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Summary Background. Atopic dermatitis (AD) and contact dermatitis (CD) are both T cell-

mediated eczematous disorders. Interleukin (IL)-17, expressed by T helper (Th)17

cells, is involved in recruitment of inflammatory cells into AD and CD skin.

Aim. In this study, we investigated whether IL-17 regulates immune dysregulation

and affects skin barrier in oxazolone (OXA)-induced AD-like and CD-like disease

models in mice, by comparing IL-17 null mutant (IL-17�/�) vs. wild-type (WT)

mouse strains in the models.

Methods. IL-17�/� and WT Balb/c mice were used for OXA induction of AD-like

and CD-like skin diseases. Ear swelling was measured by a micrometer. Skin biopsies

were obtained for RNA isolation and histology. Real-time quantitative PCR analysis

was performed to quantify mRNA expression of Th2 cytokines. Skin permeability

was measured by a vapometer, and structural changes in the skin were evaluated

by electron and confocal microscopy.

Results. Both OXA-induced AD and CD responses were alleviated in IL-17�/� mice

relative to WT, as demonstrated by reductions in ear swelling, inflammatory cell

infiltration and levels of Th2 cytokines. These endpoints were used to characterize

inflammatory dysregulation in both AD and CD models. Skin-barrier dysfunction,

measured by increases in transepidermal water loss and dysfunction of lamellar

bodies, and reductions in lipid distribution, were seen in both AD and CD in WT

mice. In IL-17�/� mice, however, these responses were significantly diminished.

Conclusions. The results indicate that the IL-17 gene may play a role in modulat-

ing immune dysregulation and affecting skin barrier in OXA-induced AD-like and

CD-like skin disease models in the Balb/c mouse.

Introduction

Atopic dermatitis (AD) is classified as a type I and

IV allergic cutaneous hypersensitivity response, and

contact dermatitis (CD) is classified as type IV.1,2 AD

is a chronic inflammatory skin disorder that is

characterized by a T helper (Th)2 cell-dominant

inflammatory infiltrate and a defective epidermal per-

meability barrier against environmental agents.3,4 CD

is a T-cell-mediated immune response that occurs as

a result of chemical allergens (e.g. haptens) penetrat-

ing into the skin. There are clinical, histological, and

immunological similarities between CD and acute

AD.5,6

Interleukin (IL)-17 is a proinflammatory cytokine

produced by Th17 cells.7 There are six family mem-

bers of IL-17, designated by the letters A-F. Levels of

the IL-17 members IL-17A, IL-17E and IL-17F, and of
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IL-17-producing cells, are known to be increased in

the skin of patients with psoriasis or AD.7–11

An important function of the SC is to act as a bar-

rier protecting against invasion of foreign antigens,

irritants and microorganisms.12 A second function is

regulation of transepidermal water loss (TEWL)

through action of an intercellular lipid domain that is

synthesized in and provided by the lamellar bodies

(LBs) of keratinocytes.13 In general, a defective skin

barrier facilitates penetration of allergens. In AD and

CD, skin exhibits an impaired permeability barrier,

which is associated with increased TEWL, diminished

level of ceramides and abnormal epidermal prolifera-

tion and differentiation.12,14 Although a link between

IL-17 and acute AD has been reported, the role of

IL-17 in AD and CD is still unclear.

In this study, we investigated the role of IL-17 in

immune response and skin barrier function in

oxazolone (OXA)-induced AD-like and CD-like murine

models.

Methods

Animals

All animal experiments in this study were performed

in accordance with the Laboratory Animals Welfare

Act and approved by the IACUC (Institutional Animal

Care and Use Committee) of Yonsei University Health

System (Seoul, Korea).

Female wild-type (WT) Balb/c mice, aged 6–8 weeks

(Orient Bio; Sungnam, Korea) and IL-17 null mutant

mice (IL-17�/�) in a Balb/c background (gift from

Y. K. Kim, POSTECH, Pohang, Korea) were used for

the study. Generation of the IL-17�/� mice was carried

out as previously described.15 WT and IL-17�/� mice

were matched for age and sex. Mice were kept under

controlled humidity, temperature and pathogen-free

conditions.

Chemicals

OXA (4-ethoxymethylene-2-phenyl-2-oxazolin-5-one;

Sigma-Aldrich (St. Louis, MO, USA) was dissolved in a

4 : 1 mixture of acetone and olive oil.

Induction of atopic dermatitis

On day 0, IL-17�/� and WT mice were sensitized with

5% (w/v) OXA or vehicle (the mixture of acetone

and olive oil only) applied to the shaved dorsal skin.

During days 5–23, the ears of the mice were also

challenged with 0.1% (w/v) OXA or vehicle, once

every other day for 18 days. Ear swelling was mea-

sured with a micrometer (Mitutoyo; Kanagawa, Japan)

and TEWL with a vapometer (Delfin; Kuopio, Finland)

before every challenge and immediately before eutha-

nasia, which occurred immediately after ear skin and

blood samples were taken. On day 25, ear skin and

blood samples were collected after mice were anaesthe-

tized with zoletil (Virvac; Carros, France) and rompun

(Bayer Korea; Ansan, Korea). OXA sensitization and

challenge were performed by modifications of previ-

ously described protocols.16

Induction of contact dermatitis

On day 0, IL-17�/� and WT mice were sensitized with

5% (w/v) OXA or vehicle applied to the dorsal skin.

On day 5, the ears of the mice were challenged with

2% (w/v) OXA or vehicle. On day 6, TEWL and ear

swelling were measured, then mice were anaesthe-

tized, and ear skin and blood samples were collected.

The mice were euthanized immediately afterwards.

TPA-induced contact dermatitis

Acute contact dermatitis was induced in ears of mice

by a single application of 2 lg TPA (12-O-tetradeca-

noylphorbol-13-acetate; Sigma-Aldrich) dissolved in

20 lL of acetone to both the inner and outer ear sur-

faces. Ear swelling, TEWL and Th2 cytokine (IL-4 and

IL-13) production were evaluated at 24 h after the

application of TPA.

Histological analysis

Ears were fixed in 10% (w/v) formalin, embedded in

paraffin wax, and cut into sections 4 lm thick, which

were mounted onto slides, and stained with haema-

toxylin and eosin, Ear oedema and eosinophil recruitment

were determined at 9100 and 91000 magnification,

respectively, using a light microscope (BX40; Olympus

America, Center Valley, PA, USA).

Real-time quantitative polymerase chain reaction

Total RNA was isolated from ear skin using TRIzol (In-

vitrogen; Carlsbad, CA, USA) prior to complementary

DNA (cDNA) synthesis. Synthesized cDNA was ampli-

fied (ExicyclerTM 96, v3.0 (Bioneer; Daejeon, Korea)

with a commercial mix (AccuPower� DualstarTM qPCR

PreMix; Bioneer) and primers (Bioneer). Primer details

are shown in Table 1.
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Expression levels of target genes were quantified rel-

ative to the expression of b-actin, using the 2-ΔΔCt
method, as described in the manufacturer’s protocol.

Electron microscopy

Ear skin specimens were pre-fixed in Karnovsky

fixative (2% glutaraldehyde–paraformaldehyde in

0.1 mol/L phosphate buffer, pH 7.4) for 2 weeks.

The specimens were rinsed in 0.1 mol/L phosphate

buffer for 30 min, then post-fixed with 1% osmium

tetroxide (OsO4) dissolved in 0.1 mol/L phosphate

buffer for 2 h, dehydrated in an ascending gradual

series (50–100%) of ethanol, and infiltrated with pro-

pylene oxide. Specimens were embedded using a com-

mercial kit (Poly/Bed 812 kit; Polysciences Inc.,

Warrington, PA, USA). Pure resin embedding and

polymerization was carried out in a 60 °C electron

microscopy oven (TD-700, DOSAKA, Tokyo, Japan)

for 24 h. Sections 350 nm thick were cut and

stained with toluidine blue for light microscopy. Sec-

tions 70 nm thick were cut on an ultramicrotome

(Ultracut UCT; Leica Microsystems, Vienna, Austria),

double-stained with 7% uranyl acetate and lead cit-

rate for contrast staining, and observed under JEM-

1011 transmission electron microscopy (JEOL, Tokyo,

Japan) at an acceleration voltage of 80 kV. Images

were obtained with a camera (MegaView III; Olym-

pus, Tokyo, Japan).

Statistical analysis of data

SAS (v9.2; SAS Institute Inc.; Cary, NC, USA) and

Graphpad Prism (v5; GraphPad Software, Inc.; La Jo-

lla, CA, USA) were used, and all data are expressed

as means � SEM. Figures 1b and 3a were analysed

using the linear mixed model in order to examine

differences at a significant level of each group over

time. One-way and two-way ANOVA were performed

for the other data, followed by Bonferroni post hoc

tests. P < 0.05 was considered statistically signifi-

cant.

Results

Reduction of ear oedema in IL-17�/� mice with AD or

CD

AD-like and CD-like skin lesions were induced by epi-

cutaneous OXA exposure.3,16 Repeated applications of

OXA to the ears induced an AD-like murine model

(Fig. 1a). Strong ear swelling response was found in

WT mice with AD, whereas IL-17�/� mice had 50%

less ear swelling after OXA exposure (Fig. 1b).

On histological analysis, reduction in ear oedema in

IL-17�/� mice with AD was clearly seen (Fig. 1c).

Eosinophil recruitment was significantly increased in

WT mice with AD, whereas IL-17�/� mice with AD

showed less eosinophil recruitment (Fig. 1d).

Unlike the AD protocol, a single application of

OXA to the ears induced CD-like lesions in mice

(Fig. 1e). Again, both reduction in ear oedema and

eosinophil recruitment were observed in IL-17�/�

mice with CD, compared with WT mice with CD

(Fig. 1f-h).

Reduction of T helper 2 cytokines in IL-17�/� mice with

atopic or contact dermatitis

In ears of WT mice with AD, significant induction of

IL-17, IL-4 and IL-13 levels was seen. The levels were

33.5-fold, 17.5-fold and 6.7-fold higher, respectively,

than levels in vehicle-treated WT mice. By contrast,

expression levels of the Th2 cytokine and protein in

IL-17�/� mice with AD were significantly reduced.

Expression of IL-17 was not detected in IL-17�/� mice

at all (Fig. 2a; Fig. S1a).

Reduction in Th2 cytokine and protein expression

was also seen in IL-17�/� mice with CD compared

with WT mice with CD (Fig. 2b and Figure S1b).

Reduction of transepidermal water loss in IL-17�/� mice

with atopic or contact dermatitis

Water loss gradually increased over 20 days, from 6.4

to 29.3 g/m2/h in WT with AD, whereas TEWL

reduced by about 0.5-fold in IL-17�/� mice with AD

(Fig. 3a). Reduction in TEWL was also higher in IL-

17�/� mice with CD than in WT mice with CD

(Fig. 3b).

Table 1 Sequences of the primers used for PCR.

Gene Direction Sequence

Product

size, bp

IL-17 Forward TTTAACTCCCTTGGCGCAAAA 21

Reverse CTTTCCCTCCGCATTGACAC 20

IL-4 Forward GGTCTCAACCCCCAGCTAGT 20

Reverse GCCGATGATCTCTCTCAAGTGAT 23

IL-13 Forward CCTGGCTCTTGCTTGCCTT 19

Reverse GGTCTTGTGTGATGTTGCTCA 21

b-actin Forward GGCTGTATTCCCCTCCATCG 20

Reverse CCAGTTGGTAACAATGCCATGT 22

IL, interleukin.
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Reduced dysfunction of lamellar bodies in IL-17�/�

mice with AD

An even distribution of LBs was seen in the stratum

granulosum (SG) of vehicle-treated mice (Fig. 3c,d). It

was observed that these single LBs moved toward the

SC–SG junction, and the adjacent LBs extruded lipid

into the SC–SG junction and formed lipid bilayers

(Fig. 3g,h). However, the LB secretion system was

impaired in WT mice with AD (Fig. 3e). As evidence

for impaired LB, single LBs were found to be

agglomerated together, thus forming relatively large

clusters (Fig. 3i). Reduced lipid bilayer (Fig. 3i) and

increased LB densities (Fig. 3e) were observed at the

SC–SG junction of AD compared with vehicle-treated

WT mice. Both agglomeration of LB and disruption of

the lipid bilayer (Fig. 3j) were reduced in IL-17�/�

mice with AD compared with WT mice with AD. LB

counts were conducted because the agglomeration of

LBs was not found in CD. The number of LBs was

reduced at the SC–SG junction in CD lesions of WT

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 1 Changes in ear oedema and eosinophil recruitment after epicutaneous exposure to oxazolone (OXA). (a,e) Experimental proto-

col for (a) atopic dermatitis (AD) and (e) contact dermatitis (CD). Ear swelling response in (b) AD-like and (f) CD-like lesions. (c,g)

Hyperkeratosis (HK) and thickening of oedema with spongiosis (SP) in (c) AD-like and (g) CD-like lesions. Haematoxylin and eosin, ori-

ginal magnification (c,d) 9100). (d,h) The number of eosinophils was counted in high-power fields (HPF) in (d) AD-like and (h) CD-like

lesions (haematoxylin and eosin, original magnification 91000), and expressed as cells per HPF. Three independent experiments

(n = 3–4 mice/group). Data represent means � SEM. **P < 0.001 by (b) linear mixed model and (f,d,h) one-way or two-way ANOVA

with Bonferroni post hoc tests.
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mice. However, the number of LBs in IL-17�/� mice

with CD was rapidly restored (Fig. 3k), but there was

no alteration in the number of LBs in the SG (Fig. 3l).

Discussion

It has been reported that AD and CD are caused by

skin barrier dysfunction and immune dysregulation,

and that IL-17 might play a pivotal role in allergic

skin disease.9,10,14,17 Thus, to clarify the role of IL-17

in relation to the inflammatory response and skin bar-

rier function in AD and CD, we established OXA-

induced skin models of AD-like and CD-like lesions in

WT and IL-17�/� Balb/c mice. Using these strains, we

found that IL-17�/� mice showed lower AD-like and

CD-associated responses than WT mice. The TPA-

induced model, which is another type of dermatitis

model, also showed similar responses (Figure S3). We

then examined changes in skin barrier function,

including TEWL, lipid distribution and LB clustering.

Immune regulation was studied by ear swelling,

eosinophil recruitment and Th2 cytokine expression in

the presence vs. absence of IL-17.

We found ear oedema, eosinophil recruitment and

expression of Th2 cytokines in the epidermis and dermis

of OXA-induced AD-like or CD-like lesions inWTmice. In

addition to decreased OXA-induced AD and CD responses

in IL-17�/� vs. WT, it was confirmed that the above

inflammatory characteristics were relatively diminished

in the skin of the IL-17-deficient strain. With respect to

the pathogenesis of AD, Cheung et al. reported that IL-

17A and IL-17F are crucial for eosinophil production of

IL-18, chemokine (C-X-C motif) ligand (CXCL)1 and

chemokine (C-C motif) (CCL)4, as well as IL-1b and IL-6,

and they proposed a possible interaction between Th17

cells and eosinophils in AD.8,18

Hyperkeratosis and spongiosis, expressed in AD-like

and CD-like lesions, are associated with mutation of

keratin genes and damage to intercellular adhesions of

keratinocytes, respectively. They contribute to an

abnormal permeability barrier, which results in

increased intracellular water movement.19,20 The epi-

dermal barrier marker filaggrin has critical roles in the

retention of water and formation of the skin barrier.12

It was recently reported that filaggrin mutations in

patients with AD raise the risk for contact sensitiza-

tion.21,22 IL-17A diminishes the expression of filaggrin

and other genes that could affect skin barrier forma-

tion in atopic eczema.23 This suggests a possibility that

IL-17 has direct effects on the skin barrier.

It was previously reported that dysfunction of LB

secretion and delivery leads to global reduction of SC lip-

ids in AD.3,4,6 Our data suggest that dysfunction of LB

in IL17�/� mice with AD is reduced, as we found lower

levels of both LB agglomeration and disruption of LBL in

these mice compared with WT mice with AD. Intracel-

lular lipids assist in preventing internal water loss in

forming a bilayer structure between corneocytes.4 Thus,

increased TEWL is associated with disruption of SC lipids

(Figure S2a,b). A recent study24 demonstrated that

(a)

(b)

Figure 2 Expression of interleukin (IL)-17, IL-4 and IL-13 cytokines. (a,b) The level of cytokines was analysed by real-time PCR in (a)

atopic dermatitis (AD)-like and (b) contact dermatitis (CD)-like lesions. Data represent means � SEM. **P < 0.01, ***P < 0.001 by

one-way or two-way ANOVA with Bonferroni post hoc tests. Three independent experiments (N = 3–4 mice/group).
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IL-17 regulates LB and lipid barrier formation genes

such as sphingomyelin phosphodiesterase 1 (SMPD1)

and serine palmitoyltransferase, long chain base sub-

unit 2 (SPTLC2). Thus, these data show a correlation

between IL-17 and LB system.

Acute permeability barrier disruption stimulates

rapid secretion of preformed LBs in the uppermost SG

cells, which quickly restores the skin barrier function.

After this occurs, SG cells begin to rapidly synthesize

new LBs.13 In OXA-induced CD-like lesions of WT

mice, unlike AD lesions, LBs were not clustered, and

the LB number was reduced at the SC-SG junction.

Reduced LBs in CD-like lesions meant that the process

of LB synthesis and transport from SG to SC was

delayed after OXA challenge, resulting in reduced neu-

tral lipid distribution. In the less damaged LBL of CD-

like lesions in IL-17�/� mice, there appeared to be

rapid recovery of permeability barrier function.

Conclusion

In this study, it was demonstrated that IL-17 modu-

lates Th2-type cytokine expression and affects skin

barrier in OXA-induced AD-like and CD-like lesions in

mice. Although further studies are needed to identify a

correlation between IL-17 and the pathogenesis of skin

hypersensitivity, our findings suggest that IL-17 might

play a critical regulatory role in acute or chronic

relapsing and inflammatory skin diseases.
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(a)

(c)

(g) (h) (i) (j)

(d) (e) (f)

(b)

(k)

(l)

Figure 3 Changes in skin barrier. (a,b) Transepidermal water loss (TEWL) measurement in (a) atopic dermatitis (AD)-like and (b) con-

tact dermatitis (CD)-like lesions. (c–j) Staining with osmium tetroxide (OsO4) revealed the form (rectangle) and distribution of lamellar

bodies (LB) at the stratum corneum–stratum granulosum (SC–SG) junction and in the SG in AD-like lesions. Original magnification (c-j)

920 000; inset, 950 000. (k,l) Distribution of LB seen by OsO4 staining. The LBs were counted at the SC–SG junction and in the SG

in CD-like lesions. Original magnification (k,l) 920 000. Data represent means � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by (a)

linear mixed model and. (b,k,l) one-way or two-way ANOVA with Bonferroni post hoc tests. Three independent experiments (n = 4–5
mice/group). Abbreviations: ns, not significant; LBL, lipid bilayers.
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What’s already known about this topic?

� Members of the IL-17 family are involved in

Th2-mediated inflammatory responses such as

AD.

� However, the role of IL-17 is still unclear in

AD and CD.

What does this study add?

� IL-17 affects inflammatory reactions necessary

for development of AD-like and CD-like disease

responses.

� IL-17 may contribute to the damage of skin

barrier in AD-like and CD-like models.

� Activation of IL-17 may affect LB form and

system of secretion in an AD-like model.
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