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Recent studies show that the aryl hydrocarbon receptor (AhR) is involved in immune responses. AhR is activated following
interaction with its ligands, such as 6-formylindolo[3,2-b]carbazole (FICZ) and 2-(1󸀠H-indole-3󸀠-carbonyl)-thiazole-4-carboxylic
acid methyl ester (ITE). In this study, we investigated the role of AhR activation by its endogenous ligands in the pathogenesis
of ocular Behcet’s disease (BD). The expression of AhR was significantly decreased in active BD patients as compared to inactive
BD patients and normal controls. Both FICZ and ITE inhibited Th1 and Th17 polarization and induced the expression of IL-22
by PBMCs and by CD4+T cells in active BD patients and normal controls. Stimulation of purified CD4+T cells with FICZ or ITE
caused a decreased expression of RORC, IL-17, IL-23R, and CCR6 and an increased phosphorylation of STAT3 and STAT5. The
present study suggests that a decreased AhR expression is associated with disease activity in BD patients. The activation of AhR by
either FICZ or ITE was able to inhibitTh1 andTh17 cell polarization. Further studies are needed to investigate whether modulation
of AhR might be used in the treatment of BD.

1. Introduction

Behcet’s disease (BD) is a chronic systemic inflammatory
disease affecting the eye, skin, oral mucosa, gastrointestinal
tract, and central nervous system [1]. It is a relatively com-
mon uveitis entity in China and the clinical ocular features
have been described extensively elsewhere [2]. Although the
pathogenesis of BD is still not completely understood, it is
currently thought that environmental factors may trigger the
development and recurrence of this disease in a genetically
susceptible host [3]. It is classified as an example of an autoin-
flammatory disorder with marked involvement of both Th1
and Th17 lymphocyte subsets [4–7]. Consistently, strategies
aimed at suppressing the abnormalTh1 andTh17 cell response
have been reported as a therapeutic approach in BD patients,
which is supported by findings in experimental autoimmune
uveitis (EAU) models in mice [8, 9].

The Aryl hydrocarbon receptor (AhR) is ubiquitously
expressed in vertebrate cells and is well known to mediate
toxic effects of several environmental pollutants, including

polycyclic- and halogenated aromatic hydrocarbons such
as benzo(a)pyrene (B(a)P) and 2,3,7,8 tetrachlorodibenzo-p-
dioxin (TCDD) [10]. Other ligands include natural dietary
substances, heme metabolites, and tryptophan photoprod-
ucts [11, 12]. AhR is a ubiquitous transcription factor present
in the cytoplasm, which, after binding to its ligands, translo-
cates into the nucleus where it attaches to its dimerization
partner AhR nuclear translocator. The AhR/AhR nuclear
translocator complex initiates transcription of a variety
of genes with promoters containing a so-called dioxin-
responsive element consensus sequence, which ultimately
results in a variety of toxic or biochemical responses [10].
In addition to its role in mediating toxic responses, the AhR
pathway has many other physiological roles. Mouse strains
deficient in the AhR protein showed defects in neuronal
development and photoreceptor development, decreased ani-
mal weights, fatty metamorphosis and portal tract fibrosis in
the liver, and poor fecundity [13, 14]. It has also been reported
that AhR plays an important role in vascular development.
The most overt phenotype of the AHR knockout mouse is
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a markedly reduced liver size, which is owing to defects
in the resolution of fetal vascular structure. AhR-null mice
also showed abnormalities in the vascular architectures of
the kidney, liver sinusoids, and eye, including persistence
of the embryonic hyaloid artery. In adults, the knockout
of AhR is linked to cardiac hypertrophy, hypertension, and
elevated levels of the potent vasoconstrictors endothelin-1
and angiotensin II [14]. Taken together, AhR plays a critical
role in the normal physiological function.

More recent studies have shown that the AhR also plays
a critical role in the immune response. AhR-deficient mice,
for instance, develop a more severe form of experimental
autoimmune encephalomyelitis (EAE) as compared to wild-
type mice [15, 16]. Studies in mice also showed that AhR
activation can alter the differentiation of Treg cells and Th17
cells in a ligand-specific manner [15]. AhR activation by
TCDD was able to suppress EAU and EAE by inducing
CD4+CD25+Foxp3 Treg cell differentiation. On the other
hand, AHR activation by the ligand 6-formylindolo[3,2-
b]carbazole (FICZ) aggravated the severity of EAE by
inhibiting the development of Treg cells and promoting
the differentiation of Th17 cells [15]. Although TCDD may
block the autoimmune response, it also causes various toxic
responses, including cellular damage and carcinogenesis [17].
Treating EAE mice with another AHR ligand, 2-(1󸀠H-indole-
3󸀠-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE),
which is an endogenous nontoxic tryptophan-derived AhR
ligand, resulted in a significant reduction of the inflammatory
response, increased FoxP3+Treg cells, and resulted in an
enhanced production of tolerogenic dendritic cells [18]. In
the animal models of collagen-induced arthritis (CIA), it was
shown that AhR deficiency ameliorated the severity of CIA
by inhibiting the proinflammatory cytokines as IL-1𝛽 and
IL-6 as well as Th17 cell response [19]. In human studies,
AhR activation by FICZ or TCDD in CD4+T cells was shown
to inhibit the production of IL-17A while simultaneously
promoting the production of the immunoprotective cytokine
IL-22 [20, 21]. Taken together these data indicate that,
depending on the cell type analyzed and the AhR ligands
used, AhR activation can differentially modulate the Th cell
response and act as initiator or attenuator of T cell-driven
autoinflammatory responses.

Given the deregulated Th1 and Th17 cell response in BD
patients, we investigated whether AhR signaling could be
exploited to inhibit the development of T cell responses in
BD patients. Here we found that the gene expression of AhR
was decreased in active BD patients. AhR activation by either
FICZ or ITE inhibited theTh1 andTh17 cell polarization and
induced IL-22 production by PBMCs and CD4+T cells. The
effect of FICZ and ITE on CD4+T cells was associated with a
decreased expression of RORC, IL-17, IL-23R, and CCR6 and
an increased phosphorylation of STAT3 and STAT5.

2. Materials and Methods
2.1. Subjects. Thirty active BD patients (18 men and 12
women, with an average age of 34.3 years) and nineteen
inactive BD patients (11 men and 8 women, with an average
age of 36 years) were included in this study. Forty-nine age-

and gender-matched healthy volunteerswere included as nor-
mal controls. The criteria of the International Study Group
for BD were used to diagnose BD [22]. Active intraocular
inflammation was defined by the presence of nongranuloma-
tous keratic precipitates (100%), flare and cells in the anterior
chamber (100%), vitreous cells (75%), and retinal vasculitis
(100%) as shown by fundus fluorescein angiography (FFA).
The extraocular manifestations were recurrent oral aphthous
ulcers (100%), multiform skin lesions (80%), arthritis (36%),
and recurrent genital ulcers (30%). The most frequent skin
symptom in the patients included in our study was erythema
nodosum, and the most frequent combination of skin lesions
was erythema nodosum with papulopustular lesions. Active
BD patients included in our study refer to the patients
with Behcet’s disease when visiting us all showed active
intraocular inflammation; meanwhile, some of them had
active extraocular findings, such as oral ulcers, genital ulcers,
or skin lesions and some had a previous history of extraocular
findings. The active BD patients enrolled in this study were
all on their first visit to our hospital. These patients did
not use any immunosuppressive agents or have received a
low dose of immunosuppressive agents or prednisone but
have stopped at least 2 weeks prior to blood sampling. We
normally treated these active BD patients using systemic
corticosteroids in combinationwith cyclosporine, cyclophos-
phamide, or chlorambucil for more than one and a half years.
The drug dose was gradually tapered after the intraocular
inflammation and other extraocular findings were controlled
and the treatment usually stopped 6 months after complete
control of the intraocular inflammation. After termination
of all medications for at least 2 months we collected the
blood sample from those inactive BD patients. The inactive
patients were thosewho did not have any active inflammation
in the eye as well as extraocular organs following a long
term treatment with systemic corticosteroids combined with
other immunosuppressive agents.We collected the peripheral
blood sample of the outpatients with Behcet’s disease and
corresponding controls mostly in the afternoon. Written and
informed consent was obtained from all patients and normal
controls. All procedures followed the tenets of the Declara-
tion of Helsinki and were approved by the Clinical Ethical
Research Committee of Chongqing Medical University.

2.2. Cell Culture. Peripheral blood samples were obtained
from BD patients and healthy volunteers. Preparation of
PBMCs and CD4+T cells was performed as described earlier
[23]. Human CD4+T cells were isolated from PBMCs by
human CD4microbeads (purity > 90%;Miltenyi Biotec, Palo
Alto, CA) according to the manufacturer’s instructions. The
PBMCs and purified CD4+T cells were cultured at 1 × 106 in
24-well plates in RPMI1640 medium supplemented with 10%
FBS. A combination of anti-CD3 and anti-CD28 antibodies
(2 ug/mL) (eBioscience, SanDiego, Calif) was used to activate
PBMCs for 3 days, and a combination of anti-CD3/CD28
(2 ug/mL) and IL-23 was used to activate CD4+T cells for 6
days.When used, 0.05%DMSO (control), FICZ (100 nmol/L)
(Enzo Life Sciences, USA), and ITE (100 nmol/L, Tocris
Bioscience, USA) were added at the beginning of the culture.
The supernatants were collected for cytokine measurement
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by ELISA and the cells were harvested and used for FACS
analysis or mRNA quantification.

2.3. Flow Cytometry. AnnexinV-FITC/PI Kit (KeyGen Bio-
technology, Nanjing, China) was used to evaluate the effect
of FICZ and ITE on the apoptosis of PBMCs. For analysis
of the frequency of Th1 and Th17, the cells were stimulated
by adding PMA (50 ng/mL, Sigma-Aldrich, St. Louis, MO)
and ionomycin (1 ug/mL, Sigma) for 1 h at 37∘C. Then,
brefeldin A (10 ug/mL, Sigma) was added for another 4 h;
the cells were fixed and permeabilized using the eBio-
science Cytofix/Cytoperm kit according to the manufac-
turer’s instructions and then incubated with CD3-(PerCP)-
Cy5.5, anti-human CD8-APC, anti-human IL-17A-PE, and
anti-human IFN-𝛾-FITC (BD Biosciences). For phospho-
rylated STAT staining, stimulated CD4+T cells were fixed
with Fix buffer (BD Biosciences) for 10min at 37∘C, per-
meabilized with Perm buffer (BD Biosciences) for 30min
on ice, and stained with anti-human pSTAT3-PE, anti-
human pSTAT4-Per-cy5.5, anti-human pSTAT4-Per-cy5.5,
anti-human pSTAT5-PE, or isotype control mAbs (BD Bio-
sciences). Flow cytometric analysis was performed on a
FACScan flow cytometer (BD Biosciences) to measure mean
fluorescence intensity (MFI). Results were expressed as the
percentage difference compared with isotypic control (IC)
using the formula [mean fluorescence intensity (MFI) of
sample −MFI of IC]/MFI of IC.

2.4. Quantitative RT-PCR. To detect the expression of AhR
mRNA in BD patients and normal controls, total RNA
was extracted from PBMCs of active BD patients, inactive
BD patients, and normal controls by using a commercially
available kit (RNeasyPlus Mini kit; Qiagen, Valencia, Cal-
ifornia) according to the manufacturer’s instructions. To
investigate the effect of AhR activation by FICZ or ITE
on the expression of associated molecules of Th1 and Th17
cells, isolated CD4+T cells (purity > 90%) were stimulated
with antiCD3/CD28 and IL-23 with or without AhR lig-
ands for 6 days; then, the cells were harvested for T-bet,
RORC, IL-17, CCR6, and IL-23R mRNA quantification. Total
RNA was isolated from stimulated CD4+T cells using a
commercially available kit (RNeasyPlus Mini kit; Qiagen,
Valencia, California). Reverse transcription of RNA of the
PBMCs or stimulated CD4+T cells was performed using
the Superscript III Reverse Transcriptase system (Invitro-
gen, Carlsbad, CA, USA). Amplification of transcripts was
performed using SYBR RT-PCR (Takara, Dalian, China)
and run on AB 7500 Fast System (Applied Biosystems).
The following primers were used for real-time PCR: T-
bet forward: 5󸀠-GATGCTGCCAGGAAGTTTCAT-3󸀠 and
reverse: 5󸀠-GCACAATCATCTGGGTCACATT-3󸀠 and 𝛽-
actin forward: 5󸀠-GGATGCAGAAGGAGATCACTG-3󸀠 and
reverse: 5󸀠-CGATCCACACGGAGTACTTG-3󸀠. The primer
sequences of IL-23R, IL-17, RORC2, and CCR6 were used
as described elsewhere [19]. For AhR, Quantitect Primers
(Qiagen, Valencia, CA) were used. The expression of each
gene was normalized to the expression of 𝛽-actin using the
2−ΔΔCT method as described previously [24].

2.5. ELISA. IL-17, IFN-𝛾, and IL-22 levels in the cell culture
supernatants were measured with ELISA kits (R&D Systems,
Minneapolis,MN) according to themanufacturer’s protocols.

2.6. Statistical Analysis. The statistical significance of differ-
ences was determined by the Kruskal-Wallis test and Mann-
Whitney test, Independent-Sample t test, Paired-sample t test,
or Wilcoxon’s matched-pairs test. 𝑃 < 0.05 was considered
statistically significant. All analyses were performed using
commercially available statistical software (SPSS 12.0; SPSS
Inc., Chicago, Illinois).

3. Results

3.1. Decreased AhR mRNA Expression in PBMCs from Active
BD Patients. PBMCs from active BD patients, inactive BD
patients, and normal controls were used to assay the mRNA
expression of AhR. The results showed that AhR mRNA
expression was significantly decreased in active BD patients
as compared to inactive BD patients (𝑃 = 0.006) and normal
controls (𝑃 < 0.001). There was no significant difference
concerning AhR mRNA expression between inactive BD
patients and normal controls (Figure 1(a)).

3.2. FICZ and ITE Inhibit Th1 and Th17 Cell Polarization
and Induce IL-22 Expression by PBMCs from BD Patients
and Normal Controls. Because an increased frequency of
Th1 and Th17 cells has been shown to be associated with
the inflammatory activity of BD and since AhR has been
reported to be involved in T cell immune responses, we next
determined the effect of endogenous AhR ligands on theTh1
and Th17 cell response in active BD patients and normal
controls. PBMCs were stimulated with anti-CD3/CD28 to
mimic antigen presentation in the presence or absence of
FICZ or ITE. The apoptotic effect of FICZ and ITE was
first evaluated by flow cytometry. Annexin V and PI double
staining showed that FICZ and ITE had no significant
influence on the apoptosis of PBMCs (Supplementary Figure
1, available online at http://dx.doi.org/10.1155/2014/195094).
IFN-𝛾, IL-17, and IL-22 production in cell culture super-
natants by these stimulated PBMCs from active BD patients
were higher as compared to normal controls. Addition of
FICZ or ITE significantly inhibited the production of IFN-
𝛾 and IL-17 but enhanced IL-22 production in both the BD
and the control groups (Figures 1(b)–1(g)). Flow cytometry
analysis showed an increased frequency of IL-17 and IFN-
𝛾-expressing CD4+T cells in PBMCs obtained from active
BD patients as compared to normal controls. FICZ and
ITE significantly inhibited the frequency of IL-17-expressing
CD4+T cells in both BD patients and in the controls, whereas
no detectable effect was observed on the percentage of IFN-
𝛾-expressing CD4+T cells (Figure 2).

3.3. FICZ and ITE Directly Inhibit Th1 and Th17 Cell Polar-
ization and Induce IL-22 Expression by CD4+T Cells from BD
Patients and Normal Controls. The aforementioned results
showed that FICZ and ITE can inhibitTh1 andTh17 cell polar-
ization and induced the expression of IL-22 by PBMCs. As
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Figure 1: AhRmRNA expression is decreased in active BDpatients andAhR activation by FICZ and ITE inhibits IFN-𝛾 and IL-17 and induces
IL-22 production by PBMCs. (a) AhR mRNA was evaluated in PBMCs from active BD patients (𝑛 = 23), inactive BD patients (𝑛 = 19), and
normal controls (𝑛 = 30) by real-time PCR and normalized to 𝛽-actin. The Kruskal-Wallis test and Mann-Whitney test were used to analyze
the statistical difference between the various groups. Data are expressed as mean ± s.e.m. (b–g) PBMCs from active BD patients (𝑛 = 6) and
normal controls (𝑛 = 6) were stimulated with anti-CD3/CD28 in the presence or absence of FICZ (100 nmol/L) or ITE (100 nmol/L) for 3
days. The supernatants were harvested for detection of IFN-𝛾 (b and e), IL-17 (c and f), and IL-22 (d and g) by ELISA. Paired-sample t test or
Wilcoxon’s matched-pairs test for related samples and Independent-Sample t test for independent samples were used for statistical analyses.
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01.

CD4+T cells play a critical role in the pathogenesis of Behcet’s
disease [4], we next investigated whether FICZ and ITE were
able to influence the development of Th1 and Th17 cells.
The results showed that stimulation of purified CD4+T cells
from active BD patients resulted in a higher level of IFN-𝛾,
IL-17, and IL-22 production in the cell culture supernatants

as compared to normal controls. The addition of FICZ and
ITE significantly inhibited the production of IFN-𝛾 and IL-
17 but induced IL-22 production by stimulated CD4+T cells
(Figure 3). Consistent with the ELISA, intracellular cytokine
analysis by flow cytometry revealed a significantly increased
percentage of IFN-𝛾- and IL-17-expressing CD4+T cells in
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Figure 2: FICZ and ITE inhibit the frequency of IL-17-expressing CD4+T cells but have no effect on IFN-𝛾-expressing CD4+T cells in PBMCs.
PBMCs from active BD patients (𝑛 = 7) and normal controls (𝑛 = 7) were stimulated with anti-CD3/CD28 in the presence or absence of FICZ
(100 nmol/L) or ITE (100 nmol/L) for 3 days.The cells were analyzed for intracellular expression of IFN-𝛾 and IL-17 by flow cytometry. (a) Dot
plots of a representative subject for each group are shown. (b and c) Quantitative analysis of the percentage of IFN-𝛾- and IL-17-expressing
CD4+T cells. Paired-sample t test orWilcoxon’smatched-pairs test for related samples and Independent-Sample t test for independent samples
were used for statistical analyses. ∗𝑃 < 0.05, ns: not statistically different.
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Figure 3: FICZ and ITE inhibit IFN-𝛾 and IL-17 but induce IL-22 expression by CD4+T cells from BD patients and normal controls. Purified
CD4+T cells from active BD patients (𝑛 = 6) and normal controls (𝑛 = 6) were stimulated with anti-CD3/CD28 and rIL-23 in the presence
or absence of FICZ (100 nmol/L) or ITE (100 nmol/L) for 6 days. IFN-𝛾 (a and d), IL-17 (b and e), and IL-22 (c and f) production in the
supernatants were determined by ELISA. Paired-sample t test or Wilcoxon’s matched-pairs test for related samples and Independent-Sample
t test for independent samples were used for statistical analyses. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

active BD patients as compared to normal controls. AhR
activation by either FICZ or ITE inhibited the frequency
of IFN-𝛾- and IL-17-expressing CD4+T cells in active BD
patients and normal controls. No detectable difference was
observed concerning the inhibitory effect between the two
tested ligands (Figure 4).

To investigate the mechanism by which AhR signaling
in CD4+T cells might modulate the expression of IFN-𝛾,
IL-17, and IL-22, we assessed the signaling activity of STAT
pathways, which are critically involved in the differentiation
of different Th cell subsets. The results showed that AhR
activation by FICZ or ITE in CD4+T cells cultured in
the presence of antiCD3/CD28 and rIL-23 induced STAT3
and STAT5 phosphorylation. However, phosphor-STAT1 and
phosphor-STAT4 were only detected at low levels and we
could not detect an effect of AhR activation by FICZ or ITE
on STAT1 and STAT4 phosphorylation (Figure 5).

As polarization of CD4+T cell subsets is regulated by
transcription factors [25], we next investigated whether FICZ
or ITE had an influence on the transcription factors of Th1
and Th17 cells. We found that AhR activation by FICZ or
ITE significantly inhibited the expression of T-bet and RORC
mRNA in CD4+T cells. Furthermore, we observed that FICZ
or ITE not only inhibited the gene expression of IL-17 but
also suppressed the gene expressions of IL-23R and CCR6
which are essential to both the maintenance and function of

Th17 cells, indicating that FICZ and ITE interfere with Th17
polarization and function (Figure 6).

4. Discussion
In this study we found a decreased gene expression of AhR
in PBMCs of active BD patients as compared to inactive BD
patients and normal controls. These findings suggest a role
for AhR expression in the pathogenesis of BD.Most studies in
the past on AhR have been dedicated to its role in mediating
toxicity [10] by dioxins but it is now emerging that AhR plays
a physiological role in the immune response and that it is
highly expressed on dendritic cells as well as on Th17 cells
[26]. The role of AhR in clinical autoimmune disease is a
novel area of research and expression of AhR on PBMCs
obtained from active BD patients has, to our knowledge,
not yet been addressed before. Interestingly, we found a
significantly decreased AhR expression in active BD patients
as compared to inactive BD patients and normal controls.
It is well known that some immunosuppressive agents or
prednisolone has a long effect on the immune system. The
decreased AhR expression in active BD patients treated by
a low dose of immunosuppressive agents or prednisolone
seems to exclude the influence of these immunosuppressive
agents or prednisolone on AhR expression. However, it is
interesting to address the influence of immunosuppressive
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Figure 4: FICZ and ITE inhibit Th1 andTh17 cell polarization by CD4+T cells from BD patients and normal controls. Purified CD4+T cells
from active BD patients (𝑛 = 7) and normal controls (𝑛 = 7) were stimulated with anti-CD3/CD28 and rIL-23 in the presence or absence of
FICZ (100 nmol/L) or ITE (100 nmol/L) for 6 days. The cells were collected and analyzed for intracellular expression of IFN-𝛾 and IL-17 by
flow cytometry. (a) Dot plots of a representative subject for each group are shown. (b and c) Quantitative analysis of the percentage of IFN-𝛾-
and IL-17-expressing CD4+T cells. Paired-sample t test or Wilcoxon’s matched-pairs test for related samples and Independent-Sample t test
for independent samples were used for statistical analyses. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

agents or prednisolone on AhR expression; this can be
achieved by our further studies. It is well established thatmale
BD patients run a more active course as compared to female
patients and that this diseasemay involve different organs [2].
Therefore, it is necessary to clarify whether there is difference

in male and female patients as well as among those with
different organ involvement usingmore prehensive studies in
the future.

To provide further evidence for a possible role of the
AhR in the pathogenesis of BD we performed a series of
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Figure 5: Effect of AhR activation by FICZ or ITE on phospho-STAT1, -3, -4, and -5 in CD4+T cells. (a) CD4+T cells from normal controls
(𝑛 = 7) were stimulated with anti-CD3/CD28 and rIL-23 in the presence or absence of FICZ or ITE for 30min. Intracellular phosphorylated
STAT1, -3, -4, and -5 were analyzed by flow cytometry. A representative histogram from each group along with the isotype control is shown.
(b) Statistical results of phosphorylated STAT1, -3, -4, and -5 in stimulated CD4+T cells. Paired-sample t test for related samples was used for
statistical analyses. The data are expressed as mean ± s.e.m.



Mediators of Inflammation 9

P = 0.043

P = 0.015

Ctr FICZ ITE
0.0

0.5

1.0

1.5

2.0

2.5

T-
be

t (
re

l. 
ex

pr
es

sio
n)

(a)

P = 0.044

P = 0.042

Ctr FICZ ITE
0

1

2

3

4

RO
RC

 (r
el.

 ex
pr

es
sio

n)

(b)

P = 0.010

P = 0.033

Ctr FICZ ITE
0.0

0.5

1.0

1.5

IL
-1
7

(r
el.

 ex
pr

es
sio

n)

(c)

P = 0.043

P = 0.026

Ctr FICZ ITE
0.0

0.5

1.0

1.5

2.0

2.5

CC
R6

(r
el.

 ex
pr

es
sio

n)

(d)

P = 0.004

P = 0.026

Ctr FICZ ITE
0.0

0.5

1.0

1.5

2.0

IL
-2
3

R 
(r

el.
 ex

pr
es

sio
n)

(e)

Figure 6: FICZ and ITE inhibit the molecules associated with Th1 and Th17 cell effector function in stimulated CD4+T cells. CD4+T cells
from healthy controls (𝑛 = 5) were cultured with anti-CD3/CD28 and rIL-23 in the presence or absence of FICZ or ITE for 6 days. The cells
were harvested for mRNA analysis of T-bet, RORC, IL-17, IL-23R, and CCR6 expression by real-time PCR. Paired-sample t test for related
samples was used for statistical analyses.

experiments whereby we investigated the role of two known
endogenous AhR ligands on the function of T cells. Consis-
tent with previous results from our group, we observed that
PBMCs obtained from active BD patients showed an elevated
production of IFN-𝛾, IL-17, and IL-22 as compared to normal
controls [4, 27]. Addition of the AhR ligands FICZ and ITE to
these PBMC cultures resulted in a significant inhibition of the
production of IFN-𝛾 and IL-17 and an increased expression
of IL-22. Because CD4+T cells play a critical role in the
development of autoimmune diseases [25], including BD [4],
we further tested whether there was a direct effect of FICZ
and ITE on cytokine production using purified CD4+T cells.
CD4+T cells showed the same result as obtained earlier with
PBMCs. Intracellular staining confirmed the above results
except that the ligands did not affect the frequency of IFN-
𝛾-producing CD4+T cells from PBMCs. The reasons for the
discrepancy between intracellular and extracellular IFN-𝛾
expression is not clear and warrants further study.

Our findings with FICZ are consistent with data of recent
studies which showed that AhR activation was able to induce
production of IL-22 and that it could inhibit IL-17 production
[20]. The findings are however in disagreement with results
showing that FICZ induced IL-17 production in the mouse
[28, 29]. Our findings with ITE were consistent with the in
vivo inhibitory effect on the production of IFN-𝛾 and IL-17 in
mice [18]. All together, these data provide evidence that FICZ
and ITE may act as a negative regulator for the adaptive Th1
andTh17 cell response, providing a possible novel therapeutic

target for Behcet’s disease. The observed discrepancies seem
to suggest that the response of CD4+T cells to AhR activation
may differ among species [30].

In mouse studies it has been reported that the effect
of FICZ on Th17 cell differentiation was associated with a
reduction in Stat5 phosphorylation [29]. Kimura et al. found
that AhR participates in Th17 cell differentiation by regu-
lating Stat1 activation [28]. However, the exact mechanism
whereby AhR activation by FICZ or ITE affects CD4+T
cell polarization is not known in humans. We found that
AhR activation of CD4+T cells by FICZ or ITE in the
presence of antiCD3/CD28 and rIL-23 induced STAT3 and
STAT5 phosphorylation, whereas no effect on STAT1 and
STAT4 phosphorylation could be detected. It has been shown
that Th17 differentiation is inhibited by IL-2 signaling via
induction of Stat5 [31] and IL-22 production is associated
with STAT3 phosphorylation [32–35].We hypothesize that in
our experiments Stat5 phosphorylation in CD4+T cells that
were stimulated with FICZ or ITE may lead to an inhibition
of IL-17 expression, whereas STAT3 phosphorylation may be
associated with the induction of IL-22. Additional studies are
needed to support this assumption.

We further showed that the AhR ligands induced a
decreased gene expression of T-bet and RORC in CD4+T
cells. T-bet and RORC are the Th1 andTh17 cell master tran-
scription factors, respectively. The FICZ- or ITE-mediated
suppression on Th17 cell polarization was also associated
with a decreased gene expression of CCR6 and IL-23R.These
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findings suggest that AhR activation by FICZ or ITE inhibited
not only the development ofTh17 cells but also the molecules
that are relevant to Th17 cell function and migration.

5. Conclusion

Our findings suggest that AhR activation by FICZ or ITE
can potentially modulate an aberrant immune response by
inhibiting Th1 and Th17 cell responses. Further studies are
needed to show whether modulation of the AhR pathways
may offer a possible novel therapeutic approach for BD
and other autoimmune diseases which are mediated by an
aberrant Th1 andTh17 immune response.
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Behçet’s disease,” Rheumatology, vol. 46, no. 10, pp. 1570–1573,
2007.

[9] M. Sun, Y. Yang, P. Yang, B. Lei, L. Du, and A. Kijlstra, “Reg-
ulatory effects of IFN-𝛽 on the development of experimental
autoimmune uveoretinitis in B10RIII mice,” PLoS ONE, vol. 6,
no. 5, Article ID e19870, 2011.

[10] Y. Fujii-Kuriyama and K. Kawajiri, “Molecular mechanisms of
the physiological functions of the aryl hydrocarbon (dioxin)
receptor, a multifunctional regulator that senses and responds
to environmental stimuli,” Proceedings of the Japan Academy B:
Physical and Biological Sciences, vol. 86, no. 1, pp. 40–53, 2010.

[11] M. S. Denison and S. R. Nagy, “Activation of the aryl hydrocar-
bon receptor by structurally diverse exogenous and endogenous
chemicals,”Annual Review of Pharmacology and Toxicology, vol.
43, pp. 309–334, 2003.

[12] L. P. Nguyen and C. A. Bradfield, “The search for endogenous
activators of the aryl hydrocarbon receptor,” Chemical Research
in Toxicology, vol. 21, no. 1, pp. 102–116, 2008.

[13] Y. Z. Gu, J. B. Hogenesch, and C. A. Bradfield, “The PAS super-
family: sensors of environmental and developmental signals,”
Annual Review of Pharmacology andToxicology, vol. 40, pp. 519–
561, 2000.

[14] B. J. McMillan and C. A. Bradfield, “The aryl hydrocarbon
receptor sans xenobiotics: endogenous function in genetic
model systems,”Molecular Pharmacology, vol. 72, no. 3, pp. 487–
498, 2007.

[15] F. J. Quintana, A. S. Basso, A. H. Iglesias et al., “Control of Treg
and TH17 cell differentiation by the aryl hydrocarbon receptor,”
Nature, vol. 453, no. 7191, pp. 65–71, 2008.

[16] A. Kimura, T. Naka, T. Nakahama et al., “Aryl hydrocarbon
receptor in combination with Stat1 regulates LPS-induced
inflammatory responses,” Journal of ExperimentalMedicine, vol.
206, no. 9, pp. 2027–2035, 2009.

[17] R. J. Kociba and B. A. Schwetz, “Toxicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD),” Drug Metabolism
Reviews, vol. 13, no. 3, pp. 387–406, 1982.

[18] F. J. Quintana, G. Murugaiyan, M. F. Farez et al., “An
endogenous aryl hydrocarbon receptor ligand acts on den-
dritic cells and T cells to suppress experimental autoimmune
encephalomyelitis,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 107, no. 48, pp.
20768–20773, 2010.

[19] T. Nakahama, A. Kimura, N. T. Nguyen et al., “Aryl hydro-
carbon receptor deficiency in T cells suppresses the develop-
ment of collagen-induced arthritis,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 108, no.
34, pp. 14222–14227, 2011.

[20] J. M. Ramirez, N. C. Brembilla, O. Sorg et al., “Activation of the
aryl hydrocarbon receptor reveals distinct requirements for IL-
22 and IL-17 production by human T helper cells,” European
Journal of Immunology, vol. 40, no. 9, pp. 2450–2459, 2010.

[21] I. Monteleone, A. Rizzo, M. Sarra et al., “Aryl hydrocarbon
receptor-induced signals up-regulate IL-22 production and
inhibit inflammation in the gastrointestinal tract,” Gastroen-
terology, vol. 141, no. 1, article e1, pp. 237–248, 2011.



Mediators of Inflammation 11

[22] B. Wechsler, F. Davatchi, Y. Mizushima et al., “Criteria for
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in patients with Behçet’s disease,” Investigative Ophthalmology
and Visual Science, vol. 53, no. 10, pp. 6434–6441, 2012.

[24] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCRand the 2−ΔΔ𝐶T
method,”Methods, vol. 25, no. 4, pp. 402–408, 2001.

[25] J. Zhu andW. E. Paul, “CD4 T cells: fates, functions, and faults,”
Blood, vol. 112, no. 5, pp. 1557–1569, 2008.

[26] C. Esser, A. Rannug, and B. Stockinger, “The aryl hydrocarbon
receptor in immunity,” Trends in Immunology, vol. 30, no. 9, pp.
447–454, 2009.

[27] T. Cai, Q.Wang,Q. Zhou et al., “Increased Expression of IL-22 is
associated with disease activity in Behçet’s disease,” PLoS ONE,
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