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We have examined the expression of chemokines and their receptors in the atopic dermatitis-like (AD-
like) lesions of NC/Nga mice. Such lesions develop when the mice are kept in conventional conditions,
but not when they are kept isolated from specific pathogens. The thymus- and activation-regulated
chemokine TARC is unexpectedly highly expressed in the basal epidermis of 14-week-old mice with
lesions, whereas it is not expressed in the skin without lesions. Production of TARC by keratinocytes
was confirmed by culturing murine keratinocytic cell line cells (PAM212) with TNF-a, IFN-y, or IL-1[3.
Expression of another Th2 chemokine, macrophage-derived chemokine (MDC), was observed in the
skin from mice kept in both conventional and pathogen-free conditions, but expression of MDC was
increased severalfold in the skin with lesions. The cellular origin of MDC was identified to be dermal
dendritic cells. Infiltration of the skin by IL-4-producing T cells and mast cells, and the increase of CCR4
mRNA in the skin, coincided with the development of AD lesions. These observations indicate that
TARC and MDC actively participate in the pathogenesis of AD-like lesions in NC/Nga mice and that

these Th2 chemokines could be novel targets for intervention therapy of AD in humans.

J. Clin. Invest. 104:1097-1105 (1999).

Introduction

Atopic dermatitis (AD) is a clinical syndrome charac-
terized by pruritic and eczematous skin lesions in char-
acteristic locations, along with other major and minor
clinical signs (1, 2). AD is generally thought to be a
genetic disorder of the immune system, with patients
often having a family history of AD (2, 3). A primary
ectodermal defect has been proposed to result in a dis-
turbance of T-cell maturation (4). In addition, a reduc-
tion of ceramides in atopic skin, leading to a disrupted
skin barrier has been described as an etiologic factor (5).
The skin lesions are characterized by infiltrating lym-
phocytes, monocytes/macrophages, and fully granulat-
ed mast cells (6) and eosinophils (7). An increased num-
ber of dermal dendritic cells (DCs) and epidermal
Langerhans cells has also been observed in the skin
lesions of AD (8, 9). The lymphocytes infiltrating the
skin lesions of AD are, at least in the initiating phase of
the disease, Th2-type T cells, producing IL-4, IL-5, and
IL-10 (10), even though in later stages of the disease,
Th1-type cytokines, such as IFN-y, are produced in AD
lesions (2, 10, 11). IgE levels in the circulation are ele-
vated in most, but not all, patients with AD (2), and this
is attributed to the high production of IL-4, an inducer
of IgE production (12).

The NC/Nga strain of mice originated from Japanese
fancy mice and was established as an inbred strain by K.
Kondo in 1957 (13). The mouse has been reported to have
certain characteristics such as high susceptibility to irra-
diation and to anaphylactic shock induced by ovalbumin
(13, 14). The NC/Nga mice have also been reported to
develop an eczematous condition when kept in conven-
tional surroundings but not when kept under specific
pathogen-free (SPF) conditions (15). The eczema devel-
ops at the age of 8 weeks, with maximum activity at
around 17 weeks with lesions characterized by edema,
hemorrhage, erosion, dryness, and alopecia typically
localized on the ears, back, and neck and in the facial
region. The affected mice also show growth retardation.
Serologically, the IgE level is markedly elevated from the
age of 8 weeks, coinciding with the appearance of the skin
lesions, whereas the IgG level is unaffected until the age
of 12 weeks. The lesions show marked hyperkeratosis and
some parakeratosis, lymphocyte infiltration with a high
CD4/CD8 ratio, macrophage infiltration, and mast cell
and eosinophil degranulation. IL-4 and IL-S are both pro-
duced by mast cells in the lesions, whereas CD4* cells pro-
duce only IL-4 and, in later stages, also IFN-y (15). The B
cells of the NC/Nga mouse also have increased sensitivi-
ty to CD40 ligand and IL-4, which is proposed to be due
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to an enhanced activation of the Janus kinase 3 (JAK3).
Moreover B cells of the NC/Nga mouse with dermatitis
lesions show constitutive tyrosine phosphorylation of
JAK3, a feature suggested to result in IgE hyperproduc-
tion in patients with AD (16). Treatment of the lesions of
the NC/Nga mouse with tacrolimus hydrate (FK506)
suppresses skin infiltration by CD4* T cells, mast cells,
and eosinophils, and also suppresses IL-4, IL-5, and IgE
production in these mice. Steroid ointment has been
found to have marginal effect (17).

Chemokines are small secreted proteins that have a
major function in regulating leukocyte migration but, as
has become clear over the last few years, also have a wide
range of functions in nonhematopoietic tissues (18). The
chemokines can be grouped, by virtue of the highly con-
served cysteine residues in their sequence, into CC, CXC, C,
and CX3C chemokines. The receptors for the chemokines
are classified based on the structure of their ligands; to
date, CCR 1-9, CXCR 1-5, XCR1, and CX3CR1 have been
identified (19). Recently, chemokine receptors have been
reported to be expressed differentially on different subsets
of T cells (20-23). CXCR3 is preferentially expressed on the
Th1 subset (20), whereas CCR4 is expressed on Th2 subset
(21). CCRS is expressed on Th1 subset (22) but may also be
expressed on activated T cells (23). The ligands for CCR4
are thymus- and activation-regulated chemokine (TARC)
(24) and macrophage-derived chemokine (MDC) (25).
TARC is a CC chemokine with a molecular mass of approx-
imately 8 kDa (26) and is synthesized by DCs differentiat-
ed from monocytes with GM-CSF, IL-3, and IL-4 (27). Sim-
ilarly, MDC is a CC chemokine with molecular mass of 8
kDa synthesized by monocyte-derived macrophages (28).
Both are chemotactic for a fraction of CD4* CD4SRO* T
cells polarized to produce Th2 cytokines (21). MDC and
TARC share 37% identity, and are both encoded by chro-
mosome 16 (27, 29), unlike other CC chemokines, many of
which are encoded by chromosome 17 (18).

The results presented here indicate that TARC produced
by basal keratinocytes and MDC produced by dermal DCs
may play a significant role in recruiting Th2-type lympho-
cytes to the AD-like skin lesions, and that a glucocorticoid
is effective in treating the lesions of the NC/Nga mouse.

Methods

Mice. SPF male and female, 8-week-old, NC/Nga mice
were purchased from SLC (Tokyo, Japan). These were
divided into 2 groups, one group kept in SPF environ-
ment and the other under conventional conditions. In
each of the 2 groups, the mice were mated and the off-
spring were used for experiments. All animal experi-
ments complied with the standards set out in the guide-
lines of the University of Tokyo.

Steroid treatment. Mice kept in normal conditions with
fully developed skin lesions were treated with steroid
(0.05% clobetasolepropionate) ointment (Glaxo, Tokyo,
Japan), by applying the ointment to the involved region
from the ears to the middle of the back. The treatment
was repeated once every day for 7 days from the age of 14
weeks. As a negative control, mice of the same age with
the same lesions were treated with vehicle (petroleum
jelly alba) alone.

Skin biopsies. The mice were sacrificed by dislocation

of the neck, upon which the hairs of the back had been
removed using depilator cream (Kanebo, Tokyo,
Japan). An area of approximately 1.5 X 1.5 cm? was
excised, and the subcutaneous fat and blood vessels
were carefully dissected away.

Histology. Skin biopsies were fixed with 10% forma-
lin in neutral buffer for at least 16 hours and embed-
ded in paraffin. Deparaffinized sections (3-5 pUm
thick) were stained with hematoxylin and eosin and
analyzed by light microscopy.

Preparation of antibodies against MDC. A 21 amino
acid-long MDC peptide from amino acids 38-58 was syn-
thesized (PerSeptive Biosystems/Vestec Products, Tokyo,
Japan) and coupled to keyhole limpet hemocyanin (KLH;
Calbiochem-Novabiochem Corp., San Diego, California,
USA) using maleimidobenzoyl-N-hydroxysuccinimideester
(MB; Pierce Chemical Co., Rockford, Illinois, USA). The
amino acid sequence of the fragment was QDYIRHPLP-
SRLVREPPWTS. The resulting KLH-MB domain-fused
protein was isolated using Sephadyl S-200HR column
(Pharmacia Biotech AB, Uppsala, Sweden), after which the
fused protein was emulsified in CFA and used for immu-
nization of 2 New Zealand white rabbits after 3-, 2-, 2-,and
1-week intervals. The rabbits were bled and sera obtained,
and the resultant antibody specificity was tested in an
ELISA. No cross-reactivity was found with other murine
chemokines, including TARC, JE, and macrophage inflam-
matory protein-2 (MIP-2).

Immunobistochemistry. Skin biopsies were embedded in Tis-
sue-Tek OCT compound (Miles Inc., Elkhart, Indiana,
USA), snap-frozen in liquid nitrogen, and stored at -80°C
until use. The tissue was cut by a cryostat to 8-m sections
and was thereafter incubated with the first antibody. The
antibodies used were rabbit anti-mouse MDC polyanti-
body, a rat anti-mouse CD4 mAb (RM4-5, PharMingen,
San Diego, California, USA), a rat anti-mouse CD8 mAb
(53-6.7; PharMingen), a rat anti-mouse DEC-205 mADb
(NLDC-145; BMA Biomedicals, Geneva, Switzerland), a rat
anti-mouse MHC II (ER-TR3; BMA Biomedicals), a rat anti-
mouse c-kit mAb (ACK45; PharMingen), a rat anti-mouse
IL-4 mAb (BVD6-24G2; PharMingen), a rat anti-mouse
LOM 14 mAb (30), and a hamster anti-mouse TARC mAb
(31). As negative control, a rat IgG, a hamster IgG, or a rab-
bit IgG was used. After staining with the first antibodies, the
samples were incubated with either a horseradish peroxi-
dase-conjugated (HRP-conjugated) goat anti-hamster IgG
(Southern Biotechnology Associates Inc., Birmingham,
Alabama, USA), an HRP-conjugated goat anti-rat IgG
(BioSource International, Camarmillo, California, USA), or
an alkaline phosphatase-conjugated donkey anti-rat IgG
(Jackson ImmunoResearch Laboratories Inc., West Grove,
Pennsylvania, USA). The reaction was viewed with either an
AEC Substrate Kit for peroxidase or a Vector Red Alkaline
Phosphatase Substrate Kit I (both from Vector Laborato-
ries, Burlingame, California, USA).

The double immunostaining was performed as
described by Matsuno et al. (32). Acetone-fixed 6-Um
frozen sections were incubated with the first rat or rab-
bit antibodies for 1 hour. After sequential incubation
with alkaline phosphatase-conjugated anti-rat or rabbit
IgG for 45 minutes, labeled cells were colored red or blue
with Vector Red or Vector Blue (Vector Laboratories).

The Journal of Clinical Investigation |

October 1999

| Volume 104 | Number8



Samples were then incubated with the second rat IgG,
and bound mADb’s were detected with an HRP-labeled
anti-rat IgG and colored brown or red with 3,3'-
diaminobenzidine (DAB; Wako Chemicals, Dallas, Texas,
USA) substrate solution or Vector Nova Red. Slides were
counterstained with Mayer’s hematoxylin.

Expression of chemokines, cytokines, and chemokine receptors in
the skin biopsies. Total RNA was isolated from the skin biop-
sies using RNAzol (Biotecx Laboratories, Houston, Texas,
USA) according to the manufacturer’s instruction, and
reverse-transcribed into DNA using M-MLV RT 200 U/20
ML reaction volume (Sawaday, Tokyo, Japan), RNase
inhibitor 40 U/20 UL reaction volume (Sawaday), random
primers (Promega Corp., Madison, Wisconsin, USA) 100
Mg/20 L reaction volume, and 3 ig RNA, according to the
manufacturers’ instructions. One microliter of the result-
ing cDNA was amplified by PCR, using AmpliTaq in the
buffer with MgCl, (Perkin-Elmer Corp., Norwalk, Con-
necticut, USA; Roche Molecular Systems, Branchburg, New
Jersey, USA). The sense primer for TARC was 5'-
CAGGAAGTTGGTGAGCTGGTATA-3', and the antisense
primer was S TTGTGTTCGCCTGTAGTGCATA-3'. The sense
prirner for MDC was 5-TCTGATGCAGGTCCCTATGGT-3', and
the antisense primer was 5 "“TTATGGAGTAGCTTCTTCAC-3'.
The sense primer for IL-4 was 5'-CAGCTAGTTGTCATCCT-
GCTCTTC-3', and the antisense primer was 5-GCCGAT-
GATCTCTCTCAAGTGA-3'. The sense primer for IFN-ywas 5'-
CTCAAGTGGCATAGATGT-3', and the antisense primer was
5'-GAGATAATCTGGCTCTGCAGGATT-3". The sense primer for
eotaxin was 5-AGAGCTCACAGCGCTTCTATT-3, and the anti-
sense primer was 5-GGTGCATCTGTTGTTGGTGATT-3". The
sense primer for CCR3 was 5" TTGCAGGACTGGCAGCATT-3,
and the antisense primer was 5'-CCATAACGAGGAGAGGAA-
GAGCTA-3'. The sense primer for CCR4 was 5'"TCTACAGCG-
GCATCTTCTTCAT-3, and the antisense primer was 5
CAGTACGTGTGGTTGTGCTCTG-3'. The sense primer for
CCRS was 5'-CATCGATTATGGTATGTCAGCACC-3', and the
antisense primer was S'-CAGAATGGTAGTGTGAGCAGGAA-3'.
The sense primer for CXCR3 was 5'-ATCAGCGCTTCAATGC-
CAC-3', and the antisense primer was 5 "TGGCTTTCTCGAC-
CACAGTT-3. The sense primer for GAPDH was
5'-AGTATGACTCCACTCACGGCAA-3', and the antisense
primer was 5" TCTCGCTCCTGGAAGATGGT-3'. The reaction
products were viewed on a 3% polyacrylamide gel with
ethidium-bromide.

Quantitative PCR. To quantitate the mRNA in the skin
of the aforementioned cytokines, chemokines, and
chemokine receptors, quantitative PCR using the ABI
7700 sequencer detection system (Perkin-Elmer Applied
Biosystems, Foster City, California, USA) was performed.
The reaction mixture was prepared according to the man-
ufacturer’s instructions to yield final concentrations of 1
x PCR buffer A; 200 uM dATP, dGTP, and dCTP each;
400 pM dUTP; 4 mM MgClI2; 1.25 U AmpliTaq Gold
DNA polymerase; and 200 UM of each primer. To the sep-
arate reactions were also added the following target
hybridization probes (100 uM) for specific detection. For
MDC, the probe 5-CCAATGTGGAAGACAGTATCTGCTGCCA-
3" was added. For CCRS, the probe 5-TACCTGCTCAAC-
CTGGCCATCTCTGA-3' was added. For GAPDH, the probe
5'-AACGGCACAGTCAAGGCCGAGAAT-3' was added. The
probe was labeled with a reporter fluorescent dye, FAM

(6-carboxyflourescein), at the 5'-end. The thermal cycling
conditions were set to 50°C for 2 minutes and 95°C for
10 minutes, followed by 50 cycles of amplification at
95°C for 15 seconds and 55°C for 1.5 minutes for dena-
turing and annealing/extension, respectively. To compare
mRNA expression, the results were compared as relative
values using GAPDH as an internal reference and the
samples from mice kept in SPF conditions as overall ref-
erence. The relative value was calculated after the follow-
ing formula: relative expression = 2[~(ZVs/Ns - ZGAPDHs/Ns)-
(2Vr/Nr - ZGAPDHr/NN| where Vs denotes the ABI Prism signal
from a given sample, Ns is the number of samples,
GAPDHs is the ABI Prism signal for GAPDH in the same
sample, Vr is the ABI Prism signal for the same sample
but in the overall reference sample, and GAPDHr is the
ABI Prism GAPDH signal in the reference sample. The
number of samples was 7 = 3 in each group.

TARC production by murine keratinocytes in vitro. Murine
keratinocytes (PAM 212; American Type Culture Collec-
tion, Rockville, Maryland, USA) were cultured in RPMI-
1640 (GIBCO BRL, Rockville , Maryland, USA) and 10%
FCS at a concentration of 4 x 10* cells/mL in 1-mL wells
for 4 days and were stimulated with 1 of the following
cytokines; 10 ng/mL TNF-a (R&D Systems Inc., Min-
neapolis, Minnesota, USA); 100 ng/mL TNF-a and 10
ng/mL GM-CSF (Genzyme Japan, Tokyo, Japan); 1.0
ng/mL IFN-y (R&D Systems Inc.); 100 ng/mL IFN-y and
10 pg/mL IL-1PB (Genzyme Japan); and 1 ng/mL IL-1f3 1
and 100 pg/mL or 1 ng/mL IL-4 (Becton Dickinson and
Co., Franklin Lakes, New Jersey, USA). All experiments
were carried out in triplicate, except for the IL-4 experi-
ment, which was carried out only in duplicate. After 4
days, the supernatants of the cell cultures were isolated
and stored at -80°C until use. To assess the production
of TARC, ELISA was performed. Briefly, a 96-well plate
(F96; MaxiSorp, NUNC A/S, Roskilde, Denmark) was
plated with hamster anti-mouse TARC polyantibody and
blocked with 1 mg/mL BSA in PBS, after which the super-
natants were added. The second antibody was a biotiny-
lated rabbit anti-TARC, and after incubation, the result
was viewed with HRP-streptavidin according to the man-
ufacturer’s instructions (Vector Laboratories) and read
with an Emax ELISA reader at 450-nm wavelength.

Results
The offspring of the NC/Nga mice were kept in 2 groups:
1 group under SPF conditions, and another group under
conventional conditions. The mice kept under conven-
tional conditions started to scratch themselves at the age
of 8 weeks, at which time the skin became dry and scaly.
Within the next 2 weeks, the mice developed lesions
located on the ears and neck and in the face. The lesions
on the back were located from the ears and down to the
middle of the back and reached forward to the posterior
axillary line. The lesions consisted of excoriations and
nodular infiltrations that could be palpated through the
skin (Figure 1a). The nodular lesions were absent, and
only excoriations could be found on the ears and in the
face. The mice kept in SPF conditions did not develop
lesions (Figure 1b). Pregnant female mice kept under
conventional conditions developed less-severe lesions.
The cellular composition of the infiltrate in the skin lesions.
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Figure 1

Paraffin-embedded sections of both lesional (14-week-old
mice kept in conventional conditions) and nonlesional
(14-week-old mice kept in SPF conditions) skins were pre-
pared. The lesional skin showed hyperkeratosis, acantho-
sis, and parakeratosis in the epidermis (Figure 1d) in con-
trast to the normal nonlesional skin (Figure 1le). The
lesional skin also showed a heavy infiltrate in the dermis
with dense connective tissue, whereas the nonlesional skin
did not show any infiltration. The cells infiltrating the der-
mis were identified by immunostaining of frozen sections.
The lymphocytes invading the lesional skin were mainly
CD4* cells (Figure 2a), with a few CD8" cells (data not
shown). The dermal macrophages in lesional (Figure 2b)
and nonlesional (Figure 2¢) skin were identified using an
antibody against MMGL (LOM14), and the number of
macrophages was increased in the lesional skin (Table 1)
when compared with the nonlesional skin. Non-lymphoid
dendritic cell-positive (NLDC-positive) cells were largely
observed to locate both in the dermis and in the epidermis
(Figure 2d). The NLDC-positive cells in the epidermis were
considered to be Langerhans cells. Cells in the dermis and
in the epidermis equally stained for MHC II (Figure 2e),
although the number of MHC II-positive cells in the der-
mis were substantially higher than NLDC-positive cells
(Table 1). The double immunostaining, in addition to
similar morphology and distribution, revealed that the
cells positive for NLDC in the dermis were also positive for
MHC II (Figure 2f) and were identified as dermal DCs.
The remaining MHC II-positive cells had similar mor-
phology and distribution with LOM14-positive cells and
were identified as macrophages. Last, very large popula-
tions of big amorphous cells positive for c-kit in the der-
mis of both lesional (Figure 2g) and, in smaller number
(Table 1), nonlesional skin (Figure 2h) were considered to
be mast cells. In addition, a c-kit—positive cell population
of dendritic-shaped cells were found in the epidermis

(Figure 2g) of the lesional skin, but not in the nonlesion-
al biopsies. Cells in the skin expressing c-kit have been
described as being either mast cells (33) and their progen-
itors (34) or melanocytes (35). To identify the c-kit-posi-
tive cells, toluidine blue staining for mast cells was per-
formed. The dendritic-shaped cells in the epidermis were
not stained with toluidine blue, suggesting that they were
melanocytes (data not shown).

Increased expression of TARC in the skin with aging and exac-
erbation of the lesions. Total RNA was isolated from skin
biopsies obtained from mice at ages 6, 8 and 12 weeks,
and RT-PCR was performed as described in Methods. In
the skin from mice kept in conventional conditions,
TARC was already weakly expressed at the 6 weeks of age,
and at the same level at 8 weeks. At 12 weeks of age, when
the skin lesions became conspicuous, the expression of
TARC was markedly increased (Figure 3a). In the skin
from mice kept in SPF conditions, no TARC expression
could be detected (Figure 3a). This was also the case
when quantitative RT-PCR was performed (data not
shown, as a relative value cannot be expressed). Using an
anti-TARC mADb, the production of TARC was localized
mainly to the basal layer of the epidermis (Figure 2i).
Furthermore, in the skin of mice kept under SPF condi-
tions, no TARC production could be observed by
immunostaining (Figure 2j).

Production of TARC by keratinocytes in vitro. When murine
keratinocytic cell line (PAM 212) cells were cultured and
stimulated with various cytokines, production of TARC
could be induced by TNF-a, IFN-y, and IL-1(3 (Figure 4)
as measured by ELISA. The production of TARC induced
by 10 ng/mL TNF-a was significantly higher than the
production induced by IFN-yand IL-1[3 at all concentra-
tions (P < 0.05), whereas there was no significant differ-
ence in the production of TARC induced by 100 ng/mL
TNF-0 and by IFN-yand IL-1P at all concentrations. Nei-

Cormventional

oonchlions

The appearance of skin lesions on mice 14 weeks
old, kept in conventional conditions (a); 14 weeks
old, kept in SPF conditions (b); and 15 weeks old,
kept in conventional conditions but treated with
steroid ointment for 7 days from 14 weeks of age
(c). The hair was removed using depilator cream
as described in Methods. Hematoxylin-eosin
staining of paraffin-embedded sections (3-5 pm
thick) from skin biopsies from 14-week-old mice
kept in conventional conditions (d) and SPF con-
ditions (e), and from 15-week-old mice kept in
conventional conditions and treated with steroid
for 7 days (f). The results shown are representa-
tive of 3 mice in each group. Note the thickening
of the epidermis and keratin layer in d compared
with e, and the nuclei of the keratinocytes being
visible into the keratin layer. Also note the remark-
able effect of the steroid ointment in suppressing
both the infiltration in the dermis and the growth
of the epidermis. x100.
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Figure 2
Immunohistochemical staining of frozen sections of skin biopsies.
(a) CD4 staining of biopsies taken from 14-week-old mice kept in
conventional conditions. (b and ¢) MMGL staining of mice kept in
conventional conditions (b) and SPF conditions (c). (d) NLDC stain-
ing of mice kept in conventional conditions. (e) MHC Il staining of
mice kept in conventional conditions. (f) Double immunostaining
for MHC Il (dark red) and NLDC (blue). NLDC-positive cells in the
dermis are also positive for MHC Il (arrow). MHC lI-positive cells
(arrowheads) are identified as macrophages. (g and h) c-kit staining
of skin biopsies from mice kept in conventional conditions (g) and SPF conditions (h). (i and j) TARC staining of skin from mice kept in conventional con-
ditions (i) and SPF conditions (j). (k) MDC staining of mice kept in conventional conditions. (I) Double immunostaining for NLDC (brown) and MDC
(red). Approximately 80% of NLDC-positive cells are also positive for MDC (arrow). MDC-producing NLDC-positive cells (double-positive cells, compared
with k) are identified as dermal DCs. (m) IL-4 staining of mice kept in conventional conditions. (n) Double immunostaining for CD4 (blue) and IL-4 (dark
red). Most of CD4* (colored blue with cell surface) cells are positive for IL-4 (colored dark red with cytoplasm; arrow). Some cells show single positive for
IL-4 (arrowheads), which are identified as mast cells. Original magnifications: X100 (a-d, g-j), X200 (e, f, k, m, and n), x400 (1).
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Figure 3

(a) RT-PCR of mRNA isolated from skin biopsies taken at the times
indicated. Left: expression of IFN-y, MDC, TARC, and GAPDH from
mice kept in SPF conditions at the age of 6, 8, and 12 weeks. Right:
expression of the mRNA at the same time points, but from mice kept in
normal conditions. The results are representative of 6, 4, and 6 mice in
SPF conditions and 6, 4 and 6 mice in normal conditions; the ratio of
males to females was 1:1. (b) RT-PCR performed on skin from 14-week-
old mice kept in normal conditions (top) and SPF conditions (middle),
and from 15-week-old mice kept in normal conditions and treated with
steroid from the age of 14 weeks (bottom). The x axis shows the gene
expression examined. The results are representative of 6, 6, and 3 inde-
pendent experiments, respectively.

ther GM-CSF nor IL-4 at any concentrations tested could
induce TARC, and there was no detectable production of
TARC by unstimulated murine keratinocytes.

MDC s produced constitutively in both lesional and nonlesion-
al skin. The RNA just described was also examined for
expression of MDC, which was found to be expressed
from the age of 6-14 weeks in both lesional and, to a less-
er extent, nonlesional skin (Figure 3,a and b). Using quan-
titative RT-PCR, the ratio between the expression in the
lesional and nonlesional skin was found to be 6 (Figure 5).
Staining with anti-MDC polyantibody revealed the pro-
ducing cells to be large round cells located in the dermis
in lesional skin (Figure 2k). In nonlesional skin, the pro-
ducing cells looked similar but were fewer in numbers and
located deeper in the dermis (data not shown). Most of
MDC-producing cells were positive in NLDC staining
(Figure 21), indicating that these cells were dermal DCs.

Expression of cytokines, chemokines, and chemokine receptors.
The expression of the receptor for TARC and MDC,
CCR4, was examined in 14-week-old mice, using RT-
PCR. The result showed that mRNA for CCR4 is
expressed in lesional skin but not in nonlesional skin
(Figure 3b). A similar result was obtained using quanti-
tative RT-PCR (data not shown). IL-4 and IFN-y were
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expressed in lesional skin only (Figure 3b), and the cells
producing IL-4 were identified to be mast cells and lym-
phocytes (Figure 2, m and n). Eotaxin was found by RT-
PCR to be expressed in both lesional and nonlesional
skin. The receptors CCR3 and CCRS were expressed in
both lesional and nonlesional skin (Figure 3b), but the
level of CCRS expression was 10 times higher in lesional
skin than in nonlesional (Figure 5). CXCR3 was not
expressed in lesional or nonlesional skin.

Effect of topical steroid treatment. When 14-week-old mice
kept in normal conditions were treated with steroid oint-
ment for 7 days (n = 3), the lesions on the back showed
extensive regression (Figure 1c). The injury on the ears
and the back appeared to heal, but the skin was observed
to be very thin. The number of CD4"* cells in the skin
decreased below normal levels (Table 1), and that of
CD8" cells returned to normal levels (Table 1). The num-
ber of macrophages and c-kit-positive cells decreased
compared with untreated lesional skin, but did not
return to normal levels. The number of NLDC-positive
cells decreased in the epidermis and dermis compared
with nonlesional skin, as did the number of MHC
II-positive cells in steroid-treated skin (Table 1). The
expression of cytokines, chemokines, and chemokine
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The results of TARC ELISA performed on the culture supernatants from
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receptors were assessed using both RT-PCR (Figure 3b)
and quantitative RT-PCR (data not shown). In neither
case could any expression of the mRNA of the
chemokines, cytokines, and chemokine receptors be
detected. The mice treated with vehicle showed no dif-
ference from the 14-week-old mice kept in conventional
conditions (data not shown).

Discussion

The NC/Nga mouse has been proposed as a model of
human AD. The skin lesions that developed in these mice
when kept under conventional conditions resemble those
of human AD, with marked CD4* lymphocyte infiltration
accompanied by macrophages, eosinophils, and mast cells
(15). This mouse strain has also been shown to have an
increase in serum IgE levels as in human patients with AD,
which has been shown to be due to an enhanced phospho-
rylation of JAK3 in these mice and probably also in human
patients with AD (16). The eliciting factor of the dermatitis
is not known, but when BALB/c mice were kept under con-
ventional conditions with the NC/Nga mice, they did not
develop any lesions, indicating that a genetic factor in addi-
tion to an environmental factor is responsible for the devel-
opment of the dermatitis (15). AD has been described to be
a Th2-type disease, at least in the initiating phase, as lym-
phocytes invading the skin mainly produce IL-4, IL-5, and
IL-10 (10). The chemokine receptor predominantly
expressed on Th2-type human T cells is CCR4 (21, 23),and
the ligands for this receptor are TARC (25) and MDC (24).
TARC/MDC-CCR4 system has been shown to be involved
in Th2-mediated disease process, even in murine models
(31, 36). Production of IL-4 and IL-5 in skin lesions of the
NC/Nga mice has been described (15), and the production
of IL-4 in mast cells and lymphocytes in the dermis of
lesional skin is also demonstrated in that study.

On the basis of these results, the pathogenesis of the
skin lesions in the NC/Nga mice has been postulated
to be dictated by Th2-type cytokines, and the expres-
sion of the ligands for CCR4 in these mice was exam-
ined in this study. Overexpression of TARC by the basal
keratinocytes as the lesions develops in the skin of the
NC/Nga mice suggests that TARC plays a key role in
the pathogenesis of the lesions. When murine ker-
atinocytic cell line cells were cultured in the presence of
several inflammatory cytokines, TNF-0 was the most
potent inducer of TARC. Induction of TARC by Th1
cytokine IFN-yin keratinocytes was rather unexpected
but is consistent with high expression of TARC in the
skin of the NC/Nga mice at a time when concomitant
expression of IFN-y was observed. On the other hand, a
Th2-type cytokine IL-4 did not induce TARC produc-
tion. TNF-a has been reported to be upregulated in
mast cells in the skin of AD lesions (37) and to induce
expression of adhesion molecules in the endothelium
in lesional AD skin (38), suggesting a dual role for
TNF-a as an inducer of chemokines and adhesion mol-
ecules, thereby acting on 2 different molecules in the
chemotactic process. Keratinocytes are known to pro-
duce several cytokines, such as IL-1, IL-6, and IL-8 (39),
but this is the first time that TARC has been produced
by keratinocytes. This finding suggests that TARC pro-
duced by activated keratinocytes could be an early
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Figure 5

Quantitative RT-PCR for MDC and CCRS5. The ratios of expression for
MDC and CCRS between mice kept in normal and SPF condition were
calculated using GADPH as an internal reference and the expression in
the SPF skin as baseline. The results were calculated from 3 independent
experiments. Error bars indicate SD.

inducer of the Th2 response by attracting CCR4* Th2
T lymphocytes to the lesional skin.

The second ligand using the chemokine receptor CCR4
is MDC, and we found a constitutive expression of MDC
in both lesional and nonlesional skin in mice ages 6-14
weeks. Using anti-MDC polyantibody, the cells producing
MDC were identified to be large round or spindle-shaped
cells. The quantitative RT-PCR showed significant differ-
ence in the expression of MDC. However, the distribution
of the MDC-positive cells differed in lesional and nonle-
sional skin, with cells lying deeper in the dermis and the
subcutaneous tissue in the nonlesional skin compared to
the lesional skin. These results indicate a more complex
role of MDC than TARC in the pathogenesis of the AD-like
skin lesions in the NC/Nga mice. MDC may, under SPF
conditions, act as a homeostatic chemokine, regulating the
normal leukocyte trafficking through the skin. The impor-
tance of TARC and MDC in the pathogenesis of the AD-
like disease in the NC/Nga mice is the enhanced expression
of CCR4 mRNA in the lesional skin that was not expressed
at all in the nonlesional skin. This finding also strengthen
the evidence that the skin disease is subject to a Th2-type
cytokine response. To establish whether TARC and MDC
are selectively involved in Th2-mediated skin disease, fur-
ther investigations in other eczematous lesions induced by
contact allergens and infectious agents are required.

Table 1
The cellular composition of the infiltrate in the skin lesions.

Marker Conventional conditions SPF Steroid Treatment
CD4 37 (£2.79) 132 (+3.89) 3.2 (£1.08)
CD8 104 (+1.95) 0.4 (£0.48) 1 (£0.77)
Dermal Mo 66.8 (+7.11) 23.8  (£3.4) 451 (+5.28)
C-kit 40.4 (+9.15) 16.6 (£4.96) 27.4 (£3.72)
NLDC 17.8  (+3.54) 4.8 (+£1.25) 2.3 (+1.29)
MHCII 722 (+3.76) 30.8  (£2.27) 4 (£1.34)

The number of cells counted in immunohistochemical stainings of 8 mm thick cryo-
sections of skin biopsies from 14 weeks old mice kept in normal conditions, SPF
conditions and 15 weeks old mice kept in normal conditions and treated with
steroid for T week. The left side column describes which cell has been counted. The
cells were counted in 5 consecutive fields at X400 magnification in sections from
two different mice. The numbers in the parentheses are the standard deviations.
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Eotaxin is known as a potent chemoattractant for
eosinophils (40) and a ligand for CCR3 in both humans
(41) and mice (42). In our study, eotaxin was expressed
in both lesional and nonlesional skin, but the receptor
was only expressed in lesional skin. This is in line with
the description of eosinophils as a cell infiltrating the
skin of AD lesions (7, 15).

Regarding the cellular composition of the dermal infil-
trate in the lesional skin, our results confirm those
already observed (15), with the infiltrate consisting of
lymphocytes with a high CD4*/CD8* ratio and a high
number of macrophages and mast cells. In addition, the
number of NLDC- and MHC II-positive cells were
increased in the skin lesions, but with a much higher
number of MHC II-positive cells. Some of the NLDC-
positive cells were also positive for MHC II and were, in
all likelihood, dermal DCs, but the remaining MHC
II-positive cells were probably macrophages based on
their morphology and distribution of MMGL-positive
cells. In addition, these NLDC- and MHC II-positive der-
mal DCs were revealed to be the source of MDC in the
lesional skin by double immunostaining. In the epider-
mis, a large number of NLDC- and MHC II-positive cells
were found; these were likely to be Langerhans cells.

Steroid treatment for 1 week had a remarkable ame-
liorating effect on the lesions of the mice kept in con-
ventional conditions: the lesions almost disappeared.
But such treatment also had adverse effect, as the treat-
ed skin in some areas became very thin. The regression
of the acanthosis and hyperkeratosis may be due to
removal of the pruritus, which in turn stops the mouse
from scratching itself, thereby interrupting the lichini-
fying process, rather than being a direct effect of steroids
on the epidermis. Microscopically, the infiltration was
markedly reduced, leaving only very few CD4* cells and
almost no CD8" cells. On the other hand, the number of
dermal macrophages was still high, as was the number
of mast cells, which may be due either to these particu-
lar cells’ lower sensitivity to steroid or to a longer
turnover time in the skin. The result presented here is
apparently in disagreement with results reported earlier
(17), but it may be because of a larger amount of topical
steroid used in this study.

The results presented here support the previous
reports on the NC/Nga mouse as a model for human
AD. Interestingly, the levels TARC produced mainly by
the keratinocytes of basal layer in the skin correlated
with the severity of the skin lesions, whereas MDC was
produced by dermal DCs in both lesional and nonle-
sional skin, although the level of MDC production
increased in lesional skin, as did the number of MDC-
producing cells. Surprisingly, TARC, a Th2 chemokine,
could be induced in keratinocytic cell line cells by IFN-y,
a Thl cytokine, which, although consistent with the
results observed in the skin of the NC/Nga mouse and
also in human patients with AD (11), is a unique aug-
mentation of 1 Th-type response by the other. Further
investigations of these observations in humans are need-
ed, but this might be an important clue in investigating
the complexity of the pathogenesis of AD in humans, as
this shows a direct connection between the Th1 and Th2
response in the skin.
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