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Abstract

Aryl hydrocarbon receptor (AhR) activation by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
induces immune suppression. Dendritic cells (DCs) are key antigen presenting cells governing T cell
activation and differentiation. However, the consequences of AhR activation in DCs are not fully
defined. We hypothesized that AhR activation alters DC differentiation and generates dysfunctional
DCs. To test this hypothesis, inflammatory bone marrow-derived DCs (BMDCs) from C57BI/6 mice
were generated in the presence of vehicle or TCDD. TCDD decreased CD11c expression but
increased MHC class 11, CD86 and CD25 expression on the BMDCs. The effects of TCDD were
strictly AhR-dependent but not exclusively DRE-mediated. Similar effects were observed with two
natural AhR ligands, 6-formylindolo[3,2-b]carbazole (FICZ) and 2-(1H-Indol-3-ylcarbonyl)-4-
thiazolecarboxylic acid (ITE). TCDD increased LPS- and CpG-induced I1L-6 and TNF-a production
by BMDCs but decreased their NO production. TCDD decreased CpG-induced IL-12p70 production
by BMDCs but did not affect their secretion of IL-10. TCDD downregulated LPS- and CpG-induced
NF-kB p65 levels and induced a trend towards upregulation of RelB levels in the BMDCs. AhR
activation by TCDD modulated BMDC uptake of both soluble and particulate antigens. Induction
of indoleamine-2,3-dioxygenase (IDO) and TGF-B3 has been implicated in the generation of
regulatory T cells following AhR activation. TCDD increased IDO1, IDO2 and TGF-f3 mRNA
levels in BMDCs as compared to vehicle. Despite the induction of regulatory mediators, TCDD-
treated BMDC:s failed to suppress antigen-specific T cell activation. Thus, AhR activation can
directly alter the differentiation and innate functions of inflammatory DCs without affecting their
ability to successfully interact with T cells.
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Introduction

The Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor mediating the
toxic effects of environmental pollutants such as TCDD. Following ligand binding, the AhR
translocates into the nucleus, where in conjunction with its dimeric partner the Aryl
hydrocarbon receptor nuclear translocater (ARNT) it binds to dioxin response elements (DRES)
in target genes. AhR activation has been recognized as the prime mechanism by which
environmental pollutants such as dioxins exert their adverse effects. TCDD is a high affinity,
exogenous AhR ligand. Exposure to very low doses of dioxin produces immune suppression
via activation of the AhR in many animal species, making them highly susceptible to infectious
diseases and cancer (Kerkvliet, 2002). More recently, various tryptophan metabolites such as
6-formylindolo[3,2-b]carbazole (FICZ) and 2-(1H-Indol-3-ylcarbonyl)-4-thiazolecarboxylic
acid (ITE) have been described as high affinity, natural AhR ligands (Oberg et al., 2005; Henry
etal., 2006). Few studies have examined the effects of these natural AhR ligands on the immune
system. Initial studies in mice demonstrated that FICZ induces Th17 differentiation and inhibits
Treg development (Quintana et al., 2008). In contrast, Kimura and co-workers subsequently
demonstrated Treg induction by TGF-f that was enhanced following activation of the AhR by
both FICZ and TCDD (Kimura et al., 2008). FICZ also affects the differentiation of immune
cells other than T cells including human U937 monocyte-derived DCs (Veldhoen et al.,
2008; Vogel et al., 2008) Studies conducted by Henry et al., showed that similar to TCDD,
ITE alters thymocyte differentiation in vitro (Henry et al., 2006). However, the effects of these
natural AhR ligands on dendritic cells have not been previously described. Therefore, studies
aimed at defining the effects of TCDD and other AhR ligands on dendritic cells are expected
to identify new biomarkers that should allow for better assessment of the potential
immunotoxicity that may occur in humans following exposure to these environmental
chemicals.

Dendritic cells (DCs) are key immune cells that bridge the gap between innate and adaptive
immunity and defects in their development and/or function result in significant
immunodeficiencies. Progressive differentiation of a DC is characterized by upregulation of
MHC Il and costimulatory molecules such as CD86 (B7-2) (Sato and Fujita, 2007). In addition
to activating T cells, DCs constitute part of the first line of defense against invading pathogens
and play a critical role in the generation of effective innate immunity to pathogenic challenge.
The prime innate functions executed by DCs include recognition of unique pathogen-associated
molecular patterns (PAMPS) via pattern recognition receptors (PRRs) such as toll like receptors
(TLRs), and their ability to take up antigens and secrete cytokines. Additionally, studies have
identified several distinct DC subsets in vivo (Shortman and Naik, 2007). These include the
steady-state DCs and inflammatory DCs. Steady-state DCs are primarily located in lymphoid
organs. The inflammatory DCs, on the other hand, constitute a novel DC population that are
absent in the steady-state, and as their name implies, appear at sites of ongoing inflammation.
These DCs, characterized by the production of TNF-a and the expression of inducible nitric
oxide synthase (iNOS), are derived in vitro using the growth factor, granulocyte-macrophage
colony stimulating factor (GM-CSF) (Xu et al., 2007).

Studies by Vorderstrasse and colleagues established DCs as a sensitive target of TCDD,
demonstrating a loss of splenic DCs following AhR activation (Vorderstrasse and Kerkvliet,
2001). Additional studies have linked functional alterations of DCs to defective T cell responses
and immune suppression following AhR activation. For instance, studies conducted by Ruby
et al., showed that TCDD-treatment of BMDCs enhanced TNF-a-induced maturation, and
augmented CD95-mediated BMDC apoptosis (Ruby et al., 2002; Ruby et al., 2005). Recently,
AhR activation by TCDD was also demonstrated to induce down regulation of RelB mRNA
levels in GM-CSF-derived BMDCs (Lee et al., 2007). DCs play a central role in both innate
and adaptive immunity; however, the effects of AhR activation on DCs remain poorly
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understood. Thus, the aim of this study was to characterize the effects of AhR activation on
the fate and function of inflammatory DCs, a subpopulation of DCs that are critical in the
response to microbial infection. We hypothesized that AhR activation alters the differentiation
of murine inflammatory DCs, an effect that may underlie the generation of TCDD-induced
immune suppression. In this study, we explored the effects of AhR activation on DC
differentiation, antigen uptake, TLR responsiveness and production of Treg-inducing
mediators. Mechanistically, we examined the role of DREs in the generation of AhR-induced
effects on DCs. The data presented in this paper provide new information on the consequences
associated with AhR activation in DCs.

Materials and methods

Animals

Chemicals

6-8 week old C57BI/6 (AhR**) mice were purchased from Jackson Laboratory (Bar Harbor,
ME). Breeding pairs of AhR knockout mice (AhR™") were kindly provided by Dr. Paige
Lawrence (URMC, Rochester, NY). AhRAbd/dbd gng AhRNIS/MIS mytant mice were generously
provided by Dr. Chris Bradfield and Dr. Ed Glover (University of Wisconsin, Madison, WI)
and subsequently maintained at UM. Animal experiments were approved by the UM IACUC
and adhered to the current NIH guidelines for animal usage. Animals were provided rodent
chow and tap water ad libitum.

TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) in DMSO was obtained from Cambridge Isotope
laboratories Inc., (Woburn, MA). 6-formylindolo[3,2-b]carbazole (FICZ) and 2-(1H-Indol-3-
ylcarbonyl)-4-thiazolecarboxylic acid (ITE) were obtained from BIOMOL (Plymouth
Meeting, PA) and Tocris (Ellisville, MO), respectively. DMSO (Sigma-Aldrich, St. Louis,
MO) was used as a vehicle for all AhR ligands. Unless specified, TCDD was used at a
concentration of 10nM. Final concentration of the solvent in culture was below 0.1% DMSO
and did not induce cytotoxicity. Whole chicken ovalbumin (ova; Grade V) was obtained from
Sigma-Aldrich.

Generation of inflammatory BMDCs

Bone marrow-derived dendritic cells were prepared using methods as described by Inaba and
coworkers (Inaba et al., 1992). Briefly, bone marrow cells were flushed from the femurs of
C57BI/6 or AhR mutant mice using complete RPMI (cRPMI) media. Bone marrow cells were
centrifuged at low speed and red blood cells were removed by gradient centrifugation using
lympholyte-M (Cedarlane, Hornby, Canada). Bone marrow cells were washed twice and plated
at a density of 1x10° cells/ml in tissue culture flasks or 6-well plates. Cells were cultured in
cRPMI media with 30ng/ml GM-CSF and vehicle or TCDD at 37° C and 5 % CO, On days
3 and 5, non-adherent cells were collected washed once and reseeded. Fresh media, GM-CSF
(30ng/ml), vehicle or TCDD was added to the culture flask at these time points. Non-adherent
cells were harvested on day 7 and BMDCs were purified (>85-90%) with anti-CD11c-APC
and anti-APC beads (Miltenyi Biotec, Auburn, CA) using MACS separation columns as per
the manufacturer’s instructions.

Immunophenotypic analysis of BMDCs

BMDCs were stained for FACS analysis as previously described (Shepherd et al., 2001).
Briefly, rat, hamster or mouse 1gG block was added to prepared leukocytes for 10 minutes on
ice to prevent non-specific binding. Cells were stained for 10 minutes on ice cells with
monoclonal antibodies (mAbs) from BD Pharmingen (San Diego, CA): CD11c (HL3), MHC
class Il (2G9), CD86 (GL1), CD45.2 (104), CD62L (MEL14), CD44 (IM7) and BioLegend
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(San Diego, CA): CD25 (PC61). All mAbs used were optimally titrated and isotype-matched
immunoglobulins were used as controls. Acquisition of 40,000-300,000 events was performed
using a FACS Aria flow cytometer (BD Biosciences, San Jose, CA) and analyzed by BD FACS
Diva software (Version 4.0).

Activation of BMDCs with TLR ligands and cytokine assays

Purified vehicle- or TCDD-treated BMDCs were cultured in 6-well plates at a density of
1x10%/ml per well and stimulated with LPS at 1 ug/ml (Sigma-Aldrich) or CpG at 0.5uM
(InvivoGen, San Diego, CA) for 24 hrs. IL-6, TNF-a, 1L-12p70 and IL-10 levels in the
supernatants from BMDC cultures were measured by enzyme linked immunosorbent assay
(ELISA). Samples were analyzed as per the manufacturer’s instructions using cytokine-
specific BD ELISA kits (BD Biosciences).

Nitric oxide (NO) measurement

NO levels in supernatants from TLR-activated BMDCs were assessed using the Griess assay.
The assay was conducted as per the manufacturer’s instructions (Promega, Madison, WI).

Antigen uptake

To measure pinocytic and/or phagocytic potential, BMDCs were incubated with acetylated
LDL-FITC (Molecular Probes, Eugene, OR) for 1.5 hours, FITC—ovalbumin (Molecular
Probes) for 12 hours or latex beads-FITC (Polysciences, Warrington, PA) for 6 hours. Antigen
uptake was subsequently assessed by flow cytometry.

T cell activation

To assess the ability of BMDCs to activate CD4* T cells in an Ag-specific fashion, the OT Il
adoptive transfer model was employed. Briefly, CD45.2* BMDCs were generated in the
presence of GM-CSF and TCDD or vehicle and loaded with whole ova. Antigen-laden BMDCs
were injected (1x10%hind footpad) into CD45.1* host mice that had received ova-specific OT
11 T cells intravenously (2x10%/mouse) one day prior. Lymph nodes were harvested on day 4
post-immunization and donor DCs and OT |1 T cells analyzed by flow cytometry. Co-
expression of CD45.2/CD11c or CD4/Thy1.1 was used to track donor DCs or OT Il T cells,
respectively. The activation status of the OT Il T cells was assessed phenotypically using the
markers, CD44 and CD62L.

Quantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR)

Total RNA was isolated using Trizol reagent and quantified by absorbance at 260nm. Single
strand cDNA synthesis was performed using a RT-PCR kit (SABiosciences, Frederick, MD)
and prepared as per the manufacturer’s instructions. Specific primers for IDO1, IDO2,
TGFB-1, TGF-p2, TGF-B3, Latent transforming growth factor beta binding protein 3 (Ltbp3),
Aldehyde dehydrogenase family 1, subfamily A2 (Aldhl1a2), Thrombospondin 1 (Thbsl),
Plasminogen activator (Plat) and p-actin were obtained from SABiosciences. Quantitative
detection of MRNA expression was performed using a Light cycler Instrument (Biorad IQ™
5, Multicolor Real Time PCR Detection Systems) using SYBR green (SABiosciences)
according to the manufacturer’s instructions.

NF-kB activity

Purified BMDCs (1.5x108/well) were stimulated with LPS (1ug/ml) or CpG (0.5uM) for 30
minutes in 6-well plates. Cells were harvested and nuclear protein extracts prepared using the
Active Motif nuclear lysis kit (Active Motif, Carlsbad, CA). The protein content of the nuclear
extract was measured using a BCA protein assay kit (Pierce, Rockford, IL). Nuclear protein
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(2.5 pg/ml per well) was then added to the Active Motif TransAM NF (Motif, Carlsbad, CA)
and assayed according to the manufacturer’s specifications.

Statistical analysis

Results

Student’s t test was used to compare means of vehicle-treated groups to TCDD-exposed
groups. Data sets with multiple comparisions were evaluated by one-way analysis of variance
(ANOVA) with Bonferroni’s post test. For analysis, values of p<0.05 were considered
significant.

AhR activation alters the growth and differentiation of inflammatory BMDCs

We first examined the effects of TCDD on the growth of BMDCs. Bone marrow cells were
induced to differentiate into inflammatory DCs with GM-CSF in the presence of vehicle or
TCDD for 7 days. On day 7, both adherent and non-adherent fractions were harvested. TCDD
increased the number of non-adherent cells by 50 percent, but had no effect on the adherent
cells when compared to vehicle-treated controls (Supplementary Table 1). Both vehicle- and
TCDD-treated BMDCs were >95% viable (data not shown). Non-adherent cells were
immunophenotyped using the murine DC marker, CD11c and the costimulatory/differentiation
markers MHC class 11, CD86, CD11a, CD54 and CD25. TCDD increased the frequency of
CD11c* BMDCs by 7 percent but decreased the relative expression of this lineage marker by
34 percent when compared to vehicle-treated controls. Additionally, TCDD increased MHC
class Il, CD86 and CD25 expression by 71, 20 and 24 percent, respectively, but decreased
CD11aand CD54 expression by 35 and 18 percent, respectively, on the BMDCs (Fig. 1). These
effects (as evaluated for CD11c, MHC class Il and CD86) persisted on the BMDCs for up to
four days in culture after removal of TCDD and growth factor (Supplementary Figure 1).
TCDD altered BMDC differentiation at very low concentrations. A concentration of 0.01nM
TCDD upregulated the frequency of BMDCs expressing CD11c, MHC class 119" and
CD86M9N by 9, 31 and 30 percent, respectively, when compared to vehicle-treated controls
(Fig. 2). In addition to TCDD, many natural (TCDD-like) ligands bind and activate the AhR.
To examine the effects of non-TCDD chemicals on BMDC differentiation, cells were treated
with two natural AhR ligands, FICZ and ITE. Similar to TCDD, FICZ and ITE decreased
CD11c expression and increased levels of MHC class Il and CD86 on the BMDCs (Fig. 3).

Effects of TCDD on BMDC differentiation are AhR-dependent but are not exclusively DRE-

mediated

To define the role of the AhR in TCDD-induced alterations in the differentiation of BMDCs,
we analyzed BMDCs from AhR™~, AhRdbd/dbd ang AhRNIS/NIS and wildtype mice. TCDD did
not affect CD11c, MHC class Il or CD86 expression on AhR™~ BMDCs when compared to
vehicle-treated controls (Fig. 4). AhRMs/Is and AhRIPd/dbd mice express a mutant AhR that
binds ligand but fails to translocate into the nucleus or bind DREs, respectively. BMDCs from
AhRAbd/dbd mytant mice displayed decreased CD11c (by 24 percent) and increased MHC class
I1 and CD86 expression (by 63 and 22 percent, respectively) following TCDD treatment (Fig.
4). On the other hand, BMDCs from AhRMS/MIS mice displayed decreased levels of CD11c and
CD86 (by 13 and 5 percent, respectively), and an increase (by 24 percent) in the expression of
MHC class Il following TCDD treatment.

Effects of TCDD on TLRresponsiveness and TLR ligand-induced production of inflammatory

mediators

To evaluate the effects of TCDD on the innate responsiveness of BMDCs, cells were cultured
with the TLR ligands, LPS (TLR4 agonist) or CpG (TLR9 agonist). Consistent with our
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previous results, TCDD increased MHC class 11"9" expression on unstimulated BMDCs by
35 percent when compared to the unstimulated vehicle controls (Fig. 5). As expected, LPS-
and CpG-treatment increased the frequency of BMDCs expressing MHC class 11M9" when
compared to the unstimulated controls. TCDD significantly increased the LPS- and CpG-
induced frequency of BMDCs expressing MHC class 11M9" (by 60 and 25 percent, respectively)
compared to respective vehicle-treated controls. TLR4 and TLR9 mRNA expression in the
BMDCs was not affected by TCDD as measured by RT-PCR (data not shown). Additionally,
AhR activation by TCDD increased both LPS- and CpG-induced IL-6 and TNF-a production
but decreased NO production by BMDCs (Table 1). TCDD did not affect IL-10 production by
the BMDCs when compared to the vehicle-treated controls. Although TCDD did not alter the
LPS-induced IL-12p70 production, it decreased the CpG-induced 1L-12p70 production by the
BMDCs when compared to the vehicle-treated BMDCs.

TCDD decreases LPS- and CpG-induced p65 but not RelB activity

NF-kB signaling in DCs is activated following TLR stimulation. Additionally, based on the
potential of ligand-activated AhR to physically interact with NF-kB and alter immune function,
we evaluated NF-kB signaling in BMDCs (Ruby et al., 2002; Vogel et al., 2007a). TCDD
decreased p65, but not RelB activity in unstimulated BMDCs (by approximately 56 percent)
when compared to unstimulated vehicle controls. LPS- and CpG-treatment increased p65 but
not RelB activity in BMDCs when compared to the unstimulated controls. TCDD significantly
decreased LPS- and CpG-induced p65 activity in BMDCs (by 57 and 65 percent, respectively)
when compared to respective vehicle-treated controls. TCDD generated a trend towards
upregulation of LPS- and CpG-induced RelB levels in BMDCs when compared to respective
vehicle-treated controls (Fig. 6).

Antigen uptake by BMDCs is modulated by TCDD

Dendritic cells take up antigens by pinocytosis, phagocytosis and receptor-mediated
endocytosis. To monitor the effects of TCDD on antigen uptake, BMDCs were evaluated for
uptake of both soluble and particulate antigens. As determined by flow cytometry, TCDD
decreased BMDC uptake of the soluble antigens, ova and acetylated-LDL, by 25 and 10
percent, respectively (Fig. 7). Conversely, TCDD increased the uptake of the particulate
antigen, latex beads, by 40 percent when compared to the vehicle-treated controls.

AhR activation increases mRNA levels of regulatory mediators

Potent Treg-inducing mediators such as IDO1, IDO2, Thbs1 and TGF-B3 have been implicated
in the generation of immune suppression following AhR activation (Lawrence et al., 2008;
Marshall et al., 2008; Vogel et al., 2008). In this context, we examined the effects of AhR
activation on the expression of suppressive mediators in BMDCs. TCDD-treated BMDCs
upregulated IDO1, IDO2 and TGF-3 mRNA levels by 18-, 24- and 11-fold, respectively
(Table 2). TCDD had no effect on the expression of LTBP, Aldh, Thbsl or Plat in the BMDCs.
Following LPS treatment, TCDD-treated BMDCs displayed increased levels of IDO1, IDO2,
TGF-B1, TGF-B2 and Thbsl when compared to vehicle-treated BMDCs.

AhR-activated BMDCs do not inhibit antigen-specific CD4" T cell activation in vivo or in vitro

We tested the ability of AhR-activated BMDCs to generate antigen-specific T cell activation
using the modified OT Il adoptive transfer model. Vehicle- or TCDD-treated, CD45.2*
BMDCs were pulsed in vitro with whole ovalbumin to load them with antigen. Ova-loaded
DCs were then used to activate ova-specific OT 11/Thy1.1 CD4* T cells that had been
adoptively transferred into CD45.1" host mice. Peripheral lymph nodes were harvested on day
4 following BMDC immunizations. No differences were observed in the frequency or number
of TCDD- or vehicle-treated donor DCs in the proximal, draining popliteal lymph nodes
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(PLNSs) (Fig. 8A). In contrast to BMDCs that were harvested directly after in vitro culture (Fig.
1), no TCDD effects were identified on the frequency of BMDCs expressing either MHC class
I1 or CD86 harvested from the PLNs on day 4 post-immunization. As anticipated, ova-specific
OT 11 CD4* T cells isolated from the PLNs exhibited significant clonal expansion when
compared to OT-11 CD4" T cells isolated from the distal, non-draining brachial lymph nodes.
Adoptively transferred mice immunized with TCDD-treated, ova-loaded BMDCs displayed
an increase (by approximately 57 percent) in the number, but not the frequency, of OT II
CD4* T cells when compared to the respective control mice (Fig. 8B). Additionally, no
differences were observed in the expression of the activation markers CD62L and CD44 on
the OT 11 CD4* T cells from mice receiving TCDD-treated BMDCs when compared to donor
T cells from mice immunized with vehicle-treated BMDCs.

Discussion

Dendritic cells are professional antigen presenting cells that play an important role in both the
innate and adaptive arms of the immune system. In this study, we have characterized the
consequences of AhR activation on the innate and adaptive functions of inflammatory BMDCs
and examined the role of DRE-mediated events in the generation of these effects. We
demonstrate that AhR activation alters BMDC differentiation and induces a regulatory
phenotype, but surprisingly without altering the ability of the DCs to initiate antigen-specific
activation of naive, CD4* T cells.

Dendritic cells exist in multiple, functionally distinct stages of differentiation. Several
investigators have linked TCDD-induced modulation of DC differentiation to the generation
of defective T cell responses (Vorderstrasse and Kerkvliet, 2001; Lee et al., 2007). In our study,
TCDD decreased expression of CD11c but increased MHC 11 and CD86 levels on BMDCs.
Engagement of B7 (CD86) molecules on a DC with CD28 or CTLA4 on the surface of the T
cell can activate or impair T cell responses, respectively (Krummel and Allison, 1995;
Lenschow et al., 1996). Successful T cell activation involves not only interactions between the
TcR on the T cells and antigen-associated MHC class 11 on antigen presenting cells, but also
costimulation via interactions between accessory molecules such as CD28 and CD86. In this
context, studies have linked TCDD-induced increases in CD86 expression on DCs with
increased T cell activation in an MLR response (Lee et al., 2007). However, AhR activation
has also been shown to induce CTLA-4 expression on T cells which can bind to CD86 on a
DC with high affinity and impair T cell responses (Funatake et al., 2005). Thus, in the context
of AhR activation, ligation of CD86 on DCs with CTLA-4 on T cells could alternatively
contribute towards the generation of immune suppression. Furthermore, consistent with
previous studies documenting TCDD-induced modulation of the adhesion molecules CD11a
and CD54, TCDD decreased the expression of both of these molecules on inflammatory
BMDCs (Shepherd et al., 2001; Vorderstrasse and Kerkvliet, 2001). The decreased expression
of adhesion molecules on DCs could contribute to defective T cell activation and subsequent
immune suppression. TCDD-induced immune suppression has also been linked to increased
CD25 expression on T cells (Funatake et al., 2005). More recently, CD25 was also identified
as a phenotypic marker for regulatory DCs (DCregs) (von Bergwelt-Baildon et al., 2006;
Driesen et al., 2008). TCDD increased CD25 expression on the BMDCs, suggesting the
induction of a regulatory phenotype in these inflammatory BMDCs. Taken together, TCDD-
induced alteration of molecules involved in antigen presentation, costimulation and adhesion
could result in defective T cell activation contributing to immune suppression. Recently,
ligand-specific activation of the AhR has been shown to generate Tregs or Th17 cells (Quintana
et al., 2008). However, the effects of ligand-specific activation in inflammatory DCs had not
been previously described. Interestingly, the AhR ligands, FICZ and ITE generated
phenotypical alterations in BMDCs similar to TCDD, demonstrating a lack of differential
responsiveness of DCs to an array of AhR ligands.
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While the AhR is essential for TCDD-induced immunotoxicity, no information exists regarding
the role of DREs in TCDD-induced alterations in DCs. We investigated the role of the AhR
and DREs in TCDD-induced alteration of DC differentiation using BMDCs from AhR null,
AhRNISMIs ang ApRdod/dbd mice While the AhR null mice, lacking functional AhR receptor,
enabled us to determine the role of the AhR in the generation of TCDD-induced alterations in
DCs, involvement of DRE-mediated events was assessed using the AhRMS/IS ang
AhRdbd/dbd mice expressing a mutant AhR that binds ligand but fails to translocate into the
nucleus or bind DREs, respectively. Our results show that the effects of AhR activation in
BMDC:s are strictly AhR-dependent but not exclusively DRE-mediated. TCDD-treated
BMDCs from AhRI0d/dbd mice displayed increased MHC class 11 and CD86 expression when
compared to vehicle-treated AhRY0d/dbd B\DCs. However, TCDD-induced increases in MHC
class Il and CD86 expression on AhR d0d/dbd BMDCs did not reach similar levels to those
observed on TCDD-treated BMDCs from AhRY2%- control mice. This suggested that a non-
DRE-mediated mechanism was contributing to the TCDD-induced differentiation of the DCs.
Of the several non-DRE-mediated mechanisms implicated in TCDD immunotoxicity,
interactions of the activated AhR with NF-kB signaling components can induce defects in DCs
following TCDD exposure (Ruby et al., 2002; VVogel and Matsumura, 2008). Thus, one possible
explanation for the partial effects of TCDD on BMDC differentiation as observed in DCs from
AhRdbd/dbd ang ARRNISMIS mice could be due to altered NF-kB signaling.

A primary function of DCs is the recognition of pathogen associated molecular patterns
(PAMPs) via pattern recognition receptors (PRRs) such as TLRs. Based on the observed
TCDD-induced modulation of DC differentiation, we assessed whether TCDD-exposed
BMDCs were responsive to PAMPs via TLR activation. TCDD increased BMDC
responsiveness to TLR stimulation via TLR4 and TLR9 without affecting the basal MRNA
levels of these receptors. Following activation, DCs secrete cytokines that orchestrate
developing immune responses. In our study, TCDD increased LPS- and CpG-induced IL-6
and TNF-a production by BMDCs but decreased their production of NO. Multiple possibilities
could account for these observed effects. The NF-kB independent transcription factor, LPS-
Induced TNF-a Factor (LITAF), is a transcription factor that has been implicated in the LPS-
induced expression of TNF-o and other inflammatory cytokines (Sun et al., 2004; Tang et
al., 2005). LITAF contains 7 DRE sequences and upregulation of LITAF in DCs could underlie
our observed TCDD-induced increases in LPS-induced pro-inflammatory cytokine secretion
(Sun et al., 2004). However, recent studies have documented the ability of activated AhR to
negatively regulate inflammatory responses in human monocyte-derived DCs and murine
macrophages (Lawrence et al., 2008; Kimura et al., 2009). Discrepancies in these results could
be due to differences in the AhR agonists used in the respective studies (VAGF347 versus
TCDD) or in the cells that were examined (human monocyte-derived DCs versus murine DCs
or macrophages). In addition, activation of inflammatory DCs by LPS or CpG usually induces
upregulation of inducible nitric oxide synthase (iNOS) and subsequent increases in NO
production. AhR activation by TCDD has been shown to increase pulmonary iNOS levels
contributing to an enhanced IFN-y production in the lungs (Neff-LaFord et al., 2007). Contrary
to these reports, in our study TCDD decreased NO production by both unstimulated and TLR-
activated BMDCs. Additional investigations are thus warranted to further understand the
effects of TCDD on NO production by BMDCs.

A previous study examining the effects of TCDD on BMDCs reported decreased mRNA levels
of 1L-10 but not IL-12 following LPS-stimulation (Lee et al., 2007). Contrary to this study,
our data indicate that TCDD does not alter the production of IL-10 and decreases CpG-induced
IL-12 production by BMDCs. Different DC preparations (unpurified versus purified BMDCs)
used in these two studies could account for the observed differences. Under in vivo conditions,
inflammatory DCs function to limit infection by their secretion of inflammatory cytokines.
Induction of inflammation is a hallmark feature of TCDD-induced immunotoxicity and our
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results suggest a role for DCs in TCDD-induced inflammatory responses. However, how
TCDD-induced alterations of inflammatory DCs impacts the development of acute
inflammation remains to be determined.

NF-kB is a major signaling pathway involved in the differentiation of DCs and their
responsiveness to TLR stimulation. Furthermore, several studies have linked physical
interactions of activated AhR with NF-kB p65 and RelB in the generation of TCDD-induced
cellular dysfunction and immune suppression (Ruby et al., 2002; Camacho et al., 2005; Vogel
et al., 2007a; Vogel et al., 2007b; Vogel and Matsumura, 2008). Because TCDD alters the
differentiation of DCs and their responsiveness to TLRs, we investigated the effects of AhR
activation on NF-kB signaling in inflammatory BMDCs. TCDD suppressed basal p65 activity
in unstimulated BMDCs as well as BMDCs activated by LPS and CpG. Furthermore, a trend
towards increased RelB activity was also observed in TCDD-treated BMDCs. Binding of RelB/
AR to specific response elements (RelBAhRE) in certain target genes has been linked to the
regulation of cytokines and chemokines such as IL-8 and BLC following TCDD exposure
(Vogel et al., 2005; Vogel et al., 2007b; Vogel and Matsumura, 2008). It would be of interest
to determine if the enhanced production of IL-6 and TNF-a by TCDD-treated BMDCs is also
regulated by increased interactions between activated AhR and RelB. Overall, our data suggest
that TCDD-induced modulation of DC differentiation and their responsiveness to TLR
stimulation may be mediated via altered NF-kB signaling.

Dendritic cells capture antigens via distinct mechanisms. While soluble antigen uptake
primarily involves macropinocytic or receptor-mediated endocytic events, particulate antigens
are internalized primarily via phagocytosis (Banchereau et al., 2000). TCDD decreased the
uptake of the soluble antigens ovalbumin and LDL but increased phagocytosis of latex beads
by inflammatory DCs. These results suggest that TCDD differentially impacts distinct
mechanisms of antigen uptake. Studies have shown macrophage mannose receptor and
scavenger receptor A to mediate the endocytosis of ova and acetylated LDL, respectively
(Pearson et al., 1993; Becker et al., 2006; Burgdorf et al., 2007). Therefore, based on our
results, we hypothesize that decreased expression of these receptors in BMDCs following
exposure to TCDD leads to decreased uptake of soluble antigens. Conversely, TCDD increased
the uptake of latex beads by BMDCs. So far, only one study has described effects of TCDD
on the uptake of latex beads. In this in vivo study, uptake of latex beads by splenic DCs was
unaffected following TCDD exposure (Vorderstrasse et al., 2003). The observed discrepancy
in our results could be attributed to distinct antigen uptake mechanisms in the two functionally
distinct DC populations (steady-state versus inflammatory), which could be differentially
affected by TCDD.

Because our data demonstrated that TCDD altered antigen uptake, we assessed the effects of
TCDD on the T cell stimulatory capacity of inflammatory BMDCs. Surprisingly, TCDD-
treated BMDCs generated normal antigen-specific T cell responses in vivo. These results were
unexpected, as TCDD not only induced a regulatory phenotype in BMDCs, but also increased
their expression of several regulatory mediators including IDO1, IDO2 and TGF-f3. Several
possibilities could account for the lack of T cell suppression by TCDD-treated BMDCs. Though
our results demonstrated that TCDD alters antigen uptake of ovalbumin by BMDCs, it is
possible that the observed decreases in antigen uptake do not reach a physiological threshold
below which T cell activation is affected. Additionally, TCDD may increase the expression,
but not the function or activity of the suppressive mediators IDO1, IDO2 and TGF-B3. In this
case, we would not expect TCDD-treated BMDCs to contribute to the suppression of T cell
activation. Recent studies have linked AhR activation in DCs with suppression of T cell
responses (Hauben et al., 2008). In these studies, AhR-activated BMDCs suppressed T cell
responses only following LPS stimulation; immature BMDCs did not alter T cell responses.
Thus, we also evaluated the expression of the suppressive mediators in BMDCs following LPS
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activation. TCDD-treated BMDCs stimulated with LPS displayed increased expression of
IDO1, IDO2, TGF-B1, TGF-p2 and Thbsl. However, future experiments are needed to
determine whether TCDD-treated BMDCs stimulated with LPS can affect antigen-specific T
cell responses.

Collectively, we show that AhR activation alters inflammatory DC differentiation, generating
DCs that are hyperresponsive to TLR stimulation and exhibit a regulatory phenotype in vitro.
Surprisingly, these BMDC:s fail to alter antigen-specific T cell activation. However, further
studies are needed to examine the potential for AhR-activated DCs to contribute to the
generation of regulatory T cells and the suppression of T cell-mediated immune responses.
One of the novelties of our data is the identification of biomarkers of exposure to TCDD and
TCDD-like chemicals on a highly sensitive and extremely important immune cell population,
the inflammatory DCs. Moreover, these effects were detected at very low, environmentally
relevant levels of exposure. Because our results indicate that specific modulation occurs in
these cells, it would be of great value to evaluate human inflammatory DCs. Similarly, our data
further define mechanisms of action of TCDD on the immune system. This information may
be useful for the generation of focused therapeutic approaches to treat humans exposed to
environmental chemicals that can activate the AhR. Furthermore, it highlights the potential to
develop selective AhR modulators that may be beneficial in the treatment of allergies and
autoimmune diseases.
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Figure 1. TCDD alters the expression of differentiation markers on BMDCs
Bone marrow cells were induced to differentiate into immature DCs with GM-CSF in the
presence of vehicle (represented by dotted line in the histograms) or 10 nM TCDD (thick line
as indicated in the histograms). Isotype staining is shown in gray lines. Non-adherent cells
were harvested on day 7 and stained with CD11c as a DC lineage marker. MHC class 11, CD86,
CD54, CD11a and CD25 expression was determined on CD11ct BMDCs by FACS analysis.
Data shown represents non-adherent cells obtained from 4 separate flasks per treatment group
and is representative of 3 independent experiments. *p<0.05 indicates significant differences

between vehicle- and TCDD-treated groups.
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Figure 2. Low concentrations of TCDD alter BMDC differentiation

Bone marrow cells were generated in the presence of GM-CSF and vehicle or varying TCDD
concentrations (0.001nM-10nM). Non-adherent cells were harvested on day 7 and stained for
CD11c, MHC Il and CD86. Expression of MHC |11 and CD86 was determined on the

CD11c*-gated population.

Data represents mean + SEM of 6 samples at each concentration.

*p<0.05 indicates significant differences between the vehicle- and TCDD-treated groups.
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Figure 3. Natural AhR agonists alter BMDC differentiation
Bone marrow-derived dendritic cells were grown in presence of vehicle or the natural AhR
agonists, FICZ and ITE. Non-adherent cells were harvested on day 7 and stained for CD11c,
MHC Il and CD86. Expression of MHC 1l and CD86 was determined on CD11c* BMDCs.
*indicates significant differences between treated and respective vehicle control groups. Data
represents mean £ SEM of 4 samples per treatment group and is representative of 2 independent

experiments.
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Figure 4. The effects of TCDD on BMDCs are AhR-dependent and partially DRE-dependent
BMDCs from AhR*/*, AhRIbd-  AnRdbod/dbd o ARRNISMIS mice were treated with vehicle or
TCDD. Non-adherent cells were harvested on day 7 and stained for CD11c, MHC Il and CD86.
Expression of MHCII and CD86 was determined on the CD11c*-gated population and analyzed
by flow cytometry. Data represent mean = SEM of non-adherent cells obtained from 3-4
samples per treatment group. *p<0.05 indicates significant differences between respective

vehicle and TCDD-treated groups.
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Figure 5. Effects of TCDD on LPS- and CpG-induced MHC Class high expression

BMDCs were grown in vehicle or TCDD and non-adherent cells were harvested on day 7.
BMDCs were purified and treated with LPS or CpG for 24 hours. Cells were harvested after
24 hours and MHC class Il expression was assessed. Data represents mean = SEM of 9 samples
per treatment group and is representative of 3 independent experiments. *p<0.05 indicates
significant differences between the respective vehicle- and TCDD-treated groups. #p<0.05
indicates significant differences between TLR-stimulated and respective untreated groups.
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Figure 6. LPS- and CpG-induced p65 but not Rel B activity is reduced by TCDD

Vehicle- or TCDD-treated BMDCs were stimulated with LPS (1 pug/ml) or CpG (0.5uM) for
0.5 hours. Cells were harvested and nuclear proteins isolated. NF-kB p65 and RelB activity
was measured using the TransAM activity ELISA. * indicates significant differences between
LPS- or CpG-stimulated groups compared to respective vehicle-treated control groups. #
represents significant differences between LPS- or CpG-stimulated groups compared to
respective untreated control group. Data represents mean + SEM of 3 samples per treatment

group.
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Figure 7. TCDD alters antigen uptake by BMDCs

Vehicle- or TCDD-treated BMDCs were purified and their ability to take up FITC-conjugated
whole ovalbumin (FITC-Ova), low-density lipoprotein (LDL-FITC) and latex beads was
assessed. Cells were exposed to FITC-conjugated ovalbumin overnight, LDL-FITC for 1.5
hours or FITC-latex beads for 6 hours prior to harvesting. Data represents mean + SEM of 9-12
samples per treatment group for 2 independent experiments. * p< 0.05 indicates significant
differences between vehicle- and TCDD-treated samples.
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Figure 8. Ability of ova-laden BMDCs to activate ova-specific T cells in vivo

CD4* T cells from OT 11/Thy1.1 mice were adoptively transferred into congenic, CD45.1*
host mice on day -1 relative to immunization. On day 0, vehicle- or TCDD-treated BMDCs
that were loaded with whole ovalbumin were injected into adoptively transferred mice. On day
4 post-immunization, popliteal and brachial lymph nodes were harvested from host mice and
analyzed by flow cytometry. Analysis was based on the differences in the phenotypic
expression of cell surface molecule between donor DCs (CD45.2*/CD11c*) and donor OT Il
T cells (CD4*/V-alpha2*/Thy1.1*) from host mice (CD45.1*/Thy1.2%). Data are
representative of 4-5 animals per treatment group. * p < 0.05 indicates significant differences
between vehicle- and TCDD-treated groups. Dashed line represents the donor OT 11 T cell
control levels in the brachial lymph nodes.
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Table 1

Effects of TCDD on cytokine production by inflammatory BMDCs?

TNF-a (pg/ml)

Vehicle TCDD
Media BD BD
LPS 42864407 9565+ 266"
CpG  5154+207 8556 + 399"
IL-6 (pg/ml)
Vehicle TCDD
Media BD BD
LPS 21960 2000 33080 + 3592
CpG 22660 +1135 30590 + 3029"
IL-10 (pg/ml)
Vehicle TCDD
Media BD BD
LPS 1310+76 1538+ 282
CpG  694+64  719+43
1L-12p70 (pg/ml)
Vehicle TCDD
Media BD BD
LPS 268+36 271+34
CpG  640+28 581 +20"
NO (pM)
Vehicle TCDD
Media 04%0.1 05+0.1
LPS  20£22 4+03°
CpG 16215 32+02°
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aBMDCs were stimulated with LPS or CpG as described in Materials and Methods. Supernatants were collected and levels of TNF-a, IL-6, IL-10
and IL-12p70 determined by ELISA. Levels of NO were determined using the Griess reagent. Data represents mean+SEM of 4-9 samples for TNF-
a, IL-6, IL-10 and NO and is representative of 2 independent experiments. Data represents mean + SEM of 12-15 samples pooled from 2 separate
experiments for 1L-12p70.

*
p<0.05 indicates significant differences between LPS- and CpG-stimulated BMDCs when compared to respective vehicle-treated controls. BD
represents below detection.
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Table 2

AhR activation in inflammatory BMDCs induces expression of regulatory mediators?

Unactivated LPS-activated

Fold change pvalue Fold change p value

IDO1 18™ 0.0001 2" <0.001
IDO2 24~ <0.001 25~ <0.001
TGFp1 0.4 0.1 18% 0.02
TGFp2 0.9 0.9 237 0.008
TGFB3 1n* 0.001 0.01 0.4
Ltbp3 0.2 0.3 137 0.001
Aldh1a2 0.8 0.6 0.6 0.09
Thbsl 0.4 0.07 19%* 0.01
Plat 1.2 0.4 1.0 0.8

aGene expression in resting and LPS-activated BMDCs was evaluated by realtime gRT-PCR. Results are expressed as TCDD-induced fold change
after normalization with the housekeeping gene, B-actin. N = 3-4 per treatment group.

*
p<0.05 indicates significant differences between vehicle-treated and TCDD-treated BMDCs.
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