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Abstract
Aryl hydrocarbon receptor (AhR) activation by 2,3,7,8-tetrachlorodibenzio-p-dioxin (TCDD) leads
to immune suppression associated with the induction of regulatory T cells (Treg) expressing the
transcription factor Foxp3. The immunological mechanisms of suppression are not well understood
however dendritic cells (DC) are considered a key target for AhR-mediated immune suppression.
Here we show that activation of AhR by TCDD induces DC indoleamine-2,3-dioxygenase 1 (IDO1)
and indoleamine 2,3-dioxygenase-like protein (IDO2). Induction of IDO1 and IDO2 was also found
in lung and spleen associated with an increase of the Treg marker Foxp3 in spleen of TCDD-treated
C57BL/6 mice, which is suppressed by inhibition of IDO. These data indicate that AhR-activation
is an important signaling pathway for IDO expression and suggest a critical role of IDO in the
mechanism leading to the generation of Treg that mediates the immune suppression through activation
of AhR.
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Introduction
Activation of the AhR through environmental pollutants like dioxin is well known to induce
profound suppression of immune responses especially T cell dependent responses which is the
primary toxicity associated with the exposure to dioxin [1]. Emerging from recent studies it
becomes clear that the AhR can regulate the generation of Treg or pro-inflammatory T cells
producing IL-17 (TH17). Activation of the AhR by TCDD induces Treg whereas ligation of
AhR by 6-formylindolo[3,2-b]carbazole (FICZ) leads to differentiation of TH17 cell which
produces interleukin (IL)-22 [2,3]. FICZ is a tryptophan-derived photoproduct that is thought
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to be an endogenous ligand with high affinity for the AhR [4]. It has long been recognized that
derivates of tryptophan can activate AhR. In contrast to FICZ, the tryptophan-derived AhR
endogenous ligand 2-(1'H-indole-3'-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE)
suppressed autoimmune encephalomyelitis (EAE) in mice like TCDD [2]. TCDD is a prototype
of a class of environmental contaminants with high affinity to the AhR. AhR activation by
TCDD has broad effects on the immune system and the AhR-dependent induction of a T-cell
population with characteristics of Treg has been described earlier [5]. Interestingly, induction
of Treg after activation of AhR by an anti-inflammatory compound (VAF347) has been found
to be mediated through DCs [6]. Recent studies of T cell differentiation regulated by AhR
proposes that activation of AhR dependent on its activating ligand can induce immunity or
tolerance.

More recently DCs have been recognized as potential target for TCDD. DCs are the most potent
antigen-presenting cells (APC) and are key regulators of immunity or tolerance. One of the
most potent ways in which DCs can create immunosuppression is by activating Treg cells
[7]. Studies by Munn et al. [8] show, that the expression of IDO, an enzyme that degrades the
essential amino acid tryptophan, is a major mechanism of peripheral tolerance in subsets of
DCs. IDO catalyzes the initial and rate-limiting step in the degradation of tryptophan along the
kynurenine pathway [9].

Materials and methods
Reagents and Antibodies

Alpha-methyl-dl-tryptophan, L-Kynurenine, L-tryptophan, and 1-methyltryptophan (1-MT)
were obtained from SIGMA. FICZ was purchased from BIOMOL. Monoclonal IDO1 antibody
(Chemicon-Millipore) was used for Western blot analyses. Human GM-CSF (R&D Systems)
and IL-4 (Biosource) were used for DC differentiation.

DC culture system
Human monocytic cell line U937 was obtained from ATTC and maintained in RPMI 1640
medium. To generate DCs, U937 cells were cultured for 3 days in growth medium
supplemented with GM-CSF (20 ng/ml) and IL-4 (40 ng/ml) as previously described [8]. Under
these conditions, cells were cultured in presence of AhR agonists TCDD, FICZ or AhR
antagonist MNF. As a positive control to induce IDO in DCs, cells were cotreated with INFγ
(100 U/ml) during DC differentiation.

Mice
C57BL/6J mice were purchased from Jackson Laboratory. AhR-deficient mice were generated
and kindly provided by Christopher Bradfield. 1-MT, a pharmacological inhibitor of IDO was
dissolved in water and adjusted to pH 9.9 before use. Mice were given 1-MT in the drinking
water (1 mg/ml) one day before administration of TCDD or FICZ and continuing until mice
were sacrificed.

Flow cytometric analysis
Prior to staining U937 cells were treated 3 days with medium containing GM-CSF (20 µg/ml)
and IL-4 (40 U/ml) and supplemented with TCDD or DMSO. After treatment cells were double
labeled with anti HLA-DR PE, biotinylated anti-CD86 (eBioscience) followed by streptavidin
APC. Dead cells were excluded by propidium iodide. Data were acquired on a LSR II cytometer
(Becton-Dickinson). Post acquisition data analysis was performed using Flowjo software
(Treestar). Individual histograms depict a minimum of 7,000 PI negative events.
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Induction and Assay of IDO Activity
Cells were harvested by centrifugation and washed twice with phosphate buffered saline,
frozen at −70°C. Cell pellets and spleen samples were lyophilized overnight. The powdered
cell and tissue residues were resuspended in PBS and, after centrifugation, the supernatants
were assayed for IDO activity by the method of Takikawa et al. [10] with some modifications.

Quantitative real-time reverse transcription-polymerase chain reaction (RTPCR) analysis
For preparation of total RNA the tissues were homogenized first in TRIzol using a TissueLyser
(Valencia, CA). The RNA was extracted with chloroform and further purified with a high pure
RNA isolation kit. cDNA synthesis was carried out as previously described [11]. Quantitative
detection of mRNA level was performed with a LightCycler Instrument (Roche) using the Fast
Real-Time SYBR Green PCR Kit (Qiagen) according to the manufacturer's instructions. The
primers for each gene were designed using OLIGO primer analysis software, provided by Steve
Rosen and Whitehead Institute/MIT Center for Genome Research. Primer sequences are
available upon request. The intra-assay variability was < 7%.

Statistics
All data were obtained from at least three independent experiments performed in duplicate,
and the results are given as the mean ± the standard error of the mean. To demonstrate statistical
significance, the variables were examined for one-sided Student's t test. The level of
significance was p<0.05.

Results
Effect of AhR-activation on DC differentiation and function

Table 1 shows the expression level of phenotypic surface markers of naive U937 and
differentiated DCs in absence or presence of 3'-methoxy-4'-nitroflavone (MNF), TCDD, or
FICZ. In naive U937 cells, surface marker specific for DC such as CD1a, CD54 (ICAM-1),
and CD86 are relatively low expressed. Cells treated with GM-CSF/IL-4 augmented expression
of all surface markers most significantly CD54 and CD86. Expression of CD86 and CD1a was
increased by TCDD, and FICZ, whereas MNF significantly suppressed the GM-CSF/IL-4-
induced expression of CD86 and CD1a. The elevated expression of CD86 and a slight increase
of the human major histocompatibility complex (MHC) class II (HLA-DR) on the surface of
TCDD-treated U937 DC was confirmed by flow cytometric analysis (Fig. 1A).

Next we tested the effect of MNF, TCDD and FICZ on the expression of the dendritic-cell-
derived C-C chemokine (DC-CK1), the dendritic-cell-specific transmembrane protein (DC-
STAMP), and Interleukin 8 (IL-8). TCDD increased IL-8 expression about 20-fold in U937
cells after stimulation with GM-CSF/IL-4. DC-STAMP was less (2-fold) but also significantly
increased by TCDD (Table 1). In contrast, the upregulation of DC-CK1 in differentiated DC
control cells was clearly blocked in presence of TCDD. As in the case of DC surface markers,
MNF has the contrary effect compared to TCDD by increasing DC-CK1, but decreasing IL-8
and DC-STAMP. Morphologically, the naive U937 cells show spherical and non-adherent
aspects, which are slightly changed into an immature DC phenotype by the stimulation with
GMCSF/ IL-4. On the other hand, in presence of TCDD, U937 derived DC display morphologic
changes into more elongated and stellate cells typical for dendritic cells (Fig. 1B).

Effect of TCDD and FICZ on mediators of active immunosuppression
Here we analyzed the effect of TCDD and FICZ on various potent mediators of active
suppression including Fas ligand (FASL), arginase (ARG), programmed cell death ligand
(PDL), and IDO1. The expression of FASL was slightly increased in DC differentiated cells
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in presence of TCDD, whereas ARG2, PDL1 and PDL2 showed no significant change by
TCDD (Supplementary Table S1). In contrast IDO1 as well as IDO2 were clearly induced in
AhR-activated DC (Fig. 2A and B). IDO1 and IDO2 were very low expressed in DC control
cells and in some cases not detectable.

AhR-dependent induction of IDO1 and IDO2 by TCDD but not by INFγ
To examine the induction of IDO1 and IDO2 through activation of the AhR we tested the effect
of the prototype ligand TCDD and the tryptophan-derived photoproduct FICZ. TCDD causes
significant increases of IDO1 and IDO2 mRNA. Treatment with 100 U/ml INFγ lead to about
500-fold higher mRNA level of IDO1. Treatment with 100 nM FICZ lead only to a 6-fold
increase of IDO1 (Fig. 2A). In contrast, IDO2 was only induced by TCDD but not by FICZ or
INFγ (Fig. 2B).

To determine, if activation of the AhR is required to induce IDO1 and IDO2, we examined the
effect of TCDD and INFγ in DC under cotreatment with the AhR antagonist MNF. Cotreatment
with MNF clearly blocked induction of IDO1 and IDO2 by TCDD. On the other hand, induction
of IDO1 by INFγ was even more pronounced in presence of MNF compared to cells treated
with INFγ alone (Fig. 2A).

In order to verify that induction of IDO mRNA is translated into functional protein we measured
enzyme activity of IDO. Without INFγ or TCDD no IDO activity was detectable (Fig. 2C).
However, differentiation of DC in presence of TCDD or INFγ for 72 h, produced detectable
IDO activity. FICZ did not activate IDO enzymatic activity. The same test conditions were
performed in presence of the IDO inhibitor 1-MT, which completely blocked TCDD- as well
as INFγ-induced enzymatic activity.

Induction of IDO1 and IDO2 by TCDD in spleen and lung of C57BL/6J mice is AhR-dependent
Control animals exhibited the highest level of IDO1 in lung and spleen (Fig. 3A). Compared
to IDO1, the expression of IDO2 is highest in liver and kidney followed by thymus and spleen
(Fig. 3B) which is in line with previous studies [12]. Both, IDO1 and IDO2 mRNA expression
is most significantly upregulated in spleen and to a lower extent in lung 7 days after a single
injection of TCDD (Fig.3A and Supplementary Fig. 1A). Similar increase of IDO1 and IDO2
mRNA in spleen was found after 1 day of exposure to TCDD (Supplementary Fig. S1B). The
induced mRNA expression of IDO1 and IDO2 was associated with increased IDO enzymatic
activity and IDO1 protein level in spleen of C57BL/6 wild-type mice at day 7 after injection
of TCDD (Fig. 3B and C). As shown in DCs, the enzymatic activity of IDO was blocked by
the pharmacological inhibitor 1-MT. In order to examine the involvement of the AhR in the
TCDD-mediated induction of IDO1 and IDO2, we further analyzed the expression of IDO in
AhR-deficient mice. The results show, that treatment with TCDD had no significant effect on
IDO1 or IDO2 mRNA expression in spleen, lung, or other tissues of AhR-deficient mice
(Supplementary Fig. S2A and B) supporting our data from in vitro that the AhR is required to
induce IDO1 and IDO2 by TCDD.

Suppression of the TCDD-induced Treg marker Foxp3 by inhibition of IDO
AhR activation by TCDD leads to a significant increase of the transcription factor Foxp3 at
day 7 in spleen of C57BL/6 mice (Fig. 4) which indicates the increased differentiation of
Treg cells as reported recently [2]. No significant induction of Foxp3 was observed at day 1 or
day 3 in spleen of C57BL/6 mice (data not shown). To test if the TCDD-induced expression
of Foxp3 is mediated through the increased activity of IDO in wild-type mice, animals were
treated with 1-MT, a pharmacological inhibitor of IDO. The results show that 1-MT blocked
the TCDD-induced Foxp3 expression in spleen. Foxp3 was not elevated by treatment with the
tryptophan derivate FICZ (Fig. 4). No TCDD-mediated increase of Foxp3 was observed in
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AhR-deficient mice (Supplementary Fig. 3) confirming the AhR-dependent increase of Foxp3
by TCDD as shown by Quintana et al. [2].

Discussion
Here we report that activation of the AhR by the prototypic AhR agonist TCDD, and the
tryptophan-derived photoproduct FICZ in human U937 monocyte-derived DCs induced the
expression of the CD86 and increased the expression of the surface marker CD1a which may
initiate DC precursors to produce mature APCs. In addition, the DC-STAMP and IL-8 were
significantly elevated, whereas upregulation of DC-CK1 was blocked during DC
differentiation in presence of TCDD or FICZ. It is noteworthy, that the expression of the surface
markers and chemokines during DC differentiation were inhibited in presence of the AhR
antagonist MNF. These data suggest a critical role of the AhR in the regulation of these surface
markers and chemokines and indicate that endogenous AhR ligands or activators might
participate in DC differentiation and function. Interestingly, IL-4 has been shown to activate
AhR in B cells [13]. The activation-like changes in AhR-activated DCs were associated with
morphological changes into more elongated and stellate cells compared to the untreated DCs.
DC-expressed chemokines play an important role in the interaction between DCs and T cells
and the induction of immune responses. The main T cell population attracted by DC-CK1 and
IL-8 consists of naïve resting T cells. Thus, the block of DC-CK1 through activation of AhR
may explain a less active DC in terms of attracting naïve T cells, but it does not explain the
potential role of DCs to promote tolerance and to exert the immune suppressive effects after
AhR activation by TCDD or ITE.

To explore whether activation of AhR is also critical to induce DCs which can promote
tolerance and thus immune suppression we analyzed the effect of TCDD on various potent
mediators of active suppression in immune responses. IDO1 was clearly induced in AhR-
activated DCs by TCDD. In addition, we found that TCDD induces the expression of the
recently discovered gene IDO2. IDO2 is closely related to IDO1 and is expressed in mice and
humans. The corresponding genes have a similar genomic structure and enzymatic activity
[12]. Measuring the enzymatic activity of IDO confirmed the functional expression of IDO
after treatment with TCDD or interferon-γ (INFγ); INFγ is a well known endogenous stimulator
of IDO1. On the other hand, activation of AhR by FICZ in vitro did not activate enzymatic
activity of IDO. Interestingly, expression of IDO2 was decreased by INFγ in U937-derived
DC compared to control, which confirms previous reports [8,12]. Cotreatment with the AhR
antagonist MNF clearly blocked induction of IDO1 and IDO2 by TCDD but not the induction
of IDO1 by INFγ. The results are underlining the different mechanisms of both inducers
(INFγ and TCDD) as well as the different regulation of the IDO1 and IDO2 genes. Recently
it has been demonstrated that the noncanonical NF-κB pathway is also critical for the induction
of IDO1 through ligation of CD40 for instance [14]. Therefore it is not unlikely, that TCDD-
mediated induction of IDO1 not only requires activation of AhR, but also involves RelB. RelB
is a critical component of the noncanonical NF-κB pathway and has been recently shown to
interact with AhR to induce IL-8 for instance [11,15]. Since the discovery of IDO2 is so recent,
not many data are available regarding the regulation of the gene. However, two putative XREs
have been identified at -2,781 and -2,810 bp upstream the start site of exon 1 of IDO2
(unpublished data).

Next we verified findings received from U937-derived DCs in vitro in the C57BL/6 animal
model. IDO1 and IDO2 mRNA expression are most significantly upregulated in spleen and to
a lower extent in lung in TCDD-treated mice. Analysis of IDO1 and IDO2 in AhR-deficient
mice supports our data from in vitro that the AhR is required to induce IDO1 and IDO2 by
TCDD.
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Several studies have demonstrated that the immunoregulatory pathway of tryptophan
catabolism, initiated by IDO, represents a mechanism of peripheral tolerance. IDO expressing
DCs are regarded as regulatory DCs specialized to cause tolerance through its regulatory effect
on T cells [8]. The most impressive data, demonstrating the critical role of IDO to induce
tolerance was shown by Munn et al. [16]. They found that pharmacological inhibition of IDO
leads to rejection of all fetuses in mice. Numerous studies followed, which confirmed that IDO
expression in DCs or macrophages is responsible to suppress T cell responses and induce
tolerance [17].

Depending on its ligand, activation of AhR by TCDD or FICZ may result in Treg expressing
Foxp3 or TH17 T cells, respectively [2,3]. Our results show the increase of Foxp3 expression
by TCDD in spleen, whereas Foxp3 was not elevated in AhR deficient mice. In contrast to
TCDD, FICZ did not activate IDO which could explain that AhR activation by FICZ does not
induce Foxp3 and development of Treg. IDO is a critical factor for development of Treg, and
our results show, that IDO inhibition blocked the TCDD-induced increase of Foxp3, suggesting
that IDO is responsible for TCDD’s effect on the development of Treg and consequently its
suppressive action on immune responses.

The ligand-specific AhR-mediated expression of IDO1/IDO2 and induction Treg
differentiation indicate that AhR ligands can be critical factors in the development of
autoimmune disease, infection or cancer. Local suppression of tumor-specific immune
responses is thought to be a hallmark of all successful tumors. Mounting evidence suggest that
the IDO pathway might be a driving factor during cancer progression to provide immune escape
[18]. Our data warrant further studies to investigate the possible role of IDO induced by AhR
activating ligands such as dioxins for the tumor promoting activity of these compounds.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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indoleamine-2,3-dioxygenase 1, IDO2, indoleamine 2,3-dioxygenase-like protein; TCDD,
2,3,7,8-tetrachlorodibenzo-p-dioxin; Treg, regulatory T cells.
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Figure 1. AhR activation by TCDD increases DC differentiation
(A) Prior to staining U937 cells were treated 3 days with GM-CSF and IL-4 and supplemented
with TCDD (heavy lines), or DMSO (thin lines). After treatment cells were labeled with anti-
CD86 or anti HLA-DR followed by streptavidin APC. Dead cells were excluded by propidium
iodide. (B) Phase contrast micrograph of unlabeled U937 derived DCs. Cells were cultured
with GM-CSF and IL-4 for 3 days (1). To activate AhR cells were treated with 10 nM TCDD
during DC differentiation (2). X 400.
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Figure 2. Induction of IDO1 and IDO2 by TCDD in DC is AhR-dependent
(A) IDO1 and (B) IDO2 expression in monocyte-derived U937 DC after treatment with 100
U/ml INFγ, 100 nM FICZ, or 10 nM TCDD in presence or absence of the AhR antagonist MNF
for 3 days. (C) INFγ and TCDD induce IDO enzyme activity in U937-derived DC. Using a
colorimetric assay, we measured IDO activity in FICZ-, TCDD- and INFγ- treated DCs.
Without INFγ or TCDD, IDO activity was not detectable (n.d.). The same test conditions were
performed in presence of the IDO inhibitor 1-MT.
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Figure 3. Induction of IDO1 and IDO2 in lung and spleen of C57BL/6 mice in response to TCDD
but not FICZ
(A) IDO1 expression in female wild type C57BL/6 mice. Mice were injected i.p. with a single
dose of 15 µg/kg TCDD or 50 µg/kg FICZ. Control animals received the solvent vehicle. After
10 days total RNA from various tissues was subjected to real time PCR. The values are given
as relative units. (B) Induction of IDO enzyme activity by AhR activation in spleen of TCDD-
treated BL6 wt mice. BL/6 wt mice were treated with a single dose of 15 µg/kg TCDD or 50
µg/kg FICZ. In addition, TCDD- and FICZ-treated mice received the IDO inhibitor 1-MT. *
p ≤ 0.01 vs group control. (C) Induction of IDO1 protein in spleen by TCDD. Wild type C57BL/
6 animals were treated with a single dose of 15 µg/kg TCDD or 50 µg/kg FICZ for 10 days.
Spleen was removed for Western blot analysis of IDO1 and β-actin.
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Figure 4. The induction of the Treg cell marker Foxp3 in spleen by TCDD is suppressed through
inhibition of IDO
C57BL/6 wt mice were injected with a single dose of 15 µg/kg TCDD or 50 µg/kg FICZ. In
addition, TCDD- and FICZ-treated mice received the IDO inhibitor 1-MT. * p ≤ 0.01 vs group
control.
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