), IL-6 (20 ng/mL), TGF-
B (1 ng/mL) (all purchased from Peprotech, Rocky Hill,
NJ, USA), and IL-23 (10 ng/mL) (R & D Systems, Minne-
apolis, MN, USA) were added at the start of culture
together with anti-IL-4 (40 pg/mL), anti-IL-12 (40 pg/
mL), and anti-IFN-y (40 pg/mL) (all purchased from eBio-
science, San Diego, CA, USA). After 7 days of stimula-
tion, cells were harvested, purified by centrifugation on
Ficoll-Paque (GE Healthcare Bio-Science, Uppsala, Swe-
den) and then used as each T cell subset.

To determine the levels of polarization, cells were
stimulated with 5 nm PMA plus 1 pm ionomycin for 6 h
at 37°C in the presence of 2 um monensin. The cells
were fixed with 4% paraformaldehyde and permeabi-
lized with 0.5% Triton X-100. After blocking with PBS
containing 3% BSA, cells were stained with anti-IL-4-
PE-Cy7, anti-IL-10-FITC, anti-IL-17A-Alexa Fluor 647,
and/or anti-IFN-y-Pacific Blue (eBioscience). CCR4 and
CCR8 were stained with hamster monoclonal anti-
mouse CCR4 (2G12) [29] and anti-mouse CCR8 (1018),
respectively, followed by anti-hamster IgG-FITC (eBio-
science). 1018 was synthesized by a hybridoma clone
established from splenic B cells of Armenian hamsters
immunized with the N-terminal 35 amino acid residues
of mouse CCR8. We confirmed that 1018 specifically
binds to mouse CCR8 by using a panel of L1.2 cell
lines, stably expressing mouse CCRs (CCR1-10), CXCRs
(CXCR1-CXCR6), CX;5CR1, and XCR1 (data not shown).
Anti-CCR3-FITC, anti-CCR6-FITC, anti-CXCR3-PE (all R
& D Systems), and anti-CCR5-PE (BD Bioscience) were
also used to stain respective chemokine receptors. Flow
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cytometric analysis was performed on a FACSCanto
flow cytometer (BD Bioscience) with Flowjo software
(Tree Star Inc., Ashland, OR, USA). As basal fluores-
cence levels were different among T cell subsets (Fig.
S1), data are expressed as the ratio of mean fluores-
cence intensity stained with a specific Ab and that with
an isotype control (relative expression).

Chemotaxis assay

Chemotactic responses were evaluated as described pre-
viously [27]. Briefly, T cells (1 x 10°) and appropriately
diluted mouse CXCL10, CCL17, CCL20, or CXCL12 (all
purchased from R €& D Systems) were added to the
upper and lower chemotaxis chambers, respectively.
After incubation at 37°C for 2 h, cells that migrated to
the bottom wells were collected and counted by flow
cytometry. Percentage of chemotaxis was calculated
from the following formula: (number of cells recovered
from lower chamber with chemokine — number of cells
recovered from lower chamber without chemokine)/
(number of total input cells — number of cells recov-
ered from lower chamber without chemokine) x 100.
The test reagents were added to the cells at the start of
assay.

Cell transfer and antigen challenge

Polarized T cells were stained with the fluorescein-
based dye, CFSE (Invitrogen, Carlsbad, CA, USA), and
transferred to recipient mice as described previously
[26, 27]. To obtain comparable results, each mouse
received the same number (3 x 107) of Th1-, Th2-, or
Th17-polarized cells. Staining with CFSE did not affect
the functions of T cells in vitro and in vivo (data not
shown), and was more convincing for tracking antigen-
specific T cells than staining with an anti-clonotype
KJ1-26 Ab, since this Ab also reacts to unknown non-T
cells [26]. Twenty-four hours after cell transfer, mice
were challenged with intranasal administration of OVA
(100 pg in 50 pL PBS) or BSA as control. For blocking
experiments, Compound 22 was suspended in PBS con-
taining 0.1% Tween 80 and administered subcutane-
ously twice, 30 min before and 24 h after antigen
challenge. Hamster anti-mouse CCL17 (5H5) [14], rabbit
polyclonal anti-mouse CCL22 (kindly provided by ICOS,
Bothell, WA, USA) or control IgG (Beckman Coulter,
Fullerton, CA, USA) was administered intravenously
30 min before OVA challenge. The vehicle alone did
not affect any parameter examined (data not shown).

Assessment of airway inflammation

Forty-eight hours after the last antigen challenge,
inflammatory cells in bronchoalveolar lavage fluid
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(BALF), BHR and histopathological changes in the lungs
were evaluated as described previously [14, 27] with
minor modifications.

Bronchial hyperresponsiveness was assessed by
restrained whole-body plethysmography (Buxco Elec-
tronics, Wilmington, NC, USA) according to the proce-
dures recommended by the manufacturer. Briefly, mice
were anaesthetized by intraperitoneal injection of
5 mg/kg pentobarbital, 0.2 mg/kg xylazine, and
0.02 mg/kg pancuronium bromide, tracheally cannulated
and ventilated (175 breaths/min, tidal volume: 6 mL/kg).
Then, lung resistance (R;) was measured after exposing
the animals to aerosolized PBS containing increasing
concentrations of MCh (1.6-6.3 mg/mL). PC3.0, the
concentration of exposed MCh by which Ry was
reached to 3.0 cmH,0/mL/sec, was extrapolatory calcu-
lated and used for comparison.

Lung sections (5 pum thick) were stained with haemat-
oxylin and eosin or Periodic acid-Schiff. In some exper-
iments, the severity of cellular infiltration and goblet
cell hyperplasia were evaluated by scoring each speci-
men from grade 1 (no change) to 5 (severe).

Measurement of cytokines and chemokines

The concentrations of IL-4, IL-5, IL-17, IFN-y and
CXCL10 in BALF were determined with a Milliplex
MAP mouse cytokine/chemokine immunoassay kit (Mil-
lipore Corp, St Charles, MI, USA), according to the
manufacturer’s protocol. Detection limits (DL) of these
assays were 0.1, 2, 0.3, 0.1 and 0.3 pg/mL, respectively.
TGF-B1, CCL17, CCL20 and CCL22 were measured using
Qantikine mouse Immunoassay kits (R & D Systems)
(DL; 0.2, 2, 0.5, and 2 pg/mL, respectively). Neutrophil
myeloperoxidase (MPO) was measured by Mouse MPO
ELISA kit (Hycult Biotech Inc., Plymouth Meeting, PA,
USA) (DL; 0.5 pg/mL).

Statistical analysis

Results are expressed as arithmetic mean + SEM. Statis-
tical analysis was performed by one-way ANOVA and
Bonferroni’s method. P < 0.05 was considered to indi-
cate statistical significance.

Results

Characterization of in vitro-differentiated T cells

Splenic naive T cells derived from DO11.10 mice were
subjected to the respective culture conditions for Thl,
Th2, and Th17 differentiation, and the polarization sta-
tus of the resulting cells was examined (Fig. 1a). Upon
stimulation, the majority of Thl-polarized cells pro-
duced IFN-y but hardly produced IL-4, IL-10, or IL-17.
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On the other hand, a large fraction of Th2-polarized
cells produced IL-4 but not IFN-y or IL-17. A small
fraction of Th2-polarized cells also produced IL-10.
Similarly, cells producing IL-17 were seen only in
Th17-polarized cells. A small fraction of Th17-polarized
cells also produced IFN-vy. Even though the polarization
of Th17 cells seemed to be less robust than that of Th1
and Th2 cells, the obtained phenotype was not much
different from those reported by several other groups
[30-33]. Thus, we considered that naive OVA-specific T
cells were reasonably well polarized into Th1, Th2, and
Th17 cells by the single-round stimulatory culture con-
ditions.

Given that T cell subsets are known to express a rela-
tively specific set of chemokine receptors [2, 3], the
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Fig. 1. Expression of cytokines and chemokine receptors in Th1, Th2
and Th17 cells. After 7 days of culture under Th1, Th2, and Th17-
skewing conditions, polarized T cells were stimulated with 5 nm PMA
+ 1 um ionomycin for 6 h and stained for intracellular IFN-vy, IL-4,
IL-10, and IL-17 (a). The results shown are representatives from three
separate experiments. The surface expression of chemokine receptors
on polarized cells was detected by staining with respective antibodies
(b). Data are expressed as mean + SEM of relative mean fluorescence
intensity compared with that obtained with isotype control (n = 3).
*P < 0.05, **P < 0.01 (Bonferroni’s method).

expression profile of chemokine receptors on polarized
T cells was next determined. As shown in Figs. 1b and
S1, highly selective expression of CXCR3 was seen in
Th1-polarized cells, while CCR4 was predominantly
expressed by Th2-polarized cells. Although the domi-
nant types of chemokine receptor were less clear in
Th17-polarized cells, at least they were confirmed to
express CCR6 and CCR4. These results were mostly con-
sistent with the reported chemokine receptor expression
patterns of these T cell subsets [2, 3].

Effect of Compound 22 on chemotaxis of Th1, Th2 and
Th17 cells

To evaluate the functionality of the chemokine recep-
tors expressed by each T cell subset, we next performed
chemotaxis assays. CCL17 (a CCR4 ligand) induced vig-
orous migratory responses in Th2 cells, whereas
CXCL10 (a CXCR3 ligand) in Th1 cells (Fig. 2a). On the
other hand, CCL20 (the CCR6 ligand) induced poor che-
motactic responses only in Th2 cells. Although Th17
cells expressed CCR6 and CCR4 at substantial levels,
they failed to migrate to CCL20 or CCL17 (Fig. 2a). To
test the basic chemotactic ability of Th17 cells, we also
examined the effect of CXCL12 (the CXCR4 ligand).
However, CXCL12 failed to induce efficient cell migra-
tion in any of these T cell subsets (Fig. 2a).

Compound 22 was reported to inhibit human CCR4-
mediated chemotaxis with an ICsy of 7 nm [24]. We cor-
roborated the CCR4 selective antagonism of Compound
22 by using a panel of murine L1.2 cell lines stably
expressing the whole set of human chemokine recep-
tors: CCR (CCR1-10), CXCR (CXCR1-4), CX3CR
(CX3CR1), and XCR (XCR1) (data not shown). It was,
however, not clear whether this compound was also
effective on mouse CCR4. We therefore examined the
effect of Compound 22 on chemotaxis of Thil- and
Th2-polarized DO11.10 cells. Even though with an ICsq
of about 100 nm, Compound 22 dose-dependently sup-
pressed chemotaxis of Th2 cells induced by mouse
CCL17 (Fig. 2b). On the other hand, Compound 22
failed to affect chemotaxis of Thl cells induced by
mouse CXCL10. We also confirmed that anti-mouse
CCL17 mAb specifically inhibited CCL17-induced che-
motaxis of Th2 cells but not CXCL10-induced chemo-
taxis of Thl cells (Fig. 2b). On the other hand,
Compound 22 did not affect proliferation (Fig. 2¢) or
production of IL-4 and IL-5 (Fig. 2d) by stimulated Th2
cells even at the concentration of 10 pm. The CCR4
specificity of Compound 22 was further demonstrated
by the findings that it did not affect mouse CCL5-
induced chemotaxis of L1.2 cells expressing mouse
CCR5 (data not shown). Taken together, Compound 22
is a highly selective antagonist not only for human
CCR4 but also for mouse CCR4.

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-11



Role of CCR4 in allergic inflammation 5

(a) CCL17 CXCL10 CCL20 CXCLI2

40
) o <+ Thi
= -* Th2
5 20 = Thi7
g
& 0
= .

ol o —fi!
110 100 (nu)

(b) Compound22 Anti-CCL17

150
5 % N -0 ThI/CXCL10
Z E00 & - o & Th2CCLIT
38 S =
25 m b \
g £ '~.:"‘

1]
000100101 10a) 04 2 10 (pgimi)
(c) Proliferation (d) IL-4 IL-5
. - R e

w51 = E 3 [== 31 s
3 £
E g
z 4 5 2 2
@

o - Sum :il_uu a o - Slies sf._uu - Stim !il_rm

Compound2? Compound?? [re—

Fig. 2. Chemotactic activity of induced T cell subsets. Standard tran-
swell chemotaxis assays were performed for 2 h using Thi-, Th2-,
and Th17-polarized cells and increasing concentrations of CCL17,
CXCL10, CCL20, and CXCL12 (a). Chemotaxis of Th1- and Th2-polar-
ized cells to 1 nm CXCL10 and 10 nm CCL17, respectively, was exam-
ined in the presence of Compound 22 or anti-CCL17 mAb (b).
Polarized Th2 cells were stimulated with anti-CD3 + anti-CD28 Ab
(Stim.) in the presence or absence of 10 um Compound 22 for 72 h.
Then, proliferative response (c) and the concentration of IL-4 and IL-5
(d) in the culture supernatant were assayed. Data are expressed as
mean + SEM of quadruplicate cultures. *P < 0.05, **P < 0.01, com-
pared with non-treated (a, ¢, d) or chemokine-treated (b) control
(Bonferroni’s method).

Ovalbumin-induced airway inflammation in
cell-transferred mice

We next examined OVA-induced airway inflammation
in mice transferred with in vitro-polarized T cell sub-
sets. In transferred mice, the polarized T cell subsets
appeared to accumulate in the lungs upon antigen chal-
lenge. Thus, upon challenge with OVA but not BSA, the
concentrations of IFN-y, IL-4/IL-5, and IL-17 were
selectively increased in BALF of Th1-, Th2-, and Th17-
transferred mice, respectively (Fig. 3). Upon challenge
with OVA but not BSA, various chemokines (CXCL10,
CCL17/CCL20, and CCL22) were also highly elevated in
BALF. However, the repertoire of chemokines elevated
in BALF did not show any obvious correlation with the
type of infused T cell subsets (Fig. 3). Thus, the main
producers of chemokines may be the residential tissue
cells in these mice.

To trace the mobilization of infused T cells, we next
used CFSE-labelled T cells. Upon challenge with OVA
but not BSA, CFSE-labelled OVA-specific T cells were
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Fig. 3. Antigen-induced production of cytokines and chemokines in
lungs of T cell-transferred mice. Recipient mice were transferred with
Th1-, Th2-, or Thl7-polarized cells by intravenous injection
(3 x 107 cells/animal). After 24 h, mice were challenged with intrana-
sal administration of ovalbumin (OVA) (filled) or BSA (open). Bronc-
hoalveolar lavage (BAL) was performed 48 h after challenge, and the
concentrations of indicated cytokines and chemokines in BALF were
determined. Data are expressed as mean + SEM of four to eight ani-
mals from three separate experiments. *P < 0.05, **P < 0.01, com-
pared with Th2 cell-transferred and OVA-challenged animals
(Bonferroni’s method).

indeed recovered in the BALFs of Thl or Th2 cell-
transferred mice but not those transferred with Th17
cells (Fig. 4a). The latter observation might be partly
due to the relatively poor chemotactic responses of
Th17-polarized cells in vitro (Fig. 2). Notably, however,
the accumulation of bystander lymphocytes was effi-
ciently induced not only in Thi- and Th2-transferred
mice but also in Th17-transferred mice (Fig. 4b). This
might be due to the elevated production of various
chemokines in these mice (Fig. 3). In Th2-transferred
mice, eosinophils dominantly and neutrophils to a les-
ser extent also accumulated in the lungs (Figs 4c and
d). In contrast, neutrophils dominantly and eosinophils
to a lesser extent accumulated in the lungs of Th1- and
Th17-transferred mice (Figs 4c and d). These results
were mostly consistent with previous reports [20-22].

Effect of Compound 22 on lung cell infiltration

The effect of Compound 22 on OVA-induced cell accu-
mulation in the lungs was also investigated. Compound
22 significantly suppressed the increase in OVA-specific
T cells and eosinophils in Th2-transferred mice (Figs 4a
and c). It should be mentioned that CFSE-labelled cells
were clearly distinguishable from resident cells, as only
a small portion of OVA-activated transferred -cells
would undergo cell division and thus weaken their
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Fig. 4. Effect of the CCR4 antagonist on antigen-induced cellular
infiltration in lungs of T cell-transferred mice. In vitro-polarized Thl,
Th2, and Th17 cells were stained with CFSE and transferred to recipi-
ent mice by intravenous injection (3 x 107 cells/animal). After
antigen challenge and BAL as shown in Fig. 3, the number of
CFSE-positive cells in BALF was determined by flow cytometry (a).
Lymphocytes (b), eosinophils (c), and neutrophils (d) were also differ-
entially counted in BALF. Compound 22 was administered subcutane-
ously twice, 30 min before and 24 h after ovalbumin (OVA)
challenge. Anti-CCL17 and anti-CCL22 (5 mg/kg) were intravenously
injected 30 min before OVA challenge. Data are expressed as
mean = SEM of 3-13 animals from three separate experiments.
*P < 0.05, **P < 0.01, compared with OVA-challenged control ani-
mals (Bonferroni’s method).

fluorescence intensity at this time point (48 h after
antigen challenge) [26]. Given that Compound 22 did
not affect proliferation of Th2 cells (Fig. 2c), the reduc-
tion of antigen-specific T cells in the lungs of
Compound 22-treated mice was most likely by the inhi-
bition of cell migration. Notably, however, the bystan-
der lymphocyte accumulation was not significantly
reduced by Compound 22. This might be due to the

Table 1. Effect of Compound 22 on antigen-induced cytokine pro-
duction in T cell-transferred mice

Concentration (pg/mL)

Cytokine  Subset BSA OVA OVA + Compound 22
IFN-y Th1 0.5 +0.1"™ 9.8+ 1.4 11 £6.2
1L-4 Th2 1.3 +£ 0.8 17 £ 7.6 11 £ 45
IL-5 Th2 2.0+0.1"™ 9.7+26 5.0=*3.0
1L-17 Th17 03 +0.1" 7.2+25 69+ 3.2
TGF-B1 Th1 1.2 £0.8"™ 43+ 1.1 4.5 £ 0.6
Th2 1.0 £ 0.7 6.5+ 12 29+ 0.6"
Th17 0.6 + 0.3* 2.2 £ 0.1 2.2 £ 0.1

Twenty-four hours after transfer of Thi1-, Th2-, or Th17-polarized
cells, mice were challenged with ovalbumin (OVA) or BSA as shown
in Fig. 3. Compound 22 (100 mg/kg) was administered as indicated in
Fig. 4. Data are expressed as mean + SEM of 3—13 animals from three
separate experiments.

*P < 0.05,
*p <001,
method).

compared with OVA-challenged mice (Bonferroni’s

chemokines produced by resident tissue cells. Essen-
tially the same results were obtained with the adminis-
tration of anti-CCL17 or anti-CCL22 (Figs 4a and c). In
the presence of Compound 22, there was also a ten-
dency towards a reduction of Th2 cytokines in BALF of
mice transferred with Th2 cells and challenged with
OVA, but this was not statistically significant (Table 1).
In Thi-, Th2-, and Thi17-transferred mice, TGF-f1, a
Treg-related cytokine, was also significantly elevated
upon OVA challenge (Table 1). Notably, Compound 22
also suppressed TGF-B1 production in Th2- but not in
Thi1- or Thl7-transferred mice. Collectively, these
results support that the CCL17/CCL22-CCR4 axis plays
the major role in Th2-mediated airway inflammation
primarily by recruiting antigen-specific Th2 cells.

Effect of Compound 22 on bronchial
hyperresponsiveness

It has been reported that BHR can be induced not only
by Th2 cells but also by Th1 and Th17 cells, at least in
mouse models of airway inflammation [20-22]. There-
fore, our next investigation was performed to evaluate
the contribution of CCR4 to OVA-induced BHR in T
cell-transferred mice. Upon OVA challenge, bronchial
responsiveness to inhaled methacholine (MCh) was sig-
nificantly up-regulated in Th1- or Th2-transferred mice
(Fig. 5) However, Th17-transferred mice failed to show
significant BHR in the present study. Consistent with its
selective effect on Th2 infiltration in the lungs (Fig. 4),
Compound 22 suppressed BHR in Th2- but not Thil-
transferred mice to the control levels (Fig. 5). The
results were also confirmed by comparing the two
experimental groups with the use of PC3.0 as a thres-
hold parameter (Table 2).

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-11
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Fig. 5. Effect of Compound 22 on antigen-induced bronchial hyperre-
sponsiveness (BHR) in T cell-transferred mice. Twenty-four hours after
transfer of Th1-, Th2-, or Th17-polarized cells, mice were challenged
with ovalbumin (OVA) as shown in Fig. 3. Compound 22 (100 mg/kg)
was administered as indicated in Fig. 4. Data are expressed as
mean = SEM of four to eight animals from three separate experi-
ments. *P < 0.05, compared with OVA-challenged control animals
(Bonferroni’s method).

Table 2. Effect of CCR4 antagonist on antigen-induced BHR in T
cell-transferred mice

PC3.0 (mg/mL)

BSA OVA OVA + Compound 22
Th1 3.65 + 0.87 2.06 + 0.45* 2.10 % 0.40%
Th2 3.78 + 0.37 2.34 + 0.30* 3.74 + 0.94"
Th17 3.92 + 0.72 3.38 + 0.58 N.D.

From the dose-response curves in Fig. 5, PC3.0, the concentration of
exposed MCh by which R; was reached to 3.0 cmH,0/mL/sec, was
extrapolatory calculated. Data are expressed as mean + SEM of four
to eight animals from three separate experiments.

P < 0.05,

“P < 0.01, compared with BSA-challenged mice and

P < 0.05, compared with OVA-challenged mice (Bonferroni's
method).

N.D., not determined; BHR, bronchial hyperresponsiveness.

Effect of Compound 22 on goblet cell hyperplasia

To evaluate tissue reactions in the lungs of T cell-trans-
ferred and OVA-challenged mice, tissue sections were
examined (Fig. 6). Massive infiltration of inflammatory
cells, including antigen-specific T cells, was observed in
Th1- or Th2-transferred mice 48 h after OVA challenge
(Figs 6a and b). In contrast, infiltration of inflammatory
cells in the lung interstitium was rather weak in Th17-
transferred mice (Figs 6a and b), although a large num-
ber of neutrophils were recovered in BALF (Fig. 4).
Hyperplasia of goblet cells was specifically seen in Th2-
transferred mice (Fig. 6¢). Such inflammatory responses
were not observed in the lungs of non-transferred mice
(Figs 6a—c) or BSA-challenged mice (data not shown).
The effect of Compound 22 on OVA-induced infiltration

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-11

of total inflammatory cells (Fig. 6d) and antigen-
specific T cells (Fig. 6e) as well as goblet cell hyperpla-
sia (Fig. 6f) in the lungs of Th2-transferred mice was
evaluated by scoring the severity of these responses or
counting CFSE-positive cells. Consistent with the results
from BAL examination (Fig. 4), Compound 22 clearly
suppressed cellular infiltrates including infused Th2
cells in the lungs (Figs 6a, b, d, and e). However, anti-
gen-induced goblet cell hyperplasia was not signifi-
cantly suppressed by Compound 22 (Figs 6¢ and f). We
also examined the effect of Compound 22 on the
concentration of MPO in BALF of Th2-transferred mice.
Consistent with the lack of suppression of Compound
22 on BALF neutrophils, increases in MPO levels upon
antigen provocation was not affected by Compound 22

(Fig. 6g).

Discussion

A number of studies have addressed the contribution of
CCR4 to the development of allergic inflammation
in vivo by using neutralizing Abs against CCR4 or CCR4
ligands or using the CCR4 gene-disrupted mice [6, 14—
19]. However, the results are still controversial and the
potential efficacy of CCR4 blockers in allergic disorders
associated with eosinophilic inflammation remains
unclear. Compound 22 is a recently reported CCR4
antagonist shown to inhibit eosinophil accumulation in
the lungs of antigen-immunized mice in vivo [24]. We
have generated an allergic airway inflammation model
in which mice are transferred with in vitro-polarized
OVA-specific Th1l, Th2, or Th17 cells and challenged
with OVA [26-28]. By using this simplified and repro-
ducible model, we demonstrated that Compound 22
selectively suppressed Th2-mediated allergic lung
inflammation. Namely, the CCR4 antagonist suppressed
lung accumulation of antigen-specific Th2 cells and
eosinophils as well as BHR. Since antigen provocation
does not necessarily lead to exclusive Th2 responses
even in allergic diseases, this selective contribution of
CCR4 to Th2 cell-mediated responses is probably the
major reason for the previous contradictory findings
concerning the role of CCR4 in such disease models
[6, 14-19].

Not only Th2-polarized cells but also Th17-polarized
cells expressed CCR4 at significant levels. This is con-
sistent with the report by Acosta-Rodriguez et al. [7],
demonstrating that human Th17 cells were enriched in
the CCR6'CCR4" fraction of CD4" T cells. However, a
potential functional difference in CCR4 expressed on
Th2 and Th17 cells was observed in our present study.
CCL17, the CCR4 ligand, induced vigorous chemotaxis
in Th2 cells but not in Th17 cells in vitro. Furthermore,
CCR6 was similarly expressed on Thl, Th2, and Th17
cells, but did not mediate efficient chemotaxis in these
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Fig. 6. Effect of Compound 22 on airway inflammation in the lungs of T cell-transferred mice. Twenty-four hours after transfer of CFSE-labelled
Th1-, Th2-, or Th17-polarized cells, mice were challenged with ovalbumin (OVA) as shown in Fig. 3. Lung specimens were taken 48 h after chal-
lenge from these mice as well as from non-transferred and OVA-challenged control mice. Tissue sections were stained with haematoxylin and
eosin (a) or Periodic acid-Schiff (c). Unstained specimens were observed under confocal microscopy (b). Bar = 100 pm. Compound 22 (100 mg/kg)
was administered as indicated in Fig. 4. The effect of Compound 22 on antigen-induced infiltration of inflammatory cells (d), antigen-specific T
cells (e), goblet cell hyperplasia (f) in Th2 cell-transferred mice was semi-quantitatively analysed by counting the number of cells appeared in the
sections (e) or scoring the severity of these responses (d and f). The concentration of MPO in bronchoalveolar lavage fluid (BALF) recovered as
described in Fig. 3 was also determined (g). Data are expressed as mean + SEM of four to seven animals from four separate experiments.
*P < 0.05, **P < 0.01, compared with OVA-challenged control animals (Bonferroni’s method).

subsets to its ligand, CCL20 in this study. Th17 cells
also did not respond to CXCL12 either, suggesting that
at least Th17-polarized cells employed in this study
might be generally poor chemotactic responders. The
reason for such poor responses of Th17 cells was not
clear, but it has been reported that the chemokine
receptors can be uncoupled from downstream signalling
pathways in some cases. Thus, D’Amico et al. demon-
strated that concomitant exposure to LPS and IL-10

caused unresponsiveness of dendritic cells against stim-
ulation through CCR1, CCR2, CCR5, and CCR7 [34].
Similarly, Collington et al. reported that bone marrow-
derived mast cells cultured without stem cell factor
failed to migrate to CCL2, even though they expressed
substantial levels of CCR2 [35]. Hirota et al. [9] also
demonstrated CCR6 expression on in wvitro-polarized
Th17 cells and their Th17 cells seemed to express more
CCR6 as well as IL-17 in comparison with those devel-
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oped in our present study. Thus, more rigorous polari-
zation of Th17 cells may be necessary for their acquisi-
tion of chemotactic and other functions. Therefore, the
pathological role of Th17 cells in our model and the
effect of CCR4 blockage still remain to be fully
explored.

Mucus hypersecretion by hyperplastic goblet cells in
the airways has been implicated in the pathogenesis of
bronchial asthma [36]. In a murine model of asthma,
Nakanishi et al. demonstrated that intratracheal admin-
istration of antisense RNA against gob-5, a member of
the calcium-activated chloride channel family, effi-
ciently suppressed both BHR and mucus hypersecretion
[37]. However, a direct contribution of the goblet cell
hyperplasia to BHR still remains to be confirmed. Even
though a series of Th2 cytokines have been implicated
in mucus hypersecretion [38], Compound 22 did not
show clear reduction of goblet cell hyperplasia in mice
transferred with Th2 cells. This might be consistent with
the findings that Compound 22 was less effective in
reduction of Th2 cytokine production in the lungs, even
though it clearly suppressed Th2 cell migration to the
lungs. Previously, we showed that a fraction of infused
Th2 cells spontaneously distributed in the lungs even
before antigen provocation and they could be the main
source of Th2 cytokines responsible for goblet cell
hyperplasia [27]. Thus, the suppression of antigen-
evoked accumulation of Th2 cells by Compound 22
might not be sufficient to reduce the local Th2 cytokine
production by such cells.

Spontaneous distribution of a fraction of infused T
cells in the lungs might also explain the efficient accu-
mulation of neutrophils and bystander lymphocytes in
Th17-transferred mice even though Th17-polarized cells
migrated to the lungs less efficiently than Th1- or Th2-
polarized cells upon antigen challenge. On the other
hand, recruitment of Treg cells in the lungs might be
induced along with the migration of antigen-specific T
cells. Thus, TGF-B1, a Treg-related cytokine, was ele-
vated in Thl-, Th2-, and Th17-transferred mice after
antigen challenge. In Th17-transferred mice in which
only weak migration of infused Th17 cells was
observed, the increase in TGF-f1 levels was also less
potent than in Th1- and Th2-transferred mice. In addi-
tion, Compound 22 specifically suppressed the elevation
of TGF-B1 only in Th2-transferred mice. Thus, although
Treg cells are considered to express CCR4 [39, 40], the
direct contribution of CCR4 to the recruitment of Treg
cells was not confirmed in the present model. Further
studies may be necessary to clarify the role of CCR4 in
recruitment of Treg cells in allergic airway inflamma-
tion.

Our present findings may also suggest that goblet cell
hyperplasia is not directly related to BHR and thus
CCR4 antagonists may be less effective on the mucus

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-11

secretion. Indeed, Schuh et al. reported that BHR but
not airway remodelling was attenuated in Aspergillus
fumigatus-sensitized mice by the gene disruption of
CCR4 [18]. The decline of BHR has also been achieved
by treatment with anti-CCL17 and anti-CCL22 Abs in
actively sensitized mice [14, 15] and by treatment with
anti-human CCR4 Ab in severe combined immunodefi-
ciency mice reconstituted with peripheral blood mono-
nuclear cells of allergic patients [16], even though the
effect on airway remodelling was not fully evaluated in
those studies. Notably, Chvatchoko et al. demonstrated
that the extent of antigen-induced BHR in CCR4-defi-
cient mice was equivalent to that in wild-type mice
[19]. They also did not see any significant differences
in airway infiltration of inflammatory cells including
eosinophils and lymphocytes between wild-type and
CCR4-knockout mice [19]. Although the exact reason
for such discrepancies is not clear at present, the block-
ade of CCR4 or its ligands using antibodies or small
compounds successfully attenuated not only BHR but
also cellular infiltration as shown in our present study
and previous reports [14—16]. Thus, some compensatory
mechanisms involving other chemokine receptors might
have operated in the case of CCR4-deficient mice. At
least in our present model, it has been clearly demon-
strated that CCR4 plays the major role in Th2-mediated
airway inflammation.

Significant BHR was also induced, despite the lack of
goblet cell hyperplasia, in Th1 cell-transferred mice. We
have recently demonstrated that, unlike mouse T cells,
human peripheral T cells are programmed to produce
IFN-y even under Th2-skewing conditions [41]. Further-
more, [FN-y-secreting Th1 cells were also increased in
the lungs of asthmatic patients [42, 43]. Thus, although
the relative contribution of Th1 cells to the pathogene-
sis of bronchial asthma remains to be seen, asthmatic
patients may still suffer from Th1l cell-mediated BHR
even after treatment with CCR4 antagonists for Th2
cell-mediated inflammatory responses and BHR. In this
context, Takaoka et al. reported that BHR as well as air-
way neutrophilia in OVA-specific Th1 cell-transferred
mice was inhibited by anti-human CXCR2 [20]. By
employing CXCR2-deficient mice, however, Cui et al.
demonstrated that although Th1 cell-mediated neutro-
philia was greatly reduced, BHR was still as strong as
that seen in wild-type mice [21]. We also observed neu-
trophil accumulation at similar levels in the lungs of
Th1- and Th17-transferred mice. However, no signifi-
cant BHR was observed in mice transferred with Th17
cells. In Th2-transferred mice, antigen-induced BHR but
no increase in MPO was suppressed by Compound 22.
These findings suggest that neutrophils play a minor
role in the development of BHR. Previously, McKinley
et al. [22] demonstrated development of BHR in anti-
gen-specific Th17 cell-transferred mice. Although the
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reason for their discrepancy with the present study is
unclear at present, the experimental conditions were
different. In the study of McKinley et al., mice were
challenged with antigen for three consecutive days and
BHR was assessed 24 h after the last antigen challenge,
while we examined BHR 48 h after a single OVA chal-
lenge. Even though neutrophil-rich airway inflamma-
tion was induced in both studies, much severe
inflammation might have occurred in the conditions
employed by McKinley et al., possibly leading to the
development of BHR. This explanation is supported by
the fact that BHR that developed in Th2-transferred
mice in their study was also much more severe than
that in our study. It should also be mentioned that
Th17 cell-dependent BHR was still less severe than that
induced by Th2 cells in their report [22]. Further inves-
tigations are required to elucidate the mechanisms
underlying Th1- and Th17-mediated BHR, including the

In conclusion, we have demonstrated that interven-
tion against CCR4 is effective for selective suppression
of antigen-induced lung infiltration of Th2 cells
together with accompanying eosinophilic inflammation
and BHR development. Even though airway mucus
hypersecretion may be less responsive, specific CCR4
antagonists are promising for the treatment of Th2
cell-mediated allergic diseases such as bronchial
asthma.
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Fig. S1. Representative expression pattern of CXCR3 on Th1, Th2, and Th17 cells.

After 7 days of culture under Thl-, Th2-, and Th17-skewing conditions, the surface
expression of CXCR3 was examined. The mean fluorescence intensity of the cells
stained with anti-CXCR3 Ab and its isotype control Ab was described in blue and
red, respectively. The results shown were the representatives of at least three
independent experiments.



