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Background: Atopic dermatitis (AD) is a common disease with genetic and environmental interactions. We pre-
viously reported lifetime exposure to cigarette smoke is associatedwith adult-onset AD. Aryl hydrocarbon recep-
tor (AhR) is important in regulating environmental exposure to xenobiotics, including benzopyrenes (BP), a
major polycyclic aromatic hydrocarbon (PAH) present in cigarette smoke. However, how AhR regulates immune
responses in sensitization phase of AD remained elusive.
Methods: We investigated how BP affects epicutaneous sensitization response through AhR axis. We compared
AhR expression in skin from AD patients and healthy controls. We measured immune responses (Langerhans
cell migration and T cell polarization in epicutaneous Ova sensitization in mice with or without AhR defect.
Results: We found AhR and ARNT (AhR nuclear translocator) are upregulated in AD skin. BP exposure increases
Langerhans cell migration, and increases IL-5, IL-13, and IL-17 levels when lymph node cells were re-challenged
with Ova. The increased cytokine levelswere attenuated in AhR defectedmice. AhR agonists (BP and ITE) decreased
E-cadherin expression, while AhR antagonist (CH223191) increased it in human primary keratinocytes.
Conclusions: These results suggested AhR interacts with BP to polarize T cell responses, along with Langerhans cell
migration. This study revealed a regulatory mechanism how cigarette smoking affects atopic sensitization through
the benzopyrene-AhR interaction.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Atopic dermatitis (AD) is a common chronic relapsing inflammatory
skin disease which usually heralds other types of atopic diseases [1],
including bronchial asthma, allergic rhinitis, and allergic conjuncti-
vitis. AD affects about 10% of the general population [2]. Studying
early events of the “atopic march” contributes to the development
of targeting therapy for atopic diseases [3]. The molecular pathogen-
esis of AD may involve abnormal epidermal differentiation and aber-
rant immune responses of inducible skin-associated lymphoid tissue
(iSALT) [4]. For example, genetic mutations of fillagrin, an important
epidermal differentiation molecule, has been found in a significant
ealth Research Center, No. 35,
.

proportion of patients with AD [5]. The aberrant immune responses
in AD involve the regulation of T cells, antigen presentation cells,
and cells in innate immunity among the iSALT [6].

In addition to genetic factors, environmental factors and immune
adaptations to these factors may contribute importantly to the occur-
rence of AD as well as disease severity and disease course [2]. Little re-
search has been undertaken to elucidate the regulatory mechanisms
of skin immunity adaptation to the environmental stress [7]. However,
aryl hydrocarbon receptor (AhR) and the aryl hydrocarbon receptor nu-
clear translocator (ARNT) axis are known to lie at the intersection of
several crucial adaptive pathways in cells facing environmental stresses
[8]. For example, when ligand binds to environmental chemicals such as
dioxin (TCDD), AhR translocates into the nucleus and dimerizes with
ARNT (AhR nuclear translocator), an important transcriptional factor
[9]. AhR and ARNT are known to recognize many small xenobiotic and
natural molecules and to play an role in the pathogenesis of many
human diseases [10].
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ARNT is required for tumor initiation by benzo[a]pyrene (BP) in
mouse epidermis [11]. It might be possible that BP could bind to
AhR to activate ARNT, which would lead to tumor formation. Our
previous study reported an association between a lifetime accumu-
lated risk to cigarette smoking and the development of AD [12].
The tobacco smoke contains many chemicals and polycyclic aromatic
hydrocarbons (PAH) [13], a major portion being BP [14]. BP may
induce aberrant immune responses [15] and the subsequent devel-
opment of cancers [16]. Aside from its role in carcinogenesis, BP is
able to bind with high specificity to the aryl hydrocarbon receptor
(AhR), activating ARNT, modifying the expression of CYP1A1, and
regulating inflammation [17]. Vigorous efforts have been made to
study the role of AhR/ARNT axis in cancers initiated by BP [11,18].
However, little research attention has been paid to understand the
mechanisms underlying apparent inflammatory and erythematous
responses following epicutaneous exposure to BP. Because targeted
K14-driven deletion of ARNT in the mouse epidermis has been
reported to cause failure of epidermal barrier function [19], ARNT
may be critical to homeostasis of skin barrier function, making it
a potential candidate in AD. Roberston et al., using in vitro skin
equivalents, showed that ARNT controls the expression of epidermal
differentiation genes through HDAC- and EGFR-dependent
pathways, possibly impairing barrier function leading to the devel-
opment of AD [20]. However, it is unknown how AhR/ARNT axis
regulates the epicutaneous sensitization process of AD. This study
aims to determine the role of AhR/ARNT in the sensitization process
of AD by animal studies, cell models, and human atopic skin
examinations.

2. Materials and methods

2.1. Immunofluorescence (IF)

The specimens of skin from AD and controls were obtained from 8
patients (4 men and 4 women aged 21–48 years) and 6 controls (3
men and 3 women aged 25–57 years). All patients and control subjects
provided informed consent before receiving biopsies. This studywas ap-
proved by the Institutional Review Board of the affiliated hospital. For
the animal study, mouse skin samples were obtained by 2-mm punch
biopsy. The tissue sections fromboth humans ormicewere fresh frozen,
fixed in acetone (Sigma, St Louis, MO) at 20 °C for 5 min, air dried for
5 min, and washed in PBS for 15 min. They were incubated overnight
at room temperature in a humidifier with or without the addition of a
rabbit anti-AhR IgG (1:50, Santa Cruz Biotechnology, Dallas, TX), a rabbit
anti-ARNT IgG (1:100, Cell Signaling, Danvers, MA), or a rabbit anti-
CYP1A1 IgG (Novus Biologicals, Littleton, CO). The slides were washed
in PBS, and then incubated with either Alexa Fluor® 488 -goat anti-
rabbit IgG or Alexa Fluor® 568-goat anti-rabbit IgG (Invitrogen,
Carlsbad, CA) for 1 h at room temperature. Nuclei were counterstained
with DAPI. Image analysis was performed by NIH Image J, an open
image analysis software program (http://rsbweb.nih.gov/ij/) with a
plugin that measures the fluorescent intensity score from 0 to 255.
Numbers of positive-stained cells were measured and averaged in the
epidermis from five random high power fields. Based on an artificial
cut point in the intensity score, the percentages of AhR-, ARNT-, or
CYP1A1-positive-staining epidermal DAPI-stained nucleated cells in
the epidermis were then calculated. Similarly, the fluorescent intensity
(relative unit from 0 to 255) of E-cadherin per keratinocytes from five
random high power fields was also acquired for further statistical
analysis.

2.2. Mice

Female C57BL mice (8–12 weeks old) were obtained from the
National Laboratory Animal Center-Tainan Facility (Tainan, Taiwan).
AhRd congenic mice, which have been described previously [21]
andwhich are characterized as having a low affinity form of cytosolic
Ah receptor, were obtained from Jackson Laboratory (Bar Harbor,
ME). AhRd congenic mice (B6.D2N-Ahrd/J) carry a low-responder al-
lele (AhRd), whereas C57BL/6 mice carry high-responder allele
(AhRb-1) [21]. It has been demonstrated that the affinity of AhRd
for ligand is 10–100 times lower that of AhRb alleles [22]. All mice
were housed in a specific pathogen-free animal facility and treated
following experimental protocols approved by the Animal Care and
Use Committee of the Kaohsiung Medical University (Approval
Number 96019). OVA (Grade V) was purchased from Sigma-Aldrich
(St Louis, MO).

2.3. Ova-epicutaneous sensitization with patched BP

Mice were immunized as previously described [23]. Briefly, 20 ml of
OVA (100 mg/ml) was placed on the disc of a Finn chamber (Epitest,
Tuusula, Finland). This disk was applied to an area of shaved skin on
the back of a mouse. For each course of immunization, freshly prepared
OVA patches were applied on five consecutive days. The BP-treated
group was patched with BP at 0.5 ppm/mice/day immediately prior to
receiving the patch on days 1–5. Control mice received a similar treat-
ment but patched with acetone.

2.4. Flow cytometry

Skin-draining LNs (axillary, subscapular, and inguinal) were excised
96 h after the start of the immunization course. LN cells were prepared
by digestion of isolated LNswith 2.5mg/ml collagenase for 30min at 37
8C, and the CD11c + cells were isolated by anti-CD11c microbeads
(Miltenyi, BergischGladbach,Germany). Cellswere stainedwith combi-
nations of antibodies (CD11c-APC, CD207-PE) (both from e-Bioscience,
San Diego, CA) and their isotype controls.

2.5. Cell counting and ELISA

Ten days after the start of the immunization course, mice were
sacrificed, and axillary, subscapular, and inguinal LNs were harvest-
ed. Pooled LN cells (1 × 106) were cultured in the presence or ab-
sence of 100 mg/ml OVA. Cell proliferation was measured using an
automatic counter (Countess, Invitrogen, Carlsbad, CA) according
to manufacturer's directions. Supernatants were harvested 48 h
later and stored at minus 80 °C. The levels of IL-5, IL-13, IL-10, TGF-
β, and IL-17 were measured by standard sandwich ELISAs (R&D,
Minneapolis, MN) with the limit of detection at 10 pg/ml.

2.6. Measurement of E-cadherin in human primary skin keratinocytes
treated with AhR agonists and antagonists

Human primary cultured keratinocytes were obtained from adult
foreskins as previously described [12]. Keratinocytes at early passage
(typically b5) were then grown in keratinocyte-SFM medium (Gibco,
Grand Island, NY) free of supplements 24 h before the experiments.
Keratinocytes reaching 80–90% of confluence were treated with AhR li-
gands (ITE 5 μMor BP 10 μM) or AhR antagonists (CH223191 10 μM) for
24 h. The expression of E-cadherin was measured by immuno fluores-
cence as described above. The keratinocytes were incubated overnight
at room temperature in a humidifier with or without the addition of a
rabbit anti-E-cadherin IgG (1:100, Abcam, Cambridge, MA). The slides
were washed in PBS, and then incubated with Alexa Fluor® 568-goat
anti-rabbit IgG (Invitrogen, Carlsbad, CA) for 1 h at room temperature.
Nuclei were counterstained with DAPI.

2.7. Statistical analyses

The numeric variables between two groups were compared by non-
parametric Mann-Whitney U test. These numeric variables include the

http://rsbweb.nih.gov/ij/
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cell numbers of lymph nodes after Ova re-challenge, the cytokine
concentrations of the supernatant collected from the lymph node
cells after Ova re-challenge, and the fluorescent intensity (relative
unit per cell) of E-cadherin expressions in keratinocytes. The ratio
variables (for example, the percentages of AhR-, ARNT-, or CYP1A1-
positive-stained cells among epidermal DAPI-stained nucleated
cells in the epidermis, and the percentage of CD207 and CD11c double
positive cells) were compared by Chi-square test using SPSS version
14 (Chicago, IL). A p-value b0.05 was considered significant with two
tails.
Fig. 1. Expressions of AhR and ARNT were increased in skin from atopic dermatitis (AD). Skin s
(B) ARNT were measured by immunofluorescence. (C) The percentages of cells expressing
experiments for skin samples from 8 AD and 6 control skin samples). Representative data are
3. Results

3.1. Expressions of ARNT and AhR were increased in atopic human skin

To findoutwhether the expressions of AhR, CYP1A1, and ARNTwere
increased in skin from patients with AD, we performed immuno-
fluorescent exams of skin tissue sampled from patients with AD and
normal controls (n= 8 and 6, respectively). In the control skin, the ex-
pressions of AhR, CYP1A1, and ARNT in epidermal keratinocytes were
minimal (Fig. 1). While the expressions of CYP1A1 were similar in the
pecimens were obtained from AD and controls. The expressions of (A) AhR, CYP1A1, and
AhR, ARNT, or CYP1A1 among DAPI positive cells in epidermis are shown (3 repeated
shown in (A) and (B). * denotes p b 0.05.
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epidermis fromAD and in that from control skin (percentage of CYP1A1
positive stained cells among DAPI positive nucleated cells averaged
from five randomly sampled high power fields), we found a significant
increase in expressions of AhR in AD epidermal skin as compared to
those in control epidermal skin (Fig. 1A, C). Similarly, we found a signif-
icant increase in expressions of ARNT in AD epidermal skin as compared
to those in control epidermal skin (Fig. 1B, C). In addition to the in-
creased expressions of AhR in basal keratinocytes in epidermis, interest-
ingly, there was also a moderate increase in AhR expression in the
dermal cells of AD skin (data not shown).

3.2. Epicutaneous protein sensitization of BP enhanced Langerhans cell
migration and cell proliferation with Th2 and Th17 responses

A typical initial phase of AD is the sensitization stage caused by
exogenous proteins. To investigate whether AhR activation would
Fig. 2. Langerhans cellmigration and Th2/Th17 polarizationwere enhanced inOva epicutaneou
benzopyrene (BP) consecutively for 5 days. Skin sampleswere obtained by punch biopsy and pr
from these lymph nodes were pooled for flow cytometry (5 mice in each group; two repeate
percentages of CD207 and CD11c positive cells in lymph nodes (duplicates) from 5 mice in
(C) Cells from lymph nodes were challenged with Ova 100 mg/ml for 24 h in vitro. Cell numb
and stored at −80 C. The levels of IL-5, IL-13, IL-10, TGF-β, and IL-17 were measured by sta
levels from lymph nodes treated with RPMI in vitro (but not Ova) were undetectable. There
based on the data from one of the two repeated experiments.* denotes p b 0.05.
modulate the epicutaenous protein sensitization stage of AD,
we used an Ova-epicutaneous sensitization model, together with
simultaneous painting of the AhR ligand BP, to study the effect of
AhR/ARNT axis in T cell polarization and Langerhans cell migration
in the sensitization phase. BP painting induced significant epidermal
thickening in Ova-patched mice (Fig. 2A). It also increased the
migration of Langerhans cells (CD207/CD11c) to regional lymph
nodes (Fig. 2B). When the lymph node cells were challenged
with Ova, cell proliferation increased (Fig. 2C). Furthermore, while
PBS patch (without Ova) with either acetone or BP painting in
mice led to no significant in vitro Ova-specific induction of IL-5, IL-
13, IL-10, IL-17, and TGF-β in Ova-challenged lymph node cells,
BP painting significantly increased the IL-5, IL-13, and IL-17 produc-
tion in Ova-challenged lymph node cells from mice treated with Ova
(Fig. 2D). In contrast, this increase was not observed for IL-10 and
TGF-β.
s sensitization. (A) The backs of micewere patchedwith Ova either with acetone control or
ocessedwith regular H&E stain. (B) Skin-draining lymph nodes were isolated and the cells
d experiments). The lymph node cells were stained with CD207-PE and CD11c-FITC. The
each group in one of the two repeated experiment are summarized in the bar graph.

ers were calculated by an automatic counter. (D) Supernatants were harvested 48 h later
ndard sandwich ELISAs. The increases in cytokine levels are Ova-specific since cytokine
were 5 mice in each group; 2 repeated experiments with triplicates. The bar graph was
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3.3. Th2 and Th17 response was diminished in lymph node cells, when
rechallenged with Ova, from Ova-patched AhR defected mice

To find out if the AhR/ARNT axis played an important role in the en-
hanced epicutanous sensitization response, we repeated the above Ova
epicuataneous sensitizationmodel in AhR defectedmice instead of wild
type mice. While the RPMI treatment resulted in no antigen-specific in-
duction of cytokines (IL-5, IL-13, IL-10, IL-17, and TGF-β) in lymph
nodes cells, it turns out that the enhancedOva-specific Th2 and Th17 re-
sponses by BP were attenuated in AhR defected mice (decreases in IL-5,
IL-13, and IL-17 levels), suggesting that AhR/ARNT axis plays a role in
the enhancement of Th2/Th17 responses by BP in the protein
epicutaneous sensitization (Fig. 3). Together, these results suggest that
BP epicutaneous exposure regulates the polarization of Th2/Th17 re-
sponses in protein epicutaneous sensitization response.
Fig. 4.AhR activation by BP in keratinocytes decreased E-cadherin expression. Human pri-
mary cultured keratinocytes were obtained from adult foreskin. Early passage of
keratinocytes reaching 80–90% of confluence was treated with AhR ligands (ITE 5 μM
and BP 10 μM) or AhR antagonists (CH223191 10 μM) for 24 h. From two repeated exper-
iments, the expressions of E-cadherin were measured by immunofluorescence exam. In
each experiment, there were three sets of keratinocytes used for the four groups
(DMSO, ITE, BP, and CH223191). Representative immunofluorescent images are shown.
The average fluorescent intensity (from five high power fields) is summarized in the bar
3.4. AhR activation by BP in keratinocytes increased the expression of
E-cadherin

It has been reported that AhR-deficient mice exhibited a substantial
exacerbation imiquimoid-induced psoriasis model as compared to
AhR-sufficient controls, attribable mostly to epidermal keratinocytes
[24]. Since we found an enhanced migration of LC and Th2/Th17 po-
larization in BP/Ova-patched mice, we asked whether the AhR acti-
vation in keratinocytes, the major cell population in epidermis,
decreased expression of E-cadherin in keratinocytes, allowing the
detachment and migration of the adjacent LC from keratinocytes.
We treated keratinocytes with ligands (ITE and BP) and antagonists
(CH223191) of AhR and measured the expressions of E-cadherin by
immuno-fluorescence (Fig. 4) as average fluorescent intensity from
five randomly sampled high power fields. E-cadherin expression
was clearly present in the cell membrane of culture keratinocytes
(the DMSO control group). Treatment of keratinocytes with the
AhR antagonist CH223191 induced a mild increase in the expression
of E-cadherin. Treatment of the keratinocytes with AhR ligands, ITE
or BP, resulted in a loss of E-cadherin. This finding could be consid-
ered a possible explanation for how BP induces LC migration in the
protein epicutaneous sensitization model.
Fig. 3. Th2/Th17 polarization was diminished in BP-patched AhR defectedmice. The same
experiment procedures used to performed the experiment described in Fig. 3D were
repeated with AhR defected mice instead of wild type mice. Supernatants were
harvested 48 h later and stored at minus 80° until assayed. The levels of IL-5, IL-13, IL-
10, TGF-beta, and IL-17 were measured by standard sandwich ELISAs (5 mice in each
group; 2 repeated experiments with triplicates, *p b 0.05). The increases in cytokine
levels are Ova-specific since cytokine levels from lymph nodes treated with RPMI
in vitro (but not Ova) were undetectable. The bar graph was based on the data from one
of the two repeated experiments.

graph based on the data from one of the two repeated experiments. *p b 0.05.
4. Discussion

In this study of the role AhR/ARNT might play in the sensitization
process of AD, we first found AhR and ARNT to be increased in the
epidermis from patients with AD. Our mouse experiment showed
that exposure to BP, an AhR ligand, resulted in increased Langerhans
cell migration as well as increased IL-5 and IL-13 levels when re-
challenged with Ova. The enhanced Th2 and Th17 responses were at-
tenuated in AhR defected mice. These results suggest that AhR/ARNT
axis might interact with smoke fumes to induce Th2 17 polarization
in epicutaneous protein sensitization.

AD is characterized by dysregulated immune responses, abnormal
epidermal differentiations, and impaired skin barriers. For dysregulated
immune responses, our study first found both AhR and ARNT to be in-
creased in human AD skin. Cutaneous exposure to BP causes a polarized
Th2 responses in mice [25], an effect which may result from the activa-
tion of AhR/ARNT axis. The fact that regulations by AhR/ARNT in epider-
mal keratinocytes are important in AD is evidenced by the fact that
constitutive activation of the AhR pathway in keratinocytes causes
atopic-like skin lesions in transgenic mice after exposure to occupation-
al and environmental xenobiotics [26]. In addition, one recent study
found that keratinocytes were responsible in an imiquimoid-induced
proinflammatory psoriasis model through upregulation of AP-1 tran-
scription factors [24]. Regarding to the abnormal epidermal differentia-
tions and impaired skin barrier, treatment with emollient, which helps
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restore the skin barrier, is the cornerstone in the treatment of AD. Para-
doxically, coal tar, the classic emollient, has been shown to activate AhR,
resulting in the induction of epidermal differentiation and the repair of
skin barrier functions in an organotypic skin model [27]. Coal tar has
been shown to interfere with Th2 cytokine signaling via dephosphory-
lation of STAT6, most likely due to AhR-regulated activation of the
NRF2 antioxidative stress pathway in the samemodel [27]. This discrep-
ancy of the altered expressions and activation of AhR in AD of that study
from the current study may result from (A) the differences in the het-
erogeneous components of coal tar used in that study and more pure
BP used in the current study; (B) the differences of the organotypic
model in that study and the animal study with human AD samples in
the current study. It is likely that the increased AhR expressions in
basal keratinocytes of AD may facilitate the treatment responses to
coal tar emollient in AD skin.

AhR and ARNT genetic polymorphisms have been associated with a
variety of human cancers, including colon cancers [28], lymphomas
[29], lung cancers [30], and breast cancers [31]. In DMBA-induced in-
flammation and carcinogenesis mouse model, AhR polymorphism was
found to modulate the inflammatory phenotype in those mice [32].
Thus, AhR may regulate inflammation-assisted carcinogenesis. In addi-
tion to the polarized Th2 response in BP-patched epicutaneous sensiti-
zation model, a mild elevation of Th17 response was observed, a
finding similar to a recent study showing selective AhR expression on
Th17 cells in the induction of the cytokine IL-22 [33].

In this study, the AhRd mice were used. The affinity of AhRd for its
ligand is 10–100 times lower that of AhRb alleles [22]. An apparent T
to C transition replaces the opal termination codon in the C57BL/6J al-
lele with an arginine codon in the AhRd allele, resulting in a bigger tran-
script. A second T to C transition changes a leucine codon in the C57BL/
6J allele to a proline codon in the AhRD allele, resulting in different li-
gand affinity. One limitation that the AhR defectedmice used in the cur-
rent study are not condition knockouts, which obscures the role of AhR
in specific skin cells. Either the differences in the AhR activation and
processing other than ligand binding affinity or the expression of AhR
in cells other than epidermal keratinocytes might changed the in vivo
results we observed in this study. However, this study found the in-
creased expressions of AhR and ARNT in the epidermis of human AD
skin. In transgenic mice, constitutive activation of the AhR pathway in
keratinocytes is reported to cause atopic-like skin lesions [26], indicat-
ing the role of AhR/ARNT is likely regulated in epidermal keratinocytes.

In summary, this study provides evidence that AhR/ARNT axis polar-
izes a predominant Th2 and Th17 responses in epicutaneous protein
sensitization, afinding thatmight help explain how tobacco smoking in-
duces atopic dermatitis during the sensitization phase.
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