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Most studies about functions of aryl hydrocarbon receptor (AhR) in the pathogenesis of asthma have been
carried out with non-physiological industrial by-products such as 2,3,7,8-tetrachlorodibenzo-p-dioxin and
benzo(a)pyrene. In the present study, effects of 6-formylindolo[3,2-b]carbazole (FICZ), a tryptophan photo-
product postulated as a candidate physiological ligand of AhR, on the pathogenesis of asthma were examined
and then underlying mechanisms of its immumodulatory effects were investigated. FICZ significantly reduced
Keywords: pulmonary eosinophilia and Th2 cytokine expression in the lungs. Flow cytometric analysis of mediastinal
FICZ lymph nodes showed that IL-4 producing cells decreased in FICZ-treated mice compared with PBS control.

GATA3 Next, effects of FICZ on in vitro Th2 differentiation and expression of the Th2 transcription factor GATA-3
Asthma were examined. CD4 + T cells were isolated from the spleen and incubated under the Th2 differentiation con-
STAT-6 ditions. FICZ inhibited both Th2 differentiation and the expression of GATA-3. Finally, activation of STATS6,
Th2 which is necessary for Th2 differentiation, was inhibited by FICZ.

IgE © 2012 Elsevier B.V. All rights reserved.

1. Introduction

The AhR is a ligand-activated transcription factor that belongs
to the basic region-helix-loop-helix (bHLH) superfamily of DNA bind-
ing proteins [1]. It contains two highly conserved PAS (Period clock,
Aryl hydrocarbon nuclear transporter, and Single-minded) domains,
which confer gene target specificity via cofactor association [2].
Unbound AhR is found in the cellular cytoplasm chaperoned by heat
shock protein 90, p23 and AhR-interacting protein [3,4]. Once a ligand
binds to the AhR, the ligand-receptor complex is translocated to the
nucleus where it forms a heterodimeric complex with a second bHLH
transcription factor, the Ah receptor nuclear translocator (ARNT) [5].
This complex binds to aromatic hydrocarbon-responsive elements
(AhREs, also called XREs or DREs) in the 5' flanking region of target
genes such as CYP1A1, glutathione S-transferase and aldehyde dehy-
drogenase and acts as a transcriptional activator [6,7].

AhR is a cytosolic sensor of small synthetic compounds and natural
chemicals, regulating cell growth and differentiation. Many studies
about AhR have been performed with halogenated aromatic hydrocar-
bons (HAHSs), such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
benzo(a)pyrene (B(a)P), a class of structurally related compounds
that are widespread environmental contaminants. TCDD is the most
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potent congener of the HAHSs, causing a broad spectrum of toxic effects
including immune, reproductive, and developmental toxicity [8]. In
mice, TCDD has been shown to induce immune dysfunction character-
ized by thymus atrophy and suppression of specific effector functions
associated with helper T cells, cytotoxic T cells and B cells [9,10].
Although TCDD is widely used as a surrogate ligand for AhR, interpreta-
tion of results studied with TCDD needs caution because it is not quickly
metabolized in the body [11]. Its half life appears to be correlated to
body weight, about 2 weeks in mice and several years in humans. AhR
knockout mice exhibit hepatic defects, skin abnormalities, lower life
expectancy, and immunological abnormalities without exposure to
exogenous chemicals, suggesting important roles in many physiological
functions [12-14]. A number of low-molecular weight, structurally
diverse chemicals, including indoles, tetrapyroles, archidonic acid me-
tabolites, and tryptophan metabolites, have been identified as naturally
occurring exogenous and endogenous AhR ligands by analyzing their
binding affinity to AhR and activation of AhR [15,16]. However, it
remains to be determined which of these are actually relevant in a phys-
iological sense.

Asthma, which is characterized by the infiltration of the airways
with various cell types including eosinophils, mast cells, and T lym-
phocytes leading to airway obstruction and airway remodeling, is
mainly developed by T helper (Th) 2 lymphocytes secreting IL-4
and IL-5 [17-20]. The incidence of allergic diseases in the developed
world has increased over the last few decades and chemicals of low
molecular weight (<1000 Da) may be an important contributor to
this phenomenon. TCDD was shown to suppress allergic immune
responses in mice [21,22]. Curcumin, an AhR ligand rich in Indian
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spice, attenuated ovalbumin-induced airway inflammation [23], pro-
viding evidence for the involvement of AhR ligands in the pathogene-
sis of allergy. However, there is no report on roles of AhR physiological
ligands in allergic diseases.

FICZ is generated from tryptophan by ultraviolet B irradiation
[24,25], and its metabolite has been identified in human urine [26].
FICZ has a higher AhR binding affinity than TCDD and activates AhR,
inducing CYP1A1 mRNA expression [24,25]. Interestingly, AhR ligands
are differentially involved in CD4+ T cell differentiation [27,28].
TCDD induces regulatory T cells, whereas FICZ stimulates Th17 differen-
tiation. Although effects of UV irradiation on asthma in humans remain
controversial [29], UV irradiation inhibited asthmatic phenotypes in a
mouse model of asthma, reducing effector CD4 + T cells in the airways
[30,31]. In the present study, we examined therapeutic effects of FICZ
on OVA-induced allergic asthma in mice and investigated mechanisms
underlying the anti-allergic function of FICZ.

2. Materials and methods
2.1. Mice

BALB/c mice, 6-12 weeks of age, were purchased from the Korean
Institute for Chemistry (Taejon, Korea). The animals were housed 5
mice per cage in a laminar air flow room maintained at 2242 °C
with relative humidity of 55%+ 5%. Mice were cared and treated in
accordance with the guidelines established by the Changwon National
University public health service policy on the use of laboratory ani-
mals. The animal study was performed in the immunology laboratory,
Department of Biology, Changwon national University.

2.2. Chemicals and reagents

FICZ and IL-4 were purchased from Enzo Life Sciences (USA) and
from R & D (USA), respectively.

2.3. Antigen sensitization, challenge and administration of FICZ

Sensitization and challenge with OVA was previously described
[32]. On day 0, mice were sensitized with an intraperitoneal (i.p.)
injection of 15 ug of OVA and 2 mg of alum dissolved in 0.2 ml PBS.
The animals received a booster injection of this alum-OVA mixture
5 days later. Twelve days after the first sensitization, the mice were
exposed for 1h to aerosolized OVA (0.5% dissolved in 0.9% saline)
which was produced by an ultrasonic nebulizer at a flow rate of 6 1/min.
At the 13th day, mice were challenged again with OVA as performed on
day 12. Mice were sacrificed at day 14. FICZ (0.3 - 30 pg/kg body weight)
in 25 pl DMSO was i.p. injected at day 0.

2.4. Bronchoalveolar lavage fluid (BALF) preparation

The tracheas of mice were cannulated and lavaged with two
0.8 ml aliquots of cold PBS. Number of cells in the BALF was counted
and used for cytospin and staining.

2.5. Cytospin preparations and Giemsa staining

Cells (4 x 10* cells) were centrifuged in 100 pl PBS with 3% BSA
onto a microscope slide using a CellSpin (Hanil Science, Korea).
Cells were fixed in methanol, and stained with ‘Hemacolor for micros-
copy’ and identified under the microscope according to the criteria
described in the protocol (Merck, USA).

2.6. Measurement of total and OVA-specific IgE in plasma

The concentration of IgE was determined by a sandwich ELISA, using
a combination of a captured antibody to mouse IgE and a biotinylated

antibody to mouse IgE. For total IgE assay, a combination of affinity-
purified rat mAb to mouse IgE (clone 23 G3, eBioscience, USA) and
biotin-conjugated rat mAb to mouse IgE (clone RME-1, Biolegend,
USA). Briefly, microtiter plates were coated overnight with 1 pug/ml of
anti-mouse IgE in 0.1 M carbonate buffer (pH 9.6) at 4 °C. Nonspecific
binding was blocked with 3% bovine serum albumin for 1 h at room
temperature. After incubating with test sera for 2 h, plates were incu-
bated with biotin-anti-mouse IgE for 1h and subsequently with
streptavidin-HRP for 1h. The reaction was developed using 2,2'-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). Triplicate
samples were diluted 1:10-1:100. Ig levels in each sample were mea-
sured from optical density readings at 405 nm, and Ig concentrations
were calculated from a standard curve generated using purified IgE.
For OVA-specific IgE titration, plates were coated with OVA (20 pg/ml)
and biotin-conjugated rat mAb to mouse IgE (clone RME-1) was used
as detection antibodies. Levels of OVA-specific antibodies were com-
pared with IgE standards with predetermined concentrations (IgE=
1 pg/ml). The concentration of standard serum was arbitrarily assigned
as 1 ELISA unit (1 EU).

2.7. RNA preparation, RT-PCR, and real-time PCR

Total cellular RNA was extracted from cells using the RNAzol
method (TEL-TEST, INC., USA). For PCR analysis, RNA was used after
contaminating DNA was completely removed by DNase I treatment.
RT-PCR analysis was performed using pairs of oligonucleotide primers.
The PCR products were confirmed to correspond to their original
sequence by DNA sequencing. Gene specific primers, number of cycles
of amplification, annealing temperature, and expected size of PCR
product are listed in Table 1. Real-Time PCR was performed to quanti-
tate PCR products. Power SYBR green PCR Master Mix and Real-time
PCR system (7300, Applied Biosystems, USA) were used.

2.8. Western blotting

Cells or tissues were homogenized in lysis buffer containing
20mM Tris-HCl (pH 7.4), 1TmM EDTA (pH 8.0), 50 uM sodium
vanadate, 20 mM p-nitrophenylphosphate, 50 mM sodium fluoride,
leupeptin (0.5 pg/ml), aprotinin (10 pg/ml), and soybean trypsin in-
hibitor (10 pg/ml). Proteins size-fractionated on SDS/PAGE were
transferred to PVDF membranes, and the blots were blocked with
3% bovine serum albumin in TBS buffer (20 mM Tris-HCl pH 7.5/
137 mM NaCl). The blots were sequentially treated with primary
and secondary antibodies in TBST (20 mM Tris-HCl pH 7.5/137 mM
NaCl/0.1% Tween 20) with intermittent washing with TBST. Immu-
nodetection was performed with the ECL-plus kit (Amersham Phamacia
Biotech, USA). Antibodies used in the present study are: rabbit anti-
human phosphorylated Tyr 641 of STAT6 polyclonal Ab and rabbit
anti-human phosphorylated Tyr 694 of STAT5a/b polyclonal Ab (Santa
Cruz Biotechnology (USA)), rabbit anti-STAT6 polyclonal Ab and rabbit
anti-STAT5a/b polyclonal Ab (Cell Signaling Technology (USA). HRP-

Table 1
Primers used in RT-PCR and real-time PCR.

Name Nucleotide sequence Annealing Cycles®  Size®
temperature(°C) (bp)

mHGPRTfw 5'-gctggtgaaaaggacctcte-3' 60 25 248

mHGPRTrv 5'-cacaggactagaacacctgc-3'

mgata3fw atgcctgeggactctaccat 60 30 289

mgata3rv cgcgtcatgeacctttttge

mAhRfw 5'-ggccaagagcttctttgatg-3' 59 30 305

mAhRrv 5'-ctgggtttagagcccagtga-3'

mCypl1Al-fw  5'-caccatcccccacageac-3' 60 35 125

mCyplAl-rv  5'-tcgtttgggtcaccccacag-3'

2 Indicates the number of cycles of amplification.
b Indicates the expected size of PCR products.
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linked anti-rabbit IgG (1:1000) was from Cell Signaling Technology
(USA).

2.9. Helper T cell differentiation in vitro

Naive CD4*CD62L™ Th cells were prepared from murine spleen
using the CD4"CD62L™ T cell isolation kit Il (Milteyi Biotec, Germany).
Briefly, non-Th cells as well as regulatory T cells and TCR y/ 6™ T cells
are depleted by indirect magnetic labeling using a cocktail of lineage-
specific biotin conjugated antibodies against CD8a, CD45R, CD49b,
CD11b, and Ter-119, as well as antibodies against CD25 and TCR y/ 6 in
combination with anti-biotin microbeads. Subsequently, CD4 "CDG2L "
T cells are positively selected from the enriched CD4" Th cell fraction
with CD62L microbeads. For Th differentiation, 1-6 x 10° naive T cells
in 0.4 ml culture medium were seeded into a well of the 48-well plate
pre-coated with anti-CD3 (3 pg/ml) and anti-CD28 (2 pg/ml), stimulated
in the presence of : anti-IL-12 (10 ug/ml) and anti-IFN-y (10 pg/ml)
(ThO); anti-IL-4 (10 pg/ml) and IL-12 (10 ng/ml) (Th1); anti-IL-12
(10 pg/ml), anti-IFN-y (10 pg/ml), IL-4 (10 ng/ml), and IL-2 (5 ng/ml)
(Th2); anti-IL-4 (2 pg/ml), anti-IFN-y (2 pg/ml), IL-6 (30 ng/ml), and
TGF-3 (2.5 ng/ml) (Th17); TGF-3 (10 ng/ml) and IL-2 (5 ng/ml) (Treg),
for 3 days (RNA analysis), and stimulated for 2 more days after being
supplemented with 0.4 ml differentiation medium (FACS analysis).

2.10. Intracellular staining and FACS analysis

Intracellular IL-4/ IFN-+y staining was carried out using BD Cytofix/
Cytoperm Fixation/Permeabilization Kit (BD Biosciences, USA). Briefly,
cells are first fixed and permeabilized with Fixation/Permeabilization
solution and then stained with fluorochrome-conjugated anti-IL-4
or -IFN-vy antibodies.

2.11. Statistical analysis

Data were analyzed with the paired Student's t test. The level of
significance was between p<0.05 and <0.001.
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Fig. 1. FICZ reduced eosinophil infiltration into the lungs. Mice were sensitized with
alum-OVA mixture on days 0 and 5, and challenged on days 12 and 13. On day 14,
mice were sacrificed for collection of BALF. FICZ (0.3-30 pg/kg body weight) was i.p.
injected once at day 0. Cells were fixed in methanol, and stained with ‘Hemacolor for mi-
croscopy’ and identified under the microscope according to the criteria described in the
protocol (Merck, USA). Results are presented as mean+SD (n=3-5 mice per group)
and are representative of two separate experiments. Statistical significance was analyzed
using the Student's t-test. * p<0.05 compared with unsensitized control. ** p<0.05 com-
pared with OVA-sensitized without FICZ injection.
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Table 2
Number of cells and eosinophiles recovered from BALF.
Group Total cells X10°  Eosinophiles
OVA sensitization  FICZ(pg/kg body weight)
- - 1.5640.25 78+12
+ 0 1.874+0.31 280504212
+ 0.3 1.88+0.27 28032 +324
+ 3 1.7340.25 22049 + 251
+ 30 1.7240.29 860411

Mice were sensitized and challenged as described in Fig. 1 legend. Results are presented
as mean+SD (n=3-5 mice per group) and are representative of two separate
experiments.

3. Results
3.1. Reduced pulmonary eosinophilia in BALB/c mice treated with FICZ

Mice were sensitized with alum-precipitated OVA and chal-
lenged with aerosolized OVA. 24 hrs after the last challenge of
OVA, mice were sacrificed to collect BALFs. First, proportions of
components of white blood cells were examined. In BALF samples
from OVA-sensitized mice, proportions of eosinophils and neutro-
phils significantly increased, while lymphocyte proportion slightly
decreased (Fig. 1). When FICZ was i.p. administered at concentra-
tions ranging from 0.3 to 30 pg/kg body weight, percentages of
eosinophils dose-dependently decreased whereas macrophage pro-
portions slightly increased. Then total cells as well as eosinophils
were counted in BALF. As shown in Table 2, total number of cells
in BALF was increased in OVA-sensitized mice (1.87 x 10°) com-
pared with unsensitized control mice (1.56 x 10°). When FICZ was
i.p. administered at concentrations ranging from 0.3 to 30 pg/kg
body weight, total number of cells slightly decreased. Eosinophil
accumulation in BALF markedly increased in OVA-sensitized mice
compared with unsensitized control mice. FICZ was very effective
in preventing pulmonary eosinophilia, greatly reducing the number
of infiltrating eosinophils.
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Fig. 2. FICZ reduced the plasma level of total IgE in OVA-sensitized mice. Mice were
sensitized with alum-OVA mixture on days 0 and 5, and challenged on days 12 and
13. On day 14, mice were sacrificed for serum harvest. FICZ (0.3-30 pg/kg body weight)
was i.p. injected once at day 0. Sera were prepared and assayed for total IgE by ELISA.
Results are presented as mean 4+ SD (n=3-5 mice per group) and are representative
of two separate experiments. Statistical significance was analyzed using the Student's
t-test. * p<0.05 compared with unsensitized control. ** p<0.05 compared with OVA-
sensitized without FICZ injection.


image of Fig.�2

380 K.-T. Jeong et al. / International Inmunopharmacology 13 (2012) 377-385

4 .
*
. T
3
*k
o - -
w
2 -
*k
1 -
OVA sensitization _ + + + +
FICZ injected - - 03 3 30

(vg/kg body weight)

Fig. 3. FICZ reduced the plasma level of OVA-specific IgE in OVA-sensitized mice. Mice
were sensitized with alum-OVA mixture on days 0 and 5, and challenged on days 12
and 13. On day 14, mice were sacrificed for serum harvest. FICZ (0.3-30 pg/kg body
weight) was i.p. injected once at day 0. Sera were prepared and assayed for OVA-
specific IgE by ELISA. Results are presented as mean+SD (n=3-5 mice per group)
and are representative of two separate experiments. Statistical significance was ana-
lyzed using the Student's t-test. * p<0.05 compared with unsensitized control. **
p<0.05 compared with OVA-sensitized without FICZ injection.

3.2. Reduced total and OVA-specific IgE concentration in mice treated
with FICZ

Next, we measured serum levels of total and OVA-specific IgE in
mice which were sensitized with alum-precipitated OVA and chal-
lenged with aerosolized OVA. The serum levels of IgE antibodies
were determined 24 hrs after the last challenge of OVA. Unsensitized
BALB/c mice produced lower levels of total IgE (about 130 ng/ml of
serum) whereas the OVA group produced significantly increased
levels of total IgE (about 590 ng/ml of serum) (Fig. 2). Levels of total
IgE dose-dependently decreased when FICZ was i.p. administered at
concentrations ranging from 0.3 to 30 pg/kg body weight. Next,
OVA-specific IgE levels were examined. In OVA-sensitized mice the
level of OVA-specific IgE, which increased about three-fold over
unsensitized controls, dose-dependently decreased upon FICZ admin-
istration (Fig. 3).
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Fig. 5. IL-4 and IL-5 generation in lung tissue. Mice were sensitized with alum-OVA
mixture on days 0 and 5, and challenged on days 12 and 13. FICZ (0.3- 30 pg/kg body
weight) was i.p. injected once at day 0. On day 14, mice were sacrificed, and lung
extracts were prepared and assayed by ELISA. Three mice were chosen for each
group and results are presented as mean = SD of two independent experiments. Statis-
tical significance was analyzed using the Student's t-test. *p<0.05 compared with
unsensitized control. ** p<0.05 compared with OVA-sensitized without FICZ injection.

3.3. Expression of IL-4 and IL-5 is suppressed in mice injected with FICZ

As cytokines including IL-4 and IL-5 are closely associated with
the pathogenesis of asthma, we next examined expression of IL-4
and IL-5 and TNF-« in the lung. Twenty four hrs after the last chal-
lenge of OVA, lungs from the unsensitized, OVA-sensitized, or OVA-
sensitized and FICZ-injected groups were harvested for RT-PCR anal-
ysis. Three mice from each group were randomly selected and their
lungs were assayed for cytokine expression (Fig. 4). All three mice
of the OVA-sensitized group expressed significantly increased levels
of IL-4 and IL-5 mRNAs over the unsensitized group. When FICZ was
injected to OVA-sensitized mice, the levels of the cytokine mRNAs
decreased in a dose-dependent manner. In contrast, expression of
IFN-vy, a Th1 type cytokine, of which production is stimulated by
IFN-vy, was also increased in the OVA-sensitized group compared to
the unsensitized group. However, FICZ injection was not able to
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Fig. 4. Effects of FICZ on the expression of cytokines in the lung. Mice were sensitized with alum-OVA mixture on days 0 and 5, and challenged on days 12 and 13. On day 14, mice
were sacrificed for lung tissue. FICZ (0.3-30 pg/kg body weight) was i.p. injected once at day 0. RNA was prepared from the lungs and examined for gene expression by real-time
PCR. Three mice were chosen for each group and results are presented as mean + SD of two independent experiments. Hypoxanthine guanine phosphoribosyl transferase (HGPRT)
was used as an internal control. Statistical significance was analyzed using the Student's t-test. *p<0.05 compared with OVA-sensitized but not injected with FICZ.
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revert the increased level of IFN-vy to that of the unsensitized group.
Next, the amount of IL-4 and IL-5 protein was directly measured in
the lung to confirm the RNA results. Protein levels of IL-4 and IL-5,
which increased upon OVA-sensitization, dose-dependently reduced
by FICZ administration (Fig. 5).

3.4. FICZ reduces the number of IL-4-producing T cells in mediastinal
lymph nodes

To ask whether FICZ specifically skewed Th2 response in vivo, Th
polarization was analyzed. Twenty four hrs after the last challenge
of OVA, mediastinal lymph nodes were harvested and proportions
of IL-4 producing cells in them were flow-cytometrically analyzed
after being light-scatter gated for lymphocytes. The population of
IL-4 producing CD4 T cells increased from 0.32 to 0.57% in OVA-
sensitized animals (Fig. 6a). FICZ reduced Th2 population in a dose-
dependent manner (Fig. 6b).

(a)

control

3.5. FICZ suppresses Th2 differentiation in vitro

Next, we asked whether FICZ modulates Th2 differentiation in
vitro. Naive CD4"CD62L" T cells were cultured with FICZ under
Th2 differentiation conditions for 5 days and proportions of IL-4-
producing cells were flow-cytometrically analyzed after being light-
scatter gated for lymphocytes. Proportions of IL-4-producing cells
increased from 0.03 to 1.24% when naive T cells were induced to dif-
ferentiate into Th2 cells (Fig. 7a). FICZ dose-dependently suppressed
the Th2 differentiation (Fig. 7b). Next, expression of GATA-3, a tran-
scription factor for Th2 differentiation, was examined. GATA-3 ex-
pression, which was increased upon Th2 differentiation (Fig. 8a),
was dose-dependently inhibited by FICZ treatment (Fig. 8b).

3.6. Activation of STATG is inhibited by FICZ

Activation of STAT5a and STAT6 is associated with IL-4-mediated
Th2 differentiation [33]. Thus, we examined if the inhibition of Th2
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Fig. 6. Increase of IL-4 producing cells in the mediastinal lymph nodes upon OVA sensitization was repressed by FICZ. Mice were sensitized with OVA as described in Fig. 1 and
mediastinal lymph nodes were collected on day 4, stimulated with phorbol-12,13-dibutyrate (500 ng/ml) and ionomycin (500 ng/ml) in the presence of Golgi Stop protein for
6 h, stained with FITC-anti-CD4 and PE-anti-IL-4, and flow-cytometrically analyzed after being light-scatter gated for lymphocytes (a). FICZ (0.3- 30 pg/kg body weight) was i.p.
injected once at day 0 (b). Three mice were chosen for each group and results are presented as mean + SD of two independent experiments. Statistical significance was analyzed
using the Student's t-test. *p<0.05 compared with unsensitized control. ** p<0.05 compared with OVA-sensitized without FICZ injection.
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Fig. 7. FICZ inhibits in vitro Th2 differentiation. 1 x 10° naive CD4 + T cells in 0.4 ml culture medium were seeded into a well of the 48-well plate pre-coated with anti-CD3 (3 pg/ml)
and anti-CD28 (2 pg/ml), stimulated in the presence of anti-IL-12 (10 pg/ml), anti-IFN-y (10 ug/ml), IL-4 (10 ng/ml), and IL-2 (5 ng/ml) for first 3 days and two more days after being
supplemented with IL-2 (10 ng/ml), IL-4 (10 ng/ml) and anti-IFN-y (10 ug/ml) in 0.4 ml culture medium. For ThO, anti-IFN-y (10 pg/ml) and anti-IL-4 (10 pg/ml) were supplemented.
Then, cells were harvested, stimulated with phorbol-12,13-dibutyrate (500 ng/ml) and ionomycin (500 ng/ml) in the presence of Golgi Stop protein for 6 h, intracellularly stained
with FITC-anti-IFN-y and PE-anti-IL-4, and flow-cytometrically analyzed after being light-scatter gated for lymphocytes (a). FICZ was added to the culture at the beginning of differenti-
ation in the range of 1-100 nM and 0.01% DMSO was added as vector control (b). Results are presented as mean + SD of three independent experiments. * p<0.05, compared with ThO, **

p<0.05, compared with DMSO.

differentiation by FICZ results from improper signaling transduction
pathways. Naive CD4 " CD62L™ T cells were cultured under Th2 differ-
entiation conditions in the presence or absence of 100 nM FICZ for
30 min. Then, protein extracts were examined for phosphorylation
of STAT5a and STATS6, indicative of activation of both STATSs, by west-
ern blotting. FICZ inhibited activation of STAT6, but not of STAT5a
(Fig. 9).

3.7. AhR functions in Th2 cells

AhR is differentially expressed in T cells: highly in Th17 and Treg
cells but little in Th1 and Th2 cells [27,28,34]. But there is no report
whether AhR is functional under the Th2 differentiation condition.
Naive CD4"CD62L™" T cells were cultured with FICZ under Th differ-
entiation conditions for 3 days and expression of AhR was examined
by RT-PCR. The level of AhR mRNA was highest in Th17 cells followed
by Treg cells (Fig. 10a, b). When AhR mRNA was quantitated by real-

time PCR, there was a 2-3-fold increase in Th1 and Th2 cells com-
pared with ThO cells. Then, up-regulated expression of Cyp1A1, indic-
ative of functional AhR, was observed when Th2 cells were exposed to
100 nM FICZ (Fig. 10c, d), suggesting that AhR functions in Th2 cells.

4. Discussion

In this study, we demonstrated that FICZ, a tryptophan photoprod-
uct postulated as a candidate physiological ligand of AhR, significantly
reduced pulmonary eosinophilia, serum total and OVA-specific IgE
concentration, and Th2 cytokine expression in the lungs of mice sen-
sitized and challenged by OVA, and that number of IL-4 producing
T cells in mediastinal lymph nodes was decreased in FICZ-injected
mice. In Th differentiation experiments in vitro, FICZ inhibited Th2
differentiation, regulating GATA-3 expression and SATAG6 activation.
We also demonstrated that AhR was functional under the Th2 differ-
entiation condition, inducing Cyp1A1 expression.
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Fig. 8. GATA-3 expression was inhibited by FICZ. Naive CD4 + T cells purified from the
spleen were differentiated into different lineages under specific conditions appropriate
for each lineage as described in the Materials & Methods. 2 x 10° cells in 0.5 ml RPMI
1640 culture medium containing 10% FBS and 50 uM [3-mercaptoethanol were seeded
into a well of the 48-well plate pre-coated with anti-CD3 (3 pg/ml) and stimulated in the
presence of soluble anti-CD28 (1 pg/ml) for 3 days under lineage-specific conditions. Then
RNA was isolated and analyzed (a). FICZ was added to the culture at the beginning of
differentiation in the range of 1-100 nM and 0.01% DMSO was added as vector control
(b). Results are presented as mean 4 SD of three independent experiments. * p<0.05,
compared with ThO, ** p<0.05, compared with DMSO.

There have been a few studies that AhR ligands have protective
effects against allergic asthma. TCDD, and curcumin and quercetin,
which are present in vegetables and medicinal plants, were shown to
suppress allergic immune responses in mice [21-23,35]. AhR ligands

PBS DMSO FICZ

-— p-STATG

<+ STATE

Fig. 9. Activation of STATG6 is inhibited by FICZ. Naive CD4 + T cells purified from the
spleen were differentiated into Th2 lineage as described in the Materials & Methods. 2
x 10° cells in 0.5 ml RPMI 1640 culture medium containing 10% FBS and 50 uM (-
mercaptoethanol were seeded into a well of the 48-well plate pre-coated with anti-CD3
(3 pg/ml) and stimulated in the presence of soluble anti-CD28 (1 ug/ml) for 2 days and
then cultured for 30 min under the lineage-specific conditions: for Th2, anti-IL-12
(10 pg/ml), anti-IFN-y (10 pg/ml), IL-4 (10 ng/ml), and IL-2 (5 ng/ml); and for ThO, anti-
IFN-y (10 pg/ml) and anti-IL-4 (10 pg/ml). Then protein was isolated and subjected to
western blotting analysis using antibodies against STAT5a, p-STAT5a, STAT6, and p-STAT6.

have been shown to play different roles in Th differentiation. Quercetin
reduced IL-4 production and expression of GATA3, a Th2 transcription
factor, in lung tissues of ovalbumin-sensitized and -challenged mice
while increasing IFN-y production and expression of T-bet, a Th1 tran-
scription factor [35]. Effects of curcumin remain controversial. In a
mouse model of asthma, curcumin inhibited recruitment of eosinophils
into the lung airways, airway hyper-responsiveness, and expression
of IL-4 [23] whereas curcumin regulated shift from Th1 to Th2 in
trinitrobenzene sulphonic acid-induced chronic colitis [36]. TCDD in-
duced regulatory T cells suppressing experimental allergic encephalo-
myelitis (EAE) in mice whereas FICZ interfered with the development
of regulatory T cells but boosted Th17 differentiation aggravating EAE
[27]. However, in a study of in vitro T cell differentiation, TCDD and
FICZ both showed common effects, enhancing the differentiation of
Th17 and regulatory T cells [34]. In the present study, FICZ was shown
to inhibit in vivo and in vitro Th2 differentiation by repressing activa-
tion of STAT6 and expression of GATA3, providing more evidence that
AhR ligands exert differential effects on Th differentiation.

UV irradiation to the skin is well known to modulate the immune
system, inducing inflammation at higher doses while suppressing
immunity and inducing synthesis of mediators including vitamin D
at doses much lower than those required to cause inflammation
[29,37,38]. So far, most studies about effects of UV radiation on the
immune system have been centered on vitamin D, because the level
of vitamin D is drastically increased upon UV radiation. 1,25-
dihydroxyvitamin D3, the most active vitamin D metabolite, increases
number and function of regulatory T cells while inhibiting differenti-
ation of dendritic cells as well as Th1 and Th17 differentiation. Be-
sides vitamin D, production of immune mediators including cis-
urocanic acid, nitric oxide, reactive oxygen species, prostaglandin
E2, and IL-10 is also increased [37]. In animal studies, UV radiation
inhibited allergic airways disease [30,31]. UVB irradiation of skin sig-
nificantly suppressed airway hyperresponsiveness to methacoline-
and ovalbumin-specific responses in the lung-draining lymph nodes
and in the lung compartment by reducing effector CD4+ T cells
[30,31]. In addition, UV irradiation of immunized mice induced type
1 regulatory T cells that suppressed tumor antigen specific cytotoxic
T lymphocyte responses [39]. However, mediators associated with
the immunosuppression were not identified.

FICZ is formed upon exposure of solutions of tryptophan [24], cell
culture medium [25], or cells [40] to ultraviolet radiation [24,25],
and its metabolites have been identified in human urine [26]. FICZ
activates AhR transiently inducing CYP1A1 mRNA expression in
human keratinocytes [24,25,41,42]. In addition, UVB exposure of
human skin induced CYP1A1 and CYP1B1 expression, raising a possi-
bility that tryptophan photoproducts including FICZ are involved in
AhR activation [43].

The rate of conversion from tryptophan to FICZ is about 0.0001% in
cells and ex vitro [40,44] and the turnover rate is high with a decrease
by 81% after 24 h of incubation [44]. At present, it remains to be seen
how much of FICZ is produced in the skin exposed to UV and how
relevant the results in this study is to asthma incidence in humans,
because of differences in tryptophan metabolism among mammalian
species [45,46].

Although AhR mainly exerts its function being complexed with
ARNT, accumulating evidence suggests that AhR have been shown
to directly or indirectly interact with transcriptional activators or
repressors [see references in 35]. In co-transfection experiments,
AhR have been shown to directly bind to basal transcription factors,
including TFIIB, TBP, TFIIF, to transcription factor Sp1, and to HAT
coactivators such as CBP, SRC-1, RIP-140, RB, and Myb-binding pro-
tein 1a. In other set of experiments analyzing endogenous AhR/
ARNT-responsive genes using chromatin immunoprecipitation (ChIP)
assay, RNA interference, and real-time PCR, AhR and ARNT were
shown to bind various transcription factors. P160 HAT coactivators
SRC-1, NCoA-2, and p/CIP all associate with the mouse Cyp1lal enhancer


image of Fig.�8
image of Fig.�9

384 K.-T. Jeong et al. / International Inmunopharmacology 13 (2012) 377-385

(a)

~

SN D
S® Q& Q@

AL

+~ mMAhR

+ HGPRT

Relative levels of mRNA

Th2

|

Q
XY )
S @S

4
&

(c)

+ CYP1Al

+— HGPRT

(b)

I.,.

20
15
10
5 |—| -

= L[ []

ThO Thl Th2 Thl7 Treg

—_—
Q
S

Relative levels of mRNA
=1 N w F-S w

ThO PBS DMSO FICZ

Fig. 10. AhR is functional Th2 cells. Naive CD4 + T cells purified from the spleen were differentiated into different lineages under specific conditions appropriate for each lineage as
described in theMaterials & Methods. 2 x 10°cells in 0.5 ml RPMI 1640 culture medium containing 10% FBS and 50 uM (3-mercaptoethanol were seeded into a well of the 48-well
plate pre-coated with anti-CD3 (3 pg/ml) and stimulated in the presence of soluble anti-CD28 (1 pg/ml) for 3 days under lineage-specific conditions. Then RNA was isolated and
analyzed by RT-PCR (a,c) and quantitated by real-time PCR (b,d). Results are presented as mean 4 SD of three independent experiments. * p<0.05, compared with ThO.

region after treatment of Hepa-1 cells with TCDD [47,48]. Brahma-
related gene (Brg)-1, an ATPase-dependent chromatin modifier, also
was shown to associate with the enhancer region of the mouse Cyplal
gene in vivo in a TCDD- and ARNT-dependent manner and to interact
with the transcriptional activation domain of AhR [49]. Endogeneous
AhR in Hepa cells was also shown to interact with mediator subunits
Med130 and Med220 in a TCDD-dependent manner [50]. In addition,
AhR interacts with STAT1 and STAT5 under the Th17 differentiation
conditions, regulating activation of STAT1 [34]. It remains to be seen
whether AhR interacts with STAT6 in the Th2 differentiation conditions
and if so, whether FICZ is necessary for the interaction.

In the present study FICZ was shown to inhibit activation of STAT6
while displaying little effect on STAT5a activation, suggesting that
AhR ligands may exert differential effects on STAT activation. TCDD
stimulates Treg differentiation, whereas FICZ stimulates Th17 differ-
entiation [27,28], suggesting that different AhR ligands exert differen-
tial effects on helper T cell differentiation, possibly by modulating
STAT activation in ligand-specific or Th lineage-specific ways. In prelim-
inary studies performed in our lab, FICZ was shown to exert opposing
effects on STAT activation, stimulating STAT3 activation under the
Th17 differentiation condition while inhibiting STAT5 activation under
the Treg differentiation condition (manuscript in preparation).

FICZ shows a 4-7-fold higher binding affinity to AhR than the
prototypical AhR ligand TCDD [51]. FICZ is rapidly degraded through
a NADPH-dependent metabolism in vitro and five major metabolites
produced by several enzymes including Cyp1A1, Cyp1A2, and epox-
ide hydrolase have been detected and chemically identified [52],
suggesting that FICZ fits into a model in which the ligand-activated
AhR signaling is autoregulated by the induced metabolic enzymes.

Accumulating evidence indicates that there are various endogenous
AhR ligands including indoles, tetrapyroles, and other arachidonic
metabolites, which are more physiologically relevant than proto-
typical AhR ligands such as TCDD and benzo(a)pyrene [53]. It re-
mains to be seen what effects these endogenous ligands have on
Th differentiation.

In conclusion, the results obtained in this study suggest that FICZ,
which is synthesized in the skin exposed to UV radiation, has anti-
asthmatic effects, inhibiting Th2 cytokine production leading to re-
duced pulmonary eosinophilia and IgE serum levels. In addition,
FICZ also interferes with Th2 differentiation, likely by inhibiting acti-
vation of STAT-6 and expression of GATA3. The results presented
in this study support epidemiological studies and animal studies
that UV radiation may help protect against asthma [29-31,37,54],
although the relationship between the prevalence of asthma and geo-
graphical latitude is still controversial: both positive [54,55] and neg-
ative associations [56,57] between them have been reported in the
published literature. So far, most studies about effects of AhR ligands
on the immune system have been performed with environmental
contaminants such as TCDD, which is rarely metabolized. To under-
stand inherent functions of AhR in the immune system, studies
using physiological ligands such as FICZ should be performed along
with prototypival ligands like TCDD.
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