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Summary

 

Eotaxin-2/CCL24 and eotaxin-3/CCL26 are CC chemokines and their recep-
tor, CC chemokine receptor 3 is preferentially expressed on eosinophils. It was
reported that vascular endothelial cells and dermal fibroblasts produced
CCL26. However, the regulation of CCL24 and CCL26 production in kerati-
nocytes has not been well documented. We investigated the expression and
production of CCL24 and CCL26 in the human keratinocyte cell line, HaCaT
cells. Reverse transcription and polymerase chain reaction was performed
using these cells and Enzyme-linked immunosorbent assay was carried out
using supernatant of these cells. The production of CCL24 in HaCaT cells was
slightly enhanced by IL-4 and that of CCL26 was strongly enhanced by IL-4
and IL-13. Furthermore, TNF-aaaa

 

 generated a synergistic effect on IL-4
enhanced CCL26 production. Dexamethasone, IFN-gggg

 

 and the p38 mitogen-
activated protein kinase inhibitor SB202190 inhibited IL-4 enhanced CCL26
production. IL-4 enhanced production of CCL26 was inhibited by lefluno-
mide and JAK inhibitor 1, but not by JAK3 inhibitor, which indicates that it is
mediated by JAK1-STAT6-dependent pathway. This result also strongly sug-
gests the involvement of the type 2 IL-4 receptor in IL-4 enhanced production
of CCL26. These results suggest that keratinocytes are involved in the migra-
tion of CC chemokine receptor 3 positive cells such as eosinophils in a Th2-
dominant situation like atopic dermatitis.
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Introduction

 

Chemokines are small secreted proteins that mainly regulate
leucocyte trafficking [1]. Based on the position of the first
two of cysteine residues, chemokines are classified into four
subfamilies: CXC, CC, C, and CX3C. Keratinocytes form the
outer component of skin and are known to play an impor-
tant role to skin inflammation [2]. They synthesize many
chemokines including members of the CC and CXC subfam-
ilies, such as regulated on activation, normal T cell expressed
and secreted (RANTES)/CCL5 [3], eotaxin/CCL11 [4], thy-
mus and activation-regulated chemokine (TARC)/CCL17
[5], macrophage-derived chemokine (MDC)/CCL22 [6],
gamma-interferon-inducible protein-10 (IP-10)/CXCL10
and monokine induced by gamma-interferon (MIG)/CXCL9
[7].

Both eotaxin-2/CCL24 and eotaxin-3/CCL26 are CC
chemokines and functional ligands for CC chemokine recep-
tor 3 (CCR3), which is preferentially expressed on eosino-
phils. After identification of CCL11 as a relatively selective
chemokine for eosinophils [8], CCL24 was cloned and
showed chemotactic activity for eosinophils in a similar con-
centration range as CCL11 [9]. More recently a new member
of the eotaxins, CCL26 has been cloned [10]. Only 34% of
the amino acids in CCL24 and CCL26 are identical, but these
two chemokines have a common characteristic feature in
terms of chemotaxis for eosinophils via the CCR3 [9,10]. We
were interested in how these eotaxins are regulated by Th1
and Th2 cytokines.

High levels of CCL11 and CCL24 mRNA were found in
bronchial samples obtained from patients with bronchial
asthma and CCL26 mRNA expression was up-regulated in
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these patients 24 h after allergen challenge [11]. Moreover,
endothelial cells and dermal fibroblasts produced CCL26
after stimulation with interleukin (IL)-4 and IL-13 [10,12].
We reported that serum levels of CCL26, but not CCL24,
were significantly elevated in patients with atopic dermatitis
[13]. These results suggest the important role of eotaxins
for eosinophil infiltration in a Th2-polarized condition.
Although keratinocytes have a pivotal role for immune
responses in inflammatory skin diseases, little is known
about the production of CCL24 and CCL26 in human kera-
tinocytes. To clarify this, we investigated the regulation of
CCL24 and CCL26 production in a human keratinocyte cell
line, HaCaT cells after stimulation with various cytokines.

 

Materials and methods

 

Samples and reagents

 

CCL24 and CCL26 immunoassay kits, recombinant IL-4,
recombinant IL-13 and antihuman IL-4 antibody (AF-204-
NA) were purchased from R & D Systems (Minneapolis,
MN, USA). Recombinant interferon (IFN)-

 

g

 

 and recombi-
nant tumour necrosis factor (TNF)-

 

a

 

 were purchased from
PeproTech (RockyHill, NJ, USA). Dexamethasone was
obtained from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Janus-activated kinase (JAK) inhibitor 1 which
inhibits JAK1, JAK2, JAK3 and Tyk2, JAK3 inhibitor 1,
SB202190 (p38 mitogen-activated protein (MAP) kinase
inhibitor), the c-Jun N-terminal kinase (JNK) inhibitor 2,
PD153035 (epidermal growth factor receptor (EGFR) inhib-
itor), parthenolide (nuclear factor (NF)-

 

k

 

B inhibitor) and
LY294002 (phosphatidyl inositol 3 (PI3)-kinase inhibitor)
were purchased from Calbiochem (Darmstadt, Germany).
PD98059 (extracellular signal-regulated kinase (ERK) inhib-
itor) was purchased from Alexis Biochemicals (Lausen, Swit-
zerland). Leflunomide, an inhibitor of JAK3 and signal
transducer and activation of transcription (STAT) 6, was
obtained from Sigma-Aldrich (St. Louis, MO, USA). HaCaT
cells were kindly provided by Dr Toshio Kuroki (Institute of
Molecular Oncology, Showa University, Japan) with permis-
sion from Dr N. Fusenig (Institute Fur Zell- und Tumourbi-
ologie. Deutshes Kresforschungeszentrum, Heidelberg,
Germany).

 

Cell culture

 

HaCaT cells were cultured in 150 cm

 

2

 

 cell culture flasks
(Corning, Corning, NY, USA) at 37

 

∞

 

C, 5% CO

 

2

 

 in minimum
essential medium eagle (Sigma, St. Louis, MO, USA) con-
taining 10% fetal bovine serum, penicillin G sodium, strep-
tomycin sulphate and amphotericin B. The cells received
fresh medium every 3 days and were subcultured every
10 days. Fortieth- to seventieth-passage cells were used in all
experiments. When confluence was achieved, the cells were
trypsinized, washed and resuspended in minimum essential

medium eagle with 10% fetal bovine serum at 1 

 

¥

 

 10

 

6

 

 cells/
ml, and 1 ml was added to each well of the six-well plates
(Becton Dickinson, Franklin Lakes, NJ, USA). When the cells
reached confluence, the medium was replaced with 1 ml
minimum essential medium eagle without fetal bovine
serum. Stimuli were added simultaneously. When we used
antihuman IL-4 antibody, we added IL-4 after 3 h. Then, the
cells were incubated at 37

 

∞

 

C and 5% CO

 

2

 

. After 24 h, super-
natants were collected, centrifuged to remove cell debris and
stored at 

 

-

 

20

 

∞

 

C until enzyme-linked immunosorbent assay
was performed. Cells were trypsinized, pelleted, and stored
at 

 

-

 

80

 

∞

 

C until reverse transcription and polymerase chain
reaction was carried out.

 

Reverse transcription and polymerase chain reaction

 

Total RNA was isolated using RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. DNAse I was used to avoid genomic DNA contamina-
tion. Reverse transcription and polymerase chain reaction
(RT-PCR) was performed using Superscript First-Strand
Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA,
USA). Primer pairs specific for the different components
were: 5

 

¢

 

-AAC TCC GAA ACA ATT GTG ACT CAG CTG
(sense) and 5

 

¢

 

-GTA ACT CTG GGA GGA AAC ACC CTC
TCC (antisense) for CCL26, 5

 

¢

 

-GCG TCT CCG ACT ACA
TGA GC (sense) and 5

 

¢

 

-GGT TGC TCC AGG TCA GCA GC
(antisense) for the 140 kDa IL-4 binding protein (IL-4R

 

a

 

),
5

 

¢

 

-AGG ATG ACA AAC TCT GGA G (sense) and 5

 

¢

 

-CTC
AAG GTC ACA GTG AAG G (antisense) for IL-13 receptor

 

a

 

1

 

(IL-13R

 

a

 

1

 

), 5

 

¢

 

-CAG CCT ACC AAC CTC ACT CT (sense)
and 5

 

¢

 

-GTC CTG GAG CTG AAC AAC AA (antisense) for
IL-2 receptor 

 

g

 

 chain (IL-2R

 

g

 

), 5

 

¢

 

-TGA AGG TCG GAG TCA
ACG GAT TTG GT (sense) and 5

 

¢

 

-CAT GTG GGC CAT GAG
GTC CAC CAC (antisense) for human G3PDH. The mixture
was predenatured for 5 min at 94

 

∞

 

C and then subjected to 35
cycles of 94

 

∞

 

C 1 min, 62

 

∞

 

C (CCL26) or 58

 

∞

 

C (the other com-
ponents) 1 min, 72

 

∞

 

C 1 min, then 72

 

∞

 

C 7 min. Amplified
DNA fragments were judged from 2% agarose gel electro-
phoresis. The expected fragment length was 152 bp for
CCL26, 336 bp for IL-4R

 

a

 

, 358 bp for IL-13R

 

a

 

1

 

, 156 bp for
IL-2R

 

g

 

 and 283 bp for human G3PDH, respectively. One
representative experiment of three is shown.

 

Enzyme-linked immunosorbent assay

 

The supernatant levels of CCL24 and CCL26 were measured
according to the manufacturer’s instructions. Each culture
condition was tested in triplicate and representative data
from three experiments are shown. Optical densities were
measured at 450 nm with a Bio-Rad Model 550 microplate
reader (Bio-Rad Laboratories Inc., Hercules, CA, USA). The
concentrations were calculated from the standard curve gen-
erated by a curve-fitting program. The minimum detectable
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dose of CCL24 and CCL26 was 1·83 pg/ml and 2·33 pg/ml,
respectively.

 

Statistical analyses

 

Data were analysed using Mann–Whitney’s 

 

U

 

-test. A 

 

P

 

-value
less than 0·05 was considered to be statistically significant.

 

Results

 

CCL26 production in HaCaT cells was not enhanced by 
TNF-aaaa

 

 or IFN-gggg

 

, but strongly enhanced by IL-4 and 
IL-13

 

We stimulated HaCaT cells with proinflammatory cytokines
such as TNF-

 

a

 

, IFN-

 

g

 

 and IL-4. Enzyme-linked immunosor-
bent assay (ELISA) showed that when HaCaT cells were cul-
tured without cytokine, the supernatant CCL24 level was
19·1 

 

±

 

 2·0 pg/ml (mean 

 

±

 

 standard error). When cultured
with IL-4 (10 ng/ml), it was slightly increased to
39·2 

 

±

 

 4·6 pg/ml (

 

P

 

 

 

<

 

 0·05). Culture with TNF-

 

a

 

 (10 ng/ml)
or IFN-

 

g

 

 (10 ng/ml), however, did not result in a change in

CCL24 level (21·2 

 

±

 

 0·3 pg/ml and 21·5 

 

±

 

 0·3 pg/ml,
respectively). Neither TNF-

 

a

 

 nor IFN-

 

g

 

 had a synergistic
effect on IL-4 enhanced CCL24 production (Fig. 1a).

ELISA for CCL26 concentration showed that when
HaCaT cells were cultured without cytokine, the supernatant
CCL26 level was 37·0 

 

±

 

 8·8 pg/ml. When cultured with IL-4
(0·1, 1 and 10 ng/ml), it was increased in a dose-dependent
manner (78·6 

 

±

 

 0·5, 1919·2 

 

± 

 

99·3, 6165·7 

 

±

 

 288·0 pg/ml,
respectively, 

 

P

 

 

 

<

 

 0·05). When cultured with IL-4 (1, 10 ng/
ml) and antihuman IL-4 antibody (20, 200 ng/ml), it was
decreased to 36·1 

 

±

 

 2·4, 51·4 

 

± 

 

6·6, respectively (Fig. 1b).
Anti-human IL-4 antibody significantly neutralized the bio-
activity of IL-4 (

 

P

 

 

 

<

 

 0·05). IL-13 also enhanced CCL26 pro-
duction dose dependently (

 

P

 

 

 

<

 

 0·05), although it was less
potent than IL-4 (Fig. 1c). When stimulated by IFN-

 

g

 

(10 ng/ml), it was decreased to 20·8 

 

±

 

 1·8 pg/ml (

 

P

 

 

 

<

 

 0·05)
(data not shown). Culture with TNF-

 

a

 

 (10 ng/ml) did not
result in a change in CCL26 level (40·4 

 

±

 

 3·2 pg/ml). How-
ever, TNF-

 

a

 

 and IL-4 synergistically up-regulated CCL26
production (Fig. 1c). Primary human keratinocytes were
also examined, but they did not produce CCL24 or CCL26
even if stimulated by IL-4 and TNF-

 

a

 

 (data not shown).

 

Fig. 1.

 

CCL24 and CCL26 production in HaCaT cells were determined by ELISA. (a) CCL24 production was determined when they were stimulated 

by various stimuli. (b) CCL26 production was determined when they were stimulated by IL-4 and antihuman IL-4 antibody. (c) CCL26 production 

was determined when they were stimulated by TNF-

 

a

 

, IL-4 and IL-13. The error bars indicate standard error. ‘No’ means no stimulation. *

 

P

 

 

 

<

 

 0·05 

for the stimulus effect; **

 

P

 

 

 

<

 

 0·05 for the inhibitory effect. ***

 

P

 

 

 

<

 

 0·05 for the synergistic effect of TNF-

 

a

 

 and IL-4.
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CCL26 mRNA in HaCaT cells was not up-regulated by 
TNF-aaaa

 

 or IFN-gggg

 

, but strongly up-regulated by IL-4 and 
IL-13

RT-PCR revealed that CCL26 mRNA was weakly expressed in
HaCaT cells cultured without cytokines. Culture with TNF-
a (10 ng/ml) did not result in a change in CCL26 mRNA
level. However, when cells were cultured with IL-4, the level
was strongly up-regulated. TNF-a and IL-4 synergistically
up-regulated CCL26 expression (Fig. 2a). Culture with var-
ious concentrations of IL-4 (0·1 ng/ml, 1 ng/ml, 10 ng/ml)
up-regulated CCL26 expression in a dose-dependent manner
and antihuman IL-4 antibody weakened this up-regulation
(Fig. 2a). IL-13 also enhanced expression of CCL26 mRNA
dose dependently (Fig. 2a). When we used reaction products
from an RT reaction in which the reverse transcriptase
enzyme was omitted, neither CCL26 mRNA nor G3PDH
mRNA was detected (Fig. 2b). Therefore the results in Fig. 2a
were not due to genomic DNA contamination. These results
were parallel to those of ELISA, which indicate that CCL26
production by these cytokines is regulated at the RNA level.

Dexamethasone, IFN-gggg and SB202190 inhibited IL-4 
enhanced CCL26 production in HaCaT cells

We examined the effects of dexamethasone (1 ¥ 10-8 and
1 ¥ 10-6 M) or IFN-g (1 and 10 ng/ml) on the IL-4-enhanced

production of CCL26. Dexamethasone and IFN-g signifi-
cantly and dose-dependently inhibited IL-4 enhanced
CCL26 production (P < 0·05) (Fig. 3a).

We also tested inhibitors of signalling molecules;
PD153035 500 nM for EGFR, PD98059 5 mM for ERK,
SB202190 5 mM for p38 MAP kinase, JNK inhibitor 2
50 nM, Parthenolide 5 mM for NF-kB, LY294002 10 nM
for PI3-kinase. These inhibitors, at the indicated concen-
trations, are effective in suppressing other cytokines in
HaCaT cells (data not shown). Only the p38 MAP kinase
inhibitor, SB202190, inhibited IL-4-enhanced production
of CCL26 by HaCaT cells by almost 50% (P < 0·05)
(Fig. 3b), which indicates that IL-4-enhanced CCL26
production  in  these  cells  is  partially  dependent  on
p38 MAP kinase but not on ERK, JNK, NF-kB, EGFR or
PI3-kinase.

IL-4-enhanced CCL26 production in HaCaT cells 
was inhibited by leflunomide and JAK inhibitor 1 
dose-dependently, but not by JAK3 inhibitor 1

IL-4 binds to the type 1 and type 2 IL-4 receptors, and IL-13
binds to the type 2 IL-4 receptor. The type 1 IL-4 receptor
contains IL-4Ra and IL-2Rg, whereas the type 2 IL-4 recep-
tor contains IL-4Ra and IL-13Ra1. JAK1, JAK2 and signal
transducer and activator of transcription (STAT) 6 bind to
IL-4Ra. JAK3 binds to IL-2Rg, and Tyk2 binds to IL-13Ra1

Fig. 2. (a) CCL26 mRNA expression in HaCaT cells was determined by RT-PCR when they were stimulated with TNF-a, IL-4, IL-13 and antihuman 

IL-4 antibody. These results were parallel to those of ELISA. (b) CCL26 mRNA and G3PDH mRNA expression in IL-4-stimulated HaCaT cells were 

determined when the reverse transcriptase enzyme was omitted. RT means reverse transcriptase.
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[14]. In order to examine which of these receptor compo-
nents are involved in CCL26 mRNA expression in HaCaT
cells, we tried JAK3 inhibitor 1, JAK inhibitor 1 (an inhibi-
tor of JAK1, JAK2, JAK3 and Tyk2) and leflunomide (an
inhibitor of JAK3 and STAT6) [15] on IL-4-enhanced
CCL26 production. ELISA disclosed that when the cells
were cultured with IL-4 (10 ng/ml) and JAK3 inhibitor 1
(2·5 mg/ml, 10 mg/ml, 25 mg/ml), JAK3 inhibitor 1 did not
down-regulate the levels of supernatant CCL26. When cul-
tured with IL-4 (10 ng/ml) and various concentrations of
leflunomide (50 mM, 100 mM, 200 mM) or JAK inhibitor 1
(0·1 nM, 1 nM, 10 nM), it was decreased in a dose depen-
dent manner (985·1 ± 175·0, 238·2 ± 15·7, 79·1 ± 7·4,
2562·4 ± 116·2, 250·1 ± 24·9, 63·5 ± 0·4 pg/ml, respectively,
P < 0·05) (Fig. 4). These results indicate that IL-4-enhanced
production of CCL26 in HaCaT cells was mediated by
JAK1-STAT6 dependent pathway, and suggest the predomi-
nant utilization of type 2 IL-4 receptor over type 1 IL-4
receptor.

Leflunomide and JAK inhibitor 1, but not JAK3 inhibitor 
1, inhibited IL-4 enhanced CCL26 mRNA expression in 
HaCaT cells

RT-PCR demonstrated that when the cells were cultured
with IL-4 (10 ng/ml) and JAK3 inhibitor 1 (2·5 mg/ml, 10 mg/
ml, 25 mg/ml), IL-4 enhanced CCL26 mRNA expression was
not inhibited. When cultured with IL-4 (10 ng/ml) and var-
ious concentrations of JAK inhibitor 1 (0·1 nM, 1 nM,
10 nM) or leflunomide (50 mM, 100 mM, 200 mM), CCL26
mRNA expression was down-regulated in a dose-dependent
manner (Fig. 5). When we used reaction products from an
RT reaction in which the reverse transcriptase enzyme was

Fig. 3. CCL26 production in HaCaT cells was determined by ELISA. (a) 

Dexamethasone and IFN-g significantly inhibited IL-4-enhanced CCL26 

production. (b) SB202190, but not other reagents, significantly inhibited 

the IL-4 enhanced CCL26 production. These inhibitors, at the indicated 

concentrations, were effective in suppressing other cytokines in HaCaT 

cells. The error bars indicate standard error. **P < 0·05 for the inhibitory 

effect.
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itor 1, significantly inhibited the IL-4-enhanced CCL26 production 
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omitted, neither CCL26 mRNA nor G3PDH mRNA was
detected (Fig. 5). Therefore the results in Fig. 5 were not due
to genomic DNA contamination. These results are parallel to
those of ELISA, which indicate that regulation of CCL26
production occurs at the RNA level.

HaCaT expressed components of IL-4 receptors

In order to examine the existence of each chain of IL-4 recep-
tor in HaCaT cells, we performed RT-PCR utilizing primers
specific for each chain of type 1 and 2 IL-4 receptor. RT-PCR
revealed that HaCaT cells weakly expressed mRNA of IL-2Rg
and strongly expressed IL-4Ra and IL-13Ra1 (Fig. 6). When
we used reaction products from an RT reaction in which the
reverse transcriptase enzyme was omitted, G3PDH mRNA
was not detected (Fig. 6). Therefore the results in Fig. 6 were
not due to genomic DNA contamination. This result sug-
gests the predominance of type 2 IL-4 receptor over type 1
IL-4 receptor in HaCaT cells.

Discussion

Eosinophils are involved in allergic diseases, such as asthma
and atopic dermatitis (AD) [16]. Elucidation of the mecha-
nisms underlying the accumulation of eosinophils in
inflamed tissues is of critical importance for understanding
the onset and progress of these eosinophilic diseases. The
serum CCL11 levels were significantly correlated with the
disease activity of AD [17]. Immunoreactivity and tran-
scripts of CCL11 and CCR3 were significantly increased in
lesional skin from AD [18]. Increased expression of CCL11,
CCL24 and CCL26 was detected in bronchial mucosa of
asthmatic patients [19]. These results suggest that all the
three eotaxins are involved in the Th2-polarized situations
such as bronchial asthma and AD. In human keratinocytes,
CCL11 expression was synergistically up-regulated by TNF-
a and IL-4 [20], and the blister fluid of bullous pemphigoid
contained high levels of CCL11 associated with skin infiltra-

tion of eosinophils [4]. In this study we showed that CCL26
production was also synergistically up-regulated by TNF-a
and IL-4.

In the previous study, we showed that serum levels of
CCL26, but not of CCL24, were significantly elevated in AD
patients [13]. Although we did not show whether kerati-
nocytes in AD patients produced CCL26 in vivo, our previ-
ous and present study may indicate that CCL26, rather than
CCL24, produced by keratinocytes is involved in the devel-
opment of a Th2-dominant inflammatory skin disease like
AD. This is the first report describing the regulation of
CCL24 and CCL26 production in a human keratinocyte cell
line, HaCaT cells by various cytokines. We also examined
primary human keratinocytes, however, they did not pro-
duce these chemokines. The discrepancy of these results is
due to the difference in the nature of primary human kera-
tinocytes and HaCaT cells. It is true that there is limitation
for presuming the in vivo function of CCL26 from only
HaCaT cell data, however, we used these cells instead of
primary  human  keratinocytes  in  order  to  analyse the
signal pathways of IL-4 enhanced CCL26 production by
keratinocytes.

IL-4- or IL-13-dependent CCL11 release from airway
smooth muscle cells was abolished when inhibitors of both
p42/p44 ERK and p38 MAP kinase pathways were combined
in STAT6 antisense oligodeoxynucleotide-transfected cells
[21]. Regulation of all three members of eotaxins by IL-4 has
been reported to depend on STAT6 activation in various tis-
sues such as murine airway, murine lung and human dermal
fibroblasts [22–24]. In our study, IL-4-enhanced CCL26 pro-
duction in HaCaT cells also depends on STAT6 pathway.
However, CCL24 production was only weakly up-regulated
even after IL-4 stimulation, suggesting that only STAT6 acti-
vation in HaCaT cells is not sufficient for strong enhance-
ment of CCL24. This finding may reflect the fact that only
the level of CCL26, but not CCL24, was elevated in sera from
AD patients, the Th2 type inflammatory skin disease [13].
Moreover, this may suggest that production of eotaxins is
differently regulated in various cell types.

We have shown that IL-4 enhanced production of CCL26
in HaCaT cells is mediated by JAK1-STAT6-dependent path-
way mainly through the type 2 IL-4 receptor and that IFN-g
suppressed the IL-4 enhanced CCL26 production. In this
regards, IFN-g is known to induce a suppressor of cytokine
signalling (SOCS)-1 and SOCS-3, known inhibitors of IL-4
signalling. They suppress IL-4 signalling by inhibiting JAK1
activity or type 1 and type 2 IL-4 receptors [25–27], which
suggests similar mechanism of suppression of IL-4 signalling
by IFN-g in HaCaT cells. This awaits further clarification.

In this study, we showed that dexamethasone inhibited
CCL26 production in HaCaT cells. Banwell et al. [12] also
reported that dexamethasone was a potent inhibitor of
CCL26 mRNA expression in lung epithelial cells. One pos-
sible explanation would be dexamethasone suppresses IL-4-
enhanced transactivation of a STAT6-responsive promoter

Fig. 6. Expression of components of IL-4 receptors in HaCaT cells was 

determined by RT-PCR. HaCaT cells weakly expressed mRNA of IL-2Rg 

and strongly expressed IL-4Ra and IL-13Ra1. When the reverse tran-

scriptase enzyme was omitted, G3PDH mRNA was not detected. RT 

means reverse transcriptase.
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without affecting IL-4 stimulated STAT6 DNA-binding, as
reported by Biola et al. [28] in lymphocytes.

IL-4 modulates NF-kB activity [29], and activates JNK
[30], p38 MAP kinase [31], ERK [32], and PI3-kinase [33] in
certain cell types. Blockade of the epidermal growth factor
receptor (EGFR) changes chemokine expression in kerati-
nocytes [34]. Therefore, we also examined inhibitors of
EGFR (PD153035), ERK (PD98059), p38 (SB202190), JNK
(JNK inhibitor 2), NF-kB (Parthenolide), or PI3-kinase
(LY294002) on IL-4-enhanced CCL26 production. Jean-
Baptiste et al. [20] showed that expression of CCL11 parallels
epidermal eosinophil accumulation in the vesiculobullous
stage of incontinentia pigmenti which was attributed to the
mutation of NF-kB essential modulator, suggesting the
involvement of in NF-kB in expression of CCL11 in kerati-
nocytes. An inhibitor of NF-kB inhibited IL-13- and IL-4-
enhanced CCL11 gene expressions, whereas enhanced
CCL26 gene expression in bronchial epithelial cells [35]. Our
results demonstrated that IL-4-enhanced production of
CCL26 in HaCaT cells involved the p38 MAP kinase-
dependent pathway, in addition to the JAK1/STAT6-
dependent pathway, but not the EGFR, ERK, JNK or NF-kB
dependent pathway. These findings add new data which
strengthen the hypothesis induced from many studies that
IL-4-dependent regulation of all the three eotaxins occurs
through STAT6 in common in a variety of cell types, and is
also dependent on other signalling molecules p38, NF-kB,
ERK, or PI3-kinase, which varies in different cell types and
eotaxins. All the three eotaxins may be differentially regu-
lated in a variety of tissues, which makes CCR3-mediated
inflammation complex, however, inhibition of STAT6 seems
to be an effective way to attenuate IL-4-mediated production
of all of them in a wide range of tissues.

In the previous study, we disclosed that CCL17 and
CCL22 production by HaCaT cells was enhanced by TNF-a
and IFN-g, but restricted by IL-4 [5,6]. Thus in kerati-
nocytes, the production of Th2 chemokines CCL17 and
CCL22 was accelerated by Th1 cytokine IFN-g and reduced
by Th2 cytokine IL-4. In contrast, our present study showed
that CCL26 production in keratinocytes was increased by IL-
4 and decreased by IFN-g. These results indicate that pro-
duction of CC chemokines which seems to play important
roles in the pathogenesis of AD is differently regulated by
cytokines in keratinocytes. AD is considered to be a Th2-
dominant disease especially in the acute phase, but it is
reported that in the chronic phase, Th1 cells also infiltrate
the lesional skin and play a role in the pathogenesis of the
disease [36]. Th2- and Th1-type immune responses are not
mutually exclusive, but a human inflammatory disease like
AD is based on interactions between different Th-cell sub-
sets. The difference in regulation of CC chemokine produc-
tion by keratinocytes may contribute to maintaining the
Th1/Th2 balance in an inflammatory skin disease like AD.

In conclusion, keratinocytes could be involved in the
migration of CCR3 positive cells such as eosinophils,

through the production of CCL26, in a Th2-dominant
inflammatory skin disease like AD.
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