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An aryl hydrocarbon receptor ligand acts on dendritic
cells and T cells to suppress the Th17 response in allergic
rhinitis patients

Ping Wei', Guo-hua Hu', Hou-yong Kang', Hong-bing Yao?, Wei Kou?, Hong Liu', Cheng Zhang? and
Su-ling Hong'

A predominant Th17 population is a marker of allergic rhinitis (AR). The aryl hydrocarbon receptor (AhR) exhibits strong
immunomodulation potential via regulation of the differentiation of T lymphocytes and dendritic cells (DCs) after
activation by its ligand, such as 2-(1'H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE). The aim of this
study was to analyze the effect of AhR on Th17 differentiation by investigating the action of ITE on DCs and CD4 " T cells
from patients with AR. In all, 26 AR patients and 12 healthy controls were included in this study. The expression of
interleukin (IL)-1f3, IL-6, IL-10, and IL-17 in the culture supernatant and the presence of Th17 cells in CD4™ T cells and
DC-CD4 ™ T-cell co-culture system were measured before and after treatment with ITE. We show that ITE significantly
induced cell secretion of IL-10 and inhibited IL-1/ and IL-6 production in DCs, and promoted IL-10 production and
suppressed IL-17 expression in CD4 " T cells in vitro. It also suppressed the expansion of Th17 cells in vitro. Our work
demonstrates that ITE acts on DCs and CD4 " T cells to inhibit the Th17 response that suppresses AR; the AhR-DC-Th17
axis may be an important pathway in the treatment of AR. ITE, a nontoxic AhR ligand, attenuated the Th17 response; thus,

it appears to be a promising therapeutic candidate for suppressing the inflammatory responses associated with AR.
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Allergic rhinitis (AR) is a chronic inflammatory airway disease
induced by allergens and regulated by T cells, and has an esti-
mated worldwide incidence rate of 10-20%. AR affects quality
of life, sleep, and work performance.! Furthermore, the prevale-
nce of AR is increasing and reaches 50% in some populations.>?
Although AR has been studied in recent years, the details of the
underlying pathogenic mechanisms remain unclear.

Recent studies on AR have demonstrated that a pre-
dominantly Th17 milieu, accompanied by high levels of
interleukin (IL)-17, contributes to the development of AR.*
Moreover, Ciprandi et al® revealed that serum IL-17 levels are
also closely related to the clinical severity of AR. These results
have indicated that Th17 may be involved in the immune
response to casual allergens and could result in significant
promotion of the severity of inflammatory disease.

The aryl hydrocarbon receptor (AhR) is a ligand-activated
transcription factor that belongs to the basic region-helix-
loop-helix (bHLH) superfamily.” Animal studies have yielded
increasing evidence that AhR possesses strong immuno-
modulation potential by controlling the differentiation of
T lymphocytes and dendritic cells (DCs).3"1% In particular,
after activation by its ligands, such as 2-(1’H-indole-3'-
carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE), AhR
could exert protective effects against some autoimmune and
allergic diseases.!"!?

Our preliminary study has shown that AhR levels are
closely related to clinical severity in AR patients, indicating
that the AhR may be associated with the inflammatory
response in AR disorders.'> However, little is known regard-
ing whether AhR plays a crucial role in regulating Th17
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differentiation and in the production of cytokines (ie, IL-17)
in AR, whether AhR is a potential target for treatment of AR,
and whether nontoxic AhR ligands (ie, ITE) exist that can
suppress the Th17 response in vivo in order to treat AR.

To address these questions, we investigated the effect and
mechanisms of action of the nontoxic AhR ligand ITE on
Th17 cells in vitro in DCs and in CD4 " T cells from AR
patients. Our results showed that ITE induced production of
the anti-inflammatory cytokine IL-10 and inhibited the
production of the pro-inflammatory cytokines IL-1f, IL-6,
and IL-17 in DCs and CD4" T cells derived from AR
patients. Furthermore, it suppressed the differentiation of
Th17 cells via its direct effects on CD4 " T cells or ITE-treated
DCs that have been co-cultured with CD4 " T cells.

MATERIALS AND METHODS

Patients

The Ethics Committee of the First Affiliated Hospital of
Chongqing Medical University approved this study (permit
number: 201212) and all subjects provided their written
informed consent to participate in this study.

In all, 26 AR patients (12 male and 14 female) and 12
healthy controls (7 male and 5 female) were included in this
study. The patients were enrolled in the study on the basis of
positive skin prick test, serum IgE levels, and the presence of
nasal symptoms according to validated criteria.!* The skin
prick test was performed according to the guidelines of the
European Academy of Allergy and Clinical Immunology.!®
The ST-positive suffers with above-normal total serum IgE
levels exhibited clinical signs were placed in the AR group.
Patients with rhinosinusitis, asthma, or systemic diseases
were excluded.

Cell Isolation and Culture
We collected 20 ml of heparinized blood from each subject.
Peripheral blood mononuclear cells (PBMCs) were isolated
from these samples using Ficoll-Hypaque density-gradient
centrifugation. CD14 * monocytes were isolated from PBMCs
using human CD14 microbeads (Miltenyi Biotec, CA, USA).
Isolated CD14 " cells were seeded in 24-well plates (1.0 x 10°
cells/well) and cultured with recombinant human granulo-
cyte-macrophage colony-stimulating hormone (100 ng/ml,
GM-CSF; PeproTech, UK) and recombinant human IL-4
(50 ng/ml; PeproTech) for 6 days to promote differentiation
of cells into immature DCs (imDCs). On day 3, half of the
volume of the medium was replaced with fresh medium. On
day 6 of culture, 100 ng/ml lipopolysaccharide (LPS; Sigma-
Aldrich, USA) was added to the cells for 24h to promote
differentiation into DCs. CD4 " T cells were isolated from
PBMCs using human CD4 microbeads (Miltenyi Biotec) and
cultured with anti-CD3/CD28 antibodies (2 ug/ml) for 72 h.
To explore the effects of ITE on cytokine production in
DCs and to establish the optimum concentration of ITE for
further studies, imDCs from AR patients and healthy controls
were stimulated with ITE (0, 10, 50, and 100 nM/ml; Tocris
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Bioscience, USA) for 24 h on day 6.!2 The supernatants were
harvested for IL-1f, IL-6, and IL-10 ELISAs; the cells treated
with ITE (100 nM/ml) for 24 h were harvested for co-culture
with CD4 " T cells. To study the effect of ITE on Th17 cell
differentiation in CD41 T cells, CD4" T cells from both
groups were stimulated with ITE (0, 10, 50, and 100 nM/ml),
IL-6 (20 ng/ml; R&D, USA), and transforming growth factor
(TGF)-f1 (2 ng/ml; R&D) in the presence of anti-CD3/CD28
(2 ug/ml; eBioscience, USA) antibodies for 72h.%1® The
supernatants were harvested for an IL-17 ELISA; the cells
were harvested for flow cytometry analysis.

To detect the effect of ITE on the generation of IL-10 in
CD4" T cells, CD4™" T cells from the both groups were
stimulated with ITE (0, 10, 50, and 100 nM/ml) and TGF-f1
(2.5ng/ml) in the presence of anti-CD3/CD28 (2 ug/ml)
antibodies for 72 h.%1¢ The supernatants were harvested for
an IL-10 ELISA. The imDCs cultured with essential medium
served as control in the study.

DC-CD4 " T-Cell Co-Culture

The imDCs were stimulated with or without ITE (100 nM/
ml) on day 6 for 24 h and then washed twice and co-cultured
with allogeneic CD4 ™" T cells in a ratio of 1:4 for 7 days.!”
The supernatants were harvested for 1L-17 ELISA. The cells
were collected for flow cytometry analysis.

Quantitative Real-Time Reverse Transcription-PCR
(RT-qPCR) Analysis

The AhR mRNA expression was detected by RT-qPCR. Total
RNA was extracted from DCs or CD4 " T cells using a total
RNA extraction kit (Bioteke, China) and was reverse-tran-
scribed using a PrimeScript RT reagent kit (TaKaRa, China)
according to the producer’s specification. RT-qPCR was
performed using SYBR Premix EX TaqTM II (TaKaRa) in a
20-ul reaction mixture containing 2.0 ul cDNA, 0.8 ul for-
ward primer, 0.8 ul reverse primer, 10 ul SYBR Premix EX
TaqTM 11, 6 ul dH,O, and 0.4 ul ROX reference dye. The
reactions were performed in a 7500 ABI Real-time PCR
System (Applied Biosystems, Foster City, CA, USA). All
measurements were implemented in triplicate. RT-qPCR was
accomplished using the following primers: AhR forward:
5'-TACTCCACTTCAGCCACCATC-3', reverse: 5'-TATGGGA
CTCGGCACAATAAA-3'; and f-actin forward: 5-TGACG
TGGACATCCGCAAAG-3', reverse: 5'-CTGGAAGGTGGA-
CAGCGAGG-3'. Data were calculated using the comparative
threshold cycle (CT) method for target gene expression
relative to that of the housekeeping gene. The results are
decided by 2~ 22T values.

ELISA for IL-6, IL-10, IL-1p, and IL-17

Cytokines in the supernatants were detected using a Human
Duoset ELISA Development Kit (R&D) according to the
manufacturer’s instructions.
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Flow Cytometry Analysis

To measure AhR expression in DCs and CD4™" T cells, the
cells were washed, fixed, permeabilized, and incubated with
primary antibodies (anti-human AhR antibody; Sigma-
Aldrich). Next, cells were washed once, incubated with FITC-
labeled secondary antibodies (4A BioTack, China). DCs and
CD4™" T cells incubated with FITC-conjugated human IgG
antibody served as an isotype control.

To study the differentiation of Th17, CD4™" T cells were
pretreated with phorbol myristate acetate (PMA 50 ng/ml;
Alexis Biochemicals, CA, USA) and ionomycin (1 ug/ml;
Sigma-Aldrich) in the presence of monensin (1 ug/ml; BD,
USA) for the last 5h,'® washed twice, and incubated with an
PE-conjugated anti-human CD4 antibody (BD). The cells
were then washed, fixed, and permeabilized using a Cytofix/
Cytoperm Kit (eBioscience) according to the manufacturer’s
instructions. The cells were stained with a FITC-conjugated
anti-human IL-17A antibody (eBioscience). A FITC-conjugated
human IgG antibody was used as an isotype control. Data
were analyzed using a FACScan cytometer equipped with
CELLQUEST software (BD).

Statistical Analysis

Student’s t-test and the nonparametric Mann—Whitney
test were applied using SPSS 20.0 software. Data are shown
as the mean £ s.d. The P-values of <0.05 were considered
significant.

RESULTS

Expression of AhR Is Increased in DCs But NotinCD4 " T
Cells from AR Patients

The level of AhR expression in DCs and CD4" T cells was
expressed as a ratio of AhR "/DCs and AhR*/CD4 " T cells.
Intracellular staining analysis revealed that AhR expression
was significantly increased only in DCs (P = 0.036) but not in
CD4" T cells (P=0.068) from AR patients as compared
with healthy controls (Figures la—c). Moreover, AhR mRNA
expression was found to be consistent with flow cytometric
analysis data (Figure 1d).

ITE Inhibits IL-6 and IL-1/5 Production and Boosts IL-10
Production in DCs

As 1IL-6, IL-1f, and IL-10 have important immuno-
modulatory roles, we examined the levels of these cytokines
in the supernatants of DCs from AR patients and healthy
controls. Production of IL-6 and IL-1f in DCs from AR
patients was markedly higher than in DCs from healthy
controls; IL-10 levels in the supernatants of DCs from AR
patients were significantly lower than those observed in
healthy controls (P<0.001; Figure 2a).

Then, in order to test whether ITE affects IL-6, IL-1f, and
IL-10 production in DCs, imDCs from both groups were
sensitized with varying doses of ITE for 24h on day 6.
Treatment with 10, 50, or 100nM/ml ITE reduced pro-
inflammatory cytokine release by 9% (P =0.044), 26%
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(P<0.001), and 36% (P<0.001) for IL-6 and by 23%
(P=10.045), 55% (P<0.001), and 67% (P<0.001) for IL-1p,
whereas it increased release of the anti-inflammatory cyto-
kine IL-10 by 30% (P =0.049), 34% (P=0.018), and 58%
(P=0.003) in AR patients. Similar results were noted in
healthy controls. Furthermore, we found that the effects of
ITE on the production of cytokines in DCs from both groups
were dose dependent (Figures 2b—d).

ITE Inhibits Th17 Cell Differentiation and IL-17
Production in CD4™" T Cells

We examined the number of IL-17-producing CD4 " T cells
and IL-17 levels in the supernatants of CD4 " T cells from AR
patients and healthy controls. The number of IL-17-produ-
cing CD4 " T cells was significantly increased (P<0.001), as
was the production of IL-17 by CD4" T cells from AR
patients (P<0.001).

ITE reportedly attenuates airway inflammation and
autoimmune disorders in mice by inhibiting the Thl7
response.»1® We therefore further assessed the effect of ITE
on Th17 cell differentiation and IL-17 production in CD4 "
T cells. Intracellular staining analysis showed that the
percentages of Th17 cells among CD4" T cells stimulated
with 0, 10, 50, or 100 nM/ml ITE for 72 h was 6.11%, 4.40%
(P=0.049), 4.07% (P<0.001), and 2.48% (P<0.001),
respectively, in AR patients, whereas it was 3.20%, 2.24%
(P<0.001), 1.94% (P<0.001), and 1.48% (P<0.001),
respectively, in healthy controls.

We further examined IL-17 production in the supernatants
of ITE-treated and untreated CD4 " T cells by ELISA and
observed results similar to those obtained by flow cytometry
analysis (Figure 3). Taken together, these results indicated
that ITE (at concentrations of 10, 50, and 100 nM/ml) had a
direct suppressive effect on Th17 cell differentiation and
IL-17 production in CD4 " T cells from both groups.

ITE-Treated DCs Inhibit Th17 Cell Differentiation

and IL-17 Production in a DC-CD4 " T-Cell Co-Culture
System

As DCs can promote differentiation of CD4" T cells into
Th17 cells, we examined the role of ITE in this pathway.
Based on the above experiment, we selected DCs treated with
100 nM/ml ITE for a 24-h co-culture with CD4 " T cells in a
ratio of 1:4 for 7 days. We found that the number of IL-17-
producing CD4" T cells was significantly decreased in
CD4 ™" T cells co-cultured with ITE-treated DCs compared
with those co-cultured with untreated DCs in both AR
patients (P=0.001) and healthy controls (P<0.001). ELISA
analysis revealed that the expression of IL-17 in the super-
natants was lower in CD4" T cells co-cultured with ITE-
treated DCs than in those co-cultured with untreated DCs in
both groups (P<0.001 and P =0.015, respectively; Figure 4).
This result demonstrated that ITE could suppress Th17 cell
polarization and IL-17 production by regulating DCs.
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Figure 1 Expression of AhR in dendritic cells (DCs) and CD4 " T cells from AR patients and healthy controls (n =9 per group). (a) Flow cytometry
analysis of AhR expression in DCs. (b) Flow cytometry analysis of AhR expression in CD4 " T cells. (c) Quantification of AhR expression in DCs and
CD4™ T cells. (d) RT-gPCR analysis of AhR mRNA expression in DCs and CD4* T cells. Values represent mean + s.d. *P<0.05 compared with control

group.

ITE Induces IL-10 Production in CD4" T Cells

IL-10 levels in the supernatants of CD4 " T cells from AR
patients were lower than in those from healthy controls
(P<0.001). We also studied the influence of ITE on IL-10
production in CD4 ¥ T cells and found that ITE raised IL-10
release in a dose-dependent manner in CD4 " T cells from
AR patients (P=0.041, P<0.001, and P<0.001, respectively)
and the control group (P=0.016, P<0.001, and P<0.001,
respectively; Figure 5).

DISCUSSION

In this study, we demonstrated that AhR was broadly
expressed in DCs and CD4™ T cells from AR patients and
healthy controls. We further observed markedly increased
IL-6 and IL-1f production and decreased IL-10 production
in DCs and increased Th17 cell differentiation and IL-17
production and reduced IL-10 yield, in CD4 " T cells from
AR patients. In addition, we revealed that ITE could strongly
inhibit the production of IL-6 and IL-1f while upregulating
IL-10 production in DCs. Finally, ITE could also suppress
Th17 cell polarization and IL-17 production in a direct
manner or, by regulating DCs, could induce IL-10 produc-
tion in CD4 " T cells. Collectively, these results seem to show
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that ITE acts on DCs and CD4 " T cells to suppress the Th17
response associated with AR.

Accumulating evidence has indicated that Th17 cells con-
tribute to allergic disorders in the pathological processes of
various inflammatory diseases, such as allergic rhinitis, allergic
asthma, allergic enterocolitis, and allergic dermatitis.*® In
the present study, we observed an increased Th17 response in
CD4™ T cells from AR patients. These results have suggested
that Th17 cells play a key role in the development of AR; the
inhibition of Th17 cells is viewed as a promising approach for
the treatment of AR. Several methods have been described to
govern and reduce the number of human Th17 cells in vitro,
but their ability to suppress Thl17 cell production in a
consistent manner is limited.®!” Thus, strategies aimed at the
inhibition of Thl7 cell differentiation in a consistent and
reproducible manner in vivo are more likely to be translated
into clinical practice.

Previous studies showed that AhR activation suppressed
the Th17 response associated with experimental autoimmune
encephalomyelitis;>!? therefore, AhR is an attractive target
for the inhibition of Th17. However, to date, studies on the
effect of AhR ligands have mostly focused on TCDD, a
synthetic toxin.?? Thus, because of its lack of toxicity, the
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endogenous AhR ligand, ITE, which is isolated from porcine =~ We therefore explored whether the AhR ligand ITE could
lung tissue, is a potential compound for suppression of the  affect the Th17 response in CD4 " T cells from AR patients
Th17 response in vivo and for treatment of allergic diseases. and controls in vitro. We found that ITE significantly
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inhibited the Th17 response in CD4 ™" T cells, in agreement
with an earlier report showing that ITE could reduce Th17
expansion and IL-17 production.'?

AhR was strongly expressed on the most powerful pro-
fessional antigen-presenting cells of DCs that induce and
regulate the differentiation of antigen-specific naive T cells
by direct contact or via secreted cytokines.!? Specifically,
pro-inflammatory cytokines such as IL-6 and II-1f3, which are
secreted by DCs, are key regulatory factors for the differen-
tiation of Th17 cells from naive T cells.?! Moreover, the
activation of AhR in DCs has been shown to modulate the
function and maturation of DCs and their anti-inflammatory
activities.?>~2* Therefore, to investigate whether AhR ligand
ITE could attenuate inflammatory responses through down-
regulation of the Thl7 response and pro-inflammatory
cytokines, we examined its effects on the Th17 response in
ITE-treated DCs co-cultured with CD4 " T-cell system, and
IL-6 and IL-1p production in DCs. We found that that ITE
was able to significantly inhibit Th17 cell differentiation and
IL-17 production by modulating DCs and decreasing IL-6
and IL-1p levels in DCs in vitro. Thus, our results support a
model in which AhR activation induces tolerogenic DCs that
suppress the generation of Th17 cells and the concomitant
downregulation of pro-inflammatory cytokines such as IL-6,
IL-1f, and IL-17 that interfere with Th17 differentiation.!>%
Taken together, it is likely that the upregulated Th17 response
is critical to the development of AR; the AhR-DC-Th17
axis may be an important signaling pathway in the treatment
of AR.

It has been reported that AhR activation could induce
regulatory T (Treg) cells in humans, as evidenced by facil-
itation of IL-10 production.?® Our studies showed that ITE
markedly induced the release of IL-10 from DCs upon
activation with ITE alone, and from CD4" T cells upon
stimulation with ITE, antiCD3/CD28, and TGF-f1. Similar
findings have been observed earlier by others.!? Interestingly,
we found a decrease in IL-10 production by DCs and CD4 "
T cells in AR patients as compared with healthy controls, in
accordance with a previous study, showing that there is a Treg
deficiency in AR patients.”’” These results seemed to show
that the overabundance of Th17 cells and the shortage of Treg
cells are related by AhR signaling; AhR is thus a potential
therapeutic target for treating AR. However, the specific
relationship between AhR and Treg requires further study.

In this study, our work demonstrated that ITE acts on DCs
and T cells to inhibit the Th17 response that suppresses
AR; the AhR-DC-Th17 axis may be an important signaling
pathway in the treatment of AR. ITE, a nontoxic AhR ligand,
attenuated the Th17 response; thus, it appears to be a pro-
mising therapeutic candidate for suppressing the inflam-
matory responses associated with AR.
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