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Atopic dermatitis (AD) is a chronic inflammatory skin disease with a defective immunologic barrier, which is aggravated by
Staphylococcus aureus (S. aureus). Epidermal growth factor (EGF) suppresses inflammation and EGF receptor inhibitors increased
S. aureus colonization. Thus, we investigated the potential roles of EGF in AD, which is often aggravated by S. aureus. We determined
how EGF affects the expression of inflammatory cytokines and antimicrobial peptides (AMPs) in human epidermal keratinocytes
(HEKSs) treated with heat-inactivated S. aureus (HKSA) in vitro and 2,4-dinitrochlorobenzene-induced AD-like skin lesions in
Nc/Nga mice. HKSA increased IL-6 and NF«B expression; EGF treatment had the opposite effect. EGF increased human f defensin-
2 expression in HEKs and murine f3 defensin-3 in mice. In mice, both EGF and pimecrolimus groups showed less erythema with
significantly reduced inflammation and decreased expression of thymic stromal lymphopoietin. EGF relieved S. aureus-induced
inflammation and AD-like skin lesions in Nc/Nga mice. Therefore, EGF could be a potential topical treatment for AD.

1. Introduction

Atopic dermatitis (AD) is a common chronic inflammatory
skin disorder that is characterized by allergic skin inflamma-
tion. It is a multifactorial, genetically based disease and has
a complex etiology including defective skin barrier function,
allergen sensitization, and recurrent skin infections. Staphylo-
coccus aureus (S. aureus), which is the most important Gram-
positive microorganism of the normal skin flora, colonizes
the skin of most patients with AD. Compared with normal
skin, atopic skin is associated with increased adherence of
S. aureus [1]. S. aureus infection probably results from a
defect in skin barrier function and the loss of certain innate
antibacterial activities [2]. S. aureus strains are part of the

human nasal microbiome, and this carrier state has often
been associated with type 2 immune responses including AD.
S. aureus cell walls downregulate the human T cell response
to superantigens through a TLR2-dependent, IL-10-mediated
mechanism and prevent Thl cell recruitment [3].

A systematic approach is required for the treatment of
AD. Providing general skin care, including patient education,
avoidance of irritants or proven allergens, and the use of
emollients, is a priority for AD treatment. In addition to
systemic treatments, topical agents for both hydration and
anti-inflammatory therapy are important for the manage-
ment of AD. In addition to topical steroids, tacrolimus and
pimecrolimus are widely used, but topical treatments remain
unsatisfactory.
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Epidermal growth factor (EGF), which is secreted by
platelets, keratinocytes, and macrophages, plays an important
role in wound healing. Epidermal keratinocytes are a rich
source of EGF receptor (EGFR) ligands, and EGFR signaling
has a major effect on the proliferation and differentiation
of keratinocytes. Therefore, EGF plays a key role in skin
development and homeostasis [4]. Beyond its role in wound
healing and epithelial homeostasis, EGF has a protective
function in the epidermal barrier, and AD is characterized
by epidermal barrier defects. In one study using an acute AD
mouse model, skin transepidermal water loss (TEWL) was
significantly attenuated in EGF-treated mice, whereas block-
ing of EGFR signaling increased TEWL [4]. The study also
showed that EGF had an immunomodulatory role in the
inflamed skin tissue, showing that EGFR signaling reduces
allergen-induced IL-6 production and Th17 responses in the
skin. IL-6 is known to prime Th17 differentiation in the skin
(4].

In addition to increased barrier permeability, AD is
characterized by decreased numbers of antimicrobial pep-
tides (AMPs) and defective innate immune function of the
immunologic barrier. Changes in the levels of AMPs are
associated with the initiation and development of AD, and
human beta defensins are particularly scarce in the lesional
AD skin of patients who frequently suffer from bacterial
or viral infections [5]. AD is often aggravated by S. aureus
infection and is frequently improved by the use of antibiotics
against S. aureus. However, the exact pathogenesis of AD in
association with S. aureus remains unclear. With regard to
another interesting clinical point, it has recently been shown
that EGFR inhibitors, which are commonly used anticancer
drugs, often increase skin colonization by S. aureus [2, 6].
Therefore, we determined whether EGF treatment affects
inflammatory signals in S. aureus-infected human epidermal
keratinocytes (HEKs) and an AD-like mouse model. We
investigated the innate immunologic master player, thymic
stromal lymphopoietin (TSLP), AMPs, and inflammatory
signals in HEKs treated with heat-inactivated S. aureus
(HKSA) in vitro, and in 2,4-dinitrochlorobenzene- (DNCB-)
induced AD-like skin lesions in Nc¢/Nga mice.

2. Materials and Methods

2.1. Reagents. Heat-killed S. aureus was obtained from
InvivoGen (San Diego, CA, USA). Recombinant human EGF
and pimecrolimus cream (Elidel®) were kindly donated by the
Daewoong Pharmaceutical Company (Seoul, Korea). Nicoti-
namide was purchased from Sigma-Aldrich (St. Louis, MI,
USA), and gefitinib was purchased from the AstraZeneca
Corporation (San Diego, CA, USA).

2.2. Cell Culture. Human epidermal keratinocytes (Thermo
Fisher Scientific, Waltham, MA, USA) were cultured in
EpiLife medium (Thermo Fisher Scientific) with human
keratinocyte growth supplement (HKGS, Thermo Fisher
Scientific). Before treatment with the reagents, the cells were
cultured in EpilLife medium (Thermo Fisher Scientific) for
starvation overnight. The cells were maintained in a humid-
ified atmosphere of 5% CO, at 37°C, and the medium was
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replaced every 2 days. The keratinocytes were stimulated with
10 MOI HKSA to induce inflammatory cytokines and TLR2
signaling.

2.3. Real-Time Quantitative Reverse Transcription-Polymerase
Chain Reaction (RT-qPCR). After treatment, total RNA was
extracted from the cells using a ReliaPrep™ RNA cell
Miniprep system (Promega, Madison, WI, USA), and 1ug
of total RNA was converted into cDNA using a Takara RNA
polymerase chain reaction (PCR) kit v2.1 (Takara Bio Inc.
Shiga, Japan), under the following reaction conditions: 45°C
for 45 min and 95°C for 5 min. The probes were obtained from
Applied Biosystems as Assays-on-Demand Gene Expression
Assays (GAPDH: Hs02758991.¢gl, IL-6: Hs00174131_ml,
TSLP: Hs00263639_-ml1, TLR2: Hs01872448_sl, NF-xB:
Hs00765730_m1, and p38a: Hs01051152_m1). Reactions were
carried out using a ABI StepOne Plus system (Applied Bios-
ystems), and relative transcription levels were determined
using GAPDH as the reference gene. The data were analyzed
using ABI StepOne Plus software (Applied Biosystems).

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). The
presence of IL-6 and TLSP at 48h in supernatants of the
treatment reagents or the untreated control was determined
using specific ELISA assay kits according to the manufac-
turer’s instructions. The IL-6 and TSLP ELISA Kkits were
obtained from R&D Systems (Minneapolis, MN, USA). After
treatment, whole-cell lysates were collected using cell lysis
buffer (Cell Signaling Technology, Danvers, MA, USA), and
the concentration of TLR2 in the cell lysates was measured
using a specific ELISA kit (R&D systems).

2.5. In Vivo Assay. Six-week-old male NC/Nga mice were
purchased from SaeronBio Inc. (Gyeonggi-do, Korea) and
housed in a room maintained at 24°C + 2°C and 55% + 15%
humidity, with a 12-h light-dark cycle. A total of 20 mice
(5 mice per group) were used in this in vivo study. Group 1
was free from AD-like skin lesions (normal control). Groups
2, 3, and 4 had AD-like skin lesions, which were induced
using 2,4-dinitrochlorobenzene (DNCB) for 1 week. Group
2 was not treated (positive control). Group 3 was treated with
topical pimecrolimus (Elidel) cream (pimecrolimus group).
Group 4 was treated with topical EGF solution (1ug/mL)
(EGF group). Topical pimecrolimus cream or EGF solution
was applied at 0, 1, 3, 6, and 24 h to the AD-like skin lesions.
Skin biopsies were conducted at 1, 3, 6, and 24 h. The dorsal
skin tissue was fixed with 4% paraformaldehyde, embedded
in paraffin, and sliced into 5-ym sections. Deparaffinized skin
sections were stained with hematoxylin and eosin (H&E).
The number of inflammatory cells per high-power field
(x400) in at least three fields was counted under an optical
microscope. Immunohistochemical staining of TSLP, murine
beta-defensin-3 (mBD-3), and CD3 was also performed. The
intensity of immunostaining was graded as 0 (negative), 1
(weak), 2 (moderate), and 3 (strong).

2.6. Statistical Analysis. All experiments were carried out in
triplicate and the results are expressed as mean + standard
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FIGURE 1: Recombinant human epidermal growth factor (rhEGF) downregulated IL-6 expression induced by heat-killed S. aureus (HKSA). (a)
10 ng/mL rhEGF did not induce IL-6 or TSLP mRNA expression. However, HKSA with a multiplicity of infection (MOI) of 10 (10 MOI
HKSA) increased the expression levels of IL-6 and TSLP mRNA; such expression was inhibited by 10 ng/mL of rhEGE. (b) As with the gene
results, 10 ng/mL of rhEGF did not affect IL-6 or TSLP protein expression. 10 MOI HKSA induced the expression of IL-6 and TSLP protein;
such expression was downregulated by 10 ng/mL of rhEGE The results are presented as the mean + STDEV, representative of three separate
experiments. Asterisks indicate statistically significant differences (*P < 0.05, **P < 0.01, and *** P < 0.001).

deviation. P values < 0.05 were considered statistically signif-
icant. One-way analysis of variance with Dunnett’s posttest
was performed using GraphPad Prism version 7 (GraphPad
Software, San Diego, CA, USA).

3. Results

3.1. The Expression Levels of IL-6 and TSLP Induced by HKSA
Were Downregulated by Recombinant Human Epidermal
Growth Factor (rhEGF). To investigate our hypothesis, we
used HKSA with a multiplicity of infection (MOI) of 10 (10
MOI HKSA) and 10 ng/mL of rthEGF to treat keratinocytes
for 6 h and 48 h. We subsequently confirmed the mRNA and
protein expression levels of the proinflammatory cytokines
IL-6 and TSLP through quantitative reverse transcription
polymerase chain reaction (RT-qPCR) and an enzyme-linked
immunosorbent assay (ELISA). The mRNA expression levels
of IL-6 and TSLP were increased by HKSA and downregu-
lated by rhEGF (Figure 1(a)). Furthermore, rhEGF inhibited
the protein expression of IL-6 in a concentration-dependent
manner, and the level of TSLP was increased by HKSA
(Figure 1(b)).

3.2. rhEGF Regulated TLR-2 Expression and Related Signaling
in HKSA-Stimulated Keratinocytes. We used RT-qPCR and
ELISA to assess TLR-2 gene and protein expression levels,
respectively, in keratinocytes when HKSA and 10 ng/mL
of thEGF were added to the culture for 6h and 48h. As
expected, 10 ng/mL of rhEGF inhibited TLR-2 gene expres-
sion in the HKSA-stimulated keratinocytes (Figure 2(a)).
Furthermore, TLR-2 protein expression induced by HKSA
was inhibited by rhEGF (Figure 2(b)). To determine which

transcription factors were responsible for these results, we
confirmed mRNA expression of NF-xB, p38 MAPK, and
ERK. 10 MOI HKSA increased the expression levels of p38«
and p388; such expression was inhibited by 10 ng/mL of
rhEGE In contrast, 10 MOI HKSA decreased p383 and p38y
expression; such expression was induced by 10 ng/mL of
rhEGF (Figure 2(c)). 10 MOI HKSA induced mRNA expres-
sion of the TLR-2-related cell signaling markers NF«xB and
ERK (MAPKIand MAPK3). Cell signaling mRNA expression
was downregulated by 10 ng/mL of rhEGF (Figure 2(d)).

3.3. thEGF Increased Human 3 Defensin-2 (hBD-2) Expression
Induced by HKSA but Did Not Increase LL37 Gene Expression.
To confirm the effect of rhEGF on the expression of the
antimicrobial peptides hBD-2 and LL37, we used RT-qPCR
to assess hBD-2 and LL37 gene expression in keratinocytes
when HKSA and various concentrations of rhEGF were
added to the culture for 6h. As shown in Figure 3(a),
10 ng/mL of rhEGF did not induce hBD-2 and LL37 mRNA
expression. However, 10 MOI HKSA increased hBD-2 and
LL37 mRNA expression. Interestingly, rhEGF and HKSA
cotreatment further induced hBD-2 mRNA expression but
did not increase LL37 mRNA expression. We then used
specific ELISA kits to confirm the secretion of hBD-2 in
controls that had been treated with HKSA and rhEGF or
had not been treated. 10 MOI HKSA induced hBD-2 protein
expression. Interestingly, hEGF and HKSA cotreatment had
a synergistic effect on hBD-2 secretion in the keratinocytes
(Figure 3(b)).

3.4. Topical EGF Reduced Infiltration of Inflammatory Cells
in AD-Like Skin Lesions. We assessed the infiltration of
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FIGURE 2: Recombinant human epidermal growth factor (rhEGF) downregulated the expression of TLR-2 and related signaling markers induced
by heat-killed S. aureus (HKSA). (a) 10 ng/mL of rhEGF did not induce TLR-2 mRNA expression. However, HKSA with a multiplicity of
infection (MOI) of 10 (10 MOI HKSA) increased TLR-2 mRNA expression, which was inhibited by rhEGF 10 ng/mL. (b) Similarly, 10 ng/mL
of rhEGF did not affect TLR-2 protein expression. 10 MOI HKSA induced TLR-2 protein expression, which was downregulated by 10 ng/mL
of thEGE. (c) 10 ng/mL of rhEGF did not affect p38 MAPK mRNA expression. However, 10 MOI HKSA increased the expression of p38a
and p380; such expression was inhibited by 10 ng/mL of rhEGE In contrast, 10 MOI HKSA reduced the expression of p38 and p38y; such
expression was induced by 10 ng/mL of rhEGE. (d) 10 MOI HKSA induced mRNA expression of the TLR-2-related cell signaling markers
NF«B and ERK (MAPKI and MAPK3). Cell signaling mRNA expression was downregulated by 10 ng/mL of rhEGF. The results are presented
as the mean + STDEV, representative of three separate experiments. Asterisks indicate statistically significant differences (*P < 0.05, **P <

0.01).

inflammatory cells to determine the effect of topical EGF on
inflammation in the AD-like skin lesions of NC/Nga mice. As
shown in Figure 4(a), the number of hematoxylin and eosin-
(H&E-) stained inflammatory cells increased at 3 and 24 h in
the positive control group. However, the application of topical
pimecrolimus or EGF reduced the number of inflammatory
cells at 3 and 24 h. The reduced infiltration of inflammatory
cells was not prominent in the EGF group at 3 h, whereas it
was particularly significant at 24 h. As shown in Figure 4(b),

CD3 expression increased significantly at 3 and 24 h in the
positive control group. As with the results for the number of
inflammatory cells, the application of topical pimecrolimus
or EGF reduced CD3 expression at 3 and 24 h.

3.5. Topical EGF Reduced TSLP Expression and Upregulated
Murine 3 Defensin-3 (mBD-3) Expression in AD-Like Skin
Lesions. We confirmed that TSLP expression was strongly
induced at 6h in DNCB-induced AD-like skin lesions
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FIGURE 3: Recombinant human epidermal growth factor (rhEGF) increased heat-killed S. aureus- (HKSA-) induced hBD-2 expression but did not
increase LL37 gene expression. (a) 10 ng/mL of rhEGF did not induce hBD-2 or LL37 mRNA expression. However, HKSA with a multiplicity
of infection (MOI) of 10 (10 MOI HKSA) increased hBD-2 and LL37 mRNA expression. Interestingly, hEGF and HKSA cotreatment further
induced hBD-2 mRNA expression but did not increase LL37 mRNA expression. (b) 10 MOI HKSA induced hBD-2 protein expression. The
increase of hBD-2 protein expression was downregulated by 10 ng/mL of rhEGE. The results are presented as the mean + STDEV, representative
of three separate experiments. Asterisks indicate statistically significant differences (*P < 0.05, ** P < 0.01).
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FIGURE 4: Topical epidermal growth factor (EGF) reduced the infiltration of inflammatory cells in 2,4-dinitrochlorobenzene- (DNCB-) induced
AD-like skin lesions. (a) The number of inflammatory cells increased in the positive control at 3 h and 24 h. There was reduced infiltration of
inflammatory cells in both the EGF and pimecrolimus groups at 3h and 24 h. (b) CD3 expression increased significantly in the positive group
at 3h and 24 h, and topical pimecrolimus or EGF reduced the level of CD3 expression. The data are represented in graphical form and show
the fold changes compared with the normal control. *P < 0.05, **P < 0.01.
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FIGURE 5: Topical epidermal growth factor (EGF) reduced thymic stromal lymphopoietin (TSLP) expression and increased mBD-3 expression
in 2,4-dinitrochlorobenzene- (DNCB-) induced AD-like skin lesions. Immunohistochemical staining of TSLP and mBD-3 (high-power field,
x400). (a) There was reduced expression of TSLP in both the EGF and pimecrolimus groups compared with the positive control group at 6 h.
TSLP expression was reduced much more in the EGF group than in the pimecrolimus group. (b) mBD-3 expression was induced in the EGF

group at 1 h.

compared with the normal control. However, topical pime-
crolimus or EGF reduced DNCB-induced TSLP expression.
TSLP expression was reduced much more in the EGF group
than in the pimecrolimus group (Figure 5(a)). As shown in
Figure 5(b), topical EGF upregulated mBD-3 expression at
1h; mBD-3 expression was not induced at 1h in the positive
control and pimecrolimus groups.

4. Discussion

Previous studies have revealed that EGFR signaling promotes
acute wound healing, which involves early recruitment of
neutrophils, an increase in the expression of antimicrobial
proteins, and ultimately the reestablishment of the physical
barrier [7, 8]. Zhang et al. showed that EGFR signaling con-
siderably downregulates the inflammatory cytokines IL-6 and
IL-1b after cutaneous allergen exposure by suppressing Th17
cell differentiation [4]. In the current study, we demonstrated
that EGFR signaling suppressed S. aureus-induced inflam-
mation in human epidermal keratinocytes and the AD-like
skin lesions of Nc/Nga mice and also increased the number
of AMPs. Furthermore, EGFR signaling showed similar anti-
inflammatory efficacy to pimecrolimus, a popular topical
immunomodulatory agent used in AD treatment.

TSLP, an IL-7-like cytokine produced by keratinocytes,
activates dendritic cells to stimulate naive T cells to produce
T-helper (Th) type 2 cytokines [9]. TSLP promotes Th2 cell
responses associated with the pathogenesis of many inflam-
matory diseases, including atopic dermatitis and asthma, and

is highly expressed by keratinocytes in AD lesions [10]. Skin-
specific overexpression of TSLP induces AD-like phenotypes
in mice, including a dramatic increase in CD4+ Th2 cells
expressing cutaneous homing receptors and elevated serum
levels of IgE [11]. TSLP is overexpressed in the skin stratum
corneum, and its expression correlates with the severity of
the AD index score and epidermal barrier function, such as
stratum corneum hydration and transepidermal water loss
[12]. In fact, TSLP appears to be a key cytokine for the
progression of the atopic march (atopic dermatitis to asthma),
and treatment with anti-TSLP compounds is expected to
have important clinical effects [13]. Our study showed that
heat-killed S. aureus (HKSA) increased both mRNA and
protein expression of TSLP and proinflammatory cytokine
IL-6, which is consistent with the clinical finding that AD
aggravation can be caused by S. aureus. Moreover, EGF
(10 ng/mL rhEGF) significantly downregulated the TSLP and
HKSA-induced inflammatory signals. Therefore, we suggest
that EGF alleviates S. aureus-induced inflammatory reactions
and further allergic inflammatory responses in AD by regu-
lating the transcription of TSLP. Previous studies have shown
that EGFR signaling protects the skin barrier function (e.g.,
TEWL) following cutaneous allergen exposure [4] and might
contribute to the observed suppressive effect of EGF on TSLP,
which increased TEWL in the AD skin model.

Next, we focused on TLR-2 because its activation and
the production of proinflammatory cytokines such as IL-6
are essential for host defense against S. aureus skin col-
onization in AD. Studies have revealed the relationship
between TSLP and TLR-2 during S. aureus infection. TSLP
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transcription is enhanced after stimulation with the wall
component of S. aureus spp. via TLR2 in canine AD [14].
S. aureus may contribute to the inflammation of canine AD
through a Th2 response via TLR2-mediated TSLP production
[14]. Another study has shown that small interfering RNA-
mediated knockdown of either TLR2 or TLR6 suppresses S.
aureus membrane-induced TSLP gene expression [15]. TLR2-
deficient mice are highly susceptible to S. aureus infection and
have a reduced survival rate when infected, which emphasizes
the importance of TLR2 in host defense [16]. We demon-
strated that EGF reduced the mRNA and protein expression
of HKSA-induced TLR-2 in keratinocytes. Furthermore, we
confirmed that HKSA-induced TLR2 overexpression in ker-
atinocytes is related to transcription factors, including p38,
NF«B, and ERK (MAPK1, MAPK3). In agreement with our
study, it has been shown that TLR-2 activation induces IL-
6 gene transcription through p38 and NF«B signaling [17].
Previous studies have revealed that EGFR signaling restricts
allergen-induced IL-6 production in an acute AD model [4],
and EGFR acts as a negative regulator of TLR2 induction via
p38 MAPK [18]. Our results indicate that EGF can relieve the
inflammatory signals induced by S. aureus in keratinocytes by
modulating TLR2 and related transcription factors including
p38, NF«B, and ERK (MAPK1, MAPK3).

Although skin was formerly considered an inactive phys-
ical protective barrier that participates in host immune
defense merely by blocking the entry of pathogens, it is now
apparent that skin defends the body by rapidly mounting
an innate immune response to injuries and microbial insults
[19]. AMPs are important in maintaining the innate immune
defense mechanism of the skin. The primary defense of the
cutaneous innate immune mechanisms is endogenous AMPs
secreted by keratinocytes, including hBD2, LL-37, and S100A7
(psoriasin) [20, 21]. In response to infectious microbes such as
S. aureus, viruses, and fungi, keratinocytes express TLRs and
produce proinflammatory cytokines and AMPs (including
human f-defensin and cathelicidin) [22]. The lesional skin
of AD patients shows increased expression of hBD-2 in the
stratum corneum, especially during flare-ups of the disease
[23]. To date, six hBDs have been identified and characterized
in humans. hBD-1 through hBD-4 are primarily detected in
the epithelia of the skin, airways, and urogenital tract,
whereas hBD-5 and hBD-6 are found exclusively in the
epididymis [5]. In general, hBD-11is regarded as being consti-
tutively expressed, whereas hBD-2 to hBD-4 are commonly
inducible following microbial challenge and exposure to
proinflammatory stimuli such as lipopolysaccharides, tumor
necrosis factor-a (TNF-«), and interleukin-15 (IL-1p3) [5].
GeneChip microarray analyses demonstrate that AD skin
lesions contain lower levels of hBD-2 transcripts compared
with psoriasis or normal skin lesions [24]. Actually, it has
been demonstrated that AMPs such as hBD-2 and hBD-3 are
produced at low levels in the lesional skin of patients with
AD relative to patients with psoriasis [5, 22]. Furthermore,
hBD-3 is suppressed in AD skin owing to overexpression
of Th2 cytokines [24]. A reduced induction of AMPs such
as hBD-2 and cathelicidin, in conjunction with defects in
the epidermal barrier in AD, contributes to the increased
susceptibility of AD skin to S. aureus infection [2, 25, 26]. In

our study, EGF increased the expression of hBD-2 in HKSA-
treated keratinocytes and mBD-3 in AD-like Nc/Nga mice
skin lesions, respectively (Figures 3 and 5(b)). According to
the gene study, mBD-3 is a homolog of hBD-2 [27]. In
mice, this peptide is not constitutive but is inducible against
microbial invasion at mucosal surfaces [28]. We observed that
EGF alone did not induce hBD-2 (Figure 3(b)), but EGF
significantly increased hBD-2 expression in response to S.
aureus. As in our study, EGF alone did not increase the
expression of hBD-2, but when used with IL-1, it increased
the expression of hBD-2 in keratinocytes [4, 29]. These
results suggest that EGF may play a role in enhancing
the immune barrier by cooperating with other cytokines
under inflammatory conditions rather than directly inducing
hBD-2. We did not observe a change in LL-37 expression
following EGF treatment in HKSA cotreatment. This may
have been due to the fact that LL-37 is regulated by a mech-
anism other than TLR ligand-induced HBD-2 expression
[30].

Recent studies have shown that EGF significantly reduces
IL-6 expression by epidermal keratinocytes through the
inhibitory effect of EGF on Thl7 cell differentiation [4]. Sev-
eral researchers have reported the immunomodulatory effect
of EGF through the regulation of cytokine and chemokine
secretion by keratinocytes, such as the downregulation of the
chemokines CCL2, CCL5, CCL27,and CXCLIO [31, 32]. In the
current study, EGF reduced the number of inflammatory cells
at 3and 24 h after treatment in AD-like skin lesions (Figure 5).
The anti-inflammatory effect of EGF had a similar efficacy to
that of pimecrolimus, a topical therapy that is widely used to
treat AD. The application of topical pimecrolimus or EGF also
decreased CD3 expression at 3 and 24 h (Figure 4). EGF has
been used topically to promote wound healing [33], and our
data suggest that topical EGF may be beneficial in preventing
AD exacerbation. However, despite the demonstrations of
efficacy of topical EGF under experimental conditions, fur-
ther research is needed to determine the efficacy and safety of
topical EGF in AD patients. In conclusion, we confirmed that
EGF contributed to reducing TLR-mediated inflammatory
reactions and promoted AMP production in HKSA-treated
keratinocytes and AD-like mouse skin lesions. Considering
that AD is characterized by decreased AMPs with defective
innate immune function, EGF is expected to be effective in
restoring damaged immune barriers by improving defenses
such as those provided by AMPs in patients with atopic
dermatitis who are vulnerable to S. aureus. In addition to
the well-known effects of improving the permeability of the
epidermal barrier, the immune barrier-modulating function
of topical EGF makes it an effective treatment for AD.

Disclosure

An earlier version of this work was presented as an abstract at
Inflammation, Immunity and Infection, Journal of Investiga-
tive Dermatology, 2017.

Conflicts of Interest

The authors have no conflicts of interest to declare.



Authors’ Contributions

Sun Young Choi and You Jin Lee contributed equally as first
authors.

References

(1]

(10]

(11]

(12]

(14]

S.-H. Cho, I Strickland, M. Boguniewicz, and D. Y. M. Leung,
“Fibronectin and fibrinogen contribute to the enhanced binding
of Staphylococcus aureus to atopic skin,” The Journal of Allergy
and Clinical Immunology, vol. 108, no. 2, Article ID 23345, pp.
269-274, 2001.

H.-J. Lee and S.-H. Lee, “Epidermal permeability barrier defects
and barrier repair therapy in atopic dermatitis,” Allergy, Asthma
& Immunology Research, vol. 6, no. 4, pp. 276-287, 2014.

Z.1i, B. Levast, and J. Madrenas, “Staphylococcus aureus down-
regulates IP-10 production and prevents thl cell recruitment;’
The Journal of Immunology, vol. 198, no. 5, pp. 1865-1874, 2017.
Z. Zhang, C. Xiao, A. M. Gibson, S. A. Bass, and G. K. K. Her-
shey, “EGFR signaling blunts allergen-induced IL-6 production
and thl7 responses in the skin and attenuates development and
relapse of atopic dermatitis,” The Journal of Immunology, vol.
192, no. 3, pp. 859-866, 2014.

E Niyonsaba, C. Kiatsurayanon, and H. Ogawa, “The role of
human -defensins in allergic diseases,” Clinical & Experimen-
tal Allergy, vol. 46, no. 12, pp. 1522-1530, 2016.

R. E. Eilers, M. Gandhi, J. D. Patel et al., “Dermatologic
infections in cancer patients treated with epidermal growth
factor receptor inhibitor therapy,” Journal of the National Cancer
Institute, vol. 102, no. 1, pp. 47-53, 2010.

S. Pastore and E Mascia, “Novel acquisitions on the immuno-
protective roles of the EGF receptor in the skin,” Expert Review
of Dermatology, vol. 3, no. 5, pp. 525-527, 2008.

S. Pastore, E Mascia, V. Mariani, and G. Girolomoni, “The
epidermal growth factor receptor system in skin repair and
inflammation,” Journal of Investigative Dermatology, vol. 128, no.
6, pp. 1365-1374, 2008.

V. Soumelis, P. A. Reche, H. Kanzler et al., “Human epithelial
cells trigger dendritic cell-mediated allergic inflammation by
producing TSLP Nature Immunology, vol. 3, no. 7, pp. 673-680,
2002.

S. E Ziegler and D. Artis, “Sensing the outside world: TSLP
regulates barrier immunity;” Nature Immunology, vol. 11, no. 4,
pp. 289-293, 2010.

J. Yoo, M. Omori, D. Gyarmati et al., “Spontaneous atopic
dermatitis in mice expressing an inducible thymic stromal
lymphopoietin transgene specifically in the skin,” The Journal
of Experimental Medicine, vol. 202, no. 4, pp. 541-549, 2005.

Y. Sano, K. Masuda, R. Tamagawa-Mineoka et al., “Thymic
stromal lymphopoietin expression is increased in the horny
layer of patients with atopic dermatitis,” Clinical & Experimental
Immunology, vol. 171, no. 3, pp. 330-337, 2013.

A. Cianferoni and J. Spergel, “The importance of TSLP in
allergic disease and its role as a potential therapeutic target,
Expert Review of Clinical Immunology, vol. 10, no. 11, pp. 1463
1474, 2014.

M. Sakamoto, R. Asahina, H. Kamishina, and S. Maeda, “Tran-
scription of thymic stromal lymphopoietin via Toll-like receptor
2in canine keratinocytes: A possible association of Staphylococ-
cus spp. in the deterioration of allergic inflammation in canine
atopic dermatitis,” Veterinary Dermatology, vol. 27, no. 3, pp.
184-e46, 2016.

(15]

(16]

(17]

(18]

(20]

(21]

(22]

(26]

(27]

BioMed Research International

A. T. Vu, T. Baba, X. Chen et al., “Staphylococcus aureus
membrane and diacylated lipopeptide induce thymic stromal
lymphopoietin in keratinocytes through the Toll-like receptor
2-Toll-like receptor 6 pathway, The Journal of Allergy and
Clinical Immunology, vol. 126, no. 5, pp. 985-¢3, 2010.

O. Takeuchi, K. Hoshino, and S. Akira, “Cutting edge: TLR2-
deficient and MyD88-deficient mice are highly susceptible to
Staphylococcus aureus infection,” The Journal of Immunology,
vol. 165, no. 10, pp. 5392-5396, 2000.

J. Jin, D. J. Samuvel, X. Zhang et al., “Coactivation of TLR4
and TLR2/6 coordinates an additive augmentation on IL-6 gene
transcription via p38MAPK pathway in U937 mononuclear
cells,” Molecular Immunology, vol. 49, no. 3, pp. 423-432, 2011.

F. Mikami, H. Gu, H. Jono, A. Andalibi, H. Kai, and J.-
D. Li, “Epidermal growth factor receptor acts as a negative
regulator for bacterium nontypeable Haemophilus influenzae-
induced Toll-like receptor 2 expression via an Src-dependent
p38 mitogen-activated protein kinase signaling pathway,” The
Journal of Biological Chemistry, vol. 280, no. 43, pp. 36185-
36194, 2005.

M. H. Braffand R. L. Gallo, “Antimicrobial peptides: an essential
component of the skin defensive barrier;” Current Topics in
Microbiology and Immunology, vol. 306, pp. 91-110, 2006.

C. Fulton, G. M. Anderson, M. Zasloff, R. Bull, and A. G. Quinn,
“Expression of natural peptide antibiotics in human skin,” The
Lancet, vol. 350, no. 9093, pp- 1750-1751, 1997.

M. Frohm, B. Agerberth, G. Ahangari et al., “The expression of
the gene coding for the antibacterial peptide LL-37 is induced
in human keratinocytes during inflammatory disorders,” The
Journal of Biological Chemistry, vol. 272, no. 24, pp. 15258-15263,
1997.

A. De Benedetto, R. Agnihothri, L. Y. McGirt, L. G. Bankova,
and L. A. Beck, “Atopic dermatitis: a disease caused by innate
immune defects?” Journal of Investigative Dermatology, vol. 129,
no. 1, pp. 14-30, 2009.

M.-L. Clausen, J. M. Jungersted, P. S. Andersen, H.-C. Slotved,
K. A. Krogfelt, and T. Agner, “Human p-defensin-2 as a
marker for disease severity and skin barrier properties in atopic
dermatitis;” British Journal of Dermatology, vol. 169, no. 3, pp.
587-593, 2013.

I. Nomura, E. Goleva, M. D. Howell et al., “Cytokine milieu
of atopic dermatitis, as compared to psoriasis, skin prevents
induction of innate immune response genes,” The Journal of
Immunology, vol. 171, no. 6, pp. 3262-3269, 2003.

M. Boguniewicz and D. Y. M. Leung, “Recent insights into
atopic dermatitis and implications for management of infec-
tious complications,” The Journal of Allergy and Clinical
Immunology, vol. 125, no. 1-3, pp. 4-13, 2010.

J. Goo, J. H. Ji, H. Jeon et al., “Expression of antimicrobial
peptides such as LL-37 and hBD-2 in nonlesional skin of atopic
individuals,” Pediatric Dermatology, vol. 27, no. 4, pp. 341-348,
2010.

R. Bals, X. Wang, R. L. Meegalla et al., “Mouse -defensin 3
is an inducible antimicrobial peptide expressed in the epithelia
of multiple organs,” Infection and Immunity, vol. 67, no. 7, pp.
3542-3547,1999.

R. S. Burd, J. L. Furrer, J. Sullivan, and A. L. Smith, “Murine -
defensin-3 is an inducible peptide with limited tissue expression
and broad-spectrum antimicrobial activity;” Shock, vol. 18, no. 5,
pp. 461-464, 2002.



BioMed Research International

[29] A. Johnston, J. E. Gudjonsson, A. Aphale, A. M. Guzman,
S. W. Stoll, and J. T. Elder, “EGFR and IL-1 signaling syn-
ergistically promote keratinocyte antimicrobial defenses in
a differentiation-dependent manner,” Journal of Investigative
Dermatology, vol. 131, no. 2, pp. 329-337, 2011.

[30] J. J. Bernard and R. L. Gallo, “Cyclooxygenase-2 enhances
antimicrobial peptide expression and killing of staphylococcus
aureus,” The Journal of Immunology, vol. 185, no. 11, pp. 6535-
6544, 2010.

[31] M. Yamaki, K. Sugiura, Y. Muro, Y. Shimoyama, and Y.
Tomita, “Epidermal growth factor receptor tyrosine kinase
inhibitors induce CCL2 and CCL5 via reduction in IL-1R2 in
keratinocytes,” Experimental Dermatology, vol. 19, no. 8, pp.
730-735, 2010.

[32] S. Pastore, F. Mascia, and G. Girolomoni, “The contribution of

keratinocytes to the pathogenesis of atopic dermatitis,” Euro-

pean Journal of Dermatology, vol. 16, no. 2, pp. 125-131, 2006.

J. Berlanga-Acosta, J. Gavilondo-Cowley, P. Lopez-Saura et al.,

“Epidermal growth factor in clinical practice—a review of its

biological actions, clinical indications and safety implications,”

International Wound Journal, vol. 6, no. 5, pp. 331-346, 2009.

[33



