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Regulatory Role of Lymphoid Chemokine CCL19 and CCL21
in the Control of Allergic Rhinitis'

Kaoru Takamura,*" Satoshi Fukuyama,* Takahiro Nagatake,* Dong-Young Kim,**
Aya Kawamura,* Hideyuki Kawauchi,” and Hiroshi Kiyono®*

The lymphoid chemokines CCL19 and CCL21 are known to be crucial both for lymphoid cell trafficking and for the structural
organization of lymphoid tissues such as nasopharynx-associated lymphoid tissue (NALT). However, their role in allergic re-
sponses remains unclear, and so our current study aims to shed light on the role of CCL19/CCL21 in the development of allergic
rhinitis. After nasal challenge with OVA, OVA-sensitized plt (paucity of lymph node T cells) mice, which are deficient in CCL19/
CCL21, showed more severe allergic symptoms than did identically treated wild-type mice. OVA-specific IgE production, eosin-
ophil infiltration, and Th2 responses were enhanced in the upper airway of plt mice. Moreover, in plt mice, the number of
CD4*CD25" regulatory T cells declined in the secondary lymphoid tissues, whereas the number of Th2-inducer-type
CD8a~CD11b* myeloid dendritic cells (m-DCs) increased in cervical lymph nodes and NALT. Nasal administration of the
plasmid-encoding DNA of CCL19 resulted in the reduction of m-DCs in the secondary lymphoid tissues and the suppression of
allergic responses in plt mice. These results suggest that CCL19/CCL21 act as regulatory chemokines for the control of airway

allergic disease and so may offer a new strategy for the control of allergic disease.
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mokines involved in the chemotaxis of lymphoid cells

such as leukocytes and dendritic cells (DC)* (1, 2). In-
deed, these chemokines play important roles in the formation of
appropriate cellular microcompartmentalization and homeostasis
in lymphoid tissues (3-5). CCL19 is produced primarily by stro-
mal cells in the thymus and by the T cell area of secondary lym-
phoid tissues (1, 6). CCL21 is encoded by two genes, Scya2la
(CCL21-Ser) and Scya2lb (CCL21-Leu) (7). CCL21-Ser is pro-
duced by stromal cells in the T cell area and by the high endothe-
lial venules of the secondary lymphoid tissues, CCL21-Leu by the
lymphatic endothelium alone (1). Paucity of lymph node T cells
(plt) mice have a genomic deletion that includes the CCL19/

T he CCR7 ligands CCL19 and CCL21 are lymphoid che-
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CCL21-Ser gene, leading to defective homing of naive T cells to
the secondary lymphoid tissues and thereby to insufficient archi-
tectural development of nasopharynx-associated lymphoid tissue
(NALT) and of other organized lymphoid tissues such as spleen,
cervical lymph nodes (CLN), and Peyer’s patches (2, 5, 7, 8).
Among these CCL19/CCL21-associated lymphoid tissues, NALT
is considered one of the most important mucosal inductive sites for
the initiation and regulation of both mucosal and systemic immune
responses to inhaled Ags (9). NALT has been shown to be rich in
ThO-type CD4 ™" T cells, which are capable of differentiating into
Thl or Th2 cells based on the nature of the nasally administered
Ag (10). For example, nasal immunization of the fimbrial protein
of anaerobe together with cholera toxin as mucosal adjuvant re-
sulted in the induction of Ag-specific Th2-mediated IgA responses
(11). Nasal administration of soluble protein together with a mu-
cosal delivery molecule or immunomodulator (e.g., Escherichia
coli heat-labile toxin B subunit, cholera toxin) can suppress patho-
genic responses (12, 13). Further, nasal administration of Ag can
induce Ag-specific regulatory T cells (Tregs) for the establishment
of immunological homeostatic conditions (14). Respiratory-asso-
ciated lymphoid tissues including NALT have thus been shown to
play a pivotal role in the regulation of both active and quiescent
mucosal immune responses in the respiratory tract as well as in
systemic immune responses. However, their contribution to the
induction and regulation of allergic responses in the upper airway
remains to be elucidated.

Allergic rhinitis (AR) is a Th2-mediated disorder characterized
by Ag-specific IgE production, infiltration of inflammatory cells
including eosinophils into the nasal mucosa, and several nasal
symptoms such as sneezing, nasal congestion, itching, and rhinor-
rhea (15). Exposure to allergens following allergic presensitized
conditions leads to the cross-linking of allergen-specific mast-cell
surface-bound IgE and basophils via the FceR, to the degranula-
tion of these cells and to the release of histamine and other allergy-
associated chemical mediators responsible for the early phases of
allergic responses. When released by mast cells and other cells,
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chemokines such as CCL5 (RANTES), CCL11 (eotaxin), CCL17
(thymus and activation-regulated chemokine), and CCL22 (mac-
rophage-derived chemokine) trigger recruitment of inflammatory
cells such as eosinophils and Th2 cells, thereby contributing to the
induction of late-phase allergic responses (16). Inasmuch as the
chemokine family has been shown to play a critical role in most
physiological and pathological immune scenarios, we thought it
logical next to determine whether the NALT-associated lymphoid
chemokines CCL19/CCL21 are involved in the development of
allergic responses in the upper respiratory compartment.

DCs are the front-line sentinels for Ag detection in both orga-
nized lymphoid tissues such as Peyer’s patches and NALT and the
diffused connective tissues of the lamina propria region in mucosal
compartments. Mucosal DCs have been shown to play an impor-
tant role in the induction of both physiological and pathological
Th1/Th2 polarization in protective immunity, inflammation, and
allergy (17, 18). Mucosal DCs are also involved in the induction of
Tregs for the creation of immunologically quiescent conditions in
the harsh environment of the aero-digestive mucosa (19, 20). Tregs
are a distinct population of CD4™ T cells constitutively expressing
IL-2 receptor a-chains (CD25) (21). Tregs play a central role in the
regulation of autoimmune, infectious, and allergic diseases by cell-
to-cell contact-dependent inhibition and by the secretion of anti-
inflammatory cytokines such as IL-10 and TGF-B (22). Th2 re-
sponses have been shown to be down-regulated by naturally
occurring CD4"CD25" Tregs expressing forkhead/winged-helix
family transcription factor P3 (Foxp3) and by inducible popula-
tions of Ag-specific IL-10-secreting Tregs (23, 24).

In this study, we examine whether the NALT-associated lym-
phoid chemokines CCL19/CCL21 help regulate T cell-mediated
control of allergic responses in nasopharyngeal tissue. plt mice
show aggravated allergic symptoms with aberrant Th2 responses,
increased numbers of CD8a~ CD11b™ myeloid DCs (m-DCs), and
areduction in CCR7-expressing Tregs in the NALT and CLN. The
worsened allergic responses in plt mice could be reversed by nasal
administration of plasmids encoding CCL19/CCL21-Ser DNA to
reduce Th2-inducer-type m-DCs. Our results suggest that the lym-
phoid chemokines CCL19 and CCL21 play a role in the control of
AR by reducing the numbers of m-DCs and thereby the likelihood
of inhibiting a Th2 environment.

Materials and Methods
Mice

BALB/c mice were purchased from Japan SLC. Plt mice on a BALB/c
background were provided by Dr. Terutaka Kakiuchi (Toho University
School of Medicine). Mice transgenic for a TCR that recognizes the
OVA;,; 330 peptide in the context of I-AY (DO11.10 TCR-af3 transgenic
mice) on a BALB/c background were purchased from The Jackson Labo-
ratory Animal Resources Center. These mice were maintained under spe-
cific pathogen-free conditions in the Laboratory Animal Research Center
of The Institute of Medical Science (The University of Tokyo). All mice
were 67 wk of age at the beginning of individual experiments.

Induction of AR

For the induction of AR, we employed a previously described protocol with
some modifications in the quantity of Ags and the sensitization schedule
(25). In brief, female BALB/c mice and plt mice were presensitized by
means of an i.p. injection of 25 ug of OVA (Grade V; Sigma-Aldrich) with
1 mg of aluminum hydroxide hydrate gel (Alum) (LSL Co.) in 200 ul of
PBS on days 0, 7, and 14. Thereafter, mice were challenged by nasal
administration of either 500 ug of OVA in 20 ul of PBS (for AR group)
or 20 ul of PBS alone (for control group) for 14 consecutive days from day
21 to 34.

Assessment of allergic symptoms

On days 20 (after three rounds of i.p. sensitization) and on days 27 and 34
(after 7 and 14 nasal challenges, respectively), the instances of sneezing

REGULATORY ROLE OF CCL19 AND CCL21 IN ALLERGIC RHINITIS

and nasal rubbing in a 5-min period were counted by investigators in a
blinded fashion after the last nasal challenge (25). At the same time, the
behavior of the mice was recorded by video camera.

ELISA for the analysis of IgE Abs and histamine in serum

For the analysis of total and OV A-specific IgE levels in serum, a sandwich
ELISA system was employed in accordance with the manufacturer’s pro-
tocol (26). Ninety-six-well plates were coated with purified anti-mouse IgE
mAb (clone R35-72; BD Pharmingen) and a purified mouse IgE isotype
(27-74; BD Pharmingen) was used as a standard. HRP-conjugated anti-
mouse IgE (23G3; Southern Biotechnology) (for total IgE) and HRP-
labeled anti-biotin (Vector Laboratories) following biotin-labeled OVA
(for OV A-specific IgE) were added to the plates as detection enzymes. The
reaction was developed by 3,3',5,5'-tetramethylbenzidine (Moss) and ter-
minated by the addition of 2 N H,SO,. OD was recorded by a luminometer
(iEMS Reader; Labsystems) set at 450 nm. End-point titers of OVA-spe-
cific IgE were expressed as the reciprocal log, of the last dilution of a
sample giving an OD value 0.1 higher than background. Serum was col-
lected within 10 min after the last nasal challenge and its histamine levels
analyzed using a histamine immunoassay kit (Immunotech) (27).

Histological analysis for eosinophil infiltration

After the analysis of nasal symptoms, mice were sacrificed and their heads
fixed in 4% paraformaldehyde at 4°C for 16 h. Fixed tissues were then
decalcified in EDTA solution at 4°C for 10 days and embedded in paraffin.
Samples were sliced into 5 um coronal sections and the sections subjected
to H&E staining (28). The number of eosinophils that had infiltrated into
the nasal septal mucosa was counted using a high magnification (X400)
microscope.

Isolation of mononuclear cells

Spleen, CLN, and thymus were removed, and single-cell suspensions were
prepared by mechanical dissociation (10). Mononuclear cells of NALT and
nasal passage (NP) were isolated as previously described with some mod-
ifications (10). In brief, the palatine plate containing NALT was removed
and then NALT was dissected out. NP tissues without NALT were also
extracted from the nasal cavity, and mononuclear cells from individual
tissues were isolated by gentle teasing using needles through 40-um
nylon mesh.

Analysis of cytokine production by CD4™ T cells

For the purification of CD4" T cells, isolated mononuclear cells were
incubated with CD4 (L3T4) MicroBeads (Miltenyi Biotec) at 4°C for 30
min. CD4" cells were sorted by autoMACS (Miltenyi Biotec) and sus-
pended in complete RPMI 1640 medium containing 10% FBS, 5 uM
2-ME, 10 U/ml of penicillin, and 100 pg/ml streptomycin. Cells were then
cultured at a density of 1 X 10° cells/well in the presence of 1 mg/ml OVA
with T cell-depleted and irradiated splenic feeder cells (5 X 10° cells/well)
in round-bottom 96-well microculture plates for 48 to 96 h (11).

To determine whether each DC subset preferentially directed naive
CD4™" T cells to develop a Thl or Th2 cytokine profile, mononuclear cells
harvested from mice with AR were first incubated with CD11c MicroBeads
(Miltenyi Biotec) and sorted using autoMACS to enrich the CD11c™ pop-
ulation. Cells were then stained with allophycocyanin-conjugated anti-
CDl1l1c (HL3; BD Pharmingen), PE-conjugated anti-CD8«a (53-6.7; BD
Pharmingen), and FITC-conjugated anti-CD11b (M1/70; BD Pharmingen)
to collect CD11c*CD8a CD11b* cells (m-DCs) and CD11c*CD8a™
CD11b™ cells (lymphoid DCs: 1-DCs) by FACSAria (BD Biosciences).
Naive T cells were isolated from the spleen of DO11.10 TCR transgenic
mice and stained with FITC-conjugated anti-CD62L (MEL-14; BD Pharm-
ingen), PE-conjugated anti-CD44 (IM7; BD Pharmingen), and allophyco-
cyanin-conjugated anti-CD4 (L3T4) (RM4-5; BD Pharmingen) using
FACSAria. Tregs were sorted from spleen cells as a CD3"CD4*CD25*
population using FACSAria by staining with FITC-conjugated anti-CD3e
(145-2C11; BD Pharmingen), PE-conjugated anti-CD4 (BD PharMingen)
and allophycocyanin-conjugated anti-CD25 (PC61; BD Pharmingen). DCs
of each subset were initially cultured at a density of 1 X 10* cells/well,
with naive CD4"CD44™CD62LMe" cells (1 X 10° cells/well) isolated
from the spleen of DO11.10 TCR transgenic mice in the presence of human
IL-2 and OVA (1 mg/ml) with or without Tregs (2 X 10* cells/well) for 7
days. Cells were then washed and re-stimulated with OVA in the presence
of irradiated splenic feeder cells (9 X 10° cells/well) for 48 h (29, 30). For
the cytokine neutralization assay, anti-IL-10 mAb (JES5-2A5) (10 wg/ml),
anti-TGF-B mAb (1D11) (10 wg/ml) or rat IgG (Sigma-Aldrich) (10 wg/
ml) was added to the culture. Culture supernatants were collected and
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examined for the production of cytokines (IL-4, IL-5, IL-13, and IFN-vy) by
cytokine ELISA kits (R&D Systems).

RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). DNase diges-
tion of the extracted RNA was performed before cDNA synthesis. We
conducted reverse transcription using Omniscript Reverse Transcriptase
(Qiagen) and Oligo d(T),, (Applied Biosystems), as well as quantitative
real-time PCR using LightCycler (Roche Diagnostics) with LightCycler-
FastStart DNA Master Hybridization probes (Roche Diagnostics). The
primers and hybrid probes for real-time PCR were as follows: the oligo-
nucleotide primers specific for IL-13 (sense, 5'-AGCATGGTATGGAG
TGTGGA-3'; antisense, 5-GTGGGCTACTTCGATTTTGG-3'): the
IL-13 detection FITC-labeled probe (5'-TGCAATGCCATCTACAGGAC
CCAGAGG-3') and the Lightcycler Red 640-labeled hybrid probe (5'-
TATTGCATGGCCTCTGTAACCGCAAGG-3"); the oligonucleotide
primers specific for GATA-3 (sense, 5'-CATGCGTGAGGAGTCTCCAA-
3’; antisense, 5'-GGAATGCAGACACCACCTCG-3'): the GATA-3 de-
tection FITC-labeled probe (5'-GGGCTTCATGATACTGCTCCTGCG
AAA-3") and the Lightcycler Red 640-labeled hybrid probe (5'-ACGCA
AGTAGAAGGGGTCGGAGGAACTC-3"); and the oligonucleotide

=]
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o =30
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3 f§20
3 E10
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20 "pes ova PBS OVA
= WT pit

primers specific for GAPDH (sense, 5'-TGAACGGGAAGCTCACTGG-
3'; antisense, 5'-TCCACCACCCTGTTGCTGTA-3"): the GAPDH detec-
tion FITC-labeled probe (5'-CTGAGGACCAGGTTGTCTCCTGCGA-3")
and the Lightcycler Red 640-labeled hybrid probe (5'-TTCAACAGCAA
CTCCCACTCTTCCACC-3"). They were designed and produced by
Nihon Gene Research Laboratories. A Lightcycler-primer/probes set (Nihon
Gene Research Laboratories) was used for the amplification of the cDNA of
IL-4, IFN-v, and T-bet. Messenger RNA expression levels for specific genes
were normalized as a ratio relative to GAPDH.

Flow cytometric analysis

For the flow cytometric analysis, mononuclear cells isolated from several
tissues were first incubated with anti-CD16/CD32 (2.4G2; BD Pharmin-
gen) to block nonspecific binding of Abs to the Fcy I and Fcy II recep-
tors, and then stained with each Ab. Allophycocyanin- (or PE)-conjugated
anti-CD11c, FITC-conjugated anti-CD11b, and PE-conjugated anti-CD8«
were used to analyze DCs. For the analysis of Tregs, cells were stained
with FITC-conjugated anti-CD3e, FITC- or PE-conjugated anti-CD4, and
allophycocyanin-conjugated anti-CD25. In some experiments, a PE anti-
mouse/rat Foxp3 staining set (FJK-16s; eBioscience) or biotin-conjugated
anti-CCR7 (4B12; eBioscience) with a streptavidin-PE conjugate (BD
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Pharmingen) was used. Compensation was carefully performed in each
tissue in accordance with the published instructions (31, 32). Nonviable
cells were excluded using a Via-Probe (7-amino-actinomycin D; BD
Pharmingen). Stained cells were then analyzed using a FACSCalibur flow
cytometer (BD Biosciences) with CellQuest software (BD Biosciences).

Nasal CCLI19/CCL21 DNA treatment

CCL19 and CCL21-Ser cDNAs were amplified by PCR using cDNA from
whole spleen cells of naive BALB/c mice as a template. The oligonucle-
otide primers were as follows: the primers specific for CCL19 (sense, 5'-
CCTTGTCTCGAGCCACCATGGCCCCCCGTGTGACCCCAC-3'; anti-
sense, 5'-AGCCTCGAATTCTCAAGACACAGGGCTCCTTCTGG-3")
and CCL21-Ser (sense, 5'-CCTTGTCTCGAGCCTCAACTCAACCACA
ATCATGGC-3'; antisense, 5'-AGCCTCGAATTCCTATCCTCTTGAG
GGCTGTGTC-3', with underlining indicating the Xhol and EcoRI restric-
tion enzyme site). Plasmid DNA encoding either CCL19 or CCL21-Ser
was constructed by the ligation of CCL19 or CCL21-Ser cDNA, respec-
tively, into a pIRES2-EGFP vector (BD Biosciences Clontech). The empty
vector pIRES2-EGFP (mock DNA) was used as a control. The plasmid
DNAs and the mock DNA control were amplified in E. coli and purified

using an EndoFree Plasmid Maxi kit (Qiagen). For the detection of CCL19/
CCL21 expression, each plasmid was transfected into COS-7 (CRL-1651;
ATCC) in Opti-MEM (Invitrogen) by electrophoresis using Gene Pulser
Xcell (Bio-Rad). After 48 h, culture supernatants were collected and
chemokine levels were determined using a commercial ELISA kit
(R&D Systems). Mice were sensitized by i.p. injection of 25 ug of
OVA with 1 mg of Alum on days 0, 7, and 14, followed by nasal
challenge with 500 ng of OVA for 14 consecutive days from day 21 to
34 for the induction of AR. As a nasal CCL19/CCL21 DNA treatment,
mice were nasally administered with an additional 100 wg of plasmid,
mock DNA, or PBS on days —1, 6, and 13 (24 h before systemic
sensitization) and from day 20 to 33 (before nasal challenge). Nasal
symptoms were observed, and sera and mononuclear cells in several
tissues were harvested for further examination.

Statistical analysis

Data were expressed as mean * SE and evaluated by an unpaired Student’s
t test. Values of p < 0.05 were assumed to be statistically significant.
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FIGURE 3. Flow cytometric analysis of Tregs and DCs in mice with AR. A, The frequency (upper) and absolute number (lower) of Tregs in naive mice
were determined and calculated using a flow cytometer. B, Representative flow cytometric analysis data of Foxp3 and CCR7 expression in Tregs using
mononuclear cells obtained from spleen of WT mice. C, The frequency (fop) and absolute number (bottom) of DCs in both naive mice and mice with AR
were determined. Results were obtained from three independent experiments containing 3 to 5 mice in each group (A and C). Significance was evaluated
by an unpaired 7 test. *, p < 0.05; **, p < 0.01 vs WT mice. N, naive; A, allergy.

Results
Induction of severe allergic symptoms and Ag-specific IgE
production in plt mice

To clarify the role played by the lymphoid chemokines CCL19 and
CCL21 in the control of allergic diseases in the upper respiratory
tract, the murine AR model was employed (25). Systemically
primed wild-type (WT) BALB/c mice and plt mice were nasally
challenged with OVA for 14 consecutive days with no significant
symptomatic difference between WT and plt mice seen through the
seventh nasal challenge (Fig. 1A). After 14 days of continuous
exposure, however, markedly more severe nasal symptoms were
observed in plt than in WT mice (Fig. 14). As would be expected
given the worsened nasal symptoms observed in plt mice, the se-
rum of these mice showed significantly higher levels of OVA-
specific IgE and of total IgE Abs than did that of identically treated
WT mice (Fig. 1B). To assess the extent of immediate AR-asso-
ciated reactions, serum histamine levels were measured by ELISA
and plt mice were found to produce significantly higher levels of
histamine than WT mice (Fig. 1C). When the nasal tissues of na-
sally challenged plt and WT mice were histologically compared,
plt nasal tissue showed higher numbers of infiltrated eosinophils, a
signature trait of the delayed phase of the allergic reaction (Fig. 1,
D and E). These findings suggest that the clinical symptoms of
inhaled Ag-induced AR escalate in the absence of the lymphoid
chemokines CCL19 and CCL21.

Th2 responses were enhanced in plt mice

Given the exacerbated Ag-specific allergic responses observed in
plt mice to nasally administered Ag, we hypothesized that Th2
responses would also be enhanced in these mice. To test this hy-
pothesis, we compared the Th1/Th2 cytokine synthesis profiles of
plt and WT mice after chronic exposure to nasal allergens. Thus,
Th1 and Th2 cytokine production was measured in vitro by OVA
stimulation of CD4 " T cells isolated from the CLN, the regional
LN of the upper airway, in nasally challenged pl/t and WT mice. As

one might expect, no evidence of Thl cytokine IFN-vy synthesis
was found in plt mice with AR (data not shown). In contrast,
significantly higher levels of the Th2 cytokines IL-5 and IL-13
were observed in CLN isolated from nasally challenged plt than
from WT mice (Fig. 24). Higher levels of IL-5 and IL-13 were
also noted in CD4 ™" T cells isolated from the site of allergic reac-
tions, i.e., NALT and NP, of plt than of WT mice. An identical
pattern of elevated IL-5 and IL-13 production was also noted in
systemically (spleen-) derived CD4™ T cells of plt mice with AR.
As arule, levels of IL-4, the other known Th2 cytokine, tended to
be higher in plt mice nasally exposed to allergens, but that increase
did not reach statistical significance when compared with WT mice
(Fig. 2A). However, the NP of plt mice, where major local allergic
responses were occurring, showed a more vigorous synthesis of
IL-4 and an increase over WT IL-4 levels that reached statistical
significance. The hypothesis that Th2 responses were dominant in
nasally challenged plr mice received further support from the anal-
ysis of the levels of Thl-/Th2-associated transcription factor and
of cytokine-specific mRNA. Higher levels of GATA-3- and IL-
13-specific mRNA expression were noted in spleen of pl/t mice
than in that of WT mice, although no significant difference was
observed in IL-4-specific mRNA expression levels (Fig. 2B). In
contrast, the mRNA expression of Thl transcription factor T-bet
and IFN-y was low or undetectable in plt mice with AR. These
results suggest that inhaled allergens trigger an aberrant Th2 im-
munological environment at both inductive (e.g., NALT) and ef-
fector (e.g., NP) sites in plt mice.

Low numbers of naturally occurring Tregs but elevated numbers
of m-DCs under allergic conditions are characteristic of plt mice

To further elucidate the immunopathological mechanisms under-
lying the exacerbated allergic responses observed in pl/t mice, we
next set out to determine whether the regulatory network formed
by Tregs and DCs was altered in nasally challenged plt mice. Flow
cytometric analysis revealed a lower frequency of and decreased
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numbers of CD47CD25™ T cells in the secondary lymphoid tis-
sues such as NALT and in the peripheral blood of naive plt than of
naive WT mice (Fig. 3A). Because these CD4*CD25" T cells
expressed Foxp3, they were considered to be Tregs (Fig. 3B). In-
terestingly, most of these Tregs observed in both plt and WT mice
expressed CCR7 (Fig. 3B). As Treg levels did not change after
the induction of AR (data not shown), these Tregs were con-
sidered to be naturally occurring. As CD8a~CD11b* m-DCs
and CD8a"CD11b~ 1-DCs are reported to have immunomodula-
tory roles in Th1/Th2 cytokine production (21-23), our next flow
cytometric analysis was aimed at DC subsets located in the various
tissues of plt mice with severe AR. The most significant changes
observed were an increased frequency of m-DCs residing in sec-
ondary lymphoid tissues such as CLN and NALT of nasally chal-
lenged plt mice with AR (0.66 = 0.08% to 3.02 = 1.51% and
0.30 = 0.02% to 1.41 = 0.74%, respectively; Fig. 3C) and an
elevated total number of m-DCs (Fig. 3C). In contrast, the fre-
quency and number of m-DCs in nonsensitized pl/f mice were com-
parable to those seen in WT mice (Fig. 3C). Taken together, these
findings suggest that, under CCL19- and CCL21-deficient condi-
tions, severe AR is associated with a reduction in naturally occur-
ring Tregs and an increase in the frequency and the number of
m-DCs in the nasal mucosa-associated lymphoid tissues.

m-DCs induce a predominantly Th2 environment

Inasmuch as the secondary lymphoid tissues of plt mice with se-
vere nasal allergic responses showed increased numbers of m-DCs,
we focused our next experiment on the role of this DC subset in the
development of AR. When cultured with naive CD4™ T cells iso-
lated from OVA-TCR transgenic mice in the presence of OVA,
m-DCs isolated from the CLN of WT mice with AR produced
significantly higher levels of IL-4 and IL-13 than did I-DCs iso-
lated from the same mice (Fig. 4). When Tregs isolated from WT
mice were added to Th2-leaning cultures of m-DC and CD4™ T
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cells, Th2 cytokine production was suppressed. Tregs from plt
mice possessed a similar capacity to suppress m-DC-induced IL-4
and IL-13 production (data not shown). The addition of two neu-
tralizing Abs, anti-IL-10 Ab and anti-TGF-S Ab, did not inhibit
Treg function, suggesting that Tregs suppress Th2 production in-
dependently of suppressive cytokines such as IL-10 and TGF-£
(data not shown). No significant difference was observed in IFN-y
production between CD4" T cells cocultured with m-DCs and
those cocultured with 1-DCs (Fig. 4). These data demonstrate that
m-DCs are key players in Th2 cytokine production and Tregs are
key players in its suppression.

Nasal administration of plasmids encoding CCL19 DNA altered
DC population and suppressed allergic symptoms in plt mice

Because plt mice show enhanced allergic responses, we next
sought to determine whether artificial reconstitution of lymphoid
chemokines using plasmids encoding CCL19 DNA (pCCL19) and
CCL21-Ser DNA (pCCL21) would lead to the inhibition of nasal
allergic responses. For the assessment of protein production,
pCCL19 and pCCL21 were transfected into COS-7 cells and the
production of CCL19 and CCL21 was confirmed in culture super-
natants (data not shown). When plt mice were treated with controls
(PBS or mock DNA) or these chemokine plasmids together with
AR induction, significantly milder nasal clinical symptoms were
observed in plt mice treated with pCCL19 than in mice treated
with PBS or mock DNA (Fig. 5A). These milder clinical symptoms
were similar to those observed in AR-induced WT mice without
any treatment. Both total IgE- and OV A-specific IgE Abs were
also significantly lower in pCCL19-treated plt mice than in control
mice (Fig. 5B). Following pCCL21 treatment, some lessening of
exaggerated allergic symptoms and IgE production were noted,
but, with the exception of the level of Ag-specific IgE, observed

differences did not reach statistical significance when compared
with control-treated mice (Fig. 5, A and B).

Flow cytometric analysis revealed that the frequency of Tregs
was higher in spleen, CLN and NALT of plt mice treated with
pCCL21 than in control pl/t mice (Fig. 5C). In mice treated with
pCCL19, the frequency of Tregs also increased in CLN and NALT
compared with control-treated mice, but no statistical difference
was observed (Fig. 5C). The frequency of m-DCs in CLN of plt
mice treated with pCCL19 was considerably reduced when com-
pared with control-treated mice (Fig. 5D). The frequency of m-
DCs was also lower in NALT of mice treated with pCCL19 and in
CLN of mice treated with pCCL21 than in control mice, but the
reduction did not reach statistical differences (Fig. 5D).

When the nasal chemokine plasmid treatment was also tested in
WT mice, the reduction of nasal symptoms could be observed;
however, serum IgE levels did not change when WT mice were
treated with pCCL19/pCCL21 (Fig. 6, A and B). Nasal pCCL19
treatment induced a higher frequency and increased number of
Tregs in spleen as well as CLN (Fig. 6C). The total number of
m-DCs in NALT was reduced when WT mice were treated with
pCCL19/pCCL21 (Fig. 6D). Taken together, these data suggest
that CCL19 and CCL21 increase the number of Tregs and simul-
taneously inhibit the pathological function of m-DCs in allergic
diseases.

Discussion

Because our recent study demonstrated that lymphoid chemokines
play a crucial role in the maturation of NALT, a major commander
tissue for the upper respiratory mucosal immune system (5), we set
out in this study to elucidate the roles of the lymphoid chemokines
CCL19 and CCL21 in the development of allergic diseases asso-
ciated with the nasal cavity and other upper airway tract tissues
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using a murine AR model. Constitutively produced by stromal
cells in the T cell area of lymphoid tissues, in the endothelial cells
of high endothelial venules, and in lymphatic vessels, these two
chemokines are involved in homeostatic lymphocyte trafficking
and DC migration as well as in the distribution of cells in and the
development of organized lymphoid tissues (1). After up-regulat-
ing CCR7 expression, DCs migrate via lymphatic vessels from
peripheral tissues into T cell areas of the secondary lymphoid tis-
sues, which constitutively express CCL19 and CCL21 for the
priming of naive T cells expressing CCR7 (1-3). Primed CD4" T
cells down-regulate CCR7 expression and differentiate into Thl,
Th2 or nonpolarized memory T cells before circulating or migrat-
ing to the periphery for the initiation of Ag-specific immune re-
sponse (33). Despite such major immunological contributions by
these chemokines to secondary lymphoid tissue development and
immune cell trafficking, limited information exists as to their in-
volvement in allergic states of the upper respiratory tract such as
AR. By using plt mice defective in CCL19 and CCL21-Ser but still
capable of producing CCL21-Leu from the endothelium of lym-
phatic vessels (8), we have directly shown that CCL19 and CCL21
regulate the inhibition of nasal allergic responses. It has been fur-
ther demonstrated that p/t mice show delayed but enhanced T cell
responses in a contact sensitivity model (8). It has also been shown
that enhanced Th2-mediated allergen-induced lung inflammation
is observed in pl/t mice using an asthma model (34, 35). Our cur-
rent study is in agreement with these previous findings and dem-
onstrates in a murine model of allergy in the upper respiratory tract
that Th2 allergic responses are aggravated when CCLI19 and
CCL21-Ser are deficient. It also shows that AR development is
prevented by the reintroduction of the chemokines using the cor-
responding plasmids via the nasal route. Together with the original
studies (8, 34, 35), our study suggests that the lymphoid chemo-
kine family of CCL19 and CCL21 regulates the inhibition of hy-
persensitivity responses including allergy.

Under CCL19- and CCL21-deficient conditions, m-DCs were
significantly increased in the upper airway-associated lymphoid
tissues of the CLN and NALT of mice with AR. Indeed, m-DCs
isolated from the CLN of WT mice with AR induced considerably
higher levels of IL-4 and IL-13 but not of IFN-vy production from
cocultured naive T cells when compared with 1-DCs. Interestingly,
the nature of the immune response (Thl and/or Th2 responses)
depends in part on the specific subsets of DCs involved and their
point of origin (17). For example, m-DCs isolated from the spleen
and/or Peyer’s patches are capable of inducing Ag-specific T cells
to produce Th2 cytokines, while 1-DCs induce Th1 responses (29,
36). Furthermore, Th2 responses are generated when bone
marrow-derived m-DCs are transferred into the airway, leading
to eosinophil infiltration in the asthma model (37). Lymphoid
chemokines can also enhance the functioning of DCs; bone
marrow-derived DCs stimulated with CCL19/CCL21 produce
inflammatory cytokines such as IL-18, TNF-« and IL-12 at al-
most comparable levels to those stimulated with LPS and anti-
CD40 Ab (38). Indeed, CCL19-activated DCs selectively me-
diate the induction of Th1 responses (38). Taken together, these
findings strongly suggest that the absence of CCL19/CCL21
during DC Ag presentation strongly favors the creation of a
Th2-dominant environment that is conducive to the establish-
ment of airway allergy.

Chemokines other than CCL19/CCL21 may help account for the
increase in m-DCs noted in pl/t mice. For instance, CCR6 is re-
quired for the recruitment of m-DCs toward mucosal surfaces ex-
pressing its ligand CCL20 (39), and the CCL20-CCR6 signal is
crucial for airway immune responses. The proinflammatory cyto-
kines TNF-« and IL-18 and the Th2 cytokines IL-4 and IL-13 can
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stimulate human bronchial epithelial cells to produce CCL20 (40).
CCR6 knockout mice demonstrate a diminished allergic response
and reduced peribronchial eosinophil accumulation and IgE pro-
duction (41). These findings suggest that other chemokines in ad-
dition to CCL19/CCL21 may be involved in the recruitment of
m-DCs in plt mice with AR.

In general, undesired T cell-mediated responses are down-reg-
ulated by Ag-specific inducible Tregs and/or naturally occurring
CD4"CD25"Foxp3™ Tregs. Down-regulation is mediated by the
anti-inflammatory cytokines IL-10 and TGF- and/or by cell-to-
cell contact with coinhibitory molecules such as cytotoxic T lym-
phocyte-associated Ag-4 (CTLA-4), B and T lymphocyte attenu-
ator, and PD-1 (22-24, 42). The frequency of Ag-specific Tregs
expressing the surface molecules CTLA-4 and PD-1 and secreting
IL-10 and TGF-p is higher in healthy individuals than in allergic
individuals (43). Indeed, healthy immune responses to allergens
depend upon a proper balance between allergen-specific Tregs and
allergen-specific Th2 cells, with a disruption of that balance char-
acterizing disease states like allergies (43). The murine colitis
model can be used to demonstrate that the mediation of the in-
flammatory immune response by naturally occurring Tregs de-
pends upon CTLA-4 (44). B and T lymphocyte attenuator and
PD-1 are crucial in limiting the duration of acute allergic airway
inflammation and act as terminators of established immune re-
sponses (42). In addition, naturally occurring Tregs are capable of
inhibiting DC function directly. Depletion of these Tregs resulted
in worsening airway hyperresponsiveness as the result of the ex-
aggerated Th2 cytokine production caused by altered pulmonary
DC function (45). In the murine asthma model, in vivo transfer of
Ag-specific Tregs reduced airway hyperresponsiveness, eosinophil
recruitment and Th2 responses in an IL-10-dependent manner (46).
Th2 responses were elevated when m-DCs and naive T cells were
cocultured in the presence of Ag, but suppressed upon the addition
of Tregs (Fig. 4). These data suggest that naturally occurring Tregs
play a critical role in inhibiting the Th2 response, probably by
directly suppressing T cell responses and/or by indirectly suppress-
ing the m-DC function that favors Th2 responses. Moreover, nei-
ther anti-IL-10 Ab nor anti-TGF-3 Ab treatment impaired Treg-
mediated Th2 suppression, suggesting that this suppression was
independent of the inhibitory cytokines IL-10 and TGF-£ (our un-
published observation). However, cell-to-cell interaction is re-
quired for the suppression of aberrant Th2 responses by Tregs.

CCL19/CCL21-Ser is not produced by pl/t mice, but CCL21-Leu
is produced by their lymphatic vessels (1). As a result, activated
m-DCs and naive T cells expressing CCR7 can migrate to and
accumulate in secondary lymphoid tissues in plt mice. To this end,
CCL21-Leu has been shown to act as a chemoattractant for CCR7-
expressing DCs (2, 7). Because Tregs are significantly reduced in
plt mice with AR (Fig. 3A), the capacity of Tregs to inhibit m-DC
function and thereby suppress Th2 responses may also be im-
paired. However, a reduction in Tregs was observed in both naive
and diseased plt mice, suggesting that the remnant Treg popula-
tions might be Ag-nonspecific, naturally occurring Tregs. The or-
igin and development of naturally occurring Tregs in the thymus
are still poorly understood. Generally, upon TCR-mediated posi-
tive selection, developing thymocytes relocate within the thymus
from the cortex to the medulla for further differentiation and se-
lection before export to the periphery (47). The CCR7 signal is
essential for the migration of single-positive thymocytes from the
cortex to the medulla and for the optimal emigration of T cells
from the thymus to the periphery in newborn but not in adult mice
(47). In plt mice, mature single-positive thymocytes rarely migrate
from the cortex to the medulla, but, paradoxically T cell export
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from the thymus into peripheral blood is not impaired (47). There-
fore, one can speculate that pl/t mice have an impaired ability to
maintain naturally occurring Tregs in the periphery (blood circu-
lation) once they exit the thymus, but further studies are needed to
shed light on this issue.

Nasal administration of pCCL19 results in the inhibition of AR
development in plt mice. To the best of our knowledge, the current
study provides the first evidence that intranasal pCCL19 treatment
suppresses AR-associated allergic responses. In recent studies,
plasmid DNA can be used in vivo as an adjuvant to enhance Ag-
specific immune response (48) or as a therapeutic tool to alter
undesired immunopathological conditions (49, 50). Intranasal
codelivery of plasmids encoding the DNA of CCR7 ligands and
plasmid DNA or recombinant vaccinia virus encoding HSV-gB
increases HSV-gB-specific serum IgG and vaginal IgA levels,
thereby enhancing protective immunity against HSV-1 infection
(48). In contrast, nasally administered plasmids encoding IL-12
DNA can be used to treat not only airway hyperresponsiveness in
asthma but even large intestinal inflammation in allergic diarrhea
(49, 50). Hino et al. (50) have also demonstrated that GFP™ signals
are preferentially colocalized within DCs in the NALT, spleen, and
intestine after nasal administration of GFP-DNA. This finding sug-
gests that mucosal DCs take up plasmids deposited in the nasal
cavity and then migrate to distant lymphoid tissues. Our model has
not yet enabled us to elucidate the mechanism underlying the de-
crease in m-DCs in the CLN and NALT following pCCL19/
pCCL21 treatment. However, it is possible to speculate that re-
placement of these chemokines in plt mice enhanced Treg
function, thereby inhibiting the accumulation of m-DCs in the
CLN and NALT. Alternatively, it is also possible that the admin-
istration of the lymphoid chemokine plasmid either triggers a shift
from Th2 to benign responses in m-DCs or simply restores their
capacity for migration.

In summary, we demonstrated enhanced allergic responses in plt
mice lacking the lymphoid chemokines CCL19 and CCL21-Ser.
We also showed that these lymphoid chemokines are involved in
the recruitment of CCR7 expressing naturally occurring Tregs in
the secondary lymphoid tissues and help suppress the pathological
Th2 environment induced by m-DCs during the development of
AR. Taken together, these findings underline the importance of the
lymphoid chemokines CCL19/CCL21 as regulatory molecules for
the control of allergic disease.
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