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regulated responses in human dendritic cells
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*Department of Biomedical & Pharmaceutical Sciences, University of Montana, Missoula, MT
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SDepartment of Environmental Toxicology, University of California, One Shields Avenue, Davis,
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Abstract

Currently, it is not well understood how ligands of the Aryl hydrocarbon Receptor (AhR) modify
inflammatory responses triggered by Toll like receptor (TLR) agonists in human dendritic cells
(DCs). Here, we show that AhR ligands 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the
tryptophan derivatives 6-formylindolo[3,2-b]carbazole (FICZ), Kynurenine (kyn), and the natural
dietary compound Indole-3-carbinole (I13C) differentially modify cytokine expression in human
monocyte-derived DCs (MoDCs). The results show that TLR-activated MoDCs express higher
levels of AhR and are more sensitive towards the effects of AhR ligands. Depending on the
cytokine, treatment with AhR ligands led to a synergistic or antagonistic effect of the TLR-
triggered response in MoDCs. Thus, activation of AhR increased the expression of Interleukin
(IL)-1p, but decreased the expression of IL-12A in TLR-activated MoDCs. Furthermore, TCDD
and FICZ may have opposite effects on the expression of cytochrome P4501A1 (CYP1ALl) in
TLR8-activated MoDCs indicating that the effect of the specific AhR ligand may depend on the
presence of the specific TLR agonist. Gene silencing showed that synergistic effects of AhR
ligands on TLR-induced expression of IL-1 requires a functional AhR and the expression of NF-
xB RelB. On the other hand, repression of IL-12A by TCDD and FICZ involved the induction of
the caudal type homeobox 2 (CDX2) transcription factor. Additionally, the levels of DC surface
markers were decreased in MoDCs by TCDD, FICZ and I3C, but not by kyn. Overall, these data
demonstrate that AhR modulates TLR-induced expression of cytokines and DC-specific surface
markers in MoDCs involving NFxB RelB and the immune regulatory factor CDX2.
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Introduction

There is strong evidence that environmental factors including toxic chemicals and dietary
components contribute to the development of autoimmune diseases (Pollard 2015; Selmi et
al. 2012). The aryl hydrocarbon receptor (AhR) is a cytosolic receptor protein that responds
to environmental and physiological stress. The AhR plays an important role in regulating
immune responses and exposure to AhR-activating toxicants contributes to the promotion of
immune system disorders (Marshall and Kerkvliet 2010). The AhR affects the expression of
immunoregulatory genes and the function of inflammatory DCs (Jin et al. 2010; Bankoti et
al. 2010; Vogel et al. 2008). Several studies show that exposure to AhR agonists like the
environmental toxicant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) leads to profound
immunosuppression and an increase of regulatory T cells (Treg) (Kerkvliet 2002; Mitchell
and Lawrence 2003). On the other hand, exposure to AhR ligands like the tryptophan
metabolite 6-formylindolo[3,2-b]carbazole (FICZ) may promote differentiation of
inflammatory T helper (Th)17 cells (Quintana et al. 2008, Veldhoen et al. 2008). Recent
studies show that the AhR is a key regulator for development and function of interleukin
(IL)-22-secreting innate lymphoid cells in the lamina propria (Lee et al. 2012; Lawrence and
Sherr 2012), and activation of AhR by dietary substances such as indole-3-carbinol (13C) is
required for the development and/or maintenance of intestinal immune function and host
defense mechanisms (Li et al. 2011; Kiss et al. 2011). The mechanisms underlying AhR
regulation of human DC fate and function, and the effects of AhR signaling in human DCs
during inflammatory responses are largely unknown. DC function and differentiation are
both highly regulated by nuclear factor-kappa-B (NF-xB, Burkly et al. 1995). Conversely,
NF-xB RelB deficiency affects the development of DCs and lymphocytes and is associated
with immunodeficiency and autoimmunity in humans (Sharfe et al. 2015). A crosstalk
between AhR and NF-xB has been reported from several studies (Tian 2009; Vogel and
Matsumura 2009), but the mechanism and biological consequences are not completely
understood. Recent reports demonstrate that the AhR provides additional activation
(hyperexpression) or inhibition of TLR-/NF-xB-mediated gene transcription when the cell
receives further stimuli (TCDD), transforming the TLR/NF-xB signal into an activator or
inhibitor of gene transcription in the presence of an activated AhR (Mogel et al. 2013; Lahoti
et al. 2015; Ruby et al. 2002).

To advance our understanding of the effects of AhR activation in human DCs, we generated
human monocyte-derived DCs (MoDCs) from CD14+ monocytes isolated from healthy
individuals. It is well established that the AhR can regulate the generation of various
immune responses, particularly those involving the differentiation and function of DCs and
T cells (Marshall and Kerkvliet 2010). While the mechanisms by which ligands of the AhR
alter the function of DCs and the differentiation of T cells are not fully elucidated, an
increasing number of studies suggest that interactions between the AhR and the TLR and
NF-xB pathways likely play a highly significant role (Bankoti et al. 2010; Vogel et al. 2013).

In the current study we investigated the effects of various AhR ligands including TCDD,
I13C, kyn and FICZ on the expression of cytokines in resting and TLR-activated MoDCs.
Family members of TLR as well as IL-1R share a common motif called the Toll/IL-1
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receptor (TIR) domain (Kawai and Akira 2007), which is critically involved in TLR
signaling. Two major TIR domain—containing adapters, MyD88 (myeloid differentiation
primary response gene 88) and TRIF (TIR domain-containing adapter-inducing IFN-),
have been described (Martin and Wesche 2002). For instance, TLR3 agonists mediate their
response via TRIF-dependent pathway, whereas TLR4 and TLR8 agonists trigger their
response through MyD88. Using human MoDCs we addressed the molecular basis of the
altered expression of AhR/NF-xB regulated cytokines and DC surface markers after
treatment with various AhR and TLR ligands. The current study specifically tested the role
of the NF-xB member RelB, which has been shown to interact with the AhR signaling
pathway and the expression of cytokines induced by AHR ligands (Vogel et al. 2007a; Vogel
et al. 2007b; Memari et al. 2015). In order to identify key factors, which might be
responsible for the repression of TLR-induced cytokines by AhR ligands we analyzed
expression of activating transcription factor 3 (ATF3), indoleamine 2,3-dioxygenase (IDO1)
and the caudal type homeobox 2 (CDX2) transcription factor. All three genes have been
described to potentially modify or negatively regulate TLR- and NF-xB-regulated signaling
and cytokine expression (Gilchrist et al. 2006; Shon et al. 2015; Ryu et al. 2008). The
current study specifically tested the role of the NF-xB member RelB and CDX2, a caudal-
related homeobox gene important in intestinal homeostasis and inflammation (Ryu et al.
2008; Coskun et al. 2011), by gene silencing, an approach that allowed us to examine the
important interplay between RelB and CDX2 in AhR signaling in human DCs.

Materials and Methods

Reagents and antibodies

Dimethylsulfoxide (DMSO), phorbol-12-myristate-13-acetate (PMA), and bacterial
lipopolysaccharide (LPS) from Escherichia coli 0127:B8 were obtained from Sigma (St.
Louis, MO). TLR ligands CLO75 and polyinosinic:polycytidylic acid (poly(l:C)) were
purchased from InvivoGen (San Diego, CA). LPS is the major structural component of the
outer wall of all Gram-negative bacteria and recognized by TLR4. CLO75 is a
thiazoloquinolone derivative that stimulates TLR8 in human peripheral blood mononuclear
cells and poly(l:C) is a synthetic analog of double-stranded RNA, a molecular pattern
associated with viral infection and TLR3 activation. TCDD (>99% purity) was originally
obtained from Dow Chemical Co. (Midland, MI). Other molecular biological reagents were
purchased from Qiagen (Valencia, CA) and Roche Clinical Laboratories (Indianapolis, IN).
The polyclonal RelB (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), polyclonal AhR
(Novus Biologicals, Littleton, CO; Abnova, Walnut, CA), and the monoclonal CDX2
(Developmental Studies Hybridoma Bank, University of lowa, I1A) antibodies were used for
Western blot analyses.

Monocyte-derived dendritic cell (MoDC) cultures and transfection experiments

Leukocyte-enriched buffy coat from healthy donors were obtained from the Stanford Blood
Center (Mountain View, CA). Isolation of CD14+ cells and generation of MoDC cultures
were performed as described previously (Chang et al. 2004) and all human cell work was
approved by the IRB at University of California Davis. Cells were maintained in RPMI 1640
medium containing 50 um 2-mercaptoethanol, 10 mM HEPES, 10% endotoxin-free fetal
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calf serum, recombinant human GM-CSF, and IL-4 (1000 units/ml each) for 7 days. Cells
were treated on day 6 with TCDD (10 nM), FICZ (100 nM), I3C (50 uM) and kynurenine
(kyn, 50 uM) for the indicated amount of time in absence or presence of LPS (50 ng/ml),
CLO75 (5 pg/ml) or poly(l:C) (5 ug/ml). Transfection of siRNA into MoDCs was performed
via Nucleofector technology as described (Vogel et al., 2014). Briefly, MoDCs were
resuspended in 100 pl Nucleofector Solution for human dendritic cells (Amaxa GmbH,
KdlIn, Germany) and nucleofected with 1.0 pug siRNA or 0.2 pg plasmid DNA using program
U-002, which is preprogrammed into the Nucleofector device (Amaxa GmbH). Cdx2 siRNA
duplex (sc-43680) and Control siRNA duplex (sc-37007) were from Santa Cruz
Biotechnology. The siRNAs to target human AhR (target sequence:
TTCGTTTACCTTCAAACTTTA) and RelB (target sequence:
GCGGATTTGCCGAATTAACAA) were synthesized by Qiagen.

Flow cytometry

Multiparameter flow cytometry was performed using the LSRFortessa X-20 cell analyzer
operated by FACSDiva software (BD Biosciences). MoDCs were immunostained using
directly conjugated monoclonal antibodies against CD83, CD86, CD195 (CCR5), CD196
(CCR6), CD197 (CCRY), and HLA-DR (BD Biosciences and Tonbo Biosciences). Data
were analyzed and illustrated using FlowJo software (Tree Star).

RNA isolation and quantitative real-time RT-PCR

The preparation of total RNA was performed with a Quick RNA isolation kit (Zymo
Research) and synthesis of cDNA were conducted as described previously (Vogel et al.
2014). gPCR was then performed with the LightCycler (Roche, Indianapolis, IN) or
StepOnePlus Real-Time PCR System using the Fast SYBR Green Master Mix (Applied
Biosystems Inc.) according to the manufacturer’s protocol. The data were normalized to the
housekeeping gene ribosomal protein S13 (rps13) with the primer sequences
CTCCCTTTCGTTGCCTGAT (forward primer) and CCCTTCTTGGCCAGTTTGTA
(reverse primer).

Western blotting analysis

Statistics

To analyze the level of AhR, RelB and CDX2 protein in MoDCs, whole cell protein (25 ug)
was separated on a 10% SDS-polyacrylamide gel and blotted onto a polyvinylidine
difluoride membrane (Immuno-Blot; Bio-Rad) as described (Vogel et al. 2014). The antigen-
antibody complexes were visualized using the chemoluminescence substrate SuperSignal
West Pico (Pierce) as recommended by the manufacturer.

The results were analyzed by GraphPad Prism software. All experiments were repeated a
minimum of three times, and data are expressed as mean + S.D. Differences were considered
significant at p < 0.05. A comparison of two groups was made with an unpaired, two-tailed
Student’s ttest. A comparison of multiple groups was made with analysis of variance
(ANQVA) followed by a Dunnett’s or Tukey’s test. A two-way ANOVA was used when data
with more than one factor were analyzed.
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Results

Time-dependent effects of TCDD on the LPS-induced expression of cytokines in MoDCs

Initial experiments tested the time-dependent effects of AhR activation on LPS-induced
cytokine expression in MoDCs. TCDD led to a 23-fold increase of IL-18 mRNA expression
after 6 h treatment and the level of IL-1p increased over time to a maximum induction level
of 59-fold at 48 h after treatment with TCDD compared to control cells (Fig. 1A). LPS
rapidly increased IL-1p 65-fold after 3 h treatment with a maximum level of 180-fold at 12
h, which declined to 42-fold increase above control at 48 h after treatment with LPS. TCDD
significantly increased the LPS-induced expression of IL-1f and led to a sustained elevated
level of 690-fold at 48 h after co-treatment with TCDD and LPS. The expression of CCL1
was also significantly increased by TCDD after 6 h treatment and further increased to a
maximum level of 28-fold above control after 48 h (Fig. 1B). LPS led to an early increase of
CCL1 after 3 h and maximally increased CCL1 expression at 24 h after treatment with LPS.
As in the case of IL-1pB, CCL1 was synergistically induced by co-treatment with TCDD and
LPS. The level of CCL1 mRNA was more than 4000-fold increased compared to control
after 24 h and 48 h treatment with TCDD in presence of LPS. In contrast, TCDD reduced
the LPS-induced expression of 1L-12A as well as CCL4 (Fig. 1C and D). LPS induced the
expression of IL-12A and CCL4 mRNA by 120-fold and 40-fold, respectively, after 12 h
treatment. The LPS-induced mRNA level of IL-12A and CCL4 was significantly suppressed
by 84% and 75%, respectively, in presence of TCDD at 12 h after treatment. TCDD by itself
did not change the expression of IL-12A or CCL4 (Fig. 1C and D). Human myeloid cell
lines like THP-1 or U937 are commonly used as an alternative cell model to replace human
primary DCs to test the potential immunotoxic effects of various chemicals including
allergens or skin sensitizers (Ashikaga et al. 2002; Python et al. 2007). THP-1 and U937 are
monocytic cell lines, and after differentiation with GM-CSF and IL-4 display the
morphologic, phenotypic, molecular, and functional characteristics of DCs generated from
human donor-derived monocytes (Berges et al. 2005; Chanput et al. 2015). Differentiated
U937-derived DCs exhibit de novo cell-surface expression of CD80, CD86, CD40, and
CD1a, expression of DC specific cytokines and acquire characteristic stellate morphology,
which is further enhanced by AhR activation (Vogel et al. 2008). In order to test if TCDD
similarly affects MoDCs and U937-derived DCs, we next analyzed the effects of TCDD in
resting and LPS-activated DCs derived from the U937 human cell line. The expression of
IL-1B and CCL1 was significantly induced as early as three hours after treatment with 50
ng/ml LPS with a maximal increase of IL-1p by 750-fold at 24 h and 78-fold increase of
CCL1 at 24 h (Fig. S1A and B). TCDD induced IL-1f at 6 h and continued to increase the
expression of IL-1f by about 8-fold at 48 h after treatment with TCDD. CCL1 expression
was induced by TCDD about 3.5-fold at 24 h and 48 h compared to control cells.
Concomitant treatment of U937-derived DCs with LPS and TCDD led to a further increase
of IL-1p up to 1600-fold at 24 h. TCDD also stimulated the LPS-induced expression of
CCL1 to a maximal increase of 780-fold at 48 h. In contrast, the expression of CCL4 was
significantly inhibited by TCDD in LPS-treated U937-derived DCs. LPS induced CCL4
very early at 3 h by about 800-fold, which was suppressed by about 70% when cells were
co-treated with TCDD (Fig. S1D). In contrast to MoDCs, mRNA expression of 1L-12A did
not change significantly after treatment with TCDD and/or LPS (Fig. S1C).
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Dose-dependent effect of TCDD on LPS-activated IL-1p expression

Dose-response studies showed that 5 and 50 ng/ml LPS and 0.1, 1.0 and 10 nM TCDD
induced IL-1pB expression in a dose-dependent manner in MoDC (Fig. 1E). No significant
increase of IL-1p was observed at the low concentration of 0.5 ng/ml LPS. However, co-
treatment of DCs with a low concentration of LPS (0.5 ng/ml) and TCDD (0.1 nM) caused a
significant 10-fold increase of IL-1p expression (Fig. 1E).

Effect of different AhR ligands on cytokine and chemokine expression in TLR-activated

MoDC

To test the hypothesis that activation of human DCs is selectively affected by AhR ligands in
a ligand-specific manner, the effects of four defined AhR ligands were evaluated on cytokine
expression in resting and TLR-activated MoDCs. The effects of the AhR ligands (TCDD,
FICZ, 13C, and kyn) were assessed on the expression of IL-1p, IL-12A, CCL1, and CCL4 in
MoDCs activated by three different TLR ligands (LPS, CL075, and polyl:C). The cytokines
and chemokines above were selected since they are important for the innate function of DCs
and their expression levels were found to be affected by AhR ligands in LPS-activated
MoDCs using a PCR screening assay (data not shown). Furthermore, AhR activation has
previously been reported to change the expression of CCL and CXCL chemokines in vitro
and in vivo (Mogel et al. 2013; Lahoti et al. 2015; Vogel et al. 2016), but has not yet been
evaluated in primary human MoDCs. MoDCs were treated for 24 h and the mRNA
expression of cytokines was analyzed after treatment with TLR ligands in presence or
absence of AhR ligands. The expression of IL-1p was induced by TCDD and FICZ about
30-fold above control (Fig. 2A). LPS treatment led to 100-fold increase of IL-1p, which was
further enhanced by TCDD, FICZ and I3C, but not by kyn. The TLR8 ligand CL075
induced IL-1B expression by 1000-fold above control. TCDD, FICZ and I13C stimulated the
CLO75 induced expression of IL-1f up to 2000-fold. We observed a 200-fold increase of
IL-1pB after challenge with polyl:C which was further increased by TCDD and FICZ to a
1000-fold increase above control level. Treatment with 13C or kyn did not significantly
increase the polyl:C-induced expression of IL-1p. CCL1 was induced by TCDD and FICZ
by 40-fold and 35-fold above control, respectively (Fig. 2B). The TLR ligands LPS, CL075,
and polyl:C induced CCL1 about 200-fold. TCDD, FICZ, and 13C synergistically induced
TLR-activated CCL1 expression by more than 2000-fold. On the other hand, the expression
of the cytokine IL-12A was induced 40-fold by LPS and significantly repressed by TCDD,
FICZ and 13C (Fig. 2C). The TLR8 ligand CLO75 increased the expression of IL-12A by
130-fold, which was repressed by TCDD and FICZ by about 75%. The TLR3 ligand polyl:C
led to a 17-fold increase of 1L-12A, which was repressed significantly by all AhR ligands
tested. The chemokine CCL4 was 35-fold induced by LPS and was more than 50%
repressed by simultaneous treatment with TCDD, FICZ, 13C, and kyn (Fig. 2D). CL075 did
not induce the expression of CCL4 significantly. Polyl:C led to relatively small increase of
CCLA4 by 7-fold above control. TCDD and FICZ, but not I3C or kyn repressed the TLR3-
mediated expression of CCLA4.

Arch Toxicol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kado et al. Page 7

Expression of negative regulators of TLR and NF-xB responses in MoDCs

In order to identify factors which would be responsible for the repression of TLR responses
by AhR ligands on IL-12A and CCL4 we focused on the expression of ATF3, IDO1 and
CDX2. All three factors ATF3, IDO1 and CDX2 were described to modify and negatively
regulate TLR- and NF-xB-regulated signaling and cytokine expression (Gilchrist et al. 2006;
Shon et al. 2015; Ryu et al. 2008). We found a significant increase of ATF3 by LPS and a
moderate induction of ATF3 by the TLR ligands CL0O75 and polyl:C (Fig. 3A). Activation of
AhR by the various ligands tested did not change the expression of ATF3. The expression of
IDO1 was significantly induced by TCDD and FICZ as initially reported in U937-derived
DCs (Vogel et al. 2008), but not by 13C or kyn (Fig. 3B). The TLR-mediated increase of
IDO1 was not significantly changed by AhR ligands. On the other hand, IDO2 expression
was not induced by AhR ligands with the exception of TCDD (Fig. S2). As for IDO1 the
TLR-induced expression of IDO2 was not significantly affected by the AhR ligands. On the
other hand, expression of CDX2 was 4-fold and 5-fold upregulated by TCDD and FICZ,
respectively (Fig. 3C). With the exception of a 4-fold increase by CLO75, the TLR ligands
LPS or polyl:C did not significantly increase the expression of CDX2. However, TCDD and
FICZ significantly induced the expression of CDX2 by more than 30-fold above control in
presence of the TLR ligands LPS, CLO75 and polyl:C.

Small interfering RNA transfection of AhR, RelB and CDX2

In the present study we found that activation of the AhR by TCDD and FICZ leads to a
sustained induction of the pro-inflammatory cytokine IL-1p, but on the other hand TCDD
and FICZ repressed the expression of IL-12A in MoDCs in a time-dependent manner (Fig.
1). Previously we showed that the AhR-mediated induction of IL-8 and CCL1 involved the
interaction of AhR with RelB (Vogel et al. 2007a; Vogel et al. 2007b). Therefore we used the
TFSEARCH program (Heinemeyer et al. 1998) to identify potential ReIBAhRE binding
sites on the /L-15 promoter. Besides two DRE core sequences and one NF-xB site we
identified a potential ReIBAhRE binding element at =178 bp upstream the start site of /L-18
(Fig. 4A) as described for the human /L-8 gene (Vogel et al. 2007a). Promoter analysis of
the human /L-12A gene revealed two potential DRE core elements and two CDX2 binding
sites within the first 1100 bp upstream of the start site of IL-12A (Fig. 4B). Transient
transfection of MoDCs for 24 h with short interfering RNA (siRNA) targeting AhR, RelB,
and CDX2 significantly reduced the protein levels of AhR, RelB, and CDX2 respectively
(Fig. 4C). The level of AhR protein was also significantly reduced by siAhR knockdown in
LPS-activated MoDCs (Fig. S3). Results from transfection studies with siRNA into MoDC
to target AhR shows that TCDD activates IL-1f and represses IL-12A through an AhR-
dependent mechanism (Fig. 4D and E). The AhR-dependent effect was confirmed via the
inhibition of the TCDD-induced expression of IL-1B, CCL1 as well as CYP1ALl in presence
of the AhR antagonist 3”-methoxy-4"nitroflavone (MNF) (Fig. S4). Transient transfection of
MoDCs with siRNA targeting RelB reduced the TCDD-mediated induction of IL-1 mRNA
expression significantly. Furthermore, the induction of IL-1f by LPS was suppressed in cells
transfected with siRelB by about 40%. On the other hand, the suppressive effect of TCDD
on LPS-induced mRNA expression of IL-12A required the expression of AhR, but was
independent from RelB (Fig. 4E). However, gene silencing of the homeobox gene CDX2,
which has been described as a critical regulator of intestinal homeostasis and inflammation
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(Coskun et al. 2011), eliminated the suppressive effect of TCDD on LPS-induced expression
of IL-12A (Fig. 4E).

Modulation of surface markers in MoDCs after treatment with various AhR ligands

In order to examine the role of AhR activation on surface markers integral for DC-mediated
T cell activation, the effects of TCDD, FICZ, 13C and kyn were investigated via flow
cytometry. The AhR ligands TCDD and FICZ, but not I3C or kyn decreased expression of
HLA-DR in unstimulated MoDC derived from 9 different healthy donors (Fig. 5A and B).
TCDD, FICZ, and I13C suppressed CD83 expression in resting and LPS-activated MoDC.
CD86 expression was decreased by TCDD, FICZ, and 13C, but not by kyn in non-activated
DC. In contrast, 13C increased the level of CCR5 in non-activated MoDC, whereas the AhR
ligands TCDD, FICZ or kyn did not affect expression of CCR5 in MoDC. CCR6 expression
was not affected by AhR ligands, however FICZ, 13C and for some donors TCDD lowered
the expression of CCR7 in LPS-activated MoDC (Fig. 5A and B).

Effects of TLR agonists on the expression of AhR in MoDC

In order to test the effect of TLR activation on the expression of AhR, MoDCs were treated
with three different TLR ligands. As shown previously (Vogel et al. 2014), LPS induced the
MRNA expression of AhR in MoDC by about 4-fold above control level (Fig. 6A). However,
activation of MoDCs with TLR ligands CLO75 and poly(l:C) led to an even greater
induction of AhR by 22-fold and 34-fold, respectively. The TLR-mediated induction of AhR
mRNA was confirmed at the protein level via Western blotting using an AhR-specific
antibody (Fig. 6B).

Effect of AHR ligands on prototypical AhR-responsive genes in TLR-activated MoDCs

Here we analyzed the effect of structurally different AhR ligands on the expression of AhR-
DRE regulated genes, such as CYP1A1, CYP1B1 and AhRR in MoDCs. Cells were treated
with 10 nM TCDD, 100 nM FICZ, 50 uM I3C and 50 uM kyn for 24h. The effect of the
AR ligands was tested in MoDCs, activated with 5 pg/ml poly(l:C) as a TLR3 agonist
(TRIF-dependent pathway), 50 ng/ml LPS as a TLR4 agonist or with 5 pg/ml of the
synthetic thiazologquinoline immunostimulatory compound CL075 as a TLR8 agonist
(MyD88-dependent response). Cells were co-treated with AhR ligands and TLR agonists for
24h. Both, TCDD and FICZ significantly increased CYP1AL1 expression by about 60-fold
compared to control (Fig. 7A). Besides LPS, the TLR agonists poly(l:C) and CL075 had no
significant effect on CYP1A1 expression in the absence of AhR activation. TCDD- and
FICZ-induced CYP1A1 expression was further enhanced in LPS-activated MoDCs. In
MoDCs stimulated with either CLO75 or poly(l:C), only FICZ increased CYP1A1
expression levels. In contrast, the TCDD-mediated induction of CYP1A1 was suppressed by
over 80% in CLO75-activated MoDCs (Fig. 7A). The expression of CYP1B1 and AhRR was
induced by TCDD and FICZ 12- and 5-fold, respectively (Figs. 7B and C). Interestingly, the
expression of CYP1B1 and AhRR was increased 10-fold and 5-fold, respectively, by the
TLR ligand CLO75 in the absence of AhR activation. LPS or poly(I:C) treatment did not
significantly affect CYP1B1 or AhRR mRNA expression. Only CL075 enhanced the TCDD-
and FICZ-induced expression of CYP1B1 (Fig. 7B) and AhRR (Fig. 7C), whereas LPS and
poly(I:C) did not change the TCDD- or FICZ-induced expression of CYP1B1 or AhRR. In
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contrast to TCDD and FICZ, Kyn and 13C had no significant effect on CYP1Al, CYP1B1 or
AhRR expression in MoDCs in absence or presence of LPS (Fig. S5).

Discussion

The critical role of TLR responses in activation of the NF-xB signaling pathway for
transcriptional regulation of cytokines in DCs is well established (Vallabhapurapu and Karin
2009). Members of the TLR family function as sensors for a wide variety of microbial
components to elicit immune responses (Kawai and Akira 2007). On the other hand, the
cytosolic ligand-activated receptor and transcription factor AhR acts as a sensor for
environmental pollutants such as dioxins and dioxin-like compounds (Denison et al. 2011).
More recently endogenous and natural compounds have been identified as potential AhR
agonists (Barouki et al. 2012). Moreover, the AhR has been shown to recognize bacterial
pigmented virulence factors suggesting a role as an intracellular pattern recognition receptor
(Moura-Alves et al. 2014). The results of the current study provide insight into the critical
role of the AhR as a modifier of TLR-triggered activation of the NF-xB pathway and
regulation of cytokines in MoDCs. The current study shows that depending on the specific
cytokine, concomitant treatment with AhR ligands may lead to a synergistic or antagonistic
effect of the TLR-triggered response in MoDCs. As shown for IL-1p and IL-12A, activation
of AhR may cause hyperexpression or inhibition, respectively, of TLR-mediated induction
of the cytokines. The synergistic increase of TLR-triggered induction of IL-1p involves AhR
as well as NF-xB member RelB, whereas the AhR-mediated inhibition of IL-12A in TLR
activated MoDCs was not affected by gene silencing of RelB. The data confirm previous
findings indicating the requirement of AhR and RelB for the induction of chemokines such
as IL-8 and CCL1 by TCDD (Vogel et al. 2007a and 2007b). Furthermore, RelB seems to
play a critical role also in LPS- and TLR4-mediated induction of IL-1p in MoDCs. The
results confirm data from a recent study showing the positive regulation of inflammatory
marker genes including IL-1p by RelB in TLR4-as well as AhR-activated DCs (Shih et al.
2012; Memari et al. 2015). The results received from AhR-mediated induction of IL-1p
support the interaction of the AhR and NF-xB signaling pathways which has been described
previously for other genes in different cell models (DiNatale et al. 2010; Luecke et al. 2010;
Vogel and Matsumura 2009; Tian 2009). It is interesting to note, that the production of IL-1p
in DCs seems to be important to retain the expression of 1L-22 and AhR in human natural
killer cells (NK) in secondary lymphoid tissues (Hughes et al. 2010). With regards to the
repression of TLR-mediated responses by AhR activation we investigated the effect of AhR
on the expression of negative regulators of TLR responses and NF-xB signaling including
ATF3, IDO1 and CDX2. Importantly, we identified the intestinal differentiation factor and
immune regulatory gene CDX2 as a new target gene of AhR. DNA binding of CDX2 to a
specific proximal site of the Pregnane X Receptor (PXR) has been shown to be required for
the reduction of gastrointestinal inflammation (Dou et al. 2012). Treatment of MoDCs with
TCDD and FICZ led to an increased expression of CDX2. Interestingly, the TLR4 and TLR3
ligands did not elevate the expression of CDX2, however the expression of CDX2 was
hyperactivated when cells were co-treated with the AhR ligands TCDD and FICZ. The
reduced expression of CDX2 in MoDCs by gene silencing significantly eliminated the
repressive effect of TCDD on LPS-induced expression of IL-12A. The results show that the
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repression of TLR-induced expression of the IL-12A gene, which contains CDX2 binding
elements on its promoter region, involves the induction of the transcription factor CDX2.
Therefore, the role of CDX2 in immune regulatory processes mediated through AhR
activation should be further explored in future studies, especially in DCs due to their critical
importance in regulating both innate and adaptive immune responses. Results from the dose-
response study on the expression of IL-1p indicate the high sensitivity of the AhR and NF-
kB cross-talk leading to significant effects of very low concentrations of LPS and TCDD
only under co-treatment conditions in MoDCs. Similar results were obtained from a dose-
response study analyzing the expression of 1L-8 after treatment with TCDD and LPS in
MoDCs (Fig. S6). The importance of the interaction of AhR and NF-xB mediating the
induction of IL-8 has been described previously in U937-derived DCs (Vogel et al. 2007a).
This finding could suggest that low LPS concentrations are not sufficient to induce the
expression of the above cytokines, but might prime DCs for an enhanced sensitivity to the
activation by AhR ligands. For instance, a low-dose of AhR ligand (TCDD) can significantly
alter the classical inflammatory response or allergic responses elicited by a low dose of
pathogen-associated molecules such as LPS. A critical role of the ligand activated AhR has
been demonstrated for the expression of IL-22 (Veldhoen et al. 2008; Rohlman et al. 2012)
as well as the development and function of innate lymphoid cells in the lamina propria (Li et
al. 2011; Lowe et al. 2014). The expression of IL-22 has been shown to be induced by LPS
(Dumoutier et al. 2011) and recently we demonstrated that the expression of 1L-22 was
markedly upregulated when LPS-stimulated cells were treated with TCDD (Mogel et al.
2013). Therefore, it is possible that the crosstalk between AhR and NF-xB is not only
leading to a dysregulation of cytokine expression, but is also essential for the effective and
adequate expression of cytokines such as IL-22 for instance, which is important to maintain
the function of intestinal immune cells and gut immunity (Lawrence and Sherr 2012).

Members of the AhR gene battery such as CYP1A1, CYP1B1, and AhRR, were
significantly induced after treatment of non-activated MoDCs with AhR ligands TCDD and
FICZ, but not 13C or kyn, in the absence of TLR agonists. TCDD and FICZ were also more
effective than 13C or kyn in changing the expression of the cytokines or CYP1ALl in TLR-
activated cells. On the other hand, all AhR ligands tested including 13C and kyn repressed
the expression of TLR3-activated IL-12A and TLR4-activated CCL4. However, only TCDD
and FICZ, but not I13C or kyn suppressed the TLR8-mediated induction of IL-12A and
TLR3-induced expression of CCL4. These results show clearly that TLR-activated DCs are
more sensitive to the effects of AhR ligands than non-activated DCs. One contributing factor
to the increased sensitivity could be the significantly elevated levels of AhR expression in
MoDCs induced by TLR activation. This is in line with our recent finding, showing the
increased expression of AhR associated with induction of CYP1A1 through activation of
TLR4 and NF-xB by LPS (Vogel et al. 2014). Furthermore, the specific effect of an AhR
ligand may depend on the particular TLR agonist activating the DC. In this regard, it is
interesting to note that TCDD and FICZ led to opposite effects on the expression of
CYP1Al in TLR8-, but not in TLR4-activated MoDCs suggesting a notable AhR ligand-
specific effect. Treatment with the TLR ligand CLO75 induced the expression of CYP1B1
and AhRR. However, the TLR-mediated increased expression of AhR does not fully explain
this effect, since polyl:C or LPS did not affect the expression of CYP1B1 or AhRR, but
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increased the expression of AhR. It is possible that TLR8-triggered responses by CL075
interact with critical factors of the AhR pathway, which is not the case with agonists of other
TLR signaling pathways. Interestingly, the expression of CYP1A1 is silenced in TLR2-
deficient mice, even when under exposure to AhR ligands (Do et al. 2012). Therefore, it is
possible that the interaction of TLRs with AhR signaling depends on the particular TLR
ligand or TLR signaling pathway. So far the reason for the TLR-specific effects on AhR
signaling are unknown and future studies are warranted to identify critical factors involved
in TLR-specific effects on AhR-mediated gene expression. In addition, we have to consider
that certain AhR ligands may suppress TLR-mediated responses through inhibition of NF-
xB activation as shown for 13C (Takada et al. 2005). Significant differences also exist
between TCDD and FICZ in MoDCs treated with the AhR antagonist MNF. MNF efficiently
inhibited the effect of TCDD, but MNF could not block FICZ-induced gene expression of
CYP1AL, IL-1p and CCL1 indicating the selectivity of ligand binding of FICZ and TCDD,
which is supported by findings using AhR mutants within the ligand-binding domain of the
AhR (Soshilov and Denison 2014). The inability of MNF to antagonize FICZ-induced
CYP1AL1 expression is not limited to MoDCs and has been observed in other cell lines
including U937-derived DCs and MCF-7 breast tumor cells (unpublished results).

The expression of critical DC surface markers was monitored via flow cytometry in MoDCs.
The results show that the level of the surface marker HLA-DR was suppressed in MoDCs by
AhR ligands TCDD and FICZ, whereas CD83 and CD86 expression was reduced in the
presence of TCDD, FICZ, and I3C, but not by kyn in both unstimulated and LPS-activated
MoDCs. In contrast, expression of CCR5 was increased in MoDC following treatment with
I3C and kyn, but not after exposure to TCDD or FICZ, whereas the level of CCR7 was
decreased only by FICZ and I13C in LPS-activated MoDCs. The data confirm that AhR
ligands may exert ligand-specific effects on certain markers of DCs, which also depends on
the maturation and activation status of DCs. The repressed surface marker expression
(CD83, CD86, and CCRY7 in particular) by TCDD, FICZ, and I13C in LPS-treated MoDCs is
consistent with decreased levels of CCL4 and IL-12A mRNA, but opposite to the increase of
IL-1B and CCL1 mRNA levels. These data suggest, that DCs exposed to these AhR ligands
might (1) stay in the peripheral and are less likely to migrate to draining lymph nodes (lower
CCRY); (2) interact poorly with naive T cells (lower CD83, CD86, CCL4, and IL-12A); (3)
attract and activate more cells expressing CCR8, including NK cells, monocytes,
macrophages, and immature B cells (higher CCL1 and IL-1p). Overall, with the exception of
CCRS, the suppressive effects of AhR ligands on the surface markers tested in MoDCs
would predict a decreased antigen-presenting capacity in these cells. In summary, AhR
ligands synergize or antagonize the action of TLR agonists depending on the specific
cytokine and agonist of TLR. The current data illustrate that the AhR provides additional
activation (hyperexpression) or inhibition of TLR-/NF-xB-mediated gene transcription when
the cells receive further stimuli (e.g. TCDD or FICZ), transforming the TLR/NF-xB signal
into an activator or inhibitor of gene transcription in the presence of an activated AhR.
Therefore, the NF-xB/AhR crosstalk presents a critical component modulating the fine-
tuning of cytokines, which is likely critical not only for the proper function of DCs in
response to microbial infections, but also for appropriate control of inflammatory and
immune responses to prevent immune dysregulation and/or immune-mediated disease.
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Figure 1.

Synergistic and antagonistic effects of TCDD on time-dependent expression of cytokines in
LPS-stimulated MoDCs. Human primary DCs were treated with LPS (50 ng/ml), TCDD (10
nM), or co-treated with TCDD plus LPS (dotted line) for 3 to 48h. The expression of A)
IL-1B, B) CCL1, C) IL-12A, and D) CCL4 was analyzed using real-time PCR. E) Dose-
dependent effects of LPS and TCDD on IL-1p mRNA expression in MoDC. Cells were
treated with various concentrations of LPS (0.5-50 ng/ml), TCDD (0.1-10 nM) or co-treated
with 0.5 ng/ml LPS and TCDD for 24 h. Results are presented as mean + SEM and the y-
axis represents mRNA expression level as fold increase above control. 2 significantly higher
than control, p < 0.05; ? significantly higher than TCDD- or LPS-treated cells, p < 0.05; ¢
significantly lower than LPS-treated cells, p < 0.05.
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Figure2.
Effect of AhR ligands on cytokine and CC chemokine expression in MoDCs. The mRNA

expression of A) IL-1B, B) CCL1, C) IL-12A and D) CCL4 by AhR ligands in TLR-
activated MoDCs is shown. Cells were treated with 10 nM TCDD, 100 nM FICZ, 50 uM
I3C, or 50 pM kyn in absence or presence of LPS (50 ng/ml), CLO75 (5 pg/ml), or poly(1:C)
(5 pg/ml) for 24h. Results from real-time PCR are presented as mean + SEM and the y-axis
represents mMRNA expression level as fold increase above control. 2 significantly higher than
non-activated DC control, p < 0.05; Zsignificantly higher than TLR-activated MoDCs, p <
0.05; ¢significantly lower than TLR-activated MoDCs, p < 0.05
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Figure 3.
Expression of A) ATF3, B) IDO1, and C) CDX2 in AhR- and TLR-activated MoDCs. Cells

were treated with 10 nM TCDD, 100 nM FICZ, 50 uM I3C, or 50 uM kyn in absence or
presence of LPS (50 ng/ml), CLO75 (5 pg/ml), or poly(1:C) (5 pug/ml) for 24h. Results from
real-time PCR are presented as mean £ SEM and the y-axis represents mRNA expression
level as fold increase above control. 2 significantly higher than non-activated DC control, p <
0.05; Zsignificantly higher than TLR- and AhR-activated MoDCs, p < 0.05
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Figure 4.
Effect of gene silencing of AhR, RelB, and CDX2 on the expression of IL-1p and IL-12A.

Schematic illustration of the promoter of the human A) /L-1 gene. Positions of the two
DRE consensus elements, one putative NF-xB recognition site, and one RelBAhRE binding
site are presented. B) The promoter of the human /L-12A gene containing two DRE
consensus elements and two CDX2 binding sites. C) Western blot analysis of AhR, RelB,
and CDX2 protein levels 24h post-transfection of cells with the indicated siRNAs. D) IL-1p
and E) IL-12A mRNA expression analyses after treatment with TCDD and LPS or co-
treatment with LPS plus TCDD for 24 h as analyzed by real-time PCR. Total RNA was
prepared 48 h post-transfection with either a scrambled siRNA or a specific sSiRNA targeted
against AhR, RelB, or CDX2. After 24 h transfected cells were treated with 10 nM TCDD or
50 ng/ml LPS for 24 h. Results are presented as mean + SEM and the y-axis represents
mRNA expression level as fold increase above control. 2 significantly higher compared to
control, p < 0.05; Zsignificantly higher than cells treated with TCDD or LPS alone, p <
0.05; ¢ significantly lower than cells treated with LPS alone, p < 0.05; ¢ significantly
different compared to cells transfected with scrambled siRNA, p < 0.05
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Modulation of MoDC surface markers by AhR ligands in the presence or absence of LPS.
A) Representative overlaid histograms of surface marker expression by MoDCs treated with
LPS (50 ng/ml) or DMSO control. B) Comparison of surface marker expression by MoDCs
treated with TCDD (10 nM), FICZ (100 nM), I3C (50 uM), or kyn (50 uM) in absence or
presence of LPS for 24 h. The surface markers HLA-DR, CD83, CD86, CCR5, CCR6, and

CCRY were analyzed by flow cytometry and data are presented as relative mean

fluorescence intensity (MFI) with DMSO control set as 100. Data are presented as mean +
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SD with each data point representing an individual donor (7= 9). The significance of
difference between DMSO control and each treatment was determined by one-way ANOVA,
with Dunnett’s multiple comparison test used to perform pairwise analysis. Symbol: * p <
0.05; ** p<0.01;*** p<0.001; **** p<0.0001.
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Figure 6 A
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Figure6.
Effect of TLR ligands on the expression of AhR in MoDCs. A) MoDCs were treated with

LPS (50 ng/ml), CLO75 (5 pg/ml), or poly(l:C) (5 pg/ml) for 24h. The mRNA expression of
AhR was determined using real-time PCR and presented as mean = SD and the y-axis
represents mMRNA expression level as fold increase above control. *significantly higher than
control, p < 0.05. B) Western blot analysis of AhR protein levels 24h after treatment with
TLR ligands. Equivalent amounts of whole cell protein (25 pg of protein) were loaded in
each lane on 10% SDS-polyacrylamide gels and analyzed by immunoblotting using an AhR-
specific antibody. A representative gel image is shown for Western blot.
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Figure7.
Effect of AhR ligands on the expression of A) CYP1AL, B) CYP1B1, and C) AhRR in

MoDCs activated with TLR ligands. MoDCs were treated with TCDD (10 nM) or FICZ
(100 nM) in absence or presence of LPS (50 ng/ml), CLO75 (5 ug/ml), or poly(l:C) (5 ug/
ml). Results from real-time PCR are presented as mean + SEM and the y-axis represents
mRNA expression level as fold increase above control. 4 significantly higher than control, p
< 0.05; Zssignificantly higher than cells treated with TCDD or FICZ alone, p < 0.05; ¢
significantly lower than cells treated with TCDD or FICZ alone, p < 0.05.
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