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House Dust Mite Increases pro-Th2
Cytokines IL-25 and IL-33 via the Activation
of TLR1/6 Signaling

Yong Hyun Jang1,10, Jin Kyeong Choi2,3,10, Meiling Jin2, Young-Ae Choi2, Zae Young Ryoo4,
Hyun-Shik Lee4, Pil-Hoon Park5, Sun-Uk Kim6, Taeg Kyu Kwon7, Myoung Ho Jang8, Sin-Hyeog Im8,9,
Sun Young Moon1, Weon Ju Lee1, Seok-Jong Lee1, Do Won Kim1 and Sang-Hyun Kim2
House dust mites have been implicated in the etiology and exacerbation of atopic dermatitis. Diverse factors
contribute to house dust mite allergenicity through the activation of innate immunity. We investigated whether
Dermatophagoides farinae extract (DFE) allergens mediate innate immune activation through specific toll-like
receptors (TLRs) in epidermal keratinocytes, a DFE-induced murine atopic dermatitis model, and human atopic
dermatitis lesions. DFE activated the expression of TLR1, TLR6, IL-25, and IL-33 in human primary keratinocytes
and HaCaT cells. Knockdown of TLR6 inhibited DFE-induced upregulation of IL-25 or IL-33. In addition, the
suppression of TLR1 inhibited the release of IL-33. DFE induced the expression of IL-25 and IL-33 by upregu-
lation of IL-1 receptor-associated kinase 1, transforming growth factor-b activated kinase-1, IkB kinase, and NF-
kB pathways. Tlr6�/� mice did not show DFE-induced upregulation of IL-25 and IL-33. Furthermore, DFE-induced
upregulation of IL-25 was not induced in Tlr1�/� mice. We also identified upregulated mRNA and protein
expression of TLR1, TLR6, IL-25, and IL-33 in human atopic dermatitis skin lesions with high house dust mite
sensitization. We found that DFE-induced activation of TLR1 and TLR6 may cause polarization toward a T helper
type 2 immune response via the release of IL-25 and IL-33.
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INTRODUCTION
The pathogenesis of atopic dermatitis (AD) is multifactorial
and involves a complex immunologic cascade, including skin
barrier dysfunction, defects in the cutaneous cell-mediated
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immune response, IgE dysregulation, genetic susceptibility
factors, and environmental factors (Leung and Bieber, 2003).
Particularly, defects in epidermal skin barriers lead to elevated
sensitivity to atopic aeroallergens including house dust mite
(HDM) (De Benedetto et al., 2012).

The innate immune system is a first line of defense against
invading microorganisms and other potential threats to the
host (Medzhitov, 2001). Toll-like receptors (TLRs) mediate the
recognition of a wide range of microbial products including
lipopolysaccharide (LPS), lipoproteins, flagellin, and bacterial
DNA, and signaling through TLRs leads to the production of
inflammatory mediators (Gantner et al., 2003). Activation
of innate immunity is a major pathway responsible for the
production of innate proallergic type 2 cytokines, such as IL-25
and IL-33. They have been implicated in the stimulation of T
helper type 2 (Th2) cytokine production, eosinophils, mast
cells, serum IgE levels, and type 2 innate lymphoid cells (ILC)
in patients with AD (Cayrol andGirard, 2014; Kuo et al., 2013;
Salimi et al., 2013). Human keratinocytes express functional
TLR1, TLR2, TLR3, TLR5, and TLR6, whereas there is some
controversy regarding the expression of TLR4, TLR7, and TLR9
(Kuo et al., 2013). TLR10 expression has been reported in
human keratinocytes, but its function is currently unclear
(Kollisch et al., 2005). Only TLR2, TLR3, TLR4, and TLR9
functions and their relevance in AD have been reported (Kuo
et al., 2013).

The HDM, a ubiquitous organism, has been implicated
in the etiology and exacerbation of AD (Gavino et al.,
2008). HDM worsens AD severity through the following mech-
anisms: inherent proteolytic enzyme activity, activation of
uthors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.
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proteinase-activated receptors-2, and IgE binding, leading to
increased inflammation (Hostetler et al., 2010). HDM is a carrier
of not only allergenic proteins, but also microbial adjuvant
compounds, both of which can stimulate innate signaling path-
ways and lead to allergy (Jacquet, 2013). However, how the
innate immunity triggered by HDM contributes to AD by pro-
gramming and maintaining Th2-bias adaptive immunity and by
the recruitment of inflammatory cells is also not investigated.

In the present study, we examinedwhether HDMactivates the
innate immune system in keratinocytes activated with HDM al-
lergens, a murine model with AD-like lesions, and human AD
skin lesions. In addition, we investigated the contribution of
keratinocyte TLR triggering to the Th2-type adaptive immune
response through innate immunity activation.

RESULTS
HDM (Dermaphagoides farinae extract, DFE) activates
pattern recognition receptors (PRRs) including TLR1,
TLR6, TLR9, and nucleotide-binding oligomerization domain
2, and induces the release of innate proallergic cytokines
IL-25 and IL-33 in epidermal keratinocytes

We first analyzed whether HDM could induce the gene
expression of various PRRs, and chemical, immunologic, and
physical barrier proteins from keratinocytes. HaCaT cells
were incubated with standardized/lyophilized DFE (100 mg/
ml) for 6, 12, or 24 hours, and gene expression was analyzed
by qPCR. DFE application induced a significant increase in
gene expression of TLR1, TLR6, TLR9, nucleotide-binding
oligomerization domain 2 (NOD2), IL-25, and IL-33
(Figure 1aec). DFE also induced the expression of chemical
mediators (LL-37, human b-defensin3, S100A9, and dermci-
din) and physical barrier (claudin-1, claudin-23, and occlu-
din) for 24 hours (Supplementary Figure S1aec online). HDM
contains large amounts of LPS that can activate TLR4
signaling. TLR4 triggering by LPS induces production of
proinflammatory cytokines necessary for the activation of
potent allergic immune responses (Hammad et al., 2009;
Trompette et al., 2009). In addition, LPS activates TLR
signaling even at drastically low concentrations. Thus, we
investigated the effects of DFE not containing LPS on the
innate immunity of keratinocytes. The estimated LPS content
of the DFE in our experiment was 0.25 ng in 2.5 mg of DFE.
Our results showed that LPS-free DFE also activated innate
immunity in keratinocytes. Thus, DFE allergens, in the
absence of any microbial compounds such as LPS, can
induce innate immune activation in keratinocytes.

We tested the effect of DFE application on the ear of BALB/
c mice. Compared with control mice, DFE-induced AD mice
showed increased ear thickness and elevated serum IgE
(Supplementary Figure S2aed online). Repeated application
of DFE to the ears of BALB/c mice resulted in a significant
increase in the expression levels of various PRRs, chemical,
immunologic mediators, and physical barriers components
(Figures 1d and Supplementary Figure S2e). Similar to the
in vitro results (Figure 1aec), TLR1, TLR6, TLR9, and NOD2
were increased by the DFE application.

Differential role of TLR6 and TLR1 in regulation of IL-25 and
IL-33 expression

We hypothesized that the crosstalk between innate immunity
and chronic exposure to HDM would elicit a Th2-type
response in AD through IL-25 and IL-33. IL-25 or IL-33
might induce Th2 immune response through accumulation
of ILC2, a critical source of type 2 cytokines (Hvid et al.,
2011). Therefore, we investigated whether DFE induces the
activation of IL-25 and IL-33 through specific PRR activation.
We examined the knockdown effects of TLR1, TLR6, TLR9,
and NOD2 using siRNA on DFE-mediated induction of IL-25
and IL-33. Knockdown of TLR1 or TLR6 inhibited DFE-
induced upregulation of IL-25 or IL-33 in HaCaT cells.
TLR6 suppression was associated with decreased expression
of both IL-25 and IL-33; however, TLR1 inhibition decreased
only IL-33. In contrast, TLR9 and NOD2 had no effect on the
expression of IL-25 and IL-33 (Figure 2a and b and
Supplementary Figure S3 online). The differential gene
expression levels were confirmed by relative protein levels
(Figure 2c).

TLR1 and TLR6 form heterodimers with TLR2 that sense
lipopeptides from bacteria, with TLR1/2 dimers sensing tri-
acylated lipopeptides and TLR2/6 sensing diacylated lip-
opeptides (Keogh and Parker, 2011). We therefore confirmed
whether synthetic TLR1 or TLR6 ligands trigger the expres-
sion of IL-25 and IL-33 in HaCaT cells. The expression of IL-
25 and IL-33 was significantly increased after stimulation of
synthetic triacylated lipopeptides (Pam3CSK4) and/or diacy-
lated lipopeptides (FSL-1) (Supplementary Figure S4a online).
However, we hypothesized that TLR2 would affect IL-25/33
production in keratinocytes. Thus, to exclude the effect of
differences in the production of IL-25/33 after TLR2 stimu-
lation, we transfected dominant negative (DN)-TLR con-
structs into HaCaT cells. DN-TLR6 activated with DFE
suppressed both IL-25 and IL-33, whereas DN-TLR1 inhibited
only IL-33. Interestingly, there were no differences in the
production of the IL-25 and IL-33 found in keratinocytes with
DN-TLR2, including TLR2 cotransfected with DN-TLR1/2 or
DN-TLR2/6 (Figure 2d). Moreover, we used TLR1, TLR2,
TLR6, TLR1/2, or TLR2/6 constructs to examine the require-
ment of IL-25 and IL-33. DFE, Pam3CSK4, and FSL-1 stimu-
lated IL-25 and IL-33 production in keratinocytes, and
overexpression of TLR1 or TLR6 significantly increased this
response. Similar to DN-TLRs, overexpression of TLR2 alone
was insufficient to induce IL-25 or IL-33 (Figure 2e and
Supplementary Figure S4b).

DFE activates the TLR1- or TLR6-mediated innate immune
signaling pathway

HDM is critical in TLR4-mediated proinflammatory cytokine
production via the NF-kB-dependent pathway in airway
inflammation (Gregory and Lloyd, 2011). It has been reported
that an excrement extract prepared from D. farina activates
NF-kB through TLR4-dependent and CD14/TLR2-dependent
mechanisms (Kitajima et al., 2014). In addition, the activation
of NF-kB triggers the production of proinflammatory cytokine in
AD (Briot et al., 2009). Pam3CSK4 and FSL-1 are synthetic TLR
ligands mediated by TLR1 and TLR6, respectively, which coop-
erate with TLR2 through their cytoplasmic domain to induce the
signaling cascade, leading to activation of NF-kB signaling
pathways (Kim et al., 2014; West et al., 2011). We therefore
compared the roles of DFE with those of TLR ligands, Pam3CSK
andFSL-1, in keratinocytes. Similar toPam3CSK4andFSL-1,DFE
promoted the association of tumor necrosis factor receptor
www.jidonline.org 2355
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Figure 1. DFE activates the

expression of TLR1, TLR6, TLR9,

NOD2, IL-25, and IL-33 in vitro and

in vivo. (aec) HaCaT cells were

stimulated with DFE (100 mg/ml) for

(a) 6, (b) 12, and (c) 24 hours. (d) DFE

(10 mg/ml, 20 ml/ear) was topically

applied to both ears of BALB/c mice

twice per week for 6 weeks (n ¼ 5).

The ears were excised and gene

expression levels of components were

analyzed by qPCR. The gene

expression levels were normalized to

b-actin, and the values of fold changes

are represented. Results are presented

as the mean � SD. *P < 0.05. DFE,

Dermaphagoides farinae extract;

NOD2, nucleotide-binding

oligomerization domain 2; SD,

standard deviation; TLR, toll-like

receptor.
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associated factor 6 with the IL-1 receptor-associated kinase 1
complex. DFE stimulated the phosphorylation of transforming
growth factor-b activated kinase-1 and IkBkinase, degradation of
IkBa, and nuclear translocation of p65 NF-kB (Figure 3).

TLR1 and TLR6 are key mediators of stimulation of Th2 type
immune response through IL-25 and IL-33 in the murine
model of AD-like lesions induced by DFE

To clarify the roles of TLR1 and TLR6 in innate immunity acti-
vation by HDM in vivo, we used the DFE-induced AD mouse
model. DFE was topically applied on the ears of C57BL/6 wild-
type (WT), TLR1�/�, and TLR6�/� mice twice per week during
6weeks. Repeated application ofDFE significantly increased ear
thickness in WT mice. However, topical application of DFE to
both TLR1�/� and TLR6�/� mice did not alter ear thickness
(Figure 4a). The WT mice ear skin showed hyperkeratosis and
acute inflammatory cell infiltration after AD induction. TLR1�/�

and TLR6�/� mice exhibited significant diminution of AD based
on epidermal and dermal thickness, and infiltration of inflam-
matory cells comparedwithWTmice (Figure 4c). TLR2�/� mice
showed similar symptoms of AD inflammation with WT mice
(Supplementary Figure S5a online).

Th2 cells have been characterized as producers of the AD-
associated cytokines, such as IL-4, IL-5, and IL-13 (Leung
et al., 2004). IL-33, a pro-Th2 cytokine, has been reported
in the lesional atopic skins of AD mice and human patients
(Salimi et al., 2013). Repeated application of DFE in WT mice
elevated serum IgE; however, this elevation was reduced in
TLR1�/� and TLR6�/� mice (Figure 4b). Although expression
levels of IL-4, IL-13, and IL-33 were significantly reduced in
TLR1�/� mice, IL-25 was unaltered comparing WT mice. On
the other hand, levels of IL-4, IL-13, IL-25, and IL-33 were
significantly decreased in TLR6�/� (Figure 4d). We also per-
formed immunohistochemical analysis and ELISA for the
comparison of IL-25 and IL-33 in mouse ears. Compared with
WT mice, TLR1�/� and TLR6�/� mice exhibited a significant
decrease in IL-25 or IL-33; however, TLR1 did not affect the
expression of IL-25 (Figure 4c and Supplementary
Figure S5c). We also confirmed the role of TLR2 in the
Journal of Investigative Dermatology (2017), Volume 137
expression of IL-25 and IL-33 in vivo. As shown in
Supplementary Figure S5b and c, TLR2�/� mice did not
reduce IL-25 and IL-33.

Upregulated expression of TLR1, TLR6, IL-25, and IL-33 in
DFE-stimulated human primary keratinocytes and human
AD skin with high HDM sensitization

We evaluated the effects of HDM on the activation of the
TLR1/6-IL-25/33 axis in human primary keratinocytes. As
expected, the mRNA expressions of TLR1, TLR6, IL-25, and
IL-33 were increased after DFE application (Figure 5a). To
further prove the involvement of the TLR1/6-IL-25/33 axis in
human AD skin, we tested the gene expression profile of
various PRRs (TLR1/TLR2/TLR4/TLR6/TLR9/NOD2) and
cytokines associated with Th2 and other immune axes (IL-25/
IL-33/IFN-g/IL-1b/IL-4/IL-13/IL-17A/IL-22) in human AD
samples (Supplementary Figures S6, S7, and Supplementary
Table S2 online). As shown in Figure 5b, gene expression
TLR1, TLR6, IL-25, and IL-33 was increased in human AD
skin with high HDM sensitization. Likewise, upregulation of
Th2 cytokines mRNA such as IL-4 and IL-13 was also
observed in human AD skin with high HDM sensitization.
However, IFN-g, IL-17, and IL-22 were not increased in hu-
man AD skin with high HDM sensitization. These data sug-
gest that the activation of the TLR1/6-IL-25/33 axis in
keratinocytes by HDM is not a general inflammatory
response. Biopsy specimens were also obtained from both
lesional skin of eight patients with AD showing high HDM
sensitization (class 6, HDM-specific IgE level > 100 IU/ml)
and seven patients with AD with no HDM sensitization (class
0, HDM-specific IgE level < 0.35 IU/ml). Demographic and
laboratory data of patients are summarized in Supplementary
Table S3 online. In the lesional epidermis of patients with AD
with high HDM sensitization, the expression of TLR1 and
TLR6 was significantly increased compared with skin without
HDM sensitization (Figure 5c, d, and g). Moreover, IL-25 and
IL-33 expression was significantly increased in the epidermis
of the AD skin with high HDM sensitization (Figure 5eeg).
These results suggest that the TLR1/6-IL-25/33 axis in



Figure 2. Only TLR1 and TLR6 are related to overexpression of IL-25 and IL-33 by DFE. (a, b) siRNA-transfected HaCaT cells were stimulated with DFE (100

mg/ml) and the expression of IL-25 and IL-33 was measured by qPCR. (cee) Various types of siRNA, dominant-negative form, or construct were transiently

transfected into HaCaT cells. After 24 hours of transfection, cells were stimulated with DFE (100 mg/ml) and secretion of IL-25 and IL-33 was measured by ELISA.

The gene expression levels were normalized to b-actin, and the values of fold changes are represented. Results are presented as the mean � SD. *P < 0.05. DFE,

Dermaphagoides farinae extract; SD, standard deviation; siRNA, small interfering RNA; TLR, toll-like receptor.
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keratinocyte may have some role in the pathogenesis of AD
with high HDM sensitization. As shown in Supplementary
Tables S2 and S3, the group with high HDM sensitization
had a higher IgE value and eosinophil counts than the group
with low or no HDM sensitization. In skin samples showing a
high IgE value and eosinophil counts, that is, high HDM
sensitization, gene and protein expression of TLR1, TLR6, IL-
25, and IL-33 were increased.
DISCUSSION
Keratinocytes comprise the first line of defense against
airborne substances such as HDM allergens and endotoxins
(Kuo et al., 2013). We hypothesized that HDM enhances the
innate immune system of keratinocytes to cause complex
allergic diseases, specifically AD. In the present study, we
found TLR1 and TLR6 activation on keratinocytes and the
subsequent production of innate proallergic cytokines IL-25
and IL-33, which might potentially promote Th2 cell re-
sponses through ILC2 activation.
Recent studies have focused on a variety of genetic and
acquired defects in the innate immune system in AD. These
abnormalities include epithelial barrier disruptions, reduced
antimicrobial peptide release, genetic polymorphisms,
dysfunction in PRRs, and diminished recruitment of innate
immune cells to the skin (Wollenberg et al., 2011). Some of
these defects promote disease development, whereas others
are developed as a consequence of the disease process and
affect AD severity (De Benedetto et al., 2009). However, few
studies have been reported regarding the aggravation of AD
due to activation of innate immunity (Dai et al., 2011). In
airway allergy, HDM activates TLR4 via its endotoxin contents
and subsequently induces the production of IL-25 and IL-33
(Hammad et al., 2009). The role of TLR6 activation has been
reported in IL-23 production and Th17 responses, which both
regulate the allergic inflammatory response in chronic fungal-
induced asthma (Moreira et al., 2011). Moreover, clinical ap-
proaches in the field of asthma immunotherapy to target TLRs
are already being tried to targeted therapy tailored to the pa-
tient’s need (Zeyer et al., 2016). In the present study, we tried to
www.jidonline.org 2357
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Figure 3. DFE activates downstream

signaling through the TLR1/2 and

TLR2/6 signaling pathway. (a) HaCaT

cells were stimulated with DFE (100

mg/ml), Pam3CSK4 (1 mg/ml), and FSL-

1 (1 mg/ml) for the indicated time

points and subjected to

immunoprecipitation with an anti-

TRAF6 antibody. TRAF6 and IRAK1

protein levels from whole-cell lysates

and TRAF6 immunocomplexes (IP:

TRAF6) were measured by

immunoblotting. (b) Activation of

TAK1, IKK, and NF-kB in DFE,

Pam3CSK4, and FSL-1 stimulated

HaCaT cells. Data are representative

of two independent experiments.

b-Actin served as a loading control.

DFE, Dermaphagoides farinae extract;

FSL-1, TLR2/TLR6 agonist, synthetic

diacylated lipoprotein; IKK, IkB
kinase; IRAK1, IL-1 receptor-

associated kinase 1; Pam3CSK4, TLR1/

2 agonist, synthetic triacylated

lipoprotein; TAK1, transforming

growth factor b activated kinase-1;

TLR, toll-like receptor; TRAF6, tumor

necrosis factor receptor associated

factor 6.
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found the definite evidence that innate allergic cytokines
derived fromepidermal keratinocytes (e.g., TSLP, IL-25, and IL-
33) induced activation of the innate immune system by HDM
that is also involved in the pathogenesis of AD. Consistent with
the previous studies in asthma, our results showed that HDM
activated the expression of proallergic cytokines, IL-25 and IL-
33. In contrast, TLR1 and TLR6 signaling pathways rather than
TLR4played a central role in activating innate immunity inAD.
Recent meta-analysis of genome-wide association study also
has suggested an association between common allergen sen-
sitivities including HDM and susceptibility loci 4p14 near
TLR1 and TLR6 (Hinds et al., 2013).

Keratinocytes, as part of the innate immune defense,
contribute to the inflammatory reactions and immune re-
sponses in AD by regulating the release of cytokines, che-
mokines, proteases, and bioactive lipids (Gutowska-Owsiak
and Ogg, 2012). On stimulation by various allergens,
toxins, or infectious agents, keratinocytes are capable of
beginning a cross-talk between the innate and adaptive im-
mune responses by stimulating T cells in patients with AD
through the release of key mediators (Cevikbas and Steinhoff,
2012). Cytokines such as IL-33, IL-25, and thymic stromal
lymphopoietin or chemokines such as CCL27 have critical
roles in this interactive network (Carmi-Levy et al., 2011). We
found that the activation or inhibition of TLR1 and TLR6
modulated the IL-25/33-mediated Th2 type response. In
addition, we showed differential functionality of TLR1 and
TLR6 in the regulation of IL-25 and IL-33. The activation of
TLR6 was shown to be essential to the secretion of both IL-25
and IL-33; on the other hand, TLR1 activation was only
related to IL-33.

Among the innate immune receptors, TLR2 has received
the greatest attention, as it is crucial for protective immune
Journal of Investigative Dermatology (2017), Volume 137
responses to a number of microbes, such as Staphylococcus
aureus and herpes simplex virus, that more commonly
colonize and/or infect the skin of patients with AD
(Boguniewicz and Leung, 2010). Each TLR1 and TLR6 het-
erodimerizes with TLR2 to form receptors for different
ligand types (Takeuchi et al., 1999). Because of this heter-
odimerization of TLR2 with TLR1 or TLR6, we initially
predicted that defects in TLR2 would affect the induction of
innate immunity via TLR1 and TLR6 triggering of keratino-
cytes by HDM. However, the activation or inhibition of
TLR2 did not affect the susceptibility to AD. These data
indicate that there is unique action of TLR1 and TLR6 in the
innate immunity activation by HDM.

The activated TLR1/2 and TLR2/6 heterodimer transduces
the signal via the adapter protein MyD88, which recruits and
activates several IL-1 receptor-associated kinases and tumor
necrosis factor receptor associated factor 6 (Akira and
Takeda, 2004). Their functions lead to the activation of the
IkB kinase complex, which phosphorylates IkB, releasing NF-
kB for translocation to the nucleus and transcriptional acti-
vation (Hoebe et al., 2006). We examined the molecular
mechanism of innate immunity activation by HDM in AD
and examined whether TLR1/6-dependent signaling path-
ways are involved in releasing IL-25 and IL-33. Interestingly,
HDM activated the well-known downstream signaling path-
ways of TLR1/6. These results demonstrate that the stimula-
tory role of HDM in the production of IL-25 and IL-33 is
regulated by TLR1/6-mediated activation of the tumor ne-
crosis factor receptor associated factor 6, IL-1 receptor-asso-
ciated kinase 1, transforming growth factor b activated
kinase-1, and NF-kB pathways in keratinocytes.

IL-33 appears to act by activating ILC2 for the production
of large amounts of type 2 cytokines, IL-5 and IL-13



Figure 4. TLR1 and TLR6 are necessary and sufficient for aggravation of Th2 responses and allergic inflammation through IL-25 and IL-33 in the murine

model of AD-like lesions induced by DFE. Wild-type (WT, C56BL/6), TLR1�/�, and TLR6�/� mice were used in DFE-induced AD. DFE (10 mg/ml, 20 ml/ear) or
vehicle was alternatively applied to both ears twice per week for 6 weeks. (a) Ear thickness of DFE-induced mice at the indicated days. Ear thickness was

measured 24 hours after DFE application with a dial thickness gauge. (b) Serum IgE levels in AD mice were measured by ELISA. (c) Representative

photomicrographs of ear sections were stained with hematoxylin and eosin, IL-25, and IL-33 (scale bar ¼ 20 mm). (d) The expression of cytokines was analyzed

by qPCR. The gene expression levels were normalized to b-actin, and the values of fold changes are represented. Results are presented as the mean � SD. *P <

0.05. AD, atopic dermatitis; DFE, Dermaphagoides farinae extract; SD, standard deviation; TLR, toll-like receptor.
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(Cayrol and Girard, 2014). The strong activity of IL-33 on
ILC2 and the crucial role of these cells in the initiation of
airway allergic inflammation are likely to explain the domi-
nant role of the IL-33/ST2 axis in genetic susceptibility to
human asthma (Cayrol and Girard, 2014). However, impor-
tant questions in understanding the IL-33/ST2 pathway in
cutaneous inflammation and immune regulation remain.
What physiological and pathophysiological conditions in the
skin are related to the activation of IL-33 and ST2 signaling?
Our data suggest that IL-33 plays a role in the induction of
cutaneous inflammation by stimulating a prompt expression
of IL-13-producing ILC2. TLR1 or TLR6 are therefore
considered to play a role in regulating ILC2.

Although allergen-specific Th2 cells orchestrate the HDM
allergic response, notably through induction of IgE directed
toward mite allergens, recent studies have demonstrated that
innate immunity activation also plays a critical role in HDM-
induced allergy pathogenesis (Jacquet, 2011). The current
study provides evidence that HDM allergens trigger
activation of TLR1 and TLR6, thus stimulating keratinocyte
release of IL-25 and IL-33. Our results demonstrate an array
of immunomodulation and proinflammatory activities of
HDM on keratinocytes, which may be considered essential
factors for their allergenicity. An enhanced keratinocyte
function characterized by increased generation of proin-
flammatory Th2 cells may represent an important mechanism
for initiating and amplifying allergic inflammation and
sensitization. However, further studies utilizing different
HDM types are needed.

MATERIALS AND METHODS
Reagents

Lyophilized DFE (100 mg/ml, endotoxin level < 625,000 EU/vial) was

purchased from Greer Laboratories (Lenoir, NC). To inactivate allergen

proteases, DFEwas incubated at 65�C for 30minutes (Dai et al., 2011).

In addition, polymyxin B (dissolved at 50 mg/ml and stored for 18 hours

at 4�C, Sigma, St. Louis, MO) was used to inactivate endotoxin in the

DFE before stimulating the cells. Pam3CSK4 (TLR1/2 agonist) and FSL-1
www.jidonline.org 2359
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Figure 5. Expressions of TLR1, TLR6, IL-25, and IL-33 were increased in human AD skin with high HDM sensitization. (a) Human primary keratinocytes were

stimulated with DFE (100 mg/ml) for 24 hours and the expression of TLR1, TLR6, IL-25, and IL-33 was measured by qPCR. (b) TLR1, TLR6, IL-25, and IL-33

expression as assessed by qPCR from HDM-exposed patients with AD skin. The gene expression levels were normalized to b-actin, and the values of fold

changes are represented. Expression of (c) TLR1, (d) TLR6, (e) IL-25, and (f) IL-33 was examined by immunohistochemical staining in the AD skin with high

HDM sensitization (class 6, DFE-specific IgE level > 100 IU/ml) and that with no HDM sensitization (class 0, DFE-specific IgE level < 0.35 IU/ml). Scale

bar ¼ 20 mm. (g) Quantitative image analysis of TLR1, TLR6, IL-25, and IL-33 expression was performed using Image-Pro Plus software. Results are presented as

the mean � SD. *P < 0.05. AD, atopic dermatitis; DFE, Dermaphagoides farinae extract; HDM, house dust mite; SD, standard deviation; TLR, toll-like receptor.
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(TLR2/6 agonist) were obtained from Invitrogen (Carlsbad, CA). Lipo-

protein was purchased from Sigma.

Animals

BALB/c and C57BL/6 wild-type mice were purchased from SLC

(Hamamatsu, Japan). TLR1�/�, TLR2�/�, and TLR6�/� mice on a

C57BL/6 background were purchased from the Jackson Laboratory

(Bar Harbor, ME). All animals were housed in a specific pathogen-

free facility at Kyungpook National University (KNU), and all ani-

mal experiments were approved by the Ethics Committee of KNU in

accordance with the institutional, regional, and national guidelines

(KNU-2015-00501).

Murine model of AD-like lesions induced by DFE

The induction of AD-like lesions by DFE was performed based on

our previous research (Kwon et al., 2010; Ryu et al., 2013). Both

surfaces of the ear lobes were very gently stripped three times with

surgical tape (Nichiban, Tokyo, Japan). After stripping, 20 ml of DFE
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(10 mg/ml) was painted on each ear. Application with DFE was

repeated twice per week for 6 weeks. Two weeks after the first in-

duction, tail bleeding was performed to determine the serum IgE

level. Ear thicknesses were measured 24 hours after DFE application

with a dial thickness gauge (Mitutoyo, Tokyo, Japan). For details, see

the Supplementary Methods online.

Human AD skin

Clinical and demographic data were retrieved from the patient files,

and all cases were reviewed by two dermatologists. Skin samples

were collected under written, informed patient consent at the

Kyungpook National University Hospital from patients with AD in

accordance with the approved IRB protocol (KNUH 2015-09-029).

See the Supplementary Methods for details on cell culture,

transfections, immunoblotting, immunohistochemistry, immunopre-

cipitation, and other methods (Supplementary Figure S8,

Supplementary Table S1 online).
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