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a b s t r a c t

A Th2 cytokine, IL-4, induces various chemokines from epidermal keratinocytes which play crucial roles
in the pathogenesis of skin disorders such as atopic dermatitis. In contrast, the role of IFN-c, a Th1
cytokine, on eosinophilic skin inflammation is unclear. This study investigated the effects of IFN-c on
IL-4-induced production of eotaxin-3/CCL26, a potent chemoattractant to eosinophils, in normal human
epidermal keratinocytes (NHEK). When the cells were stimulated with IL-4 and IFN-c simultaneously, IL-4-
induced CCL26 production was attenuated. In contrast, prior stimulation with IFN-c enhanced IL-4-induced
CCL26 production. NHEK constitutively expressed type 1 IL-4 receptor, and expression at the cell surface
was upregulated by stimulation with IFN-c. This upregulation resulted in an enhanced IL-4-mediated cel-
lular signal. These results indicate that IFN-c has opposite effects on IL-4-induced CCL26 production in
NHEK depending on the time of exposure. Thus, changes in IL-4R expression by IFN-cmight modulate eosin-
ophilic skin inflammation.

� 2008 Elsevier Inc. All rights reserved.
Epidermal keratinocytes represent the first line of defense
against harmful effects such as heat wounds and virus skin infections
[1,2]. Epidermal keratinocytes also play important roles in the
pathogenesis of inflammatory skin diseases such as atopic dermati-
tis [3–5]. Inflammatory cells in the lesional skin of atopic dermatitis
are mainly composed of lymphocytes, mast cells and eosinophils [6].
These cells are believed to infiltrate the skin by various cytokines and
chemokines produced from epidermal keratinocytes. Overproduc-
tion of T helper type 2 (Th2)-specific chemokines has been observed
in atopic-dermatitis-like lesions in mice [4]. Thymus- and activa-
tion-regulated chemokines (TARC/CCL17) produced from epidermal
keratinocytes may be involved in recruiting Th2 lymphocytes to the
skin of subjects with atopic dermatitis [7]. Human keratinocytes
stimulated with IL-13, a pivotal mediator of the Th2 immune re-
sponse, preferentially attract Th2 lymphocytes through production
of macrophage-derived chemokines (MDC/CCL22) [8]. Thus, initia-
tion of atopic dermatitis is thought to be mediated by means of early
skin infiltration of Th2 lymphocytes. Epidermal keratinocytes also
produce eosinophil-attracting chemokines such as eotaxin/CCL11,
eotaxin-2/CCL24, and eotaxin-3/CCL26 [9,10]. Eosinophilic inflam-
mation in lesional skin of patients with atopic dermatitis can be ex-
plained by the production of these chemokines from epidermal
keratinocytes and the Th2 cytokines, IL-4, and IL-5.
ll rights reserved.
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In the chronic phase of lesional skin due to atopic dermatitis,
however, the accumulation of activated monocytes, dendritic cells,
and eosinophils causes a rise in IL-12 expression and the appear-
ance of a mixed Th1/Th2 cytokine pattern. Concomitant with this
rise are reduced concentrations of Th2 cytokines and the presence
of a Th1 cytokine, IFN-c [5,11]. Although IFN-c-induced CCL17 pro-
duction from epidermal keratinocytes indicates the infiltration of
Th2 lymphocytes and the production of Th2 cytokines [12], IFN-c
was found to attenuate IL-4-induced CCL26 production in a human
keratinocyte cell line [10]. These results indicate that IFN-c has
ambiguous roles in eosinophilic skin inflammation arising from
atopic dermatitis. Interestingly, it had been demonstrated that
IFN-c has dual effects on IL-4-induced CCL26 production in airway
epithelial cells, depending on the length of exposure [13].

We therefore investigated the effect of IFN-c on IL-4-induced
CCL26 production in primary human epidermal keratinocytes
(NHEK). NHEK showed dual opposite responses against IFN-c
stimulation regarding IL-4-induced CCL26 production. The mech-
anism behind this response involved type 1 IL-4 receptor (IL-4R)
upregulation. The results of the current study suggest that en-
hanced IL-4-dependent inflammation might occur in the chronic
phase of atopic dermatitis.

Materials and methods

Cell culture. NHEK cells were purchased from Cambrex Bio
Science (Walkersville, MD). The cells were cultured using a KGM-
2 Bullet kit (Cambrex Bio Science) at 37 �C in a humidified
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atmosphere containing 5% CO2. NHEK were passed by
trypsinization, and cells at 70–80% confluence at the third passage
were used for each experiment. Cells were seeded 1 day prior to
the experiments at 2 � 105 cells per well for six-well plates and
4 � 105 cells per well for 6-cm plates. Prior to stimulation, the
culture medium was replaced with Dulbecco’s modified Eagle’s
medium without fetal bovine serum (FBS). Various concentrations
of IL-4 and/or IFN-c (Peprotec, London, UK) were added to the
medium and the cells were incubated as indicated. In some exper-
iments, the cells were pretreated with IFN-c before IL-4
stimulation.

Reverse transcription-polymerase chain reaction (RT-PCR).
Extraction of total RNA, reverse transcription and PCRs for CCL11,
CCL24, CCL26, and b-actin were carried out as previously described
[13]. PCR products were electrophoresed on a 1.5% agarose gel
(Conda, Madrid, Spain) and photographed.

QuantitativeRT-PCR. Messenger RNA expression of CCL26, IL-4Ra,
cC, IL-13Ra1, and IL-13Ra2 were also examined by quantitative
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Fig. 1. (A) Quantitative analysis of CCL26 mRNA expression from NHEK. Left panel: Cells
Effect of IFN-c on CCL11, CCL24, and CCL26 mRNA expression. Cells were incubated for 24
of IFN-c on IL-4-induced CCL26 mRNA expression. Results shown are means ± SD of val
**P < 0.05).
real-time PCR. All probes (CCL26: Hs 00171146_m1; IL-4Ra1:
Hs00166237_m1; cC: Hs00173950_m1; IL-13Ra1: Hs00609817_m1;
IL-13Ra2: Hs00152924_m1) were purchased from Applied Biosys-
tems (Foster City, CA). GAPDH (Hs99999905_m1) was used as an
internal control for all PCR. Relative mRNA expression was quanti-
fied using the comparative Ct (DCt) method and expressed as
means ± SD.

Enzyme-linked immunosorbent assay (ELISA). The presence of
CCL11, CCL24, and CCL26 in the culture supernatants was detected
by a sandwich ELISA from R&D systems (Minneapolis, MN), per-
formed according to the manufacturer’s instructions.

Western blotting. Cellular protein was extracted using a lysis
buffer as previously described [13]. Ten micrograms of protein
were electrophoresed on 8–10% SDS polyacrylamide gel and
transferred to nitrocellulose membranes (Bio-Rad, Richmond,
CA). In order to detect signal transducer and activator of tran-
scription 6 (STAT6), phosphorylated STAT6 (pSTAT6) and IL-
4Ra, the following antibodies were used: rabbit anti-STAT6
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(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-pSTAT6
(Santa Cruz) and rabbit anti-IL-4Ra (Santa Cruz). The membranes
were developed using a West Dura detection kit (Pierce, Rock-
ford, IL) and analyzed using a chemiluminescence analyzing sys-
tem (Las-1000 plus; Fujifilm, Tokyo, Japan).

Flow cytometry. Flow cytometry analysis was performed as pre-
viously described [14]. The cells were labeled with phycoerythrin-
conjugated mouse anti-human IL-4Ra (Immunotech, Marseille,
France) or rat anti-human cC (Becton Dickinson, Mountain View,
CA). The labeled cells were analyzed on a FACS Caliber (Becton
Dickinson) and 10,000 events were collected.

Statistical analysis. Data are presented as means ± SD. Significant
differences were assessed using the paired Student’s t test. P values
less than 0.05 were considered statistically significant.

Results

Inhibitory effect of IFN-c on IL-4-induced CCL26 mRNA expression

CCL26 mRNA expression in NHEK was investigated first.
Although no constitutive mRNA expression of CCL26 was observed,
we confirmed that NHEK expressed CCL26 mRNA upon stimulation
with IL-4 in a time- and dose-dependent manner (Fig. 1A). When
IL-4 and IFN-c were present simultaneously in the culture medium,
IL-4-induced CCL26 mRNA expression was significantly attenuated
by IFN-c (Fig. 1B and C). No constitutive CCL11 mRNA was expressed
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Fig. 2. Effect of IFN-c pretreatment on IL-4-induced CCL26 production. (A) Left panel: sc
Gray bar, incubation only with culture medium; hatched bar, incubation with IL-4 (25 n
culture medium was determined by ELISA. Results shown are means ± SD of values from
(B) Quantitative analysis of IL-4-induced CCL26 mRNA expression. White bar indicates CC
were incubated as indicated in (A, column f). Representative RT-PCR data from two sep
in NHEK. It was observed that a small amount of CCL11 mRNA
expression was induced by IL-4, and was inhibited by IFN-c
(Fig. 1B). No CCL24 mRNA was detected in this study (Fig. 1B).

IFN-c pretreatment enhanced IL-4-induced CCL26 production

We previously observed that IFN-c had opposite dual effects on
IL-4-induced CCL26 production in airway epithelial cells. Pretreat-
ment with IFN-c enhanced IL-4-induced CCL26 production in the
cells [13]. We therefore investigated the effect of IFN-cpretreatment
on IL-4-induced CCL26 production in NHEK. NHEK were incubated
with IL-4 and/or IFN-c as indicated in Fig. 2A. IL-4-induced CCL26
release into the culture medium was significantly enhanced in
IFN-c-pretreated cells (Fig. 2A, column f). In contrast, CCL26 produc-
tion was significantly attenuated when IL-4 and IFN-c were present
simultaneously in the culture medium (Fig. 2A, column d). When
NHEK were stimulated with IL-4 soon after IFN-c pretreatment, no
enhanced IL-4-induced CCL26 production was observed (Fig. 2A, col-
umn e). IL-4-induced CCL26 mRNA expression was augmented in
cells pretreated with IFN-c (Fig. 2B), consistent with the results from
the CCL26 production experiments.

IFN-c enhanced IL-4 receptor expression

We next investigated the mechanism by which IFN-c pretreat-
ment enhances IL-4-induced CCL26 production. It was observed
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Fig. 3. Quantitative mRNA expression analyses of components of IL-4Rs. (A) IL-4Ra and cC mRNA expression. (B) IL-13Ra1 and IL-13Ra2 mRNA expression. Cells were
incubated with varying doses of IFN-c for 24 h. Results shown are means ± SD of values from a representative experiment performed with triplicate samples. (*P < 0.01;
**P < 0.05).
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that NHEK constitutively expressed mRNA of IL-4Ra and cC, which
are components of type 1 IL-4R. IFN-c dose-dependently enhanced
mRNA expression of IL-4Ra and cC (Fig. 3A). Constitutive mRNA
expression of IL-13Ra1, a component of type 2 IL-4R, was ob-
served, and its expression was upregulated by IFN-c (Fig. 3B).
These results indicate that NHEK express both type 1 and 2 IL-
4R. Interestingly, mRNA expression of IL-13Ra2, a decoy receptor
for IL-13, was also enhanced by IFN-c (Fig. 3B). Western blotting
showed constitutive IL-4Ra expression, which was upregulated
by IFN-c (data now shown). Flow cytometry analysis also revealed
that NHEK express both components of type 1 IL-4R at the cell sur-
face when expression is upregulated by IFN-c (Fig. 4A). Dose-
dependent upregulation of IL-4Ra and cC were also observed
(Fig. 4B). Finally, we investigated the effect of IFN-c pretreatment
on IL-4-induced phosphorylation of STAT6, and found that pre-
treatment with IFN-c for 24 h enhanced pSTAT6 generation in-
duced by IL-4 (Fig. 4C).

Discussion

This study demonstrated that NHEK produce CCL26 upon
stimulation with IL-4, which is consistent with results from pre-
vious studies [9,10]. Although IL-4 induced a small amount of
CCL11 mRNA expression in the present study, no CCL11 protein
was detected. However, neither CCL24 mRNA nor protein was
detected. It can be speculated that CCL26 might be an eotaxin
mainly produced from epidermal keratinocytes upon stimulation
with IL-4.

The inhibitory effect of IFN-c on IL-4-induced CCL26 mRNA
expression and protein production was observed in this study,
which is in line with previous findings in HacaT cells [10]. Suppres-
sor of cytokine signaling 1 (SOCS1)-dependent inhibition of IL-4-
induced gene expression was demonstrated in keratinocytes [15].
In addition, IFN-c-induced SOCS1 regulates STAT6-dependent
CCL11 expression triggered by IL-4 and TNF-a in mouse embryonic
fibroblasts [16]. In the IFN-c pretreatment experiments in this
study, an additional 24-h incubation without IFN-c prior to IL-4
stimulation was required to enhance IL-4-induced CCL26 produc-
tion (Fig. 2A, column f). No enhanced CCL26 production was ob-
served in cells stimulated with IL-4 soon after completion of the
IFN-c pretreatment (Fig. 2A, column e). This additional incubation
without IFN-c might be necessary to counteract the effect of IFN-c-
induced SOCS1 in NHEK.

Several studies have shown that the cytokine profile in the skin
changes during the course of atopic dermatitis, resulting in a Th1/
Th2 mixed cytokine profile [11,17]. Given that IFN-c inhibits CCL26
production from epidermal keratinocytes, a change in cytokine
profile from Th2 to Th1 might indicate attenuation of eosinophilic
inflammation in the chronic phase of atopic dermatitis; however,
eosinophils were still observed in this phase [18]. Eosinophil infil-
tration in the chronic phase of atopic dermatitis may be explained
at least in part by the observation that IFN-c induces CCL17



Fig. 4. Protein expression of components of type 1 IL-4R. (A) Kinetics of IL-4Ra and cC expression at the cell surface over time. IL-4Ra and cC expressions were investigated
by FACS as described in materials and methods section. Cells were treated with 5 ng/ml of IFN-c for 0 h (shaded area), 24 h (thin line) and 48 h (bold line). Dotted histogram:
control cells labeled with isotype matched mouse (IL-4Ra) or rat (cC) IgG. (B) Dose-dependent induction of IL-4Ra and cC. Cells were treated with 0 ng/ml (shaded area),
5 ng/ml (thin line), and 50 ng/ml (bold line) of IFN-c for 48 h. (C) Enhanced IL-4-induced pSTAT6 generation in cells pretreated with IFN-c. NHEK were pretreated with 5 ng/
ml of IFN-c for 24 h. After washing with PBS, the cells were incubated with culture medium for 24 h. Cells were then stimulated with 25 ng/ml of IL-4 for 5 min.
Representative Western blot data from three separate experiments is shown.
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production from keratinocytes, perhaps similar to the way CCL17
preferentially stimulates the infiltration of Th2 lymphocytes [19].
The observation in this study that pretreatment with IFN-c
enhanced IL-4-induced CCL26 production might reveal a novel
mechanism by which eosinophil infiltration is maintained in the
chronic phase of atopic dermatitis.

Receptor regulation is an important mechanism by which
several mediators, including IL-4 and IL-13, work. IL-4 and IL-13
signal through IL-4R complexes [20], of which two types have been
demonstrated. Type 1 IL-4R is composed of IL-4Ra and cC subunits
and is primarily expressed in hematopoietic cells [20], whereas
type 2 IL-4R is composed of IL-4Ra and IL-13Ra1 subunits and is
primarily expressed in non-hematopoietic cells [20,21]. Although
IL-4 binds to both types of IL-4R, IL-13 signals only through type
2 IL-4R [20]. Important roles for IL-13 in skin inflammation have
been demonstrated [22], and upregulation of IL-13Ra1 in human
keratinocytes in the skin of atopic dermatitis and psoriasis patients
has been described [23,24]. Recently, Purwar and colleagues
showed modulation of type 2 IL-4R expression by several cytokines
including IFN-c in keratinocytes [25]. In a keratinocyte cell line,
however, no cC mRNA expression was demonstrated, indicating
that the cell line only expressed type 2 IL-4R [26]. Wongpiyabov-
orn and colleagues observed a small amount of cC mRNA, and
expression was upregulated by IFN-c; however, no cC protein
was observed by FACS analysis of primary human keratinocytes
[23]. Conversely, several reports have noted differential effects of
IL-4 and IL-13, which suggests expression of both types of IL-4R
in keratinocytes [23,27,28]. FACS analyses in the present study
clearly demonstrate constitutive protein expression in NHEK of
the type 1 IL-4R components, IL-4Ra1 and cC. It is interesting that
IFN-c enhanced protein expression of both IL-4Ra1 and cC, sug-
gesting upregulation of type 1 IL-4R in NHEK. In addition, IFN-c-in-
duced type 1 IL-4R upregulation resulted in enhanced IL-4-induced
CCL26 production through enhancement of the IL-4-induced cellu-
lar signal, STAT6. These results suggest that IL-4 might play an
important role in skin inflammation, specifically in conditions
associated with enhanced levels of IFN-c such as the chronic phase
of atopic dermatitis.

We also observed IFN-c-enhanced expression of both IL-13Ra1
and IL-13Ra2 mRNA, which is in line with the findings of a recent
study [25]. IL-13Ra2 has been suggested to function as a decoy
receptor because the cytoplasmic region of IL-13Ra2 does not have
a signaling motif or JAK/STAT binding sequence [29]. Since
IL-13Ra2 shows high affinity towards IL-13 compared to
IL-13Ra1, enhanced expression of IL-13Ra2 may reduce the extent
of IL-13 in skin inflammation [29,30]. Although the expression of
IL-13Ra1 and IL-13Ra2 protein was not examined in this study,
it is likely that these receptors may be upregulated by IFN-c in
NHEK. Taken together, results to date indicate that as the impor-
tance of IL-13 decreases, the important role of IL-4 might increase
in IFN-c-dominant chronic skin lesions such as atopic dermatitis.
Further studies will be needed to clarify the role of IL-4, IL-13,
and IL-13Ra2 on keratinocytes in skin inflammation.

Atopic dermatitis is exacerbated by various causes, including
bacterial skin infection [31] and viral infection [32]. The role of
IFN-c in such conditions remains unclear. A Toll-like receptor-9
ligand, CpG oligodeoxynucleotide, is a known potent inducer of
Th1 cytokines including IFN-c, and has been demonstrated to exac-
erbate atopic dermatitis-like skin lesion in NC/Nga mice [33]. In
these mice, hyperproduction of INF-c may play a role in exacerbat-
ing dermatitis in spite of the reduced production of Th2 cytokines.
If such skin lesions are exposed to allergen, IL-4 induced from Th2
lymphocytes might result in enhanced CCL26 production from
keratinocytes through upregulation of type 1 IL-4R by IFN-c.

In conclusion, this study demonstrated upregulation of type 1
IL-4R by IFN-c, which resulted in enhanced IL-4-induced
production of CCL26 from keratinocytes. Although the importance
of IL-13 and its receptor (type 2 IL-4R) in lesional skin have been
emphasized, the present results might also indicate the specific
importance of IL-4 and type 1 IL-4R in chronic skin inflammation
such as atopic dermatitis.

Acknowledgments

We are grateful to Michiko Ozeki for her excellent technical
assistance. This study was supported in part by a grant from Min-
istry of Health, Labor and Welfare, Japan.

References

[1] L. Liu, Z. Xu, R.C. Fuhlbrigge, V. Pena-Cruz, J. Lieberman, T.S. Kupper, Vaccinia
virus induces strong immunoregulatory cytokine production in healthy human
epidermal keratinocytes: a novel strategy for immune evasion, J. Virol. 79
(2005) 7363–7370.

[2] M. Tohyama, X. Dai, K. Sayama, K. Yamasaki, Y. Shirakata, Y. Hanakawa, S.
Tokumaru, Y. Yahata, L. Yang, H. Nagai, A. Takashima, K. Hashimoto, dsRNA-
mediated innate immunity of epidermal keratinocytes, Biochem. Biophys. Res.
Commun. 335 (2005) 505–511.

[3] A.S. Charbonnier, N. Kohrgruber, E. Kriehuber, G. Stingl, A. Rot, D. Maurer,
Macrophage inflammatory protein 3alpha is involved in the constitutive
trafficking of epidermal langerhans cells, J. Exp. Med. 190 (1999) 1755–
1768.

[4] C. Vestergaard, H. Yoneyama, M. Murai, K. Nakamura, K. Tamaki, Y. Terashima,
T. Imai, O. Yoshie, T. Irimura, H. Mizutani, K. Matsushima, Overproduction of
Th2-specific chemokines in NC/Nga mice exhibiting atopic dermatitis-like
lesions, J. Clin. Invest. 104 (1999) 1097–1105.

[5] M.L. Giustizieri, F. Mascia, A. Frezzolini, O. De Pita, L.M. Chinni, A. Giannetti, G.
Girolomoni, S. Pastore, Keratinocytes from patients with atopic dermatitis and
psoriasis show a distinct chemokine production profile in response to T cell-
derived cytokines, J. Allergy. Clin. Immunol. 107 (2001) 871–877.

[6] L. Piloto Valdes, A.H. Gomez Echevarria, A.F. Valdes Sanchez, C. Ochoa Ochoa, A.
Chong Lopez, G. Mier Naranjo, Atopic dermatitis. Findings of skin biopsies,
Allergol. Immunopathol. (Madr) 18 (1990) 321–324.

[7] X. Zheng, K. Nakamura, H. Furukawa, A. Nishibu, M. Takahashi, M. Tojo, F.
Kaneko, T. Kakinuma, K. Tamaki, Demonstration of TARC and CCR4 mRNA
expression and distribution using in situ RT-PCR in the lesional skin of atopic
dermatitis, J. Dermatol. 30 (2003) 26–32.

[8] R. Purwar, T. Werfel, M. Wittmann, IL-13-stimulated human keratinocytes
preferentially attract CD4+CCR4+ T cells: possible role in atopic dermatitis, J.
Invest. Dermatol. 126 (2006) 1043–1051.

[9] K. Igawa, T. Satoh, M. Hirashima, H. Yokozeki, Regulatory mechanisms of
galectin-9 and eotaxin-3 synthesis in epidermal keratinocytes: possible
involvement of galectin-9 in dermal eosinophilia of Th1-polarized skin
inflammation, Allergy 61 (2006) 1385–1391.

[10] S. Kagami, H. Saeki, M. Komine, T. Kakinuma, Y. Tsunemi, K. Nakamura, K.
Sasaki, A. Asahina, K. Tamaki, Interleukin-4 and interleukin-13 enhance CCL26
production in a human keratinocyte cell line, HaCaT cells, Clin. Exp. Immunol.
141 (2005) 459–466.

[11] T. Werfel, A. Morita, M. Grewe, H. Renz, U. Wahn, J. Krutmann, A. Kapp,
Allergen specificity of skin-infiltrating T cells is not restricted to a type-2
cytokine pattern in chronic skin lesions of atopic dermatitis, J. Invest.
Dermatol. 107 (1996) 871–876.

[12] T. Horikawa, T. Nakayama, I. Hikita, H. Yamada, R. Fujisawa, T. Bito, S. Harada,
A. Fukunaga, D. Chantry, P.W. Gray, A. Morita, R. Suzuki, T. Tezuka, M.
Ichihashi, O. Yoshie, IFN-gamma-inducible expression of thymus and
activation-regulated chemokine/CCL17 and macrophage-derived chemokine/
CCL22 in epidermal keratinocytes and their roles in atopic dermatitis, Int.
Immunol. 14 (2002) 767–773.

[13] S. Yamamoto, I. Kobayashi, K. Tsuji, N. Nishi, E. Muro, M. Miyazaki, M. Zaitsu, S.
Inada, T. Ichimaru, Y. Hamasaki, Upregulation of interleukin-4 receptor by
interferon-gamma: enhanced interleukin-4-induced eotaxin-3 production in
airway epithelium, Am. J. Respir. Cell. Mol. Biol. 31 (2004) 456–462.

[14] K. Tsuji, S. Yamamoto, W. Ou, N. Nishi, I. Kobayashi, M. Zaitsu, E. Muro, Y.
Sadakane, T. Ichimaru, Y. Hamasaki, dsRNA enhances eotaxin-3 production
through interleukin-4 receptor upregulation in airway epithelial cells, Eur.
Respir. J. 26 (2005) 795–803.

[15] S. Madonna, C. Scarponi, O. De Pita, C. Albanesi, Suppressor of cytokine
signaling 1 inhibits IFN-{gamma} inflammatory signaling in human
keratinocytes by sustaining ERK1/2 activation, FASEB J. (2008).

[16] T. Sato, R. Saito, T. Jinushi, T. Tsuji, J. Matsuzaki, T. Koda, S. Nishimura, H.
Takeshima, T. Nishimura, IFN-gamma-induced SOCS-1 regulates STAT6-
dependent eotaxin production triggered by IL-4 and TNF-alpha, Biochem.
Biophys. Res. Commun. 314 (2004) 468–475.

[17] D. Rudikoff, M. Lebwohl, Atopic dermatitis, Lancet 351 (1998) 1715–1721.
[18] L.S. Ou, J.L. Huang, Cellular aspects of atopic dermatitis, Clin. Rev. Allergy

Immunol. 33 (2007) 191–198.
[19] C. Vestergaard, K. Bang, B. Gesser, H. Yoneyama, K. Matsushima, C.G. Larsen, A

Th2 chemokine, TARC, produced by keratinocytes may recruit CLA+CCR4+



240 N. Nishi et al. / Biochemical and Biophysical Research Communications 376 (2008) 234–240
lymphocytes into lesional atopic dermatitis skin, J. Invest. Dermatol. 115
(2000) 640–646.

[20] A. Gessner, M. Rollinghoff, Biologic functions and signaling of the interleukin-4
receptor complexes, Immunobiology 201 (2000) 285–307.

[21] M. Akaiwa, B. Yu, R. Umeshita-Suyama, N. Terada, H. Suto, T. Koga, K. Arima, S.
Matsushita, H. Saito, H. Ogawa, M. Furue, N. Hamasaki, K. Ohshima, K. Izuhara,
Localization of human interleukin 13 receptor in non-haematopoietic cells,
Cytokine 13 (2001) 75–84.

[22] Q. Hamid, T. Naseer, E.M. Minshall, Y.L. Song, M. Boguniewicz, D.Y. Leung, In
vivo expression of IL-12 and IL-13 in atopic dermatitis, J. Allergy Clin.
Immunol. 98 (1996) 225–231.

[23] J. Wongpiyabovorn, H. Suto, H. Ushio, K. Izuhara, K. Mitsuishi, S. Ikeda, A.
Nakao, K. Okumura, H. Ogawa, Up-regulation of interleukin-13 receptor
alpha1 on human keratinocytes in the skin of psoriasis and atopic dermatitis, J.
Dermatol. Sci. 33 (2003) 31–40.

[24] J.C. Cancino-Diaz, E. Reyes-Maldonado, C.A. Banuelos-Panuco, L. Jimenez-
Zamudio, E. Garcia-Latorre, G. Leon-Dorantes, F. Blancas-Gonzalez, G. Paredes-
Cabrera, M.E. Cancino-Diaz, Interleukin-13 receptor in psoriatic keratinocytes:
overexpression of the mRNA and underexpression of the protein, J. Invest.
Dermatol. 119 (2002) 1114–1120.

[25] R. Purwar, T. Werfel, M. Wittmann, Regulation of IL-13 receptors in human
keratinocytes, J. Invest. Dermatol. 127 (2007) 1271–1274.

[26] S. Wery-Zennaro, M. Letourneur, M. David, J. Bertoglio, J. Pierre, Binding of IL-4
to the IL-13Ralpha(1)/IL-4Ralpha receptor complex leads to STAT3
phosphorylation but not to its nuclear translocation, FEBS Lett. 464 (1999)
91–96.
[27] T. Kakinuma, K. Nakamura, M. Wakugawa, S. Yano, H. Saeki, H. Torii, M.
Komine, A. Asahina, K. Tamaki, IL-4, but not IL-13, modulates TARC (thymus
and activation-regulated chemokine)/CCL17 and IP-10 (interferon-induced
protein of 10kDA)/CXCL10 release by TNF-alpha and IFN-gamma in HaCaT cell
line, Cytokine 20 (2002) 1–6.

[28] B. Yu, T. Koga, K. Urabe, Y. Moroi, S. Maeda, Y. Yanagihara, M. Furue,
Differential regulation of thymus- and activation-regulated chemokine
induced by IL-4, IL-13, TNF-alpha and IFN-gamma in human keratinocyte
and fibroblast, J. Dermatol. Sci. 30 (2002) 29–36.

[29] K. Kawakami, J. Taguchi, T. Murata, R.K. Puri, The interleukin-13 receptor
alpha2 chain: an essential component for binding and internalization but not
for interleukin-13-induced signal transduction through the STAT6 pathway,
Blood 97 (2001) 2673–2679.

[30] N. Feng, S.M. Lugli, B. Schnyder, J.F. Gauchat, P. Graber, E. Schlagenhauf, B.
Schnarr, M. Wiederkehr-Adam, A. Duschl, M.H. Heim, R.A. Lutz, R. Moser, The
interleukin-4/interleukin-13 receptor of human synovial fibroblasts:
overexpression of the nonsignaling interleukin-13 receptor alpha2, Lab.
Invest. 78 (1998) 591–602.

[31] B.S. Baker, The role of microorganisms in atopic dermatitis, Clin. Exp. Immunol.
144 (2006) 1–9.

[32] F. Feye, C.D. Halleux, J. Gillet, D. Vanpee, Exacerbation of atopic dermatitis in
the emergency department, Eur. J. Emerg. Med. 11 (2004) 360–362.

[33] M. Takakura, F. Takeshita, M. Aihara, K.Q. Xin, M. Ichino, K. Okuda, Z. Ikezawa,
Hyperproduction of IFN-gamma by CpG oligodeoxynucleotide-induced
exacerbation of atopic dermatitis-like skin lesion in some NC/Nga mice, J.
Invest. Dermatol. 125 (2005) 1156–1162.


	Enhanced CCL26 production by IL-4 through IFN-gamma-induced IFN- gamma -induced upregulation of type 1 IL-4 receptor in keratinocytes
	Materials and methods
	Results
	Inhibitory effect of IFN- gamma  on IL-4-induced CCL26 mRNA expression
	IFN- gamma  pretreatment enhanced IL-4-induced CCL26 production
	IFN- gamma  enhanced IL-4 receptor expression

	Discussion
	AcknowledgementAcknowledgments
	References


