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Atopic dermatitis (AD) is a common chronic inflammatory skin disease. Although the pathogenesis of AD
is not fully understood, we and others have shown that IL-4 plays a key role. In this study we aimed to
identify keratinocyte genes regulated by IL-4 that may play important roles in the pathophysiology of AD.
HaCat cells were treated with IL-4 at various concentrations for 24 h, and PCR gene array on inflamma-
tion/autoimmunity was performed three times for analysis of differential gene expression. Of all the 370
genes examined, 32 and 53 genes are up- and down-regulated, respectively. Specifically related to AD,

{‘Le_{lw‘”ds‘ chemokines CCL3L1, CCL8, CCL24, CCL25, CCL26, CXCL6 and CXCL16 are up-regulated by IL-4. Pro-inflam-
PCR array matory factors, such as IL-19, IL-20, IL-1a, IL-12RB2, IL-25, IL-31RA, OSMR and nitric oxide synthase 2, are

also up-regulated. In addition, IL-4 up-regulates VEGFA, a pro-angiogenic factor. In contrast, antimicro-
bial peptides (AMPs) or factors involved in APM production, such as IFN-x, S100s, Toll-like receptors,
and several chemokines are down-regulated. Similarly IL-4 also down-regulates TNF-o, lymphotoxin-,
an IgE suppressor, TNFSF18, a T-cells function regulator, and the glucocorticoid receptor. On the
in vivo level, real-time RT-PCR on the selected genes confirmed that IL-4 up-regulates chemokines, pro-
inflammatory cytokines while it suppresses AMP production related genes in the skin obtained from IL-4
Tg mice. Detailed examination of these genes will delineate their specific roles in chemotaxis, inflamma-
tion, angiogenesis and AMP production, all of which may contribute to the development and progression
of AD.

Atopic dermatitis
IL-4 transgenic mice

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Atopic dermatitis (AD), a chronic inflammatory skin disease, af-
fects 10-20% of children and 1-3% of adults in developed countries
[1]. In addition to skin manifestations, more than 50% of AD pa-
tients may have asthma or other atopic disorders [2]. However,
the etiology and pathogenesis of AD have not been fully under-
stood. We and others have shown that IL-4 might play an impor-
tant role in the pathogenesis of AD [3-7]. Significant increase of
IL-4-expressing T cells is detected in the early human AD skin le-
sions [8]. Through over-expressing IL-4 in the basal epidermis

Abbreviations: AD, atopic dermatitis; AMPs, antimicrobial peptides; FBS, fetal
bovine serum; HBD2, human B-defensin-2; NOS2, nitric oxide synthase 2; OSMR,
oncostatin M receptor; Tg, transgenic; TLRs, Toll like receptors (for rest of the
abbreviations, see Tables 2 and 3).
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using a basal keratinocyte-specific keratin-14 promoter/enhancer,
we have generated a mouse AD animal model, IL-4 transgenic
(Tg) mice [9]. These Tg mice spontaneously develop skin lesions,
which satisfy the clinical and histological diagnostic criteria for hu-
man AD, while the non-Tg littermates are lesion-free [9]. Using
these Tg mice, we have shown in vivo that IL-4 over-expression
in the epidermis leads to up-regulation of several proinflammatory
cytokines [7], B cell activation molecules [10], angiogenic factors
[5], and critical adhesion molecules [11].

Since keratinocytes are a dominant epidermal cell type that is
known to participate in immune responses [8], and they are lo-
cated adjacent to the IL-4 expression milieu in both human AD
[8] and the IL-4 Tg mice [9], we aim to identify the keratinocyte
genes that are directly regulated by IL-4. Compared to the tradi-
tional hybridization-based microarray technique, PCR array meth-
od combines quantitative real-time PCR with the multiple gene
analysis in a single microarray, thus providing high levels of sensi-
tivity, reproducibility and specificity. Different from ordinary
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microarray analysis, it does not require RT-PCR confirmation. Our
data showed that in the presence of IL-4, the expression of many
chemotactic, pro-angiogenic and pro-inflammatory genes in cul-
tured human keratinocytes is up-regulated, while many antimicro-
bial genes are down-regulated. Furthermore, selected real-time RT-
PCR on IL-4 Tg mice confirmed our in vitro findings.

2. Materials and methods
2.1. Materials

IL-4, cell culture medium DMEM, fetal bovine serum (FBS),
charcoal stripped FBS, Penicillin/Streptomycin, nonessential amino

Table 1
Mouse primers used for real-time RT-PCR.

L. Bao et al. / Cytokine xxx (2012) xxx—-XxX

acids and sodium pyruvate were obtained from Invitrogen (Carls-
bad, CA); RNA isolation kit was from Qiagen (Valencia, CA); First
strand kit, qPCR master mix, and Inflammatory Response and Auto-
immunity 384HT PCR Arrays were purchased from SABiosciences
(catalogue number: PAHS-3803Z; Frederick, MD).

2.2. Animals

The IL-4 Tg mice were kept at 25 °C with a 14-h light/10-h dark
cycle. Skin tissues were collected before the onset of AD. Non-Tg
littermates were used as controls. All experimental procedures
were performed in accordance with the principles of the National
Institutes of Health Guide for the Care and Use of Laboratory

Gene name Forward primer 5’ — 3’ Reverse primer 5 — 3/
CCL8 TAA GGC TCC AGT CAC CTG CT TCT GGA AAA CCA CAG CTT CC
CCL17 AGT GGA GTG TTC CAG GGA TG CCA ATC TGA TGG CCT TCT TC
CCL24 GCT GCA CGT CCT TTA TTT CC TCT TAT GGC CCT TCT TGG TG
FPR1 GAC TTG GAC CAG GGA AAA CA TCC TCT GAC AGT GAG CAT GG
GAPDH AGA AC A TCA TCC CTG CAT CC CAC ATT GGG GGT AGG AAC AC
IL-1F9 CGA GAG AGC TGG GCT ATT TG CAA AAA CCT CCC CAA AGT CA
IL-12RpB2 AAG CCA CCA GTC CCA GTA TG GAA CAG GCC ACAGTTCCATT
IL-13Ra2 AC A CAG GGC CAG ACT CAA AG GCT CAA TGT GGG TTC AGG TT
IL-25 ACC AC A ACC AGA CGG TCT TC ACA CAC ACA CAA GCC AAG GA
S100A8 GAG TGT CCT CAG TIT GTG CAG ATC ACC ATC GCA AGG AAC TC
TLR-1 AGC CTT TCT GTG CTG GTC AT CAT TGG AAT GGG TTG TTT CC
TNFAIP6 ATT TGA AGG TGG TCG TCT CG CAC AAT GGG GTA TCC GAC TC
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Fig. 1. Up-regulated genes in the IL-4 Tg mice. Tissue samples were collected from normal appearing skin of IL-4 Tg mice and non-Tg littermates. RNA extraction and real-
time RT-PCR were performed as described in Materials and methods. Values are expressed as the mean + SEM (n = 3). x, P < 0.05 vs. non-Tg mice.
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Fig. 2. Down-regulated genes in the IL-4 Tg mice. Tissue samples were collected from normal appearing skin of IL-4 Tg mice and non-Tg littermates. RNA extraction and real-
time RT-PCR were performed as described in Materials and methods. Values are expressed as the mean + SEM (n = 3). %, P < 0.05 vs. non-Tg mice.

Animals and were approved by the Institutional Animal Care and
Use Committee of the University of Illinois at Chicago.

2.3. Cell culture

Immortalized human keratinocytes, HaCat cells, were grown in
DMEM medium supplemented with FBS (10%), nonessential amino
acids, and antibiotic solution and incubated in a humidified atmo-
sphere of 5% CO, at 37 °C. Culture media were replaced every 48 h.
Cells were treated with various concentrations of IL-4 in DMEM
medium supplemented with 1% charcoal-dextran-treated FBS for
24 h. Cells were washed twice with ice cold PBS and were then fro-
zen at —80 °C until RNA extraction.

2.4. PCR array

Inflammatory Response and Autoimmunity 384HT PCR Array
analysis was performed according to the manufacturer’s instruc-
tions. Briefly, 1 ng of mRNA was extracted, DNase I digested, and
reversely transcribed to cDNA. 10 ul of master mix with cDNA
was loaded into each well of the 384-well PCR array. The PCR reac-
tion was run on a ABI 7900HT PCR machine. The cycling conditions
were: 95 °C, 10 min; 40 cycles of (95 °C, 155s; 60°C, 605s). The
experiments were repeated three times. The raw data were ana-
lyzed by a web based Array Analysis Software provided by SABio-
sciences. Genes with at least 2-fold up-regulation or down-
regulation in comparison to untreated cells and with a P-value of
less than 0.05 were identified.

2.5. RNA isolation and real-time RT-PCR analysis

Total RNA from mouse skin tissues was isolated using Trizol re-
agent according to the manufacturer’s instructions. The RT and
real-time PCRs were performed as previously described [12].
Briefly 1 pg of total RNA was reverse-transcribed and the final vol-
ume was 100 pl. The PCR were carried out in duplicate using a
Stratagene Mx 3000 real-time PCR machine (Santa Clara, CA). GAP-
DH was used as the internal reference. We used the standard -
ddCT method to measure the relative mRNA expression. Primers
synthesized by Integrated DNA Technologies (Coralville, 1A) are
listed in Table 1.

2.6. Statistical analysis

Data were examined by t-test (Figs. 1 and 2) using Prism soft-
ware (GraphPad Software, Inc., San Diego, CA). Values were consid-
ered statistically significant at P < 0.05.

3. Results and discussion

3.1. IL-4 regulates factors that are involved in chemotaxis in HaCat
cells

As showninTables 2 and 3, IL-4 up-regulates several chemokines
and related chemotactic factors, such as CCL8, CCL24, CCL25, CCL26,
CCL3L1, CXCL6, CXCL16, CD74 and Stabilin 1, which attract different
inflammatory cells to the skin. As eosinophil chemotactic factors,
up-regulation of both CCL24 and CCL26 is associated with AD
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Table 2

Genes up-regulated by IL-4 in HaCat cells.
Unigene Refseq Symbol Description 10 ng/ml 20 ng/ml 50 ng/ml
Hs.324746 NM_001622 AHSG Alpha-2-HS-glycoprotein 52111 3.0163 B
Hs.72885 NM_001700 AZU1 Azurocidin 1 3.2995 B B
Hs.247838 NM_002991 CCL24 Chemokine (C-C motif) ligand 24 4.6092 3.2488 5.655
Hs.310511 NM_005624 CCL25 Chemokine (C-C motif) ligand 25 1.7495 -1.32 2.0202
Hs.131342 NM_006072 CCL26 Chemokine (C-C motif) ligand 26 501.18 456.146 534.946
Hs.512683 NM_021006 CCL3L1 Chemokine (C-C motif) ligand 3-like 1 2.7555 B B
Hs.271387 NM_005623 CCL8 Chemokine (C-C motif) ligand 8 7.7652 7.8625 8.9706
Hs.301921 NM_001295 CCR1 Chemokine (C-C motif) receptor 1 B B 4.4567
Hs.436568 NM_004355 CD74 CD74 molecule, major histocompatibility complex, class II invariant chain 9.4652 4.9852 8.3059
Hs.164021 NM_002993 CXCL6 Chemokine (C-X-C motif) ligand 6 3.5271 3.5638 3.4226
Hs.708201 NM_022059 CXCL16 Chemokine (C-X-C motif) ligand 16 1.8408 1.3245 2.6247
Hs.479347 NM_001559 IL-12Rp2 Interleukin 12 receptor, beta 2 6.1548 5.7183 5.6597
Hs.336046 NM_000640 IL-13Ro2 Interleukin 13 receptor, alpha 2 99.221 94.1305 97.2818
Hs.661017 NM_013371 IL-19 Interleukin 19 41.242 28.6154 36.6122
Hs.1722 NM_000575 IL-1o Interleukin 1, alpha 1.9111 1.361 2.5988
Hs.272373 NM_018724 IL-20 Interleukin 20 B 6.035 7.6146
Hs.302036 NM_022789 IL-25 Interleukin 25 7.9098 3.4675 B
Hs.528111 NM_145659 IL-27 Interleukin 27 2.3958 1.0815 3.6417
Hs.55378 NM_139017 IL-31RA Interleukin 31 receptor A B B 2.7194
Hs.401013 NM_002460 IRF4 Interferon regulatory factor 4 3.6948 B B
Hs.133421 NM_002310 LIFR Leukemia inhibitory factor receptor alpha 6.2648 7.2518 5.3576
Hs.153563 NM_002349 LY75 Lymphocyte antigen 75 2.1022 —1.1862 1.8063
Hs.709191 NM_000625 NOS2 Nitric oxide synthase 2, inducible 2.8512 B 2.2003
Hs.120658 NM_003999 OSMR Oncostatin M receptor 3.0232 2.2715 2.6779
Hs.558009 NM_003004 SECTM1 Secreted and transmembrane 1 3.6149 2.324 2.9515
Hs.253495 NM_003019 SFTPD Surfactant protein D 1.9915 1.0545 2.0945
Hs.485572 NM_003877 SOCS2 Suppressor of cytokine signaling 2 24131 2.5075 2.2147
Hs.301989 NM_015136 STAB1 Stabilin 1 B 2.4847 B
Hs.437322 NM_007115 TNFAIP6 Tumor necrosis factor, alpha-induced protein 6 146.9 130.83 131.719
Hs.30345 NM_016292 TRAP1 TNF receptor-associated protein 1 2.0139 1.059 1.7903
Hs.73793 NM_003376 VEGFA Vascular endothelial growth factor A 2.2272 1.8878 2.7258

HacCat cells were treated with various concentrations of IL-4 for 24 h. PCR array studies were performed as described in Materials and methods. Gene names, corresponding
accession numbers, abbreviations and fold change values are listed. All the fold change values are statistically significant at P <0.05 except B, which is not statistically

significant.

[13,14]. Furthermore, CD74, which works synergically with eotaxin
to activate eosinophils [15], is up-regulated by IL-4. In addition, Sta-
bilin 1, which is known for mediating migration of lymphocytes to
the draining lymph nodes and granulocytes to the inflammatory
site, is also up-regulated by IL-4 in HaCat cells. Conversely, TNF
superfamily 9 (TNFSF9), which has a known function of inducing
eosinophil apoptosis [16], is down-regulated by IL-4, thus it further
prolongs the pro-inflammatory effect of eosinophils. Consistent
with our finding, TNFSF9 knockout mice displayed skin lesion, renal
damage, lymphadenopathy, and high mortality, probably due to
over-activation of CD4" T-cell and B-cell function [17]. Together,
the up-regulation of the above group of keratinocyte-produced che-
motactic factors by IL-4 might account in part for the prominent
lymphocyte and eosinophil infiltration in skin lesions of human
AD patients and our IL-4 Tg mice.

3.2. IL-4 regulates factors that are involved in inflammation in HaCat
cells

Along with chemotactic factors, several proinflammatory fac-
tors, such as IL-1q, IL-19, IL-20, IL-25, IL-27, IL-12RB2, IL31RA, ni-
tric oxide synthase 2 (NOS2), oncostatin M receptor (OSMR), and
SOCS2 are up-regulated by IL-4 in HaCat cells. Consistent with
our findings, Renne et al. demonstrated that IL-1 in the skin is
essential for the development of chronic AD [18]. Interestingly,
IL-4 also down-regulates the expression of IL-1R antagonist in
our study, thus leaving the IL-1 pro-inflammatory function unop-
posed. Recently it was reported that certain IL-12RB2 polymor-
phisms are associated with AD [19] and this is in line with our
data of its up-regulation by IL-4. Additional literature consistent
with our data includes the report that keratinocytes derived from

inflammatory skin (such as AD and psoriasis) produce high amount
of IL-19 and IL-20 [20]. IL-25, IL-33 and thymic stromal lympho-
poetin produced by keratinocytes are known to work collectively
to drive Th2 polarization [21]. This, together with our data of IL-
4 up-regulating keratinocyte IL-25, supports that IL-4 from Th2
cells in AD skin lesions up-regulates IL-25, thus forming a positive
feedback loop to further drive the Th2 pathway. IL-31 binding to its
cognate receptors may induce skin inflammation and severe pruri-
tus in AD patients [22]. Two IL-31 receptors, IL-31RA and OSMR,
are up-regulated in keratinocytes derived from AD patients
[23,24]. Our findings that IL-4 up-regulates these two components
of the IL-31 receptor are also in line with the current literature.
SOCS2 is undetectable in normal skin, but is weakly expressed in
AD [25], and this is consistent with our data that IL-4 up-regulated
its expressions in HaCat cells. NOS2 has been suggested to play a
role in the pathogenesis of AD in NC/Nga mice, an AD model
[26], and our data of NOS2 up-regulated by IL-4 also support this
notion.

3.3. IL-4 down-regulates antimicrobial factors in HaCat cells

While IL-4 up-regulated chemotactic and pro-inflammatory
factors produced by keratinocytes, it showed strong down-regula-
tory effects on antimicrobial factors. Many chemokines have a
substantial microbicidal activity against numerous microorgan-
isms including Staphylococcus aureus, a common pathogen in-
volved in AD [27]. We found that CCL17, CCL19, CCL20, CX3CL1,
CXCL11, CXCL14, S100 proteins, and Toll like receptors (TLRs)
were down-regulated by IL-4. S100 proteins, structurally similar
to calmodulin, are involved in a variety of biological function,
such as calcium homeostasis, inflammation and inhibition of
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Table 3

Genes down-regulated by IL-4 in HaCat cells.
Unigene Refseq Symbol Description 10 ng/ml 20 ng/ml 50 ng/ml
Hs.77867 NM_000674 ADORA1 Adenosine Al receptor —2.9595 -5.3329 -2.7019
Hs.73853 NM_001200 BMP2 Bone morphogenetic protein 2 —1.8188 —3.0401 —2.0002
Hs.387411 NM_001201 BMP3 Bone morphogenetic protein 3 —5.9321 B —6.0573
Hs.529053 NM_000064 c3 Complement component 3 -1.1774 —3.1442 1.1827
Hs.546294 NM_002987 CCL17 Chemokine (C-C motif) ligand 17 -9.3093 —5.2245 —5.1287
Hs.50002 NM_006274 CCL19 Chemokine (C-C motif) ligand 19 B —2.0226 B
Hs.75498 NM_004591 CCL20 Chemokine (C-C motif) ligand 20 —6.0384 -6.3792 -4.91
Hs.648124 NM_006664 CCL27 Chemokine (C-C motif) ligand 27 —4.6024 —3.8301 —3.5979
Hs.656904 NM_148672 CCL28 Chemokine (C-C motif) ligand 28 —3.2428 —2.6876 -2.3297
Hs.310512 NM_016557 CCRL1 Chemokine (C-C motif) receptor-like 1 -1.2501 -1.024 -2.912
Hs.517106 NM_005194 CEBPB CCAAT/enhancer binding protein (C/EBP), beta -1.3593 -2.4127 -2.7797
Hs.531668 NM_002996 CX3CL1 Chemokine (C-X3-C motif) ligand 1 B —3.2294 -2.6106
Hs.632592 NM_005409 CXCL11 Chemokine (C-X-C motif) ligand 11 —4.0393 —2.3845 B
Hs.483444 NM_004887 CXCL14 Chemokine (C-X-C motif) ligand 14 —5.5209 —6.8146 —2.0565
Hs.2303 NM_000799 EPO Erythropoietin B —4.201 B
Hs.753 NM_002029 FPR1 Formyl peptide receptor 1 —5.3169 —8.4283 —4.6305
Hs.492277 NM_001001557 GDF6 Growth differentiation factor 6 —2.4982 —3.2873 —2.5283
Hs.682604 NM_176891 IFNe Interferon, epsilon -2.7214 -2.1103 —2.6474
Hs.591083 NM_020124 IFNk Interferon, kappa —2.437 -1.68 -1.9517
Hs.654593 NM_000628 IL-10RB Interleukin 10 receptor, beta -1.7551 -2.0312 —1.6878
Hs.467304 NM_000641 IL-11 Interleukin 11 —1.7788 —-2.0163 -1.9727
Hs.459095 NM_004513 IL-16 Interleukin 16 —2.605 —1.1433 b
Hs.278911 NM_013278 IL-17C Interleukin 17C —2.7165 B —3.3629
Hs.83077 NM_001562 IL-18 Interleukin 18 -2.1414 -2.2413 —1.8901
Hs.516301 NM_012275 IL-1F5 Interleukin 1 family, member 5 (delta) -5.6792 —7.4757 —6.1636
Hs.278909 NM_173178 IL-1F8 Interleukin 1 family, member 8 (eta) B —6.8127 —6.7174
Hs.211238 NM_019618 IL-1F9 Interleukin 1 family, member 9 -5.396 -9.3367 —5.6331
Hs.306974 NM_173161 IL-1F10 Interleukin 1 family, member 10 (theta) B —2.4837 B
Hs.701982 NM_000877 IL-1R1 Interleukin 1 receptor, type I -1.6122 —3.1454 -1.6295
Hs.81134 NM_000577 IL-1RN Interleukin 1 receptor antagonist -3.8311 -3.9705 —3.4465
Hs.210546 NM_021798 IL-21R Interleukin 21 receptor B -10.273 B
Hs.474787 NM_000878 IL-2RB Interleukin 2 receptor, beta B —6.0465 B
Hs.194778 NM_000634 IL-8RB Interleukin 8 receptor, beta —3.8497 —3.7642 —2.2478
Hs.376208 NM_002341 LTB Lymphotoxin beta (TNF superfamily, member 3) —3.0464 B -3.1814
Hs.122926 NM_000176 NR3C1 Nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor) —1.4144 —2.0228 -1.3143
Hs.709174 NM_000952 PTAFR Platelet-activating factor receptor —1.9306 —2.4262 —1.5502
Hs.103755 NM_003821 RIPK2 Receptor-interacting serine-threonine kinase 2 -1.1964 —4.8282 -1.1627
Hs.19413 NM_005621 S100A12 $100 calcium binding protein A12 —2.4275 —3.5747 —2.3445
Hs.416073 NM_002964 S100A8 $100 calcium binding protein A8 —4.5065 —6.8466 —4.2569
Hs.103505 NM_020427 SLURP1 Secreted LY6/PLAUR domain containing 1 -1.7798 —2.4539 -1.8197
Hs.1166 NM_000460 THPO Thrombopoietin B —2.8485 B
Hs.654532 NM_003263 TLR1 Toll-like receptor 1 —4.0705 B —5.8871
Hs.604542 NM_003268 TLR5 Toll-like receptor 5 —1.4566 —2.1816 -1.4521
Hs.662185 NM_006068 TLR6 Toll-like receptor 6 —1.7568 —3.0589 —1.7864
Hs.241570 NM_000594 TNF Tumor necrosis factor (TNF superfamily, member 2) —1.9222 —2.2352 —1.5714
Hs.525157 NM_006573 TNFSF13B Tumor necrosis factor (ligand) superfamily, member 13b —2.7605 B B
Hs.129708 NM_003807 TNFSF14 Tumor necrosis factor (ligand) superfamily, member 14 —2.3893 -3.2264 1.441
Hs.241382 NM_005118 TNFSF15 Tumor necrosis factor (ligand) superfamily, member 15 -1.8185 —2.8234 —2.2662
Hs.248197 NM_005092 TNFSF18 Tumor necrosis factor (ligand) superfamily, member 18 B —5.1349 B
Hs.1524 NM_003811 TNFSF9 Tumor necrosis factor (ligand) superfamily, member 9 —1.488 -2.2035 -1.0916
Hs.134602 NM_003319 TIN Titin —3.4695 -1.6123 —6.4992
Hs.592212 NM_001953 TYMP Thymidine phosphorylase —1.6064 —2.1916 —2.395

HaCat cells were treated with various concentrations of IL-4 for 24 h. PCR array studies were performed as described in Materials and methods. Gene names, corresponding
accession numbers, abbreviations and fold change values are listed. All the fold change values are statistically significant at P < 0.05 except B, which is not statistically

significant.

microorganisms. Two of these proteins, SI00A8 and S100A12,
which have been reported to be deficient in AD skin [28], are
down-regulated by IL-4 in keratinocytes in our study. TLRs and
human B-defensin (HBD) are two important classes of epidermal
biodefense molecules and HBD2 production is dependent on
TLR2, which utilizes TLR1 and TLR6 as coreceptors [29]. As both
TLR1 and TLR6 are down-regulated by IL-4 in our study, it sup-
ports a notion that the presence of IL-4 reduces the skin’s ability
to eliminate invading pathogens. Interestingly, TLR-2 missense
mutation is associated with AD [30]. In addition, IFN-x, whose
suppressed expression in AD is associated with low levels of anti-
microbial peptides [31], and RIPK2, a signaling component in both
the innate and adaptive immune pathways with ability to defend
against pathogens [32], are all down-regulated by IL-4 in
keratinocytes.

3.4. Other IL-4 regulated factors in HaCat cells

Other than regulating the keratinocyte chemotactic, pro-inflam-
matory, and antimicrobial factors, IL-4 is also found to influence
other factors relating to immune responses. Previously we have
shown that angiogenesis plays an important role in AD [5], and
Zhang et al. have shown that VEGFA is up-regulated in AD lesions
[33]. Our current data showed that IL-4 up-regulates VEGFA in
keratinocytes, suggesting that the up-regulation of VEGF in AD is
at least in part due to the effect of IL-4. Interestingly, TNF super-
family 15, an inhibitor of angiogenesis [34], is down-regulated by
IL-4. In addition, the following genes are down-regulated by IL-4
in HaCat cells: IL-1F8 and 9, which play roles in skin immune de-
fense [35], adenosine Al receptor, involved in preventing tissue
damage caused by harmful circumstances [36], lymphotoxin B
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(TNFSF3), an IgE suppressor [37], TNFSF18, a T-cells function regu-
lator, and formyl peptide receptor 1, a G protein-coupled receptor
involved in regulation of immune response and associated with AD
development in cathepsin E null mice at lower levels [38]. For rea-
sons yet to be determined, IL-18 is found to be reduced in young
AD patients [39], and this is consistent with our findings that this
gene is down-regulated by IL-4 in keratinocytes. In addition, we
also found that IL-4 down-regulates the glucocorticoid receptor
NR3C1, which may contribute to steroid resistance in some pa-
tients [40]. While IRF2 mutation has been linked to AD [41], IRF4’s
role in AD remains to be investigated. Interestingly, conditional
knockout of AP-2y resulted in defects in skin barrier functions
and abnormal expression of filaggrin, repetin and SLURP1 [42].
While IL-4 has been shown to regulate filaggrin production and
low filaggrin expression is associated with AD, SLURP1’s role in
AD has not been reported. In AD patients, surfactant protein D
and C3 are dysregulated [43-45], and our PCR array study suggests
that this dysregulation may be caused by IL-4.

Interestingly, the regulation of IL-13Ra2 and TNFAIP6 by IL-4
appears to challenge the idea that IL-4 plays an essential role in
the pathogenesis of AD. In keratinocytes, both IL-4 AND IL-13 bind
to IL-4Ra and IL-13R1. IL-13Ra2, which binds to IL-13 with high
affinity but lacks a significant cytoplasmic domain, has been
reported as a dominant negative inhibitor for both IL-4 and IL-13
signal transduction pathways [46]. We found that IL-13Ra2 is
up-regulated by IL-4 in HaCat cells. In AD patients this gene is sim-
ilarly up-regulated [47]. This maybe is due to a negative feedback
mechanism, by which the keratinocytes try to minimize over-
whelming IL-4 effects. Along the same line, TNFAIP6, a member
of the hyaluronan-binding protein family, which has anti-inflam-
mation functions [48], is up-regulated dramatically in our PCR
array study.

Although CCL27 is over-expressed in AD lesions [6,49], IL-4 ap-
pears to down-regulate it in keratinocytes. Since CCL27 is well
known to be regulated by NF-xB [50], the up-regulation of CCL27
observed in AD lesions may be caused by proinflammatory cyto-
kines other than IL-4. Similarly, although the expressions of
CCL28 [51], IL-16 [52], IL-21R [53], and TNFa [7] are up-regulated
in AD, it appears that IL-4 down-regulates them in HaCat cells.

3.5. In vivo studies of IL-4 regulated genes using IL-4 Tg mice

Through over-expressing IL-4 in the basal epidermis, we have
generated a mouse AD animal model, IL-4 Tg mice [9]. Next we
aimed to use the IL-4 Tg mice to verify whether the in vitro regu-
lation of these genes by IL-4 also occurs in vivo. Towards that end,
we collected skin tissues before the onset of AD to eliminate any
possible effects of inflammation on gene regulation. Using real-
time RT-PCR, we show that IL-4 up-regulates CCL8, CCL24, IL-
12RB2, IL-13Ra2, IL-25 and TNFAIP6, while it down-regulates
CCL17, FPR1, IL-1F9, TLR1 and S100AS8 (Figs. 1 and 2). Since our se-
lected in vivo data are entirely consistent with the in vitro findings,
our microarray data likely reflect the dysregulation of keratinocyte
genes by high levels of IL-4 in AD.

AD is characterized by skin infiltration of IL-4-producing
inflammatory cells and higher levels of IL-4 in the peripheral blood.
High levels of IL-4, in turn, stimulate Th2 cell growth and synthesis
of more IL-4, thus forming a positive feedback loop. We and others
have shown that IL-4 plays an important role in the pathogenesis
of AD. Using PCR array analysis, we for the first time extensively
examined genes regulated by IL-4 in keratinocytes. Our data pro-
vide evidence that by up-regulating chemotactic, angiogenic, and
pro-inflammatory genes in keratinocytes, IL-4 contributes directly
to the AD inflammatory process. Similarly by down-regulating
antimicrobial genes, IL-4 contributes indirectly to the AD inflam-
matory process in that it reduces skin’s ability to eliminate invad-

ing pathogens, the source of persistent inflammation. Our data will
hopefully pave pathways for future detailed examination of these
genes, allowing investigators to dissect the pathophysiology of
AD and to develop more target-specific therapeutic options for
the AD patients they care.
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