Increased expression of the aryl hydrocarbon receptor in
allergic nasal mucosa, contributing to chemokine secretion
in nasal epithelium
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ABSTRACT

Background: Pollutants produced by industrial and traffic-related activities have been linked to allergic responses. These noxious agents induce their effects
through the aryl hydrocarbon receptor (AhR).

Objective: We analyzed the expression and distribution pattern of AhR in normal and allergic nasal mucosa, and cytokine-driven regulation of its
expression. The production levels of chemokine in cultured nasal epithelial cells were evaluated after stimulation with AhR ligand.

Methods: The expression levels and distribution pattern of AhR in normal, mild, and moderate-severe persistent allergic nasal mucosa were assessed by
using real-time polymerase chain reaction, Western blot, and immunohistochemistry. The expression levels of AhR were determined in cultured nasal epithelial
cells treated with T-helper 2 cytokines. In cultured epithelial cells stimulated with 2-(10H-indole-30-carbonyl)-thiazole-4-carboxylic acid methyl ester, the
expression levels of granulocyte macrophage colony-stimulating factor, thymus and activation requlated chemokine, macrophage inflammatory protein 1 o,
monocyte chemotactic protein 1, regulated on activation normal T-cell expressed and secreted, eotaxin, and interleukin 8 were measured with real-time
polymerase chain reaction and enzyme-linked immunosorbent assay.

Results: Expression of AhR was observed in normal and allergic nasal mucosa where it is distributed in the epithelial layer, submucosal glands, endothelial
cells, and inflammatory cells. Its expression levels are increased in allergic nasal mucosa and upregulated after stimulation with T-helper 2 cytokines. The
stimulation with 2-(10H-indole-30-carbonyl)-thiazole-4-carboxylic acid methyl ester resulted in increased production of chemokines in cultured epithelial cells.

Conclusion: Analysis of the study results indicated that increased expression levels of AhR may play a role in the pathogenesis of allergic rhinitis, which
contributes to chemokine production in nasal mucosa.

(Am J Rhinol Allergy 30, e107-e112, 2016; doi: 10.2500/ajra.2016.30.4311)

Nasal mucosal surfaces are under the constant threat of patho-
genic attack and provide an effective barrier against the pen-
etration of pathogens and other environmental harm by protecting
the integrity of nasal mucosa, especially nasal epithelial cells, a pri-
mary pollutant target that interfaces innate and adaptive immune
responses, have been proposed to regulate many of the responses to
airborne pollutants.’-

Allergic rhinitis is a chronic inflammatory condition of the nasal
airway and is induced by an immunoglobulin E (IgE) associated
immune response to ubiquitous environmental allergens. Its main
clinical symptoms are itching, sneezing, rhinorrhea, and nasal ob-
struction.®® Although these symptoms are mediated by an IgE-asso-
ciated pathway, nasal hyperreactivity symptoms are also elicited by
nonallergic stimuli, such as change of temperature, smoke, and air
pollutants.®10

A considerable amount of evidence indicates that environmental
pollutants can contribute to the occurrence and exacerbation of aller-
gic rhinitis in most industrialized nations.’'2 Pollutants, especially
particulate matter, that are produced by industrial and traffic-related
activities, have been linked to allergic responses.’>?! The major com-
ponents of particulate matter are diesel exhaust, which consists of
polycyclic aromatic hydrocarbons and their derivatives with a broad
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surface area that can absorb chemicals.?2?3 These plentiful noxious
agents exert their effects through the aryl hydrocarbon receptor
(AhR), recognized as a ligand-activated transcription factor.?

In this respect, we hypothesized that AhR may play an important
role in allergic rhinitis. Therefore, the present study was undertaken
to (1) investigate the expression levels and distribution pattern of AhR
in normal, mild, and moderate-severe persistent allergic rhinitis to
evaluate its possible contribution to the pathogenesis of allergic rhi-
nitis, (2) evaluate whether the expression levels of AhR are altered by
stimulation of T-helper (Th) 2 cytokines (interleukin [IL] 4, IL-5, and
IL-13) relevant to allergic rhinitis by using an epithelial culture sys-
tem, and (3) elucidate the effect of AhR on the expression of chemo-
kines relevant to allergic rhinitis.

METHODS

This study was carried out at the Korea University College of
Medicine. Informed consent was given from all the participants be-
fore commencement of the study, and the study protocol was ap-
proved by the institutional review board of Korea University College
of Medicine (ED14035). Sixty subjects (30 healthy subjects and 60
patients with allergic rhinitis) participated in the study (Table 1). The
diagnosis of allergic rhinitis was based on a history of persistent
allergic rhinitis, clinical examination, and skin-prick test and provo-
cation test results. The patients with persistent allergic rhinitis were
classified according to disease severity, and the severity of rhinitis
was classified according to the allergic rhinitis and its impact on
asthma reported as mild or moderate-severe.® The patients with al-
lergy and with exacerbation of upper respiratory infection during the
6 weeks preceding the study were not included in the study. Addi-
tional criteria for exclusion were a clinical history of asthma; smoking;
or recent use of topical or oral steroids, leukotriene antagonists, and
antihistamines. Patients undergoing augmentation rhinoplasty were
considered healthy control subjects and were required to have been
free of nasal or respiratory tract infection, allergy, asthma, smoking,
or ongoing drug treatment.
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Table 1 Clinical characteristics of patients

Characteristics

Group A, Normal Control

Group B, Mild Allergic Group C, Moderate-Severe Allergic

(n = 30) Rhinitis (n = 30) Rhinitis (n = 30)
No. women/men 12/18 14/16 15/15
Age, mean (SD), y 359 *33 38.9 £ 6.5 39.9 £ 6.8
Rhinitis duration, y NA 13.58 + 2.63 14.22 = 2.53

Serum total IgE level, mean (SD), IU/mL 25.73 £ 12.25

324.53 = 132.45 337.14 £ 110.66

SD = standard deviation; NA = not applicable; IgE = immunoglobulin E.

Nasal mucosa was acquired from the inferior turbinate of healthy
control subjects and the patients with allergy. By using a Blakesley
forceps, the mucosal biopsy sample was taken largely from ~2 cm
posterior to the anterior edge of the inferior turbinate. The nasal
mucosal samples were divided into two portions. One portion was
stored at —70°C for RNA and protein isolation. The other portion was
subjected to immunohistochemistry, in which the samples were fixed
in 4% paraformaldehyde in phosphate-buffered saline solution, pH
7.4. These samples were then dehydrated in a graded series of ethanol
to xylene and embedded in paraffin wax.

Isolation and Culture of Epithelial Cells

Normal nasal mucosal samples were enzymically digested in 0.5%
dispase for 24 hours in Dulbecco’s Modified Eagle Medium/F-12,
including penicillin and streptomycin. Thereafter, the nasal epithelial
cells were harvested and cultured. An air-liquid interface was created
in bronchial epithelial growth medium (Lonza Walkersville Inc.,
Walkersville, MD). On reaching 80-90% confluence, the cultured cells
were stimulated with cytokines (30 ng/mL of IL-4, IL-5, and IL-13;
PeproTech, Inc., Rocky Hill, NJ) for 24 hours or with 2-(10H-indole-
30-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) (50 nM/
mL; Tocris Bioscience, Bristol, U. K.) for 6, 12, and 24 hours.

Small-Interfering RNA Transfection Experiments

Cultured epithelial cells were used to assess the effects of AhR on
the secretion of chemokine in nasal mucosa. The cells were plated in
a 6-well culture dish at a density of 5 X 10° cells per well. They were
transfected with small-interfering RNA (siRNA) and silencer negative
control siRNA (ST Pharm Oligo Center, Si Hwa, Kyung Ki Do, Korea)
by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. The efficiency of gene knock down
was determined by using reverse transcription polymerase chain
reaction (PCR). After transfection, the cells were treated as specified
in the Results section.

Total RNA Isolation and Real-time PCR

Total RNAs (1 ug) obtained from nasal mucosal samples and
cultured epithelial cells were reverse transcribed in a reaction mixture
that contained Molony Murine Leukemia Virus reverse transcriptase
(GIBCO BRL, Grand Island, NY). The primer sequences are listed in
Table 2. Real-time PCR was performed with an iCycler (BioRad
Laboratories, Hercules, CA). Each PCR mixture contained comple-
mentary DNA, iTAQ SYBR supermix (Bio-Rad, Hercules, CA), and
primers, and the amplification parameters were as follows: 40 cycles
of 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds.
The level of gene expression was calculated as the difference between
the Ct value of the target gene and that of GAPDH used as the control.
Relative gene expression was determined by the 274" method.

Immunocytochemical and Western Blot Analysis

Immunocytochemistry was conducted by using a peroxidase-la-
beled streptavidin-biotin technique. Briefly, paraffin sections were cut
and treated with 0.03% H,O, in methanol for 15 minutes to quench
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Table 2 Sequences of PCR primers

Primer Sequence

AhR S: 5'-CCAACATCACCTACGCCA G-3’

AS: 5'-CCAAACGGTCCAACTCTGTAT-3’
MCP-1 S: 5'-AAGCAGAAGTGGGTTCAGG-3

AS: 5'-ATTCTTGGGTTGTGGAGTGAG-3’
MIP1-« S: 5'-ACAGTGGTCAGTCCTTTCTTG-3'

AS: 5'-AGACCTGCATGATTCTGAGC-3'
RANTES S: 5'- TCCGTTCCCTTTTCATCTCTG-3’

AS: 5'-TCTCTTTGTGTTTCCCTTTCCC-3’
Eotaxin S: 5'-CCAACCACCTGCTGCTTTAACCTG-3'

AS: 5'-GCT TTGGAGTTGGAGATTTTTGG-3'
GM-CSF S: 5'-TCTGCTTGTCATCCCCTTTG-3'

AS: 5'-ATGACCATCCTGAGTTTCTAGC-3’
TARC S: 5'-ATGTGTTAGATGAGCGGTGG-3'

AS: 5'-CCCCAACATTGAGCTTTCTTG-3’
IL-8 S: 5'-TTAAATCTGGCAACCCTAGTC-3'
AS: 5'-GAGGTAAGATGGTGGCTAATAC-3’

PCR = polymerase chain reaction; AhR = aryl hydrocarbon receptor; S =
sense; AS = antisense; MCP-1 = monocyte chemotactic protein 1; MIP1-
a = macrophage inflammatory protein 1 o; RANTES = regulated on
activation normal T-cell expressed and secreted; GM-CSF = granulocyte
macrophage colony-stimulating factor;, TARC = thymus and activation
requlated chemokine; IL = interleukin.

endogenous peroxidase activity. Thereafter, they were incubated with
anti- AhR antibodies at the 1:100 dilutions (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). As a negative control, the primary antibodies
were replaced with nonimmune goat IgG (Santa Cruz Biotechnology).
The color was developed by using 3,3'-diaminobenzidine.

For Western blot analysis, equal amounts of total protein were
separated on 12% sodium dodecyl sulfate-polyacrylamide gels and
transferred to Immobilon (Millipore, Bedford, MA). The blots were
blocked with PBS-Tween 20 that contained 1% skim milk and then
incubated with anti-AhR antibody in PBS-Tween 20 overnight at
room temperature. Antibody reactions were detected by using the
enhanced chemiluminescence detection kit (Amersham Bioscience,
Piscataway, NJ), followed by detection of chemiluminescence on x-
ray film. As an internal control, B-actin expression was analyzed in
parallel blots by using the B-actin antibody (Sigma, St. Louis, MO).
The intensity of detected bands was quantified by using Scion Image
Beta 4.0.2 (Scion Corporation, Frederick, MD). Relative intensities of
each of the protein signals were obtained by dividing their intensities
by those of B-actin.

Analysis of Chemokines by using Enzyme-linked
Immunosorbent Assay

The expression levels of granulocyte macrophage colony-stimulat-
ing factor, thymus and activation regulated chemokine, macrophage
inflammatory protein 1 o, monocyte chemotactic protein 1, regulated
on activation normal T-cell expressed and secreted, eotaxin, and IL-8
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lergic nasal mucosa. c

in supernatants of cultured cells were measured by using enzyme-
linked immunosorbent assay by following the manufacturer’s proto-
col (R &D Systems, Abingdon, U.K.). Data were expressed as pg/mL.

Statistical Analyses

Statistical analyses were carried out by using SPSS for Windows
(version 16.0.0; SPSS, Chicago, IL). Age differences among the three
groups were calculated by one-way analysis of variance, and the
Bonferroni post hoc correction was applied. The difference in duration
of rhinitis between the mild and moderate-severe persistent rhinitis
groups was statistically evaluated by using the Mann-Whitney U test.
A one-way analysis of variance, the Bonferroni post hoc correction
(a = 0.0167), and the Tukey test were performed to evaluate whether
values obtained by real-time PCR, Western blot analysis, and en-
zyme-linked immunosorbent assay differed significantly among each
group. The level of significance was set at p < 0.05.

RESULTS

The allergy and control groups did not differ by age or male to
female ratio. There was no significant difference in the duration of
disease between the allergy groups (Table 1). Serum levels of total IgE
in allergy groups were higher than in the control group but were not
significantly different between the allergy groups (Table 1). Expres-
sion of AhR was observed in nasal mucosa of normal subjects and
patients with allergic rhinitis, both at messenger RNA (mRNA) and
protein levels. However, the expression levels of AhR mRNA tran-
scripts and protein were higher in allergic mucosae than in normal
nasal mucosae, but there was no significant difference between both
allergy groups (mild and moderate-severe persistent allergic rhinitis)
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(Fig. 1). Immunocytochemical results showed that AhR was distrib-
uted to epithelial layer, submucosal glands, and endothelial cells as
well as inflammatory cells (Fig. 2). However, positive findings were
not seen in negative control slides when using nonimmune goat IgG
(Fig. 2). The expression levels of AhR after stimulation with Th2
cytokines (IL-4, IL-5, and IL-13) were evaluated by using real-time
PCR and Western blots, the results showed increased expression
levels of both AhRR mRNA and protein compared with nonstimulated
cells (Fig. 1, C and D).

After stimulation with ITE, an AhR ligand, the expression levels of
macrophage inflammatory protein 1 o, monocyte chemotactic protein 1,
regulated on activation normal T-cell expressed and secreted, eotaxin,
thymus and activation regulated chemokine, IL-8, and granulocyte mac-
rophage colony-stimulating factor were evaluated by real-time PCR and
enzyme-linked immunosorbent assay. Expression levels of each chemo-
kine in cultured cells and supernatants were detectable in nonstimulated
control groups. The expression levels generally increased from time 0
over the subsequent time of 6-24 hours after simulation with ITE (Fig. 3).
Furthermore, cells silenced with AhR-specific siRNA did not show any
increase in the expression levels of any chemokines tested in the present
study after stimulation with ITE (Fig. 3).

DISCUSSION

The AhR has been considered the primary receptor or sensor for
various pollutants that are present in automobile exhaust, industrial
waste, and cigarette smoke.?* The nasal mucosa is the first tissue that
come into contact with pollutants inhaled into the nasal cavity.! In
this respect, we considered it necessary to perform a detailed analysis
of AhR expression in the nasal mucosa of normal controls and pa-
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tients with allergic rhinitis to understand the role of this receptor in
allergic rhinitis. Most studies on AhR have been dedicated to its role
in mediating the immune response, and AhR has been found to be
highly expressed on dendritic cells, Th17 cells, and other immune
cells.?* To the best of our knowledge, the expression of AhR on human
nasal mucosa has not been addressed before. Interestingly, in this
study, we found that AhR is constitutively expressed in normal
human nasal mucosa and upregulated in mild and moderate-severe
persistent allergic nasal mucosae, where it is distributed in superficial
epithelium, submucosal gland, vascular endothelium, and inflamma-
tory cells infiltrated into nasal mucosa. Moreover, its expression levels
were upregulated by Th2 cytokines, and its activation by ITE induced
the secretion of chemokines in epithelial cells. To study the effect of
AhR in epithelial chemokine expression, we knocked downed AhR
genes of cultured epithelial cells with AhR-specific siRNA and then
treated them with ITE. ITE-induced secretion of chemokines was
inhibited in cells silenced with AhR-specific siRNA. Taken together,
analysis of the results of the current study indicated that AhR may be
distributed in resident cells of human nasal mucosa, which partici-
pates in the pathogenesis of allergic rhinitis and in controlling the
secretion of chemokines in human nasal mucosa.

AhR expression differs significantly among tissues. Its expression
levels are constitutively high in liver and in the barrier tissues such as
skin, lung, and gut, which are lined by the epithelial layer.?> In these
barrier tissues, AhR is highly expressed in epithelial and various im-
mune cells.?> Nevertheless, because AhR is abundant in various cells of
the immune system, such as innate lymphoid cells and dendritic
cells,?>28 the role of AhR in epithelial cells of these barrier tissues has not
been sufficiently evaluated. Studies that used AhR agonists demon-
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Figure 2. Immunohistochemical localization of aryl hydro-
carbon receptor (AhR) in normal (A), mild (C), and moder-
ate-severe persistent allergic nasal mucosa (E). Negative con-
trol for AhR in normal (B), mild (D), and moderate-severe
persistent allergic nasal mucosa (F). Arrowhead = Superfi-
cial epithelial cells; large arrow = submucosal glands; small
arrow = endothelial cells.

strated that AhR activation induces the production of cytokines such as
transforming growth factor «, tumor necrosis factor «, and matrix met-
alloprotease through its receptors in human pulmonary epithelial
cells.>-32 Wong et al.? reported that 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) is activated via AhR, which induces mucin or matrix metallo-
protease production from a Clara-cell-derived cell line and that it is also
implicated in the increased expression of cyclooxygenase-2 and IL-13
mRNA. 1-Nitropyrene and 3-nitrofluoranthene induced a strong in-
crease in several cytokine and chemokine genes, characterized by max-
imum effects on IL-8 and tumor necrosis factor a expression.®*-35 These
results indicated that activation of AhR localized to the pulmonary
epithelial layer may elicit inflammatory action.

To determine the functional role of AhR present in the epithelial
layer of human nasal mucosa, we isolated the epithelial cells from
human nasal mucosa and cultured them with ITE, an endogenous
ligand. Activation of AhR induced increased expression of various
chemokines in cultured nasal epithelial cells, such as macrophage
inflammatory protein 1 o, monocyte chemotactic protein 1, regulated
on activation normal T-cell expressed and secreted, eotaxin, thymus
and activation regulated chemokine, IL-8, and granulocyte macro-
phage colony-stimulating factor. Therefore, the present results indi-
cated that activation of AhR distributed in the epithelial layer of
human nasal mucosa may result in an inflammatory action, which
promoted exacerbation of allergic rhinitis by inducing chemokine
secretion from epithelial cells. This hypothesis was supported by the
results that showed that AhR expression was higher in airway fibro-
blasts from subjects with asthma and that cockroach-induced trans-
forming growth factor 1 production in fibroblast was significantly
enhanced by one of the major dioxin components, TCDD, which
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Figure 3. The expression levels of granulocyte macrophage 20
colony-stimulating factor (GM-CSF), thymus and activation <
regulated chemokine (TARC), macrophage inflammatory pro- 8
tein 1 o (MIP1-«, monocyte chemotactic protein 1 (MCP-1), ; o
regulated on activation normal T-cell expressed and secreted <
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o

(RANTES), eotaxin, and interleukin (IL) 8 messenger RNA
(mRNA), and proteins evaluated by real-time polymerase 20
chain reaction (PCR) (A) and enzyme-linked immunosorbent
assay (B). *p < 0.05 in statistical significance between
2-(10H-indole-30-carbonyl)-thiazole-4-carboxylic acid
methyl ester (ITE) stimulated cells and nonstimulated cells.
NS = Not significant. ITE 24-hour small-interfering RNA
(siRNA) = the expression levels of each chemokine after
stimulation with ITE in cells silenced with aryl hydrocarbon
receptor (AhR) specific siRNA.

indicated a possible synergistic action between exposure to allergens
and environmental chemicals on the development of allergy dis-
eases.3>?* Another study also showed that higher AhR levels were
found in synovial tissue of rheumatoid arthritis and that TCDD
upregulated the expression of IL-1-B, IL-6, and IL-8 through binding
to AhR, which indicated its role on the exacerbation of rheumatoid
arthritis pathophysiology.3

The AhR has gradually emerged as a regulator of inflammation
in various organs and tissues, including lung, skin, and intestine,
and its altered levels were associated with various inflammatory
diseases.’-0 AhR is reported to be involved in the regulation of either
pro- or anti-inflammatory responses. For example, in dextran sodium
sulfate—evoked colitis, the levels of AhR are increased in the colon
epithelium and oral administration of a nontoxic agonist of AhR
suppressed the pathogenesis of colitis, which indicated that intestinal
epithelial cells expressing AhR are involved in the prevention of
colitis.?¢ Smoke-induced lung inflammation was found to be twofold
to threefold more severe in AhR knock out mice than in wild-type
mice. In a murine model of colitis, activation of the AhR reduced
levels of IL-6, IL-12, interferon vy, and tumor necrosis factor .37

These results indicated that AhR may have an anti-inflammatory
function by suppressing inflammation. However, AhR expression
levels in rheumatoid arthritis synovial tissue were higher than those
in osteoarthritis synovial tissue.?* In atopic dermatitis and psoriasis,
expression of AhR mRNA was increased in lesional skin compared
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with that of normal skin from healthy controls and after treatment of
normal human epidermal keratinocytes with TCDD, IL-6 and IL-8
production was increased.*! These results are in accordance with our
results that showed that cultured epithelial cells stimulated with ITE
show increased expression of chemokines and that AhR expressed in
structural cells may be involved in a proinflammatory response. More
comparable studies are needed to evaluate the function of AhR in
human nasal mucosa. Furthermore, the mechanisms by which AhR
expression levels are altered in these tissues are not fully understood.

In the present study, we found that AhR expression levels in nasal
mucosa of patients with allergic rhinitis were higher than that in the
normal controls. To determine which factors were responsible for this
high AhR expression in allergic nasal mucosa, we measured AhR ex-
pression levels in cultured epithelial cells treated with Th2 cytokines and
found that IL-4, IL-5, and IL-13 upregulated both mRNA and the protein
of AhR. These findings indicated that AhR expression in nasal epithe-
lium was stimulated in the presence of Th2 cytokines, which thereby
explained the role of Th2 cytokine upregulated in allergic rhinitis. More
comparable studies are needed to elucidate the factors that regulate the
expression levels of AhR in human nasal mucosa.

CONCLUSION

These results indicated that AhR in human nasal mucosa may
function as a primary sensor for pollutants inhaled through the nose,
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secrete the chemokines, and participate in the pathogenesis of allergic
rhinitis.
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