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Peroxisome proliferator–activated receptor g–mediated
suppression of dendritic cell function prevents the onset
of atopic dermatitis in NC/Tnd mice
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Background: Dendritic cells (DCs) are one of the key regulators
for the initiation of allergic responses in patients with atopic
dermatitis (AD), being strongly triggered by epithelial cell–
derived thymic stromal lymphopoietin (TSLP). Because
peroxisome proliferator-activated receptor (PPAR) g acts as a
negative regulator in immune cells, suppressive properties of
PPARg in allergic responses have been proposed.
Objective: Because pieces of evidence must be organized to
identify the exact role of PPARg in immune regulation, we
explored the suppressive effects of a PPARg agonist on various
functions of DCs and the onset of AD in a murine model.
Methods: Effects of rosiglitazone (RSG) on DCs that were
derived from NC/Tnd mice, a model for human AD, were
analyzed. RSG was administered to NC/Tnd mice to evaluate its
preventive and therapeutic effects on the development of AD.
Results: RSG inhibited TSLP-induced DC maturation through
downregulation of costimulatory molecules. TSLP-promoted
expressions of chemokines in DCs were also suppressed by RSG
treatment. Moreover, we showed the necessity of matrix
metalloproteinase 9 in TSLP-promoted DC migration by using
DCs derived from matrix metalloproteinase 9–deficient NC/Tnd
mice, as well as the suppressive effect of PPARg in the process.
Daily oral administration of RSG to NC/Tnd mice before the
onset of AD revealed a significant reduction in severity of skin
lesions and scratching behavior. In mice treated with RSG, both
expression of TSLP in the skin and maturation and migration of
DCs were markedly suppressed.
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Conclusion: PPARg can be provided as an inhibitory regulator
of TSLP-stimulated DCs in the onset of allergic reactions.
(J Allergy Clin Immunol 2010;nnn:nnn-nnn.)
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Atopic dermatitis (AD) is a chronic and relapsing skin
disorder with allergic inflammation. Dendritic cells (DCs) in
skin are one of the key regulators for the initiation of allergic
responses as antigen-presenting cells (APCs), and a majority of
patients with AD manifest strong polarization to TH2-type
responses, thereby resulting in the hyperproduction of IgE.1-3

Furthermore, the hypersensitivity and barrier dysfunction of
atopic skin play a pivotal role in the exacerbation of clinical
conditions.4

One of the most critical factors for the local activation of skin
DCs during allergic inflammation is thymic stromal lymphopoie-
tin (TSLP),5-8 which is expressed in epithelial cells at barrier sur-
faces, activated bronchial smoothmuscle cells, and activatedmast
cells.9 TSLP is highly expressed in proliferating keratinocytes in
skin lesions of allergic skin diseases and in bronchial epithelial
cells of asthmatic patients.10-12 TSLP activates CD11c1 DCs
and induces them to produce TH2 cell–attracting CC chemokines,
including thymus and activation-regulated chemokine (TARC)
and macrophage-derived chemokine (MDC).8,13 Moreover,
TSLP upregulated expression of OX40 ligand (OX40L), which
engaged with OX40 on activated naive T cells on DCs and indi-
rectly induced the expression of IL-4 and IL-13 and suppressed
that of IFN-g from T cells.6,7,14 In the process development into
TH2-like effectors is progressed.5,6 Matrix metalloproteinase
(MMP) 9 produced from activated DCs is involved in the migra-
tion of Langerhans cells.15-17 Promotion of DC migration is cru-
cial for the early development of allergic inflammation; however,
the role of TSLP in DC migration remains unclear.

Peroxisome proliferator–activated receptors (PPARs) are the
nuclear hormone receptor superfamily of ligand-activated tran-
scription factors.18 PPARg is highly expressed not only in adipose
tissue but also in most immune cells,19-24 and its activation regu-
lates various cell functions.25 PPARg ligands downregulate func-
tions of immune cells, including DCmaturation, by repressing the
expression of CD1a, CD40, CD83, CCR7, and the costimulatory
molecule.26-28 These findings suggest that treatment with syn-
thetic PPARg ligands might reduce allergic inflammation through
suppression of DC functions to stimulate lymphocyte
1
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proliferation and to prime antigen-specific T-cell responses;
however, the exact role of PPARg in in vitro and in vivo models
with susceptibility for AD has been still obscure.26-28

In the current study we clearly demonstrated that treatment
with the PPARg ligand rosiglitazone (RSG) suppressed the
expression of various proinflammatory genes, including costi-
mulatory molecules and attracting chemokines, in TSLP-
stimulated DCs that were generated from NC/Tnd mice, a model
for humanAD.29We also demonstrated the crucial role ofMMP-9
in TSLP-stimulated DC migration by using MMP-9–deficient
NC/Tnd mice and showed that PPARg activation suppressed
MMP-9–mediated DC migration. Daily oral administration of
RSG effectively suppressed the development of clinical symp-
toms, indicating the clinical efficacy of RSG on AD in NC/Tnd
mice. These observations indicate that PPARg is one of the favor-
able suppressors of early AD events, including TSLP production
from keratinocytes, maturation and differentiation of DCs, and
MMP-9–mediated migration of DCs to draining lymph nodes
(DLNs), where they act as APCs.

METHODS

Mice
Conventional and specific pathogen–free (SPF) NC/Tnd mice (a registra-

tion name of NC/NgaTnd mice was changed to "NC/Tnd" in December 2010)

with or without AD were maintained as previously described.29 MMP-92/2

129/Sv mice30 were generously provided by Professor Zena Werb (Depart-

ment of Anatomy, University of California, San Francisco, Calif). Congenic

MMP-92/2 NC/Tnd mice were generated by backcrossing NC/Tnd mice

onto MMP-92/2 129/Sv mice for more than 13 generations. MMP-9 defi-

ciency in those mice was confirmed by means of genotyping and gelatin

zymography.30 All experiments with animals complied with the standards

specified in the guidelines of the University Animal Care and Use Committee

of the Tokyo University of Agriculture and Technology.

Preparation of bone marrow–derived DCs
Bone marrow–derived dendritic cells (BMDCs) were generated from

bonemarrow cells of SPFNC/Tndmice, as described previously,31,32 with mi-

nor modifications. Briefly, isolated cells were cultured in dendritic cell–condi-

tionedmedium (DCCM; RPMI 1640 with 10% heat-inactivated FCS, 2mmol/

L L-glutamine, 2 mmol/L sodium pyruvate, antibiotics, 50 mmol/L 2-mercap-

toethanol, and 20 ng/mL GM-CSF). On day 3, another 10 mL of DCCM was
added. At day 6, 10 mL of medium was replaced. At day 8, nonadherent and

loosely adherent cells were collected by means of gentle pipetting and centrif-

ugation at 400g for 5 minutes at 208C. In some experiments BMDCs were in-

cubated with or without 10 mmol/L RSG (Alexis Biochemicals, San Diego,

Calif) for 8 days. These cells were suspended in fresh DCCM and were incu-

bated in the presence of 20 ng/mL recombinant murine TSLP (R&D Systems,

Minneapolis, Minn) or 1 mg/mL anti-TSLP antibody (R&D Systems) for neu-

tralization of TSLP activity.
Determination of PPARg activation by RT-PCR
BMDCs were incubated with RSG (0, 10, 20, and 50 mmol/L) for 6 hours

and incubated with or without RSG (20 mmol/L) for 6 hours, followed by

incubation with or without GW9662 (20 mmol/L; Alexis Biochemicals, San

Diego, Calif). Total RNA isolated from BMDCs was reverse transcribed into

cDNAwith oligo(dT)12-18 primers by using a PrimeScript RTase (Takara Bio,

Shiga, Japan), according to the manufacturer’s instruction. For CD36

and aP2, the following primer sets were used: CD36, 59-GAGCCATC
TTTGAGCCTTCA-39 and 59-TCAGATCCGAACACAGCGTA-39; aP2

(FABP4), 59-GATGCCTTTGTGGGAACCTG-39 and 59-GAATTCCACG
CCCAGTTTGA-39. The relative intensities of each expression were calcu-

lated with the intensity of b-actin as an endogenous control.
Real-time PCR array
Immature BMDCs were incubated with or without TSLP (20 ng/mL) for 6

hours. RSG (20 mmol/L) or vehicle was added 1 hour before incubation with

TSLP. cDNAwas generated by using an RT2 First Strand Kit (SABiosciences,

Frederick, Md). Relative expression levels of 84 genes relating to antigen

presentation were analyzed with RT2 Profiler PCR Array System (Dendritic

& Antigen Presenting Cell PCR Array, #PAHS-406, SABiosciences) and 23
SABiosciences RT2 qPCRMasterMix (SABiosciences), according to theman-

ufacturer’s instruction. Fluorescence intensity was measured by using the ABI

Prism 7000 Sequence Detector (Applied Biosystems, Tokyo, Japan). The

relative expression level of the target gene was determined by using 22DDCT

and was normalized to an endogenous reference gene, glyceraldehyde-

3-phosphate dehydrogenase (GAPDH).1 Comparisons of parameters among

groups were made by means of 1-factor ANOVA, followed by a Tukey test.
Real-time RT-PCR
Total RNA (1-2 mg) obtained from the skin and BMDCs was reverse

transcribed into cDNA, as previously described. Reaction mixtures were ampli-

fiedwith a SYBRPremix Ex Taq II (Takara Bio) in the presence of 0.2mmol/L of

each of the sense and antisense primers for TSLP, MMP-9, TARC, MDC, and

eotaxin 2 or with primers for b-actin (Takara Bio). The sequences of primers

are as follows: (1) TSLP, forward 59-CGAGCAAATCGAGGACTGTGAG-39
and reverse 59-GCAGTCGTCATTGAGCGCTTC-39; (2) MMP-9, forward

59-GCCCTGGAACTCACACGACA-39 and reverse 59-TTGGAAACTCA
CACGCCAGAAG-39; (3) TARC, forward 59-CCGAGAGTGCTCCCTG
GATTA-39 and reverse 59-AGCTTGCCCTGGACAGTCAGA-39; (4)MDC, for-

ward 59-GGCACCTATCCAGTGCCACA-39 and reverse 59-TGGTGGAC
CAGCCTGAAACTC-39; (5) eotaxin 2, forward 59-AACATGGCGGGCTCTG
CAAC-39 and reverse 59-CCTGCCTTGGGACAGATGCT-39; and (6) b-actin,

forward 59-CATCCGTAAAGACCTCTATGCCAAC-39 and reverse 59-ATG
GAGCCACCGATCCACA-39.
Flow cytometric analysis
Single cells from DLNs were blocked with anti-CD16/32 mAb (BD

PharMingen, San Diego, Calif) and stained with fluorescein isothiocyanate

(FITC)–conjugated anti-I-A/I-E (BD PharMingen), FITC-conjugated

anti-CD80 (BD PharMingen) or phycoerythrin-conjugated anti-CD86 (BD

PharMingen), phycoerythrin-conjugated anti-OX40L (BioLegend, SanDiego,

Calif), and FITC-conjugated anti-CD11c (BioLegend) antibodies. Positive

reactions were analyzed by using the EPICS XL flow cytometer (Beckman

Coulter, Hialeah, Fla).



FIG 1. Suppression of expression of costimulatory molecules on DCs by

PPARg activation. A and B, Effect of RSG on CD36 and aP2 gene expression

with or without GW9662 was detected by means of RT-PCR. C, Genes upre-

gulated by TSLP were presented in the graph. Each bar represent means

6 SEs of 3 individual experiments. *P < .05 compared with control mice.

#P < .05 compared with TSLP-stimulated BMDCs.

FIG 2. Suppression of TSLP-induced expression of costimulatory mole-
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Gelatin zymography
MMP-9 levels were determined by means of gelatin zymography, as

described previously,33-35 with proteins from 13 106 bone marrow cells. Im-

ages were analyzed with LAS-4000 IR multicolor and Multi Gauge Ver3.0

(Fujifilm, Tokyo, Japan).

Matrigel transmigration assay
Matrigel transmigration assays for mature DCs were performed by using

Transwell cell-culture chambers (polycarbonate filters, 5-mmpore size; Corning

Costar, Corning, NY), as previously described.35,36 BMDCs harvested on day 8

were incubatedwithTSLP (20 ng/mL) for 48hours to inducemigration.RSG (20

mmol/L) was added to the cells 1 hour before TSLP treatment, and GW9662 (20

mmol/L) was added 1 hour before RSG addition. Complete medium was placed

in the lower chamber of the Transwell. Mature DCs (1 3 105 cells) were sus-

pended in serum-freeRPMI1640medium in the upper chamberof theTranswell.

After 22 hours, migrated cells were collected from the lower chamber and

countedbyusing a lightmicroscope (NikonECLIPSE600,Tokyo, Japan; 1003).

cules by PPARg activation. A, Flow cytometric analysis of maturation

markers. B, Each bar represent means 6 SEs of 3 individual experiments.

*P < .05 and **P < .01 compared with TSLP alone. MFI, Mean fluorescence

intensity. C, Real-time RT-PCR for RSG’s effect on TSLP-induced expression

of chemokines. Data represent means 6 SEs of 3 different experiments.

*P < .05 and **P < .01 compared with TSLP-stimulated cells.
Skin tissue culture
Skin samples of 6-mm punch biopsy specimens were obtained from SPF

NC/Tnd mice and cultured in RPMI 1640 containing 10% FCS and antibi-

otics.37 Skin samples were incubated with 100 mg/mL peptidoglycan (PGN)



FIG 3. Suppression of MMP-9–mediated DC migration by PPARg activation. A, Suppression of MMP-9 in

TSLP-stimulated DCs. Each value was calculated with medium alone as 1. B, Detection of MMP-9 by means

of gelatin zymography. C, Reduced transmigration of BMDCs generated from MMP-92/2 NC/Tnd mice. D,

Prevention of TSLP-stimulatedmigration of BMDCs by RSG. The average number of cells in 5 fields was cal-

culated. Bars 5 50 mm. Data represent means 6 SEs of 3 different experiments. *P < .05 and **P < .01 com-

pared with control mice.
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from Staphylococcus aureus (Sigma, St Louis,Mo) for 6 hours to induce TSLP

expression. RSG (20 mol/L) was applied 1 hour before adding PGN to the cul-

ture to examine the inhibitory effect of RSG on TSLP expression. Skin samples

were pretreated with GW9662 (20 mmol/L) for 1 hour before adding RSG to

block PPARg. After incubation, skin samples were immediately frozen in liq-

uid nitrogen and crushed into small pieces by using aMulti-Beads Shocker (Ya-

sui Kikai, Osaka, Japan). Total RNAwas isolated with ISOGEN (Nippongene,

Tokyo, Japan), according to the manufacturer’s instructions.
Treatment of NC/Tnd mice with RSG
RSG was dissolved in 0.25% carboxymethyl cellulose (Sigma-Aldrich)

and orally applied to conventional NC/Tnd mice from 5 weeks of age once a

day at a dose of 10 mg/kg body weight every day for 7 weeks. Vehicle alone

(0.25% carboxymethyl cellulose) was applied as a control. The clinical

symptoms of mice were recorded every week, according to the previously

described criteria.29 Scratching behavior of mice was quantified by using a

SCLABA-Real system (Noveltec, Inc, Kobe, Japan) at the indicated weeks

of age according to the manufacturer’s instructions.38 Blood was collected
from the caudal vena cava at the end of the experiments, and plasmawas stored

at 2808C until use. DLNs were collected every 2 weeks for flow cytometric

analysis. For histologic analysis, the remaining DLNs were preserved at

2808C with OCT compound (Sakura Finetek, Tokyo, Japan) until use.
Histologic and immunohistochemical analysis
Hematoxylin and eosin, toluidine blue, and Congo red stainings were

performed as previously described.1 Frozen sections were incubated with

affinity-purified anti-CD4 antibody (BD PharMingen), anti–Mac-1 antibody

(BD PharMingen), and rat anti-langerin antibody (clone 929F3; Dendritics,

Dardilly, France) to detect CD41 T cells, macrophages, and DCs. Each prep-

aration was then incubated with peroxidase-conjugated streptavidin and

stained in a substrate solution containing hydrogen peroxide and 3-amino-

9-ethylcarbazole (Dako, Glostrup, Denmark). Numbers of each cell were

counted by using amicroscope at a magnification of3400 and were expressed

as the total number of cells in 5 fields. Cryosections of DLNs were incubated

with rat anti-langerin antibody, according to the manufacturer’s recommenda-

tion. Positive reactions were identified with a peroxidase-conjugated



FIG 4. TSLP expression in the skin of NC/Tnd mice. A, TSLP expression in

the skin of NC/Tnd mice with severe AD. Yellow dotted lines, Dermal/epi-

dermal junction. Original magnification 5 3100. Bars 5 50 mm. B, TSLP

expression in skin specimens cultured with PGN. The fold change was cal-

culated with medium alone as 1. Data represent means 6 SEs of 3 different

experiments. *P < .05 compared with medium alone.
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streptavidin and DAB enhancer (Dako). For phenotypic analysis of DCs in

DLNs, cryosections were double-stained with rat anti-langerin/CD207 anti-

body (clone 929F3; Dendritics, Dardilly, France) and hamster anti-CD103 an-

tibody (clone 2E7; Serotec, Oxford, United Kingdom). For detection of TSLP,

affinity-purified rat anti-mouse TSLP antibody (R&D Systems) was used.

Measurement of total plasma IgE levels
Total plasma IgE levels were measured by using a sandwich ELISA,

according to the previously described method.1,39

Statistical analysis
Comparisons of 2 parameterswere analyzed by using the Student t test. Com-

parisons of parameters among groups were made by means of 1-way ANOVA,

followed by the Tukey test.P values of less than .05were considered significant.

RESULTS

Suppression of costimulatory molecules on DCs

through PPARg activation
First, the time-dependent effect of RSG on CD36 and aP2 ex-

pression was examined,40-42 and the most potent effect was ob-
tained after 6 hours of incubation (see Fig E1 in this article’s
Online Repository at www.jacionline.org). When BMDCs were
treated with various concentrations of RSG for 6 hours, the ex-
pression of aP2 and CD36 was significantly increased (Fig 1,
A). However, when cells were pretreated with a PPARg antago-
nist, GW9662, for 1 hour before RSG treatment, the expression
of both genes was completely suppressed (Fig 1,B).When splenic
DCs were preincubated with RSG for 24 hours before LPS stim-
ulation, expression levels of MHC class II, CD80, and CD86 were
reduced (see Fig E2 in this article’s Online Repository at www.
jacionline.org). No differences in the viability of DCs in each
group were mentioned (data not shown).43 Among 84 genes,
TSLP promoted mRNA expression of IL6, nuclear factor (NF)
kB1, and NF-kB2, as well as TARC, CD80, and CD86 (Fig 1,
C). RSG treatment significantly suppressed TSLP-induced tran-
scription of these genes (Fig 1, C), although RSG alone did not
affect their expression (data not shown).

Inhibition of TSLP-stimulated activation of BMDCs

through PPARg activation
When BMDCs originating from SPF NC/Tnd mice were

cultured in the presence of TSLP for 48 hours, the expression
levels of MHC class II, CD86, and OX40L were upregulated (Fig
2, A and B). Unlike LPS stimulation, CD80 protein expression
was not induced by TSLP (Fig 2, A and B). The expression of
these maturation markers was suppressed by the addition of neu-
tralizing antibodies against TSLP to the culture medium (Fig 2, A
and B). The efficacy of TSLP in BMDCmaturation was markedly
inhibited by RSG treatment (Fig 2, A and B).

TSLP-stimulated BMDCs expressed high levels of mRNA for
the TH2-cell attracting chemokines, including TARC, MDC, and
eotaxin 2; however, addition of anti-TSLP antibody to the culture
eliminated this effect (Fig 2, C). Like anti-TSLP antibody, RSG
treatment completely suppressed TSLP-induced expression of
these chemokines (Fig 2, C).

Inhibitory effect of RSG on migration of TSLP-

stimulated BMDCs
Because MMPs play an important role in migration of

epidermal Langerhans cells,36,44 we examined the effects of
TSLP on MMP-9 expression in DCs. MMP9 mRNA expression
was increased in TSLP-activated BMDCs; however, its increase
was completely suppressed by RSG treatment (Fig 3, A). Next,
we attempted to clarify the essential roles of MMP-9 in DC mi-
gration by using MMP-92/2 NC/Tnd mice. Unlike MMP-91/1

NC/Tnd mice, MMP-9 activity was not present in bone marrow
cells collected from MMP-92/2 NC/Tnd mice (Fig 3, B). Migra-
tion of BMDCs generated from MMP-91/1 NC/Tnd mice was
upregulated by TSLP stimulation; on the other hand, the num-
bers of migrated DCs were significantly reduced in BMDCs
from MMP-92/2 NC/Tnd mice, even under TSLP stimulation
(Fig 3, C). Pretreatment with RSG significantly suppressed
TSLP-induced migration of BMDCs from MMP-91/1 NC/Tnd
mice through Matrigel in a dose-dependent manner (Fig 3, D).
The suppressive effect of PPARg was contradicted by the addi-
tion of GW9662 to the culture (Fig 3, D).
Suppression of TSLP expression in the skin through

PPARg activation
TSLP was undetectable in the skin of NC/Tnd mice without

AD; however, a high expression of TSLP was found in prolifer-
ating keratinocytes of NC/Tnd mice with AD (Fig 4, A). TSLP
mRNA was highly expressed in conventional NC/Tnd mice
with AD as compared with those of SPF NC/Tnd mice and
BALB/cmicewithout skin lesions (see Fig E3 in this article’s On-
line Repository at www.jacionline.org). Moreover, the expression
levels of TSLP mRNA in NC/Tnd mice with AD were signifi-
cantly higher compared with those in BALB/c mice with picryl
chloride (PCl)–induced contact dermatitis (see Fig E3). When
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FIG 5. Reduction of early development of AD in NC/Tnd mice by means of oral administration of RSG. A,

Clinical skin severity scores (top) and scratching frequencies (bottom). Each point represents means 6
SEs (n5 18). **P < .01 comparedwith control mice. B, Typical features ofmice treatedwith (right) or without

(left) RSG. C, Microscopic features of skin with hematoxylin and eosin staining. Bar5 100 mm. D, Histologic

analysis of affected skin. White arrows indicate langerin-positive cells in the epidermis. Original

magnification 5 3100. Bars 5 50 mm. Each column represents means 6 SEs of 3 different experiments

with 5 mice. *P < .05 and **P < .01 compared with control mice. E, Plasma total IgE levels. Each value rep-

resents means 6 SEs of 3 different experiments with 5 to 7 mice. *P < .05 compared with control mice. F,

Relative mRNA expression levels of TSLP in the skin. Data represent means 6 SEs of 5 mice. *P < .05

and **P < .01 compared with control mice.
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PCl was applied repeatedly onto the skin, TSLP expression in af-
fected sites was more accelerated in SPF NC/Tnd mice than in
BALB/c mice. When skin specimens isolated from SPF NC/
Tnd mice were incubated with PGN from S aureus, TSLP expres-
sion was markedly increased (Fig 4, B). However, pretreatment of
skin pieces with RSG reduced TSLP expression (Fig 4, B).
GW9662 canceled the suppressive effect of RSG (Fig 4, B).
Prevention of early development of AD in NC/Tnd

mice by RSG treatment
Established AD in conventional NC/Tnd mice was not im-

proved by means of oral administration of RSG (see Fig E4 in this
article’s Online Repository at www.jacionline.org). On the other
hand, when RSG was applied from 5 weeks of age (before the on-
set of AD), AD development was delayed (Fig 5, A, top panel). In
addition to the clinical symptoms, the increase in frequency of
scratching behavior was suppressed (Fig 5, A, lower panel). Clin-
ical skin severity scores in RSG-treated mice were 3.96 0.4 and
those of control mice were 6.9 6 0.5 after 7 weeks of treatment.
Severe clinical symptoms were observed in control mice but not
in RSG-treated mice (Fig 5, B). No toxicity was recognized in
mice treated with RSG for 7 weeks (see Table E1 in this article’s
Online Repository at www.jacionline.org). RSG treatment re-
duced epidermal hyperplasia, parakeratosis, dermal edema, and
infiltration of inflammatory cells in the skin (Fig 5, C). At the af-
fected skin lesions, the numbers of mast cells, eosinophils, CD41

cells, andMac-11 cells were also significantly decreased in RSG-
treated mice compared with those in control mice (Fig 5, D).
Langerin-positive DCs accumulated at inflammatory sites on
the skin of NC/Tndmicewith AD (Fig 5,D), as reported in human
patients.45,46 However, the numbers of langerin-positive DCs
were reduced in RSG-treated mice (Fig 5, D). Plasma total IgE
levels were increased in control mice at the end of the

http://www.jacionline.org
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FIG 6. Suppression of DC migration and maturation in RSG-treated NC/Tnd mice. A, Shapes and langerin-

positive cells (brown) in DLNs. Original magnification 5 3100. Bar 5 200 mm. B, Weight of DLNs and per-

centages of CD11c1 cells in DLNs. Data represent means 6 SEs of 3 different experiments with 5 mice. C,

Photos of langerin-positive (green) cells, CD103-positive (red) cells, or both in the DLNs. Each bar in the

graph represents means 6 SEs of 3 mice in each group. Black column, Langerin-positive CD103- cells;

gray column, langerin-negative CD1031 cells; white column, langerin-positive CD1031 cells. **P < .01. D,

Expression levels of costimulatory molecules in DLNs during RSG administration. Each point represents

means 6 SEs of 6 mice in each group. *P < .05 and **P < .01 compared with control mice. MFI, Mean flu-

orescence intensity.
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experiment,29 whereas the increase in plasma total IgE levels in
RSG-treated mice was suppressed (Fig 5, E). Moreover, TSLP
expression levels were reduced in the skin of RSG-treated mice
(Fig 5, F).
Decreased accumulation of DCs in DLNs of RSG-

treated mice
The weight and size of the axillary lymph nodes were signif-

icantly lower in RSG-treatedmice compared with those of control
mice (Fig 6, A and B). The numbers of accumulated CD11c1DCs
in DLNs were markedly decreased in RSG-treated mice (Fig 6, A
and B). Phenotypic analysis of migrated DCs revealed that
langerin-positive CD1032 DCs were significantly increased in
DLNs of control mice (Fig 6, C).47,48 On the other hand, numbers
of langerin-positive CD1031DCs and langerin-negative CD1031

DCs were unchanged. Accumulation of langerin-positive
CD1032 DCs was markedly suppressed in DLNs of RSG-
treated mice (Fig 6, C). CD11c1 DCs in DLNs were isolated
from RSG-treated and control mice every 2 weeks to examine
the efficacy of PPARg activation in vivo. In RSG-treated mice
MHC class II and CD80 expression was decreased compared
with that seen in control mice (Fig 6, D). On the other hand,
CD86 expression was not altered by RSG treatment (Fig 6, D).
DISCUSSION
PPARg has been shown to exhibit anti-inflammatory activities

in different models of inflammatory diseases, such as atheroscle-
rosis, inflammatory bowel disease, or multiple sclerosis.49,50

Recently, it has been reported that systemic application a PPARg
ligand ameliorated experimental skin allergy in mice51 and clin-
ical symptoms in patients with AD52; however, the exact mecha-
nism remains unclear. In this study we first demonstrated that
PPARg acted as an effective suppressor to regulate DC functions
during the initiation stage of AD by using atopic NC/Tnd mice.

First, we showed that RSG inhibited DC expression of
costimulatory molecules, such as MHC class II, CD80, and
CD86, as well as OX40L, indicating that the T-cell priming
abilities of DCs were abrogated. TSLP-induced expression of
OX40L, MHC class II, and CD86, as well as TARC, eotaxin 2,
andMDC, in DCs was also reduced by RSG treatment. TSLP also
promoted gene expression of proinflammatory molecules in DCs,
including IL-6, NF-kB1, and NF-kB2, which were significantly
suppressed by means of incubation with RSG. These results
suggest the role of PPARg as a downregulator in the initiation of
allergic inflammation.

MMPs are essential for DC migration through the basement
membrane and extracellular matrix53,54 and are suggested to play
a crucial role in DC migration during allergic responses.55



FIG 7. Hypothesis: invasion of allergens triggers the epithelial cells to produce TSLP. TSLP activates

immature DCs to produce chemokines, which cause inflammatory responses, and MMP-9, which is

responsible for migration of DCs to DLNs. PPARg activation might modulate the early atopic inflammation

through inhibition of both function and production of TSLP, as well as downregulation of MMP-9

production.
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Moreover, MMP-9 levels have been reported to increase in the
skin and plasma obtained from patients with AD.56 In this study
we first generated BMDCs from MMP-9–deficient NC/Tnd
mice and provided evidence that MMP-9 is essential for TSLP-
stimulated DC migration. Our results showed that the PPARg
agonist reducedMMP-9 production and TSLP-induced migration
of DCs.

By using tissue cultures, we found that TSLP expression was
induced in the skin of NC/Tnd mice by the addition of PGN,
whichwas inhibited byRSG. Because the components of S aureus
aggravate clinical symptoms of AD as superantigens,2 an increase
in the TSLP level might induce DC activation and AD develop-
ment. Therefore PPARgmight be an important negative regulator
in the early events seen in patients with AD.

Finally, we clearly demonstrated that systemic application of
RSG prevented the development of AD inNC/Tndmice, reducing
scratching behavior in the animals. After 7 weeks of treatment,
keratinocyte hyperplasia and infiltration of inflammatory cells
were dramatically reduced in RSG-treated mice, indicating the
alleviation of dermatitis clinically and histologically. In particu-
lar, migration and maturation were effectively suppressed.
According to results from immunohistochemical examinations,
we speculated that DCs predominantly affected by TSLP might
be langerin-positive epidermal DCs, which play pivotal roles in
the development of AD. On the other hand, application of RSG to
NC/Tnd mice with established AD had no beneficial effects. In
the murine model of asthma, PPARg was expressed in airway
epithelium on antigen sensitization and nebulization with its
agonist-decreased airway hyperresponsiveness.57 Recently,
PPARg was reported to be involved in alleviation of skin inflam-
mation and allergic dermatitis.58 These observations indicate that
PPARs might be critical downregulators of the initiation of aller-
gic responses.
Our hypothesis is shown in Fig 7. In the skin of patients with
AD, keratinocytes might be susceptible to release of TSLP on
stimulation of antigens and irritants. TSLP derived from keratino-
cytes induces maturation and differentiation of DCs in the skin,
and activated DCs might produce MMP-9 for their migration to
DLNs, where DCs act as APCs. Activated DCs secrete chemo-
kines and induce recruitment of leukocytes to the site of inflam-
mation. In early events in AD development, PPARg plays a role
as a downregulator against TSLP production and TSLP-
initiated immune responses through suppression of DC functions.
Thus PPARgmight be an important therapeutic target in the early
development of AD.

We thank Professor Zena Werb (Department of Anatomy, University of

California, San Francisco, Calif) for providingMMP-9–deficient mice.We are

also grateful for her enthusiastic reviewing of our manuscript. We deeply

appreciate Dr Tomoaki Ikeda (National Cerebral and Cardiovascular Center

Research Institute, Osaka, Japan) for variable suggestions and discussions.

Clinical implications: Agonists for PPARg prevent the onset
and exacerbation of AD in NC/Tnd mice by controlling DC
functions that are activated by TSLP during the initial stage
of AD.
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METHODS

Determination of PPARg activation by means of RT-

PCR
Generated BMDCswere incubated with 20mmol/L RSG for 0, 3, 6, 12, and

24 hours. One microgram of total RNA isolated from BMDCs was reverse

transcribed into cDNA with oligo(dT)12-18 primers by using a PrimeScript

RTase (Takara Bio), according to the instructions of the manufacturer. For

CD36 and aP2, the primer sets described were used. The relative intensities

of each expression were calculated as described.

Real-time RT-PCR
Total RNA (1-2 mg) obtained from the was reverse transcribed into cDNA,

as previously described. Reaction mixtures were amplified with a SYBR

Premix Ex Taq II (Takara Bio) in the presence of 0.2 mmol/L of each of the

sense and antisense primers for TSLP or with primers forb-actin (Takara Bio).

The relative expression level of the target gene was given by 22DDCT and was

normalized to an endogenous reference.E1

Preparation of splenic DCs
Single cells were obtained from the spleens of NC/Tnd mice, and splenic

DCswere enriched bymeans of magnetic cell sorting with murine anti-CD11c

microbeads (clone N418; Miltenyi Biotec, Bergisch Gladbach, Germany),

according to the manufacturer’s instructions (purity >93%). Isolated cells

were cultured with 100 ng/mL recombinant murine GM-CSF (Wako Pure

Chemicals, Osaka, Japan) for 24 hours. DCs were preincubated with or with-

out 10mmol/L RSG for 24 hours, andDCmaturationwas induced bymeans of

incubation with 1 mg/mL LPS (L6761, Sigma-Aldrich) for a further 24 hours.

Expression of surface molecules was assessed by means of flow cytometry.

Treatment of NC/Tnd mice with RSG
Mice at 8 weeks of age (after development of skin lesions) were used to

evaluate the therapeutic effect of RSG on established AD. RSG was dissolved

in 0.25% carboxymethyl cellulose (Sigma-Aldrich) and orally applied to

conventional NC/Tndmice from 8weeks of age once a day at a dose of 10mg/

kg body weight every day for 6 weeks. Vehicle alone (0.25% carboxymethyl
cellulose) was applied as a control. The clinical symptoms of mice were

recorded every week according to the previously described criteria.E2 Scratch-

ing behavior of micewas quantified by using a SCLABA-Real system (Novel-

tec, Inc) at the indicated weeks of age, according to the manufacturer’s

instructions.E3

Induction of contact dermatitis in BALB/c mice
To induce hyperkeratosis by contact dermatitis, 1% PCl (Tokyo Chemical

Industry, Tokyo, Japan) in an ethanol–acetone mixture (3:1) was applied to

shaved dorsal skin, as described previously, with modifications.E4 After 5

days, dorsal skin samples were removed and immediately frozen in liquid ni-

trogen and crushed into small pieces by using a Multi-Beads Shocker (Yasui

Kikai). Total RNA was isolated with ISOGEN (Nippongene), according to

the manufacturer’s instructions. Real-time PCR analysis was performed as

described above.

Serum biochemistry
Serum biochemistry was performed by using VetScan VS2 (Abaxis, Union

City, Calif), according to the manufacturer’s instructions. Blood samples were

collected from control or RSG-treated mice (n5 14 in each group) at the end

of oral administration. Serum samples were isolated and stored at2208C until

use.



FIG E1. Time-dependent expression of PPARg-associated genes. Time-

dependent effect of RSG (20 mmol/L) on expression of CD36 and aP2 in

BMDCs were analyzed by using the PCR procedure. Each bar in the dia-

grams represents means 6 SEs of 3 individual experiments. *P < .05 com-

pared with control mice.
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FIG E2. Preparation of splenic DCs. LPS-induced expressions of costimulatorymolecules on splenic CD11c1

DCs were suppressed by RSG treatment. Each bar in the diagrams represents means6 SEs of the mean flu-

orescence intensity (MFI) from 3 individual experiments. *P < .05 and **P < .01 compared with control mice.
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FIG E3. Increased expression of TSLP in skin of NC/Tndmice with AD. TSLP

mRNA was quantified by means of real-time RT-PCR in skin of BALB/c, SPF

NC/Tnd, and conventional NC/Tnd mice with or without PCl application.

The fold change in expression is standardized to expression levels of

diluent-treated BALB/c mice as 1. Data represent means 6 SEs of 3 individ-

ual experiments. *P < .05 and **P < .01 compared with data from diluent-

treated BALB/c mice.
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FIG E4. No effect of PPARg activation on NC/Tnd mice with severe AD.

Clinical skin severity scores (upper panel) and scratching frequencies (bot-

tom panel) were recorded and quantified during RSG application for 6

weeks. Each point represents means 6 SEs of clinical scores or scratching

frequencies of 18 mice with AD in each group.
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TABLE E1. Serum biochemistry

Control mice RSG-treated mice

ALB (g/dL) 2.6 6 0.13 2.8 6 0.05

ALP (U/L) 58.6 6 5.2 60.1 6 3.5

ALT (U/L) 14.4 6 0.7 12.6 6 1.0

AMY (U/L) 769.0 6 35.4 824.4 6 41.6

TBIL (mg/dL) 0.3 6 0.1 0.2 6 0.0

BUN (mg/dL) 32.9 6 2.5 32.2 6 1.3

CA (mg/dL) 9.7 6 0.2 9.8 6 0.2

PHOS (mg/dL) 9.9 6 0.6 10.1 6 0.6

CRE (mg/dL) 0.2 6 0.0 0.2 6 0.0

GLU (mg/dL) 142.9 6 8.2 139.4 6 10.5

TP (g/dL) 4.9 6 0.2 5.0 6 0.1

GLOB (g/dL) 2.3 6 0.2 2.2 6 0.1

No statistical difference was identified in every result from each group, indicating less

toxicity in long-term administration of RSG.

ALB, Albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMY,

amylase; BUN, blood urea nitrogen; CA, calcium; CRE, creatinine; GLOB, globulin;

GLU, glucose; PHOS, phosphorus; TBIL, total bilirubin; TP, total protein.
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