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Cloned promotor fragments of c-kit and cyp450 1A1 

AREs (5´- GCGTG-3` or reverse CACGC ) are bold and underlined, inserted mutations (CG to AT) of c- 

kit are marked by asterix.

cyp1A1:

5´-

GTCCTGCCACTAAAAATGTGGACACACGCTGTTCAGGCCTTTGCTCTCAGGCAGAAGCCGAGCAT 

CGCACGCAAACCCGGCCCTTTGCACCGCTGGCGCTGTCTTGTCGCGCCCTTGCAAAGCATAGAC 

TATTTCTATCTCTTAAACCCCACCCCAACGCCCCAGGAGAGCTGGCCCTTTAAGAGCCTCACCCA 

CGGTTCCCCTCCCCCAGCTAGCGTGACAGCACTGGGACCCGCGCCCGGTTGTGAGTTGGGTAG 

CTGGGTGGCTGCGCGGGCCTCCAGGCTCTTCTCACGCAACTCCGGGGCACCTTGTCCCCAGCC 

AGGTGGGGCGGAGACAGGCAGCCCGACCTCTGCCCCCAGAGGATGGAGCAGGCTTACGCACGC 

TAGCCTCAGGAACCTGTGTGCGTGCCAAGCATCACCCTTTGTAGC-3´

c-kit:

5´-

CCGTACCTAATGCGCTCGTGGCGCTGGGCTTCACAAAGCGCGGGCAGCACCTGC*G*TGGCCAG 

CCAGCCGCCTGGACTGAAGGACCACCGATGGAGGGAGAGTGCTAGGAGGAAGAGGATCCAGGG 

TGGAGGGCCTGTGGGGGCTCCTGGTCTTAGAGGGCACAGCGCCCCCGGGATCAGCTTATTGCA 

GCCCGAGAGCCCCGGGCACTAGGCAGCGGGAGGGAGTGCGACCCGGGCGGGAGAAGGGAGG 

GGC*G*TGGCCACGAGCTGGGAGGAGGGCTGGAGGAGGGGCTGTCGCGCGCCGCTAGTGGCTC 

TGGGGGCTCGGCTTTGCCGCGCTCGGTGCACTTGGGCGAGAGCTGTAG-3´

Supplementary data S1

Antibodies and Primers used

A)

Monoclonal antibodies purchased from BD Bioscience or BioLegend (Fell, Germany):

anti-TCR (Clone GL3); anti-TCR V 3 (clone 536); anti-TCR V 2 (clone UC3-10A6); anti-I-A/I-E 

(clone M5/114.15.2); anti- CD3 (clone 145-2C11); anti-CD4 (clone RM4-5); anti-CD8 clone 53-6.7); 

anti-CD8 (clone H35-17.2); anti-CD24 (clone M1/69); anti-CD25 (clone PC61); anti-CD69 (clone 

H1.2F3); anti-CD90.2 (clone 30-H12); anti-CD103 (clone 2E7); anti-CD117 (clone 2B8); anti-CD122 

(clone TM- 1); anti-CD127 (clone A7R34); 

B)

Sequences of PCR primers used in this study (forward and reverse): 

AhR, 5´-AGG ACC AAA CAC AAG CTA GA-3´and 5´-TGG AGA TCT CGT ACA ACA CA-3´; 

AhRR, 5´-GCC AAT GCT GTC TAA TGA AG-3´ and 5´- AAC AGA GCA CCA AGA AAA CA-3´; 

Cyp1A1, 5´-TCC TTG CAT GTC CAT GTT TC-3´and 5´- TGC ATA AGC AAA ATA CAG TCC-3´; 

IL-2, 5´-ATG TAC AGC ATG CAG CTC GAC TC-3´ and 5´- GGC TTG TTG AGA TGA TGC TGC TTT 

GAC A-3´; 

IL-7, 5´-CGC AGA CCA TGT TCC ATG T-3´ and 5´- TCT TTA ATG TGG CAC TCA GAT GAT-3´; 

IL-15, 5´-CAG TGA CTT TCA TCC CAG TT-3´ and 5´-CAT TTG GAC AAT GCG TAT AA-3´; 

Tnf , 5´- GAC CCT CAC ACT CAG ATC AT-3´ and 5´-TTG AAG AGA ACC TGG GAG TA-3´; 

Rps6, 5´- ATT CCT GGA CTG ACA GAC AC-3´and 5´- GTT CTT CTT AGT GCG TTG CT-3´; 

Scf1 5´-GAA TCT CCG AAG AGG CCA GAA ACT AGA TCC TTT-3´ and 5´-CGT CCA CAA TTA CAC 

CTC TTG AAA TTC TCT CTC -3´.
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Dermis was prepared from AhR-KO and WT mice, after 

Epidermis was removed (see material and methods). Briefly, 

dermis was incubated in RPMI containing 2,5mg/ml 

Collagenase P, 2000U/mg DNAseI, for 45 minutes at 37oC.

Single cell suspension were obtained by vigorous pipetting, 

counted and stained for TCR (GL3)  and V 3+ cells. Dead 

cells were excluded from the analysis by gating on 

propidium iodide negative cells. Shown is the mean SD. N 

= 3-6 individual mice.

Comparison of TCR+ V 3+ DETC in 

AhR-heterozygous littermates and WT mice, at  

different time points after birth. Shown is the mean 

SD. N =3-11 individual mice
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manufacturs instructions (in-situ cell death detection kit, 
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TCRhi cells. Shown is the mean frequency SD of 

TUNEL positive cells N =3-5 individual mice
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Method: AhR-KO and control mice were sacrificed by cervical 

dislocation, the small intestine was removed (without mesenteric tissue) 

and flushed with cold PBS using a syringe and blunt needle. The 

intestine was first opened longitudinally and then cut into app. 2cm 

pieces. After a washing step with PBS, the pieces were shaken for 

45min in 5mM EDTA in PBS at 37°C. The solution was filtered through 

a 100µm Nylon mesh .To remove any residual particulate matter, the 

cell suspension was added to the 25% fraction of a 75%/40%/25% 

PerColl gradient and centrifuged at room temperature at 500g for 

20min. Intraepithelial lymphocytes were obtained from the 75%/40% 

interface and then stained for FACS analysis with the following 

antibodies: FITC-anti TCR (GL3; ebioscience), PE-anti CD8 (BD),

PerCP-anti CD8 (BD) and APC-anti CD3 (ebioscience). Each 

intestine yielded 1.5 – 3 million cells, viability was 80% or higher.

E) Frequency of TCR+ V 3+ cells in blood, spleen, and inguinal lymph 

node (iLN) in WT (black bar) and AhR-KO mice (white bar). Results are 

shown SD from at least three individual mice.
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DETC are not retained in the dermis

AhR+/+ and AhR+/- heterozygotes have similar frequencies of DETC

No difference in apoptotic cells between AhR+/- and AhR-/-

gut intraepithelial T cell distribution and gd T cells in gut epithelium
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A Verification of  Langerhans cell specific AhR knock out 

Langerhans cells (LC) from Langerin-Crepositive and Langerin-Crenegative mice were enriched by MHCII MACS, 

then and sorted by FACS. DNA was prepared and analyzed for the presence of AhR as described in Wallisser 

et al., PNAS 102, 17853 (2005) and in Jux et al., J Invest Dermatol. 2011 Jan;131(1):203-10 for K5Cre+ (K5- 

AhR-KO) mice.

(M) Marker, 

(1) 96% purified LC Langerin-AhR-KO- mice

(2) 98% purified LC from WT mice

(3) epidermal cells from Langerin-AhR-KO mice

(4) epidermal cells from WT mice

(5) liver cells from Langerin-AhR-KO mice

(6) liver cells from WT mice

B Sensitivity of assay regarding contaminating cells

As in the gel electrophoresis above a small band of unexcised DNA is visible in the LC+ lane (lane 1 in A), we 

analyzed whether this could be due to keratinocyte (KC) contamination (96%LC and 4% KC after sorting). 

Therefore AhR-negative and AhR-positive kerationocytes were mixed in various ratios and PCR-amplified for 

the deletion. 

Keratinocytes of K5-AhR-KO mice were purified to 100% (1) and titrated by adding 5% (2), 10% (3), 15%(4) or 

20% (5) of K5 wild-type

Supplementary data S4
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Validation of Langerhans cell specific AhR-deficient mice





Langerhans Cell Maturation and Contact Hypersensitivity Are

Impaired in Aryl Hydrocarbon Receptor-Null Mice1

Bettina Jux, Stephanie Kadow, and Charlotte Esser2

Langerhans cells (LC) are professional APCs of the epidermis. Recently, it was suggested that they are tolerogenic and control

adverse immune reactions, including against low molecular mass chemicals. The aryl hydrocarbon receptor (AhR), a ligand-

activated transcription factor, is involved in low molecular mass chemical metabolism and cell differentiation. Growing evidence

suggests a role for the AhR in the immune system, for example, by influencing dendritic cell and T cell differentiation. We found

that the AhR and its repressor AhRR are expressed in LC of C57BL/6 mice. LC, unexpectedly, did not respond to a strong AhR

agonist with induction of transcripts of xenobiotic metabolizing enzymes. To test for a physiological role of the AhR in LC, we

investigated how AhR deficiency affects LC. We found that AhR-deficient LC were impaired in maturation; they remained smaller

and less granular, did not up-regulate expression of costimulatory molecules CD40, CD80, and CD24a during in vitro maturation,

and their phagocytic capacity was higher. Interestingly, the mRNA expression of tolerogenic Ido was severely decreased in

AhR-deficient LC, and enzyme activity could not be induced in AhR-deficient bone marrow-derived dendritic cells. GM-CSF,

needed for LC maturation, was secreted in significantly lower amounts by AhR-deficient epidermal cells. Congruent with this

impaired maturity and capacity to mature, mice mounted significantly weaker contact hypersensitivity against FITC. Our data

suggest that the AhR is involved in LC maturation, both cell autonomously and through bystander cells. At the same time, the AhR

might be part of the risk strategy of LC against unwanted immune activation by potential skin allergens. The Journal of

Immunology, 2009, 182: 6709–6717.

L
angerhans cells (LC),3 which make up 1–3% of the epi-

dermal cells, are the main APCs in the skin, where they

act as sentinels. As dendritic cells (DC), they acquire,

process, and subsequently present both foreign and self-Ags to T

lymphocytes in lymphoid organs, leading to either the induction of

immune responses or tolerance. The skin is an important barrier to

the environment and is in constant contact with pathogens and

biological and anthropogenic substances. Low molecular mass

chemicals and their intracellular metabolites are usually not rec-

ognized by T cells. However, if these chemicals are capable of

binding to proteins they may become part of a presented peptide

and thus form neoantigens. It is well known that highly protein-

reactive chemicals can lead to sensitization after dermal contact,

resulting in contact hypersensitivity (CHS) (1).

Inert low molecular mass chemicals can become protein-reac-

tive as a result of degradation by detoxifying enzymes of the xe-

nobiotic metabolizing enzyme system, such as cytochrome P450

isozymes, or NAD(P)H:quinone oxidoreductase (NQO1). The aryl

hydrocarbon receptor (AhR), a ligand-activated transcription fac-

tor that belongs to a highly conserved family of basic helix-loop-

helix proteins, is known to be a sensor of certain low molecular

mass chemicals and is able to induce genes of the xenobiotic me-

tabolizing enzyme system, which metabolize these compounds in

turn. Upon ligand binding the AhR translocates from the cy-

tosol to the nucleus where it forms a heterodimer with the AhR

nuclear translocator (ARNT). This dimer binds to xenobiotic-

responsive elements present in many promoters and leads to

transcription of a wide range of genes not only for xenobiotic

metabolism but also genes involved in regulation of cell dif-

ferentiation, proliferation, and activation (reviewed in Ref. 2).

The AhR pathway is regulated by the AhR repressor (AhRR), a

target gene of the AhR in a negative feedback loop. The AhRR

competes with AhR for the binding site of ARNT and forms a

transcriptionally inactive complex (3).

It is known that the skin performs active metabolic functions,

including xenobiotic metabolism. For instance, cytochrome P450

monooxygenase CYP1A1, an important xenobiotic metabolizing

enzyme and most prominent target gene of the AhR, is expressed

in the epidermis, more precisely in keratinocytes (4). The skin is

also a target organ of the deleterious effects of toxic AhR activa-

tion by environmental pollutants, causing human skin diseases

such as chloracne, hyperkeratosis, and photosensitivity. These dis-

eases occurred after human exposure to the AhR ligand 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) (5). In the immune system,

abnormalities in development and immunosuppression were ob-

served, either after overactivation (i.e., TCDD exposure) or in the

absence of the AhR in gene-deficient mouse strains (6–10). Recent

studies have pointed to dendritic cells (DC) as the direct target of

TCDD and congeners, which then mediate the immunosuppressive

effects on T and B cells (11–13).

It appears self-evident that immune responses against low mo-

lecular mass chemicals must be under strict control in the skin to
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suppress frequent unwanted allergic reactions. Recently, in a shift

of paradigm, novel findings have suggested that LC, beyond ini-

tiating CHS (14), have regulatory and tolerogenic functions (15).

Furthermore, LC were shown to be unable to elicit T cell responses

to certain viral Ags (16, 17). The underlying mechanisms are not

known.

We here study parameters of LC maturation and biology in

AhR2/2 mice. Congruent with the observed functional and phe-

notypic impairments, we find a failure to generate CHS. Our data

point to a critical role of the AhR in normal LC maturation.

Materials and Methods
Experimental animals

C57BL/6 mice were purchased from Janvier Laboratories, and AhR2/2

mice (bred onto the C57BL/6 background) were from Charles River Lab-
oratories. These mice lack a functional AhR, as the bHLH domain is de-
leted (18). Mice were bred and housed in our own animal facility under
specific pathogen-free conditions. Six- to 12-wk-old female mice received
a subtoxic dose of 10 mg TCDD/kg body weight i.p. (LGC Standards)
initially dissolved in DMSO and then diluted in corn oil (Sigma-Aldrich)
or vehicle (DMSO in corn oil) alone. Mice were sacrificed by CO2 as-
phyxiation for removal of organs. The experiments have been reviewed and
permitted in accordance with relevant German animal welfare laws.

Cell preparations

Epidermal cell suspensions were prepared from ears and dorsal skin of
C57BL/6 and AhR2/2 mice as described elsewhere with some modifica-
tions (19). Briefly, skin was rinsed with 70% alcohol; ears were split with
the aid of forceps and placed, dermal side down, on a 0.25% trypsin/PBS
solution for 2 h at 37°C. In the case of dorsal skin, the s.c. fat was scraped
off before placement on trypsin. Epidermal sheets were then peeled from
the underlying dermis and floated in RPMI 1640 supplemented with 10%
heat-inactivated FCS, 2 mM L -glutamine, 5 3 1025 M 2-ME, 0.15%
sodium hydrogencarbonate, 1 mM sodium pyruvate, nonessential amino
acids, 100 U/ml penicillin, and 100 mg/ml streptomycin (PAA Laborato-
ries), hereafter referred to as complete medium. Cells were released by
breaking up sheets with forceps and vigorous pipetting. The resulting cell
suspension consisted of ;90% keratinocytes and 1–3% LC. These cells are
referred to as “epidermal cells” in the text.

For cell culturing of epidermal cells, an additional digestion with DNase
I (15 min, 130 U/ml; Invitrogen) was included. The resulting single-cell
suspension either was used directly for sorting or was cultured in complete
medium for various times at a density of 1.5 3 106 cells/ml in 6-well
plates. For sorting, epidermal cells were centrifuged on dense BSA or
OptiPrep (Sigma-Aldrich) as described (19), or according to the instruc-
tions of the manufacturer. The low-density fraction contained 20–35% LC,
which were enriched by FACS sorting of vital MHC-II1 cells using a
FACSCalibur (BD Biosciences) to a purity of .95%. Sort purity was ver-
ified by reanalysis of samples.

CHS assay

Mice were sensitized by painting 200 ml of 0.05% (w/v) FITC on their
shaved backs. FITC was dissolved in a 1:1 (v/v) mixture of acetone/dibu-
tylphtalate. For negative controls, mice were painted with solvent only.
Five days later the ear thickness of both ears was measured as reference
value and 20 ml of 0.03% FITC was applied to both ears. Twenty-four
hours after the challenge ear swelling on both ears was measured with a
spring-loaded micrometer (Mitutoyo). CHS was determined as the amount
of ear thickness after challenge compared with ear thickness before chal-
lenge. The experiment was repeated twice.

Abs, flow cytometry, and Western blotting

The following anti-mouse Abs were obtained from BD Pharmingen: anti-
CD11c (clone N418), anti-CD16/32 (clone 2.4G2), anti-CD24A (clone
M1/69), anti-CD40 (clone 3/23), anti-CD80 (clone 16-10A1), anti-CD86
(clone GL1), and anti-I-A/I-E (clone 2G9). Cells were preincubated with
unconjugated CD16/32 before staining to block Fc receptors (except sam-
ples, where CD16/32 expression was analyzed). All stainings were per-
formed for 15 min at 4°C. Cells were analyzed on a FACSCalibur flow
cytometer with CellQuest software (BD Biosciences).

Western blotting of sorted LC, bone marrow-derived DC (BMDC) and
various tissues was done with standard procedures, using BIOMOL (cat-
alog no. SA210) polyclonal rabbit anti-mouse AhR Ab and goat anti-rabbit

Ab to develop. Loading was controlled with anti-GAPDH Ab clone 6C5
(Acris), and bands were densitometrically quantified.

Gene expression analysis with microarray

Total RNA was isolated with TRIzol (Invitrogen) according to the manu-
facturer’s instructions. For microarray analysis mRNA was amplified be-
fore chip hybridization using the MessageAmp kit of Ambion. RNA was
biotinylated (Enzo BioArray HighYield RNA transcript labeling kit from
Affymetrix) and purified. RNA was hybridized to MOE430A gene chips
(Affymetrix). The resulting *.chp files were analyzed with the bioconductor
affy package using the RMA (robust microarray analysis) algorithm. Two
independent experiments were performed. A 2-fold expression difference
was chosen as cut-off. Internal controls on the chip excluded a faulty prep-
aration of the chips. The Gene Expression Omnibus accession no. is
GSE9506 (www.ncbi.nlm.nih.gov/geo/).

Reverse transcription

For cDNA synthesis, total RNA was treated with 1 U DNase I/0.5 mg RNA
(15 min, room temperature). The reaction was stopped with 2 mM EDTA
for 10 min at 65°C. RNA (0.5 mg) was incubated in 10 ml with 1 mg of
oligonucleotide pd(T)16 primer for 5 min at 60°C. RNA was reverse tran-
scribed in a final volume of 40 ml containing 13 RT buffer, 10 mM DTT,
1 mM dNTP, 80 U of RNaseOUT RNase inhibitor, and 400 U of murine
leukemia virus reverse transcriptase. Reactions were conducted for 60 min
at 37°C and were inactivated at 70°C for 10 min. All reagents were pur-
chased from Invitrogen.

Polymerase chain reaction

Real-time PCR was performed on a Rotor-Gene RG 3000 (LTF Labortech-
nik) in 15 ml of final volume, containing 7.5 ml of SensiMixPlus SYBR
PCR kit (Quantace), 1 mM each primer, 1 ml of cDNA, and RNase-free
water. Amplification conditions were 45 cycles of 15 s at 94°C for dena-
turation; 20 s at 55°C (AhRR, Aldh3a1, Cyp1A1, Nqo1), 56°C (AhR), and
58°C (Cyp1A2, Cyp1B1, Ido), respectively, for primer annealing; 30 s at
72°C for elongation; and 2 s at 72°C for fluorescence detection.

Sequences of PCR primers were as follows (forward and reverse, re-
spectively): AhR, 59-AGG ACC AAA CAC AAG CTA GA-39 and 59-TGG
AGA TCT CGT ACA ACA CA-39; AhRR, 59-GCC AAT GCT GTC TAA
TGA AG-39 and 59-AAC AGA GCA CCA AGA AAA CA-39; Aldh3a1,
59-CCC CTG GCA CTC TAT GTG TT-39 and 59-CTC TTG CCT GGT
GAG GTC TC-39; Cyp1A1, 59-TCC TTG CAT GTC CAT GTT TC-39 and
59-TGC ATA AGC AAA ATA CAG TCC A-39; Cyp1A2, 59-CTT TGA
CAC AGT CAC CAC AG-39 and 59-CTT CTC ATC ATG GTT GAC
CT-39; Cyp1B1, 59-GAC CCG GAT GTT TTG TGA AT-39 and 59-CAT
GGT GAG CAG CAA AAG AA-39; Ido, 59-GAG TCT TGA TGT CCT
TCT GG-39 and 59-CTA CTA TTG CGA GGT GGA AC-39; Nqo1, 59-
GGA CAT GAA CGT CAT TCT CT-39 and 59-TTC TTC TTC TGC TCC
TCT TG-39; Rps6, 59-ATT CCT GGA CTG ACA GAC AC-39 and 59-GTT
CTT CTT AGT GCG TTG CT-39.

Expression levels were calibrated to the expression of Rps6 as house-
keeping gene in the same sample.

Analysis of AhRR expression in heart, brain, and LC was performed on
a Trio thermocycler (Biometra). The reaction volume of 50 ml contained 2
ml of cDNA (see above), 2.5 U of TaqDNA polymerase, 5 ml of 103 PCR
buffer (NatuTec), 0.2 mM concentration of dNTPs (NatuTec), and 0.4 mM
concentration of each primer (Operon Biotechnologies). Amplifications
were conducted for 5 min at 94°C, followed by 35 cycles for AhRR and 30
cycles for Rps6 of 1 min at 94°C for denaturation, 1 min at 54°C (AhRR)
and 56°C (Rps6), respectively, for primer annealing, 1 min at 72°C for
elongation, and 10 min at 72°C after the last cycle.

Phagocytosis assay

Freshly isolated epidermal cells from wild-type (WT) and AhR2/2 mice
were resuspended in PBS/1% BSA and incubated with 0.5 mg/ml FITC-
dextran (Mr of 40,000; Sigma-Aldrich) for 45 or 90 min at 4°C or 37°C.
Cells were washed three times with ice-cold PBS containing 1% BSA.
After staining with allophycocyanin-conjugated anti-I-A/I-E mAb, viable
LC were analyzed by flow cytometry. The percentage of MHC-II1/FITC1

living cells was determined.

IDO enzyme activity measurements

IDO activity was measured in DC generated from GM-CSF-stimulated
bone marrow and treated on day 6 with either 100 U/ml IFN-g (R&D
Systems) or 100 ng/ml LPS. Twenty-four hours later, supernatants were
collected. More than 80% of the nonadherent cells expressed CD11c. Gen-
eration of kynurenine indicative of IDO activity was measured in culture

6710 AhR FUNCTION IN LANGERHANS CELLS



supernatants as described (20) with a colorimetric assay. The amount of
kynurenine was calculated using a serially diluted kynurenine standard
(Sigma-Aldrich).

GM-CSF measurement

Epidermal cells were isolated as described above and seeded at 106 cells/
ml. Cells were cultured for 48 h. GM-CSF concentrations in the superna-
tants were determined by ELISA (eBioscience) according to the manufac-
turer’s instructions.

Cultivation of epidermal cells with GM-CSF

Epidermal cells were seeded at a concentration of 106 cells/ml and cultured
with 10 pg or 100 pg/ml GM-CSF. After 48 h, cells were harvested and
analyzed by flow cytometry.

Statistical analysis

The paired Student’s t test or Mann-Whitney U test were used to assess
statistical significance of data. Values of p , 0.05 were considered as
significant.

Results
AhR expression and responsiveness in LC

The AhR is expressed at varying levels in many tissues and cell

types, including lymphoid organs like thymus and spleen. Murine

keratinocytes show a pattern of increased AhR expression corre-

lated to differentiation, and AhR expression in dermal fibroblasts

has been described as well (21, 22). Here, we demonstrate for the

first time AhR expression in LC. Easily detectable by RT-PCR and

Western blotting, LC expressed AhR protein at much higher levels

than liver or thymus (Fig. 1A). Epidermal cells (which consist of

.90% of keratinocytes) and in vitro BMDC also expressed AhR.

Very little AhR protein was detected in bone marrow and brain.

Thus, protein levels reflected RNA levels (compare Fig. 1A and

supplemental Fig. 1).4

We analyzed whether typical AhR target genes are induced in

vivo in skin cells and LC after systemic exposure to the AhR-

activating ligand TCDD and found that Cyp1A1, Cyp1B1, Nqo1,

and Aldh3a1 mRNA were inducible in epidermal cells, but not in

highly pure LC of TCDD-exposed mice (Fig. 1B). A global gene

expression profile analysis (Affymetrix) of LC purified to .95%

by density gradient centrifugation and FACS sorting of MHC-II1

cells (23) yielded no TCDD-inducible transcription, even at a mod-

erate 2-fold expression difference. We could not detect any change

in the expression of the 22,500 genes presented on the chip in

treated vs control groups (data not shown; Gene Expression Om-

nibus accession no. GSE9506, www.ncbi.nlm.nih.gov/geo/). Thus,

in contrast to many other cell types, LC appeared inert against

TCDD-mediated gene induction, albeit they expressed the AhR at

high levels.

Expression of the AhRR in epidermal LC of WT and Ahr2/2

mice

The AhRR is differentially expressed in tissues. Generally, in

AhR2/2 mice the AhRR mRNA content is two to three orders of

magnitude lower than in WT mice (24). As shown in Fig. 1, WT

LC expressed the AhR, and the AhRR. AhRR transcripts were

detectable in LC by RT-PCR, and they could be further induced

after TCDD exposure. AhRR expression was lower, but not absent,

in LC of AhR-deficient mice in comparison to WT counterparts

(Fig. 2A, compare lanes 3 and 4). AhR signaling is regulated by the

AhRR in a negative feedback fashion. The AhRR competes with

the AhR in dimerization with ARNT to form a transcriptionally

inactive complex (3). Note that AhRR expression was constitu-

tively high in WT LC (Fig. 1Bf). Brain and heart are the organs

4 The online version of this article contains supplemental material.
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FIGURE 1. AhR expression and inducibility of xenobiotic metabolizing

enzymes in epidermal cells and LC. A, Western Blot showing expression of

AhR in various cell subsets and tissues. Protein was prepared from organs or

sorted cells and protein lysates were blotted with polyclonal rabbit anti-AhR

(BIOMOL SA210). Lanes 1–6, Protein (800 ng) from WT mice was loaded:

(1) liver, (2) thymus, (3) bone marrow, (4) BMDC (day 6 of culture, 80%

CD11c1 cells) (5) epidermal cells, and (6) Langerhans cells (sorted to .97%

purity from mouse back skin); lanes 7–10 show a blot with 2 mg of protein from

WT and AhR2/2 mice: (7) liver, WT mice; (8) liver, AhR2/2mice; (9) BMDC

WT mice; and (10) BMDC AhR2/2 mice. Transfer was controlled with Ponceau

staining and loading with GAPDH Ab. Bands were densitometrically evaluated.

The bar graph shows expression after calibration to GAPDH levels on the blot. B,

C57BL/6 mice were injected with 10 mg/kg TCDD or the solvent DMSO alone.

Relative expression levels of xenobiotic metabolizing enzymes and of AhRR was

measured by real-time PCR from epidermal cells and LC sorted to .98% purity.

For comparison, liver is included as an organ with known high metabolic activity.

D, control animals, treated with solvent DMSO; T, TCDD-treated animals. C,

Expression levels of AhRR in LC. mRNA was prepared, reverse transcribed, and

amplified by PCR for AhRR and the Rps6 housekeeping gene: Lanes 1–4: (1)

heart, (2) brain, (3) LC isolated fromWTmice, and (4) LC isolated fromAhR2/2

mice. S, 100-bp marker; N, negative control without DNA in PCR. The image is

representative for three independent experiments.
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with the highest constitutive expression of AhRR transcripts

known so far (24), and AhRR expression in WT LC was even

higher than in those tissues (Fig. 1C).

Transcription profiles of WT and AhR2/2 LC differ

LC were sorted out of ear epidermal cell cultures to .95% purity.

RNA from LC from five mice was pooled and hybridized to an

Affymetrix chip.

A total of 127 genes expressed differentially (threshold 23)

between the two genotypes. Table I lists differentially expressed

genes of the immune system. Approximately 20 transcripts of

the immune system were more abundant in AhR2/2 LC, in-

cluding CD36 and MHC-II, suggesting that the AhR might con-

tribute to their transcriptional regulation. More genes were

down-regulated in AhR2/2 LC; that is, their normal expression

level is AhR-dependent. Confirming the PCR results, the high

constitutive expression of AhRR was lost in AhR2/2 LC. The

most highly deregulated gene was Ido, with a lower transcript

abundance in AhR2/2 compared with WT LC. The decrease

was strong and significant, as confirmed by quantitative RT-

PCR of LC cultivated for 20 h (Fig. 2A). As expected from

reports in the literature, Ido expression was absent in WT LC

isolated directly from skin without prior cultivation (data not

shown). We tested Ido mRNA up-regulation by the known in-

ducers LPS or IFN-g in BMDC. As shown above, these DC

express high level of AhR, similar to LC. Absence of AhR almost

completely prevented normal Ido up-regulation by IFN-g. LPS led to

a slight, but not significant, induction of Ido mRNA (Fig. 2B). Also,

FIGURE 2. IDO expression and regulation in AhR2/2 LC and BM-derived DC. A, LC were sorted by FACS to .95% purity from epidermal cells

(cultivated from ear epidermal sheets for 16 h); RNA was isolated, amplified, reverse transcribed, and used for RT-PCR. Shown is the relative expression

for C57BL/6 LC to AhR2/2 LC, after calibration with housekeeping gene Rps6. The experiment was repeated twice. Similar results were obtained with

unamplified RNA. B, Bone marrow was cultivated for 6 days in the presence of GM-CSF to generate DC, and then LPS (100 ng/ml) or IFN-g (100 U/ml)

was added for 24 h to induce IDO. RT-PCR was performed. Shown is the Ido expression relative to the housekeeping gene Rps6. Data are from five

independent experiments. Significance was tested with student’s t test. pp, p , 0.001; ns, not significant. C, Generation of kynurenine indicative of IDO

activity was assessed in culture supernatants of BMDC, stimulated for an additional 72 h with LPS and L -tryptophan as described (20). Kynurenine was

quantified with a colorimetric assay against a kynurenine standard (Sigma-Aldrich). Data are from two to three individual mice.

Table I. Differentially expressed immune-related genes in AhR2/2 LCa

Probeset ID Gene Nameb Symbol Fold Damage

Lower transcription in AhR2/2 LC
1420437_at Indoleamine-pyrrole 2,3-dioxygenase Indoc 8.82
1420796_at Aryl-hydrocarbon receptor repressor Ahrr 8.63
1416811_s_at Cytotoxic T lymphocyte-associated protein 2 Ctla2a///Ctla2b 3.48
1424836_a_at CLIP associating protein 2 Clasp2 3.37
1423489_at Monocyte to macrophage differentiation-associated Mmd 2.16
1419872_at CDF1 receptor Csf1r 2.07
1427418_a_at Hypoxia inducible factor 1, a subunit Hif1a 2.03

Higher transcription in AhR2/2LC
1417292_at IFN-g-inducible protein 47 Ifi47 2.00
1417292_at C-type lectin domain family 4, member d Clec4d 2.09
1420804_s_at Complement component 1, q subcomponent, a polypeptide C1qa 2.14
1417381_at IFN-g-inducible protein 30 Ifi30 2.15
1422476_at CD68 Ag Cd68 2.17
1434366_x_at IL-1b Il1b 2.29
1449399_a_at IFN-activated gene 205 Ifi205 2.37
1450648_s_at CD36 Ag Cd36 2.40
1450883_a_at Macrophage-expressed gene 1 Mpeg1 2.42
1435290_x_at Complement component 1, q subcomponent, b polypeptide C1qb 2.48
1437726_x_at Histocompatibility 2, class II Ag E b H2-Eb1 2.59
1425477_x_at CD274 Ab Cd274 2.69
1452231_x_at Histocompatibility 2, class II Ag A, b1 H2-Ab1 2.90
1451721_a_at Chemokine (C-X-C motif) ligand 4 Cxcl4, Pf4 3.11
1448995_at IFN-activated gene 203 Ifi203 3.16
1426906_at Histocompatibility 2, class II Ag A, a///histocompatibility 2, class II Ag E a H2-Aa///H2-Ea 3.98

a LC were isolated from ear epidermal cells by FACS sorting. RNA was prepared, amplified, and hybridized to Affymetrix MOE430A chips. Analysis was done as described

in Materials and Methods.
b Common name and official gene symbol.
c Also known as Ido.
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induction of generation of kynurenine from tryptophan, which is

driven by IDO enzymatic activity, was much less in AhR2/2 DC

(Fig. 2C). Thus, AhR is necessary for IDO expression in LC/and DC,

and for IDO function in DC.

Impaired maturation competence of LC in AhR2/2 mice

Dependent on their differentiation and maturation status, LC ex-

press surface proteins necessary for stimulation of T cells (e.g.,

MHC-II, CD24a, CD40, CD80, and CD86). LC have been shown

to mature during ex vivo culture of epidermal cells (19). Therefore,

we analyzed expression levels of maturation markers on the cell

surface of freshly isolated (“immature”) LC and on LC after 3 days

of culture (“mature”) of epidermal cells from either WT or

AhR2/2 mice.

Treatment of cells for 10 min with trypsin did not impair Ab

staining, indicating that the surface markers described here are not

sensitive to the treatment necessary for preparing epidermal sheets/

cell suspensions (data not shown).

Fig. 3 shows representative histograms of the expression of co-

stimulatory molecules CD24a, CD40, CD80, and CD86 on mature

LC from WT and AhR2/2 mice. Table II shows the mean fluo-

rescence intensities of these markers for both mature and immature

LC, comparing LC from WT and AhR2/2 mice. WT LC of mice

injected with TCDD up-regulated CD86 expression levels. As ex-

pected, no expression changes of costimulatory molecules by

TCDD was detectable in AhR2/2 LC (data not shown).

All markers tested, except CD24a, had similar basal expression

levels on immature LC. CD24a was expressed significantly lower

on immature as well as on mature AhR-deficient LC compared

with wild-type LC; in accordance with data in the literature,

CD24a expression decreased during maturation (25). As expected,

maturation of WT LC during ex vivo culture of epidermal cells led

to strong up-regulation of costimulatory molecules CD40, CD80,

and CD86. MHC-II was also up-regulated (data not shown). In-

terestingly, MHC-II surface expression did not differ significantly

between LC from WT and AhR2/2 mice (supplemental Fig. 2).

Qualitatively, LC from AhR-deficient mice up-regulated co-

stimulatory molecules after 3 days of maturation in culture as well.

Quantitatively, though, in comparison to the WT mice, the increase

was significantly lower during maturation for cells of AhR2/2

mice (Table II, compare upper and lower row) for CD80. For

CD40 a similar trend was seen in three independent experiments,

albeit statistical significance was not reached.

Morphology and phagocytic capacity of LC from AhR2/2 mice

In addition to the expression of surface markers, we analyzed how

the AhR affects size and granularity of LC. It is well known that

LC change their morphology during maturation and become larger

FIGURE 3. Expression of costimulatory

molecules on mature LC is dependent on the

AhR. WT (white curve) and AhR2/2 (gray

curve) mice, respectively, are shown. Mice

were sacrificed, and epidermal cells were

isolated as described in Materials and Meth-

ods and cultured further for 72 h. Cells were

harvested, and LC were enriched over BSA

density gradient centrifugation, stained with

described Abs, and analyzed by FACS. Dot-

ted line designates isotype control. Shown

are representative data from three to four in-

dependent experiments. Significances were

calculated by Student’s t test. p, p , 0.05.

Table II. Influence of absence of functional AhR on LC phenotype in immature vs mature cellsa

CD16/32 CD24 CD40 CD80 CD86

Immature Mature† Immature Mature Immature Mature† Immature Mature† Immature Mature†

WT 14b 2c 156 122 13 188 2 99 13 458
AhR KO 13 2 60**c 56* 9 142 2 42* 11 401

a Single-cell suspensions were prepared from ear or skin epidermis and were either immediately (Immature) analyzed by FACS or cultivated for 3 days to allow maturation

of LC (Mature). See Material and Methods for details. Cells were stained for MHC-II and the indicated surface markers. LC were identified and gated by MHC-II expression

and analyzed for the indicated surface markers. The cell suspension consisted of mainly keratinocytes, some other epidermal cells, and 1–3% LC. Scatter characteristics were

used to exclude dead cells from the analysis. As controls, unstained and isotype control-stained cells were used. Cultivation and stainings were done independently three to five times.
b Channel of mean fluorescence (MFI), determined by FACS.
c The significance of values between C57BL/6 (WT) mice and AHR2/2 mice was calculated by Student’s t test and is indicated by asterisks and boldface numbers. p, p ,

0.05; pp, p , 0.005; ppp, p , 0.0001. Values differing significantly between immature and mature LC were also calculated and occur in the columns noted with a dagger (†).
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and more granular (19). Fluorescence microscopy of AhR2/2 epi-

dermal skin sheets did not reveal differences in numbers of LC per

mm2 or striking changes in the ramification of LC dendrites (data

not shown). Fig. 4 shows the relative granularity and size of im-

mature and mature MHC-II1 LC from AhR2/2 and WT mice.

Congruent with the data on the surface marker expression, also the

morphology of LC differed between AhR2/2 and WT mice after in

vitro maturation. In the absence of a functional AhR, immature LC

were slightly smaller and remained of lower granularity after mat-

uration. This was not due to the death of MHC-II1 cells, as con-

firmed by propidium iodide staining. No significant changes of LC

from TCDD-treated mice compared with control mice were ob-

served (data not shown).

We analyzed the phagocytic capacity of LC for 45 and 90 min

after isolation as a marker for functional immaturity. LC from

AhR2/2 phagocytosed more at the earlier time point than did LC

from WT mice ( p 5 0.0536 at 45 min), suggestive of slower

maturation. However, at 90 min this difference had disappeared

(Fig. 5). Phagocytosis was abolished completely in both genotypes

when LC were cultivated for 24 h (data not shown).

GM-CSF secretion is diminished in epidermal cells of AhR2/2

mice

GM-CSF is one of the key cytokines for LC survival and differ-

entiation (26). GM-CSF is produced and secreted by keratinocytes

in a paracrine fashion, and GM-CSF plasma levels are known to be

enhanced by TCDD (27). Therefore, we analyzed the supernatants

of cultured epidermal cells (containing ;90% keratinocytes) from

AhR2/2 and WT mice by ELISA. Results are shown in Fig. 6A.

Epidermal cells from WT mice secreted more GM-CSF (mean 40

pg/ml) compared with cells isolated from AhR2/2 mice (mean, 18

pg/ml). GM-CSF is pivotal for up-regulation of CD80 on maturing

LC. As described above, AhR2/2 LC are impaired in up-regula-

tion of costimulatory molecules, including CD80. We cultured epi-

dermal cells from AhR2/2 and WT mice in the presence of GM-

CSF and measured morphology and CD80 expression. As shown

in Fig. 6B, addition of 10 or 100 pg/ml GM-CSF to cultures

FIGURE 4. LC morphology is dependent

on AhR expression. Epidermal cells from

WT and AhR2/2 mice were isolated and an-

alyzed by FACS. An aliquot of cells was ex

vivo cultured for 72 h and analyzed again. A,

Cells were gated on MHC-II (i.e., for LC),

and scatter characteristics were analyzed for

WT and AhR2/2. B, Graphs depicting the

change after 72 h of culture. Data are from at

least four independent experiments (f, wild-

type; M, AhR2/2 mice; asterisks indicate

significant differences between WT and

AhR2/2 mice (p, p , 0.05)).

FIGURE 5. Phagocytic capacity upon maturation. Freshly isolated epi-

dermal cells were cultured at 4°C or 37°C with FITC-dextran beads and

then stained with anti-MHC-II Abs. Shown is the percentage of FITC1/

MHC-II1 cells after 45 min and 90 min of uptake. Each dot represents the

result from an individual mouse. Data were analyzed by an unpaired Stu-

dent’s t test.

FIGURE 6. GM-CSF-production in AhR2/2 epidermal cells. Epidermal

cells were prepared from back skin and cultured for 48 h. A, Supernatants

were tested for GM-CSF content by ELISA. B, GM-CSF was added to

epidermal cells from AhR2/2 and C57BL/6 mice, and cells were cultured

for 48 h. The mean fluorescence index (MFI) of CD80 was determined on

LC identified and gated by their MHC-II expression. Asterisks on the bars

indicate significance against untreated WT cells (*, p , 0.05; **, p ,

0.0001; ns, not significant).
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brought back CD80 expression of AhR2/2 LC to the expression

level of WT LC. This concentration is in the range of the GM-CSF

secreted by WT epidermal cells (see Fig. 6A). Additional GM-SCF

induced CD80 expression in WT LC as well, at both 10 and 100

pg/ml to levels that were significantly higher than in AhR2/2 LC

( p 5 0.0017 and 0.0016, respectively). Addition of GM-CSF to

epidermal cell cultures did not change the low granularity and size.

CHS is impaired in AhR2/2 mice

CHS is a functional assay for competent immune responses against

Ag entering via the skin. We tested whether CHS is normal or

impaired in AhR2/2 mice using the fluorescent low molecular

mass chemical FITC. AhR2/2 mice mounted a lower CHS re-

sponse (Fig. 7): ear thickness of WT mice was significantly higher

( p , 0.0001). FITC1 DC could be detected in draining lymph

nodes of sensitized mice of both strains, indicating that migration

is not abrogated (supplemental Fig. 3).

Discussion
Intrinsic and induced cell differentiation and the cellular response

to endogenous and exogenous signals are hallmarks of the immune

system in fighting pathogens. The AhR as an externally triggered

latent transcription factor is strikingly abundant in several immune

tissues. mRNA abundance equals or surpasses that of the liver

(28), where the main function of the AhR is thought to be xeno-

biotic metabolic degradation. AhR mRNA expression appears to

correlate with the AhR’s ligand-induced transcription factor activ-

ity. We found a good correlation between mRNA and protein lev-

els for AhR. Also, published interspecies data indicate a reason-

able correlation between AhR mRNA and protein levels (29, 28,

30). Growing knowledge suggests that the AhR signaling pathway

is relevant in the immune system, used in differentiation and func-

tion of immune cells, and links environmental triggers to the im-

mune system (9, 10, 31, 32).

We show here for the first time that primary murine LC express

AhR mRNA and protein. Indeed, expression was higher than in

other immune cells, and higher than in liver. In an extension of

data reported in the literature, AhR expression was high in kera-

tinocytes as well. We analyzed the effects of AhR overactivation

and AhR deficiency in LC and epidermal cells. To our knowledge,

only one study addressed the effects of AhR activation on LC until

now. In 1989, Puhvel et al. (33) investigated density and morphol-

ogy of LC in HRS/J mice, a murine model for skin effects of

TCDD. They reported that LC from hairless mice were smaller and

had fewer dendritic protusions than did controls. Extending these

early studies, our data are suggestive of a role for the AhR in the

maturation of LC.

Immature and semimature LC from mice isolated after exposure

to the strong and persistent ligand TCDD had not up-regulated or

down-regulated genes for enzymes of the xenobiotic response,

which is very unusual for AhR-containing tissues (31, 34). Indeed,

they appeared inert to global transcriptome changes. This intrigu-

ing finding might be due to either a strong inhibitory feedback loop

by the highly expressed AhR repressor in LC (35), or ligand-de-

pendent outcomes of transcriptional changes, as has been sug-

gested for other cell types (28). Additional experiments could test

the hypothesis that LC might control xenobiotic metabolism as a

means of reducing the risk of pro-hapten to hapten generation from

low molecular mass metabolites (28, 36). Several authors have

suggested functions of the AhR beyond its ligand-activated tran-

scription factor status, for instance by direct contact and interaction

with NF-kB (38, reviewed in Ref. 39). It is possible that beyond

ligand- (TCDD-) driven transcriptional activity, nonligand-depen-

dent activities of the AhR are relevant in LC, such as in maturation

and function.

As the AhR might induce cell differentiation, we analyzed im-

mature and mature LC from AhR-deficient mice in epidermal cell

cultures. Three relevant parameters of LC maturation were ana-

lyzed, namely up-regulation of costimulatory molecules, size and

scatter characteristics, and phagocytic capacity. Our data provide

evidence that in the absence of the AhR in epidermal cells LC

maturation is impaired. Interestingly, the number of LC per mm2

was unaffected in skin.

Note that AhR deficiency led to low CD24a expression in LC,

while in splenic DC AhR overactivation induced CD24a (11). A

lower constitutive CD24a expression in AhR-deficient mice com-

pared with WT mice could reflect the presence of an endogenous

ligand (which would drive AhR activity in normal mice), as al-

ready suggested above.

Up-regulation of costimulatory molecules and morphological

changes are critical features of LC maturation and their function as

potent APCs. In particular, the expression of CD24a and CD80,

both significantly low in AhR-deficient LC, might reduce their

capacity to stimulate Th1 responses. Considering that splenic lym-

phocytes from AhR2/2 mice produced more IFN-g and IL-12 after

OVA immunization than those from AhR1/1 mice, this might be

surprising. Note, however, that we look at other cells (i.e., LC) and

at a “naive” situation. Moreover, allergic sensitization led to a

higher IL-5 production and increased IgE titer in AhR2/2 mice

compared with AhR1/1 mice (40, 41), suggestive of AhR as a

driver toward Th2. Several lines of evidence suggest a role for the

AhR in thymocyte and T cell differentiation (10, 37, 42, 43), and

a number of cytokines can be regulated by AhR signaling, includ-

ing IL-2 in T cells and TNF-a, and IL-1b in keratinocytes (44, 45).

More data are needed to clarify the involvement of AhR in cyto-

kine balance.

Maturation of LC may be influenced by signals from surround-

ing keratinocytes (which are affected by AhR absence as well). It

is therefore not too surprising that epidermal cells secreted less

GM-CSF in AhR-deficient cultures, in particular as the gene has

four putative xenobiotic-responsive elements in its promoter (46).

GM-CSF is relevant for LC maturation, that is, CD80 expression

levels (47). LC themselves cannot survive unless they are either

surrounded by keratinocytes or GM-CSF is added to cultures (26).

GM-CSF addition to WT LC in culture even enhanced CD80 ex-

pression levels. The CD80 phenotype of AhR2/2 LC could be

rescued by GM-CSF and brought back to WT levels. However,

the morphological changes persisted. Apparently, other factors

FIGURE 7. Contact hypersensitivity against FITC in AhR2/2 mice

compared with WT mice. Mice were sensitized and challenged as de-

scribed in Materials and Methods. Ear thickness was measured and the

change between both genotypes recorded. The experiment was repeated

twice with similar results. Each treatment group comprised five to seven

mice. Data were analyzed with Student’s t test (ppp, p , 0.0001).
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are lacking as well in AhR2/2 mice, which warrant further

investigation.

AhR2/2 do not have a drastic immune phenotype. The animals

survive and can reach old age (48). Immune responses against

cellular (allogenic P815 tumor cells) and humoral (sheep RBC)

model Ags showed normal and competent immune responses (49).

Memory response against a protein Ag was reported (8). However,

they are more susceptible to infections with Helicobacter hepati-

cus, an opportunistic infection indicating immunodeficiency (50,

51), and to L.monocytogenes (52). The underlying cause may be

specific defects in the immune system or other general damages

resulting from AhR deficiency.

CHS is a skin inflammatory reaction to topically applied haptens

mediated by CD81 T cells primed in skin draining lymph nodes by

poorly defined APCs. LC take up Ag, mature, and migrate to the

lymph nodes to initiate an immune response or, alternatively, exert

tolerogenic functions (53). We show here that CHS is impaired by

AhR deficiency. CHS suppression appeared not due to an inability

of LC or dermal DC to leave the skin and reach the draining lymph

nodes after Ag uptake. Conceivably, the weaker CHS might be due

to the low expression of costimulatory molecules and to the per-

sisting immature phenotype we observed. AhR2/2 LC were

smaller than WT LC, possibly indicating a lower fraction of motile

LC destined to migrate to the lymph nodes even in the steady-state

(54). Skin-resident cell types, such as keratinocytes and mast cells,

and mobile leukocytes, including T lymphocytes and NK cells,

actively participate in the CHS reaction. IL-2-producing CD81

cells and regulatory T cells appear to be crucial in the prevention

of contact allergy or in the early termination of the reaction (55,

56). Active AhR signaling can serve as a co-factor in IL-2 pro-

duction and formation of regulatory T cells (57, 58). Moreover,

allergen sensitization induces the development of distinct CD8 T

cell subpopulations that produce IL-17 (10, 59), and the AhR acts

as a co-factor in IL17-production. More studies are needed to dif-

ferentiate the contribution of LC vs other cell types in diminished

CHS response of AhR2/2 mice. This can be done, for example, by

LC cell-specific deletion of the AhR. Recently, a study demon-

strated that AhR activation affected DC as well as regulatory T cell

survival and function, resulting in islet allograft-specific tolerance

(60).

An interesting finding was the failure by AhR2/2 LC to up-

regulate Ido transcription. Congruently, IDO activity could not be

stimulated in BMDC. Expression of IDO upon maturation was

recently shown for human LC (10, 61). AhR activation can induce

IDO transcription and ensuing enzyme activity in DC (10, 61, 62).

Whether IDO expression by LC affects the balance between tol-

erance and immunity in vivo remains to be determined. It is in-

triguing to speculate that IDO in LC may serve to keep tryptophan

levels low, as tryptophan is a precursor for the UV-induced AhR

agonist FICZ (63).

In conclusion, we provide evidence for a role of the AhR in LC

maturation and function. These findings contribute to a better un-

derstanding of allergic skin immune responses and their medical

management.
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The Aryl Hydrocarbon Receptor Mediates UVB
Radiation–Induced Skin Tanning
Bettina Jux1,3, Stephanie Kadow1, Sandra Luecke2, Agneta Rannug2, Jean Krutmann1 and Charlotte Esser1

Melanogenesis is the vital response to protect skin cells against UVB-induced DNA damage. Melanin is
produced by melanocytes, which transfer it to surrounding keratinocytes. Recently, we have shown that the aryl
hydrocarbon receptor (AhR) is part of the UVB-stress response in epidermal keratinocytes. UVB triggers AhR
signaling by generating the AhR ligand 6-formylindolo(3,2-b)carbazole from tryptophan. We show here that
normal murine melanocytes express functional AhR. Using standard UVB tanning protocols, AhR-deficient mice
were shown to tan significantly weaker than wild-type mice; in these mice, tyrosinase activity in the epidermis
was lower as well. Tanning responses and tyrosinase activity, however, were normal in keratinocyte-specific
conditional AhR knockout mice, indicating that release of melanogenic keratinocyte factors is unaffected by the
UVB-AhR signaling pathway and that the diminished tanning response in AhRÿ/ÿ mice is confined to the level of
melanocytes. Accordingly, the number of dihydroxyphenylalanin-positive melanocytes increased significantly
less on UVB irradiation in AhRÿ/ÿ mice than in wild-type mice. This difference in melanocyte number
was associated with a significantly reduced expression of stem cell factor-1 and c-kit in melanocytes of AhRÿ/ÿ

mice. Thus, the environmental signal sensor AhR links solar UVB radiation to skin pigmentation.

Journal of Investigative Dermatology (2011) 131, 203–210; doi:10.1038/jid.2010.269; published online 23 September 2010

INTRODUCTION
Tanning is a physiological response to sun exposure, and
solar UVB (280–320nm) radiation is the most important
stimulus of skin melanogenesis. Melanin is generated by
melanocytes in specialized organelles, the melanosomes, in
a complex process orchestrating signal sensors, transcription
factors, and many proteins. Melanosomes then transfer
melanin to the surrounding keratinocytes, where it forms a
cap around the nucleus to protect them from UV-induced
DNA damage. Keratinocytes stimulate melanogenesis and
contribute to melanocyte viability by secreting a variety of
soluble factors (Yaar and Gilchrest, 2004; Yamaguchi and
Hearing, 2009). We recently showed that UVB irradiation
generates formylindolo(3,2-b)carbazole (FICZ), a tryptophan
derivate, in epidermal keratinocytes (Fritsche et al., 2007).

FICZ is a high-affinity ligand and endogenous activator
(Rannug et al., 1987; Wincent et al., 2009) of the transcrip-
tion factor aryl hydrocarbon receptor (AhR), which is a well-
known pleiotropic sensor of environmental factors (Burbach
et al., 1992; Denison and Nagy, 2003; Afaq et al., 2009).
UVB-induced, FICZ-mediated AhR activation is an essential
part of the UVB-induced stress response in epidermal
keratinocytes and mediates the expression of a variety of
genes, such as cytochrome P450 (CYP) and Cox-2 enzymes
(Fritsche et al., 2007).

AhR is a ligand-activated transcription factor present in
many cell types. Following ligand binding, AhR translocates
to the nucleus, dimerizes with ARNT, enabling the complex
to bind to DNA recognition sequences (called dioxin-
responsive elements (DREs)), and eventually initiates gene
transcription (Schmidt and Bradfield, 1996; Kewley et al.,
2004). AhR activation affects cell proliferation, differentia-
tion, and apoptosis, and modulates cell- and organ-specific
functions (Bock and Kohle, 2006; Matsumura et al., 2009).

A link between AhR activation and melanogenesis is
suggested by clinical observations of the toxic exposure of
humans to AhR ligands such as dioxins, furans, and
polychlorinated biphenyls. In Japan in 1968 and in Taiwan
in 1979, accidental mass-poisoning incidents occurred from
cooking oil contaminated with polychlorinated biphenyls,
among which were strong AhR ligands. These patients
showed increased skin and gingival pigmentation, and
children of mothers exposed to polychlorinated biphenyls
were born with dark pigmentation of head, face, and genitals
(‘‘cola-babies’’) (Kikuchi, 1984; Masuda, 1985; Hashiguchi
et al., 2007; Kanagawa et al., 2008). There is also evidence
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that exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), a potent AhR ligand, causes skin hyperpigmentation
(Dunagin, 1984). In addition, infection with the yeast
Malassezia sp. alters skin pigmentation (Karaoui et al.,
1981; Kramer et al., 2005), presumably through its compound
malassezin (2-(1H-indol-3-ylmethyl)-1H-indole-3-carbalde-
hyde), a natural ligand of the AhR (Wille et al., 2001). We
therefore hypothesized that activation of the AhR signaling
pathway may have a role in the physiological tanning
response of the skin, which is induced by solar UVB radiation.

RESULTS
AhR is expressed and functional in normal murine melanocytes
We have previously shown that keratinocytes and Langerhans
cells in murine skin express AhR (Fritsche et al., 2007; Jux
et al., 2009). As shown in Figure 1a, AhR and ARNT mRNA
were also easily detectable in normal mouse melanocytes
(NMMs). AhR protein levels in NMM from C57BL/6 mice
reached B50% of the levels observed in the liver and thymus
(Figure 1b). To confirm that the AhR pathway is functional,
we treated cultured NMM with either TCDD, UVB-irradiated
tryptophan, or FICZ for 24 hours and analyzed induction
of the classical AhR-responsive gene cyp1a1. As expected, all
three exposures markedly induced cyp1a1 in these cells
(Figure 1c–e). The response was abrogated in AhRÿ/ÿ mice for
all ligands, even at the highest FICZ concentration.

AhR is involved in skin pigmentation in vivo

To assess the role of the AhR signaling pathway in UVB-
induced skin pigmentation, C57BL/6 wild-type (WT) mice
and AhRÿ/ÿ mice on a C57BL/6 background were exposed
to two different tanning regimens (Kawaguchi et al., 2001;
D’Orazio et al., 2006), and melanin content was measured in
the ears of UVB- or sham-irradiated mice. As shown in
Figure 2b, the melanin contents increased through single-
dose regimen in the ears of C57BL/6 mice were detectable.
This UVB-induced melanin increase was significantly weaker
(P¼0.0039 in Figure 2b) in the ears of irradiated AhRÿ/ÿ

mice (Kawaguchi et al., 2001). Similar results were achieved
with a protocol of 20� 100mJ cm–2 UVB irradiations over a
period of 4 weeks (Figure 2c). Photographs of tanned tail skin
are shown in Figure 2a.

Essentially identical differences were obtained when the
activity of tyrosinase, the key enzyme in melanogenesis, was
measured in tail skin of irradiated mice. UVB-induced
tyrosinase activity was weaker in AhRÿ/ÿ than in WT mice,
as measured with the second tanning protocol (P¼0.0096
in Figure 2d).

Keratinocytes do not mediate the AhR-dependent
tanning response
Exposure of skin to UVB results in the release of soluble
factors by keratinocytes, which stimulate melanocyte
proliferation and melanogenesis, most importantly a-mela-
nocyte-stimulating hormone (Kadekaro et al., 2003). We bred
keratinocyte-specific AhRÿ/ÿ mice (K5Creþ :AhRflox/flox;
‘‘conditional knockout’’). In these mice, AhR was not expressed
in keratinocytes, whereas AhR expression was detectable in

all other organs tested, including in keratinocyte-depleted
epidermal cells (ECs) (Figure 3a). As shown in Figure 3b and
c, K5Creþ :AhRflox/flox mice tanned normally on UVB radia-
tion, measured by melanin content and tyrosinase activity.
This indicates that AhR absence in keratinocytes does not
affect the release of melanogenic factors. Congruent with
this, neither the murine genes for proopiomelanocortin
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(the precursor of a-melanocyte-stimulating hormone) nor
those for endothelin-1 or basic fibroblast growth factor have
valid dioxin-responsive elements in their promoters in mice

(Sun et al., 2004). These results indicate that the decreased
tanning response of AhRÿ/ÿ mice is confined at the level of
melanocytes.
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Activated AhR does not induce melanogenic enzymes and
melanin production
Wemeasured tyr, tyrp1, tyrp2, andmitf expression in cultures
of NMMs after 10 nM TCDD, 1mM UVB-irradiated trypto-
phan, and 1 nM FICZ, concentrations that easily induce the
AhR target gene cyp1a1 (Figure 1). We also tested tyr activity
on FICZ treatment. Conversion of tyrosine into dihydroxy-
phenylalanin (DOPA) by tyrosinase is the rate-limiting step in
melanogenesis. AhR activation did not enhance or mediate
tyrosinase transcription or tyrosinase activity, nor did it affect
tyrp1, tyrp2, or mitf RNA expression. In addition, melanin
production did not increase in cultured normal melanocytes
on stimulation with FICZ (data not shown). Moreover, the two
possible DREs of the tyrp1 promoter did not drive luciferase
in HepG2 cells transfected with a reporter vector on TCDD
treatment (data not shown). We conclude that ligand-induced
activation of AhR does not drive de novo transcription
of these key factors in melanin production in murine
melanocytes.

UVB-induced melanocyte density is lower in AhR-deficient
mice than in WT mice
We next analyzed UVB-induced proliferation of melanocytes
in WT and AhRÿ/ÿ mice (Rosdahl and Szabo, 1976). Mice
were exposed to a single tanning UVB dose of 180mJ cm–2,
and DOPA-positive cells were counted in ear epidermis
2 weeks later. As shown in Figure 4, UVB radiation led to
increased melanocyte density, approximately 3-fold in
C57BL/6 mice, but only about 2-fold in AhR-deficient mice
(Figure 4a and b). In irradiated K5Creþ mice, DOPA-positive
cell density increased by UVB as much as in K5Creÿ mice
(data not shown).

Pigmentation and melanocyte differentiation-related genes are
deregulated in AhRÿ/ÿ mice
Theoretically, UVB irradiation could increase the number
of DOPA-positive melanocytes by affecting (i) proliferation of
mature melanocytes, (ii) differentiation of melanoblasts, (iii)
mobilization of melanocytes from distant sites, for example,
the hair follicle, (iv) activation of melanin synthesis in
dormant melanocytes, or (v) a combination thereof. To better
understand the role of AhR-signaling with regard to these
possibilities, we performed a microarray analysis of cultured
primary melanocytes from WT and AhRÿ/ÿ mice. A total
of 291 genes were expressed at least 3-fold higher in WT than
in AhRÿ/ÿ mice, and 45 genes higher in AhRÿ/ÿ mice than in
WT mice (see Supplementary Data S1 online). As expected,
the AhR target gene cyp1b1 was no longer expressed in
AhRÿ/ÿ melanocytes. Gene ontology analysis tagged 65
(WT4AhRÿ/ÿ) and 14 (AhRÿ/ÿ4WT) of these genes as
connected to cell differentiation, apoptosis, and proliferation.
Several genes known to be involved in pigmentation were
also found to be deregulated (Table 1). The chemokine SDF-
1/CXCL12 and its receptor CXCR4 were expressed more
strongly in WT melanocytes (Table 1). CXCL12/CXCR4
signaling has an important role in directing the migration
and positioning of melanoblasts (Belmadani et al., 2009).
Endothelin-1 (end1) and kit ligand (kitl), two factors involved

in melanocyte proliferation, were expressed 3.6- and 6-fold
higher in WT than in AhRÿ/ÿ, that is, they need AhR for
normal expression levels. Differentiation and proliferation of
melanocytes require kitl (stem cell factor (SCF)), which can
be secreted by keratinocytes and melanocytes themselves
and binds to c-kit on the surface of melanocytes. Interest-
ingly, we found that cultured WT melanocytes expressed
kitl; however, in AhRÿ/ÿ melanocytes, kitl expression was
hardly detectable; expression of soluble kitl was higher than
membrane-bound kitl, suggesting that melanocyte-produced
SCF can function in an autocrine manner (Figure 5a). Flow
cytometry showed that a lower number of AhRÿ/ÿ melano-
cytes express c-kit on the surface in comparison with WT
melanocytes (Figure 5b). Both kitl and c-kit have several
putative DREs in their promoters (Sun et al., 2004).
Accordingly, a 358 bp promoter fragment of c-kit containing
two DREs could drive luciferase expression in a reporter
assay, indicating that the DREs are functional (Figure 5c).
Collectively, these data suggest that UVB-induced migration
and differentiation of melanoblasts into DOPA-positive
melanocytes is favored by a functional AhR.
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DISCUSSION
We show here that AhR expression in normal murine
melanocytes has a pivotal role in the UVB tanning response.
To our knowledge, this is previously unreported. Treatment
with two standard tanning protocols resulted in increased
melanin content and tyrosinase activity per epidermal area
unit in WT but not in AhR-deficient mice. Moreover, AhR
absence impaired UVB-induced increase in melanocyte
density in the epidermis.

How could AhR activation induce or support skin
pigmentation? As a transcription factor, AhR could induce
directly any of the genes involved in melanogenesis, either in
keratinocytes or in melanocytes. The results of this study
indicate that this is probably not the case. First, conditional
deficiency of AhR in keratinocytes was permissive for
tanning, excluding the possibility that keratinocyte-derived
promelanogenic factors are targets of activated AhR. Second,
although we observed a lower tyrosinase activity in the skin
of UVB-irradiated AhRÿ/ÿ mice compared with WT mice, the
melanin production per cell did not differ between the two
genotypes. Several genes involved in melanogenesis have
dioxin-responsive elements in their promoters. Of the three
key enzymes driving melanin synthesis (tyr, tyrp-1, and
tyrp2), only tyrp1 has putative DREs. However, this was not
functional in a luciferase reporter assay (data not shown).

Taken together, we conclude that induction of de novo
melanin synthesis by activated AhR does not contribute to
UVB-induced tanning in mice.

AhR deficiency impaired the UVB-mediated increase in
melanocyte density in the skin. Microarray analysis revealed
that absence of AhR changed the expression of genes in
melanocytes, including several genes involved in melanocyte

proliferation and differentiation, such as kitl. The latter
displayed a particularly strong dependence on AhR. We
found that cultured AhRÿ/ÿ melanocytes expressed lower
levels of SCF and that the number of c-kit-positive cells in the
epidermis was lower in AhRÿ/ÿ than in WT mice. The murine
c-kit gene has two high-quality DREs in its promoter, and the
c-kit promoter including these DREs could drive luciferase
expression on TCDD treatment in a reporter assay. The
signaling of SCF (or kit-ligand) and its receptor c-kit has an
important role in melanocyte differentiation, proliferation,
and melanogenesis. c-kit encodes a membrane receptor with
tyrosine kinase activity. The injection of a c-kit-inhibitory
antibody abolished UVB-induced pigmentation (Hachiya
et al., 2001). This finding was confirmed and extended by
Kawaguchi et al. (2001), who showed that blocking of c-kit
impaired UV-induced differentiation of melanocyte precur-
sors to mature melanocytes. It is well known that the AhR can
promote or inhibit cell differentiation, for example, of
thymocytes, dendritic cells, or T-cell subsets (Kremer et al.,
1994; Kawaguchi et al., 2001; Veldhoen et al., 2008; Jux
et al., 2009; Platzer et al., 2009).

In aggregate, our data suggest that AhR signaling is
involved in the homeostasis and/or differentiation of mela-
nocytes and melanocyte precursors, possibly by controlling
SCF expression.

The clinical relevance of these results may be 3-fold. First,
modulation of AhR signaling in melanocytes may constitute a
previously unrecognized mechanism to induce or prevent
skin pigmentation in normal, healthy skin. Second, AhR
signaling may be involved in the pathogenesis of vitiligo,
because hypopigmentation in this disease is partly due to the
reduction of melanocyte numbers in lesional skin. It was

Table 1. Selected differentially expressed genes in WT versus AhRÿ/ÿ melanocytes1

Probe set ID4
n-Fold

induction Gene name
Gene
symbol Gene product function2

(WT4AhRÿ/ÿ)

1418203_at 11.0 Phorbol-12-myristate-13-acetate-induced Pmaip1 Response to UV

1448710_at 7.3 Chemokine (C–X–C motif) receptor 4 Cxcr4 Migration of melanocyte progenitors

1415855_at 6.0 Kit ligand (stem cell factor; steel factor) Kitl3 Neural crest migration: differentiation and proliferation
of melanocytes

1451924_at 3.6 Endothelin 1 Edn13 Neural crest cell development: proliferation of melanocytes

1428645_at 3.4 Guanine nucleotide binding protein Gnai3 Melanosome biogenesis

1417574_at 2.7 Chemokine (C–X–C motif) ligand 12 Cxcl12 Ligand of Cxcr4

AhRÿ/ÿ4WT

1448261_at 12.3 Cadherin 1 (E-cadherin) Cdh13 Melanocyte positioning in the skin

1437430_at 4.5 Solute carrier family 45, member 2 Slc45a2 Pigmentation

1449031_at 3.5 Shisa homolog 2 (Xenopus laevis) Shisa2 Antagonistic to Wnt and Fgf signaling

Abbreviations: AhR, aryl hydrocarbon receptor; WT, wild-type.
1Melanocytes were cultivated from tail skin epidermis and harvested. Purity was determined optically (498%), and by presence of melanocyte specific
genes and absence of keratinocytes or fibroblast specific genes. RNA was hybridized to Affymetrix MOE430A 2.0 arrays, representing 22,600 genes.
2Gene function as given by gene ontology analysis and in literature.
3Verified by reverse transcriptase PCR.
4Affymetrix nomenclature (www.affymetrix.com).
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shown by Nishimura et al. (2002) that hair follicle melano-
cytes can repopulate depigmented epidermis in transgenic
mice constitutively expressing SCF. It is therefore tempting
to speculate that topical application of AhR agonists such
as FICZ may be effective in inducing skin pigmentation
in these patients. Corresponding clinical studies have just
been initiated.

Third, the possible role of AhR in melanocyte proliferation
may indicate its involvement in the pathogenesis of
malignant melanoma. AhR expression in human melanoma
cells has been reported and connected to AhR-dependent
regulation of genes involved in melanoma progression
(Villano et al., 2006). Studies using malassezin suggested

AhR-mediated melanoma cell death (Kramer et al., 2005).
In summary, our results provide evidence of AhR as a critical
mediator of skin tanning. As a sensor of environmental
factors, the AhR may represent a previously unrecognized
target for the regulation of skin pigmentation.

MATERIALS AND METHODS
Mice
AhRÿ/ÿ (Schmidt et al., 1996) and AhRflox/flox mice (Walisser et al.,

2005) were purchased from Charles River Laboratories (Sulzfeld,

Germany). Keratinocyte-specific AhR-knockout mice (K5Creþ ) were

generated by breeding mice expressing Cre-recombinase under the

control of the K5 promoter (Tarutani et al., 1997) with AhRflox/flox

mice. Keratinocytes were purified from the epidermis of the resulting

K5Creþ mice by depletion of MHC-II, CD117þ , and CD3þ cells,

and keratinocyte-specific AhR deletion was verified as described

(Walisser et al., 2005). Primers are given in Supplementary Data S3

online. Keratinocyte-negative ECs expressed AhR, as did the thymus,

liver (see Figure 3a), kidney, lung, and heart (data not shown). All

mice were kept under specific pathogen-free conditions. Mice were

killed by CO2 asphyxiation. All experiments were conducted in

accordance with relevant German animal welfare laws and with

approval of our institute.

Primary melanocyte culture
EC suspensions were prepared from tail skin of C57BL/6 and AhRÿ/ÿ

mice as described previously (Jux et al., 2009). ECs were seeded at

1.5� 106 cells per ml in six-well plates in serum-free melanocyte

growth medium (Promocell, Heidelberg, Germany). NMMs were

grown for 6–8 weeks, and passaged when confluent. All cells

contained visible amounts of melanin at the end of the culture. Cells

were treated with either 10 nM 2,3,7,8-TCDD (Promochem, Wesel,

Germany) or FICZ for different time points.

UV irradiation
Mice were either irradiated once at 180mJ cm–2 UVB and analyzed

after 2 weeks, or irradiated at 100mJ cm–2 five times per week for

4 weeks (Kawaguchi et al., 2001; D’Orazio et al., 2006). The

irradiation source was a bank of four Philips UVB TL 20W/12/12Rs

lamps (Eindhoven, the Netherlands), which emit UV within the

range of 290–340 nm with an emission peak at 313 nm. The energy

between 310 and 315nm at a target distance of 33 cm was

0.47mWcm–2 in the middle of the bank.

Melanin production
Melanocyte numbers and capacity to produce melanin were

detected in epidermal sheets by the presence of DOPA-positive

cells, and by measuring melanin content. DOPA stainings were

carried out according to Kawaguchi et al. (2001), with slight

modifications. Epidermal sheets were incubated in 0.1% DOPA in

phosphate-buffered saline for 4 hours at 37 1C. Sheets were fixed in

10% formaldehyde/phosphate-buffered saline overnight, mounted

on glass slides, and embedded in Kaiser’s glycerine gelatine (Merck,

Darmstadt, Germany). DOPA-positive cells were counted in a light

microscope at � 250 magnification by two persons in a blinded

manner. For each skin sample, 22 visual fields were counted.

The melanin content of individual ears was detected

photometrically. Ears were excised and placed in lysis buffer

S WT

WT

AhR–/–

AhR–/–

sSCF
mSCF

RPS6

M1

P < 0.0001
20

10

0

%
 c

-k
it

+
 c

e
lls

c-kit expression

500
400
300

200

19

C
o
u
n
ts

0

P =0.0273

1,500,000

1,000,000

0

500,000

L
u

m
in

e
s
c
e

n
c
e

c-kitEmpty vectorcyp1a1

100 101 102 103 104

300

Figure 5. Expression of stem cell factor (SCF) and c-kit in wild-type (WT)

versus aryl hydrocarbon receptor (AhR)ÿ/ÿ melanocytes. (a) Primary

melanocytes were cultured, harvested, and RNA-prepared for PCR of SCF and

housekeeping gene Rps6; for SCF primers, see reference (Kawaguchi et al.,

2001). The primers yield two products, soluble (sSCF) and membrane-bound

SCF (mSCF). S: size marker. (b) Epidermal cells were prepared from WT and

AhRÿ/ÿ mice. Shown is a histogram of CD117 (c-kit) surface expression of

cells negative for MHC-II, CD24, CD3, and CD16/32 to exclude Langerhans

cells, keratinocytes, and T cells (left graph), and a bar diagram summarizing

the results of six independent flow cytometry experiments (right graph). (c)

Luciferase assay of c-kit promoter (two putative dioxin-responsive elements

(DREs)) cloned into pGL3basic. Shown is the luminescence of HepG2 cells
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(100mM Tris-HCl, pH 8.5, 5mM EDTA, 0.2% SDS, 200mM NaCl)

with 75 mgml–1 proteinase K (Qiagen, Hilden, Germany). After lysis

overnight, the solution was filtered through nylon gauze to remove

hair and coarse debris. The solution was centrifuged for 10 minutes

at 14,000� g. The pellet was dissolved in 2M NaOH in 20% DMSO

at 70 1C, with vigorous shaking for 2 hours. Melanin was measured

at 405 nm.

For photographs of tanned skin, tail epidermal sheets were

prepared, fixed in 4% paraformaldehyde, and mounted on glass

slides. Images were taken using a digital Canon EOS 5D (Tokyo,

Japan), at f/4.0, in daylight.

Tyrosinase enzyme activity assays
Normal melanocytes or ECs were washed with ice-cold phosphate-

buffered saline and lysed by incubating at 4 1C for 20 minutes in lysis

buffer (10mM Tris-HCl, pH 7.5, 1% Nonidet P-40, 0.1% sodium

deoxycholate, 0.1% SDS, 150mM NaCl, 1mM EDTA) prepared with

Complete Protease Inhibitor (Roche, Mannheim, Germany). Lysates

were centrifuged at 14,000� g for 15 minutes. Phosphate-buffered

saline (120ml) and 40 ml L-DOPA, resulting in 2mgml–1, were added

to 40ml of supernatant. The mixture was incubated at 37 1C, and

dopachrome formation was monitored by measuring absorbance

at wavelength 492 nm every other minute until the reaction was

exhausted. Tyrosinase activity was normalized to total protein

content, and measured with the BCA protein assay (Pierce

Biotechnology, Rockford, IL).

Flow cytometry
Single-cell suspension from epidermal sheets was cultivated for

24 hours to allow reexpression of c-kit after trypsinization, and

stained with CD117, MHC-II, CD16/32, CD3, and CD24, and

analyzed on a FACScalibur with CellQuest Software (BD Bioscience,

Heidelberg, Germany).

Western blotting
Western blotting was carried out with standard procedures, using

Biomol (Hamburg, Germany) polyclonal rabbit antimouse AhR

antibody directed against amino acids 1–402 of AhR (catalog number

SA-210). The blots were reprobed with an anti-GAPDH antibody

(clone 6C5, Acris, Herford, Germany) for loading control.

Real-time PCR
Total RNA from cultivated primary NMM, prepared with Trizol

(Invitrogen, Darmstadt, Germany), was reverse transcribed and real-

time PCR was performed on a Rotor-Gene RG 3000 (LTF

Labortechnik, Wasserburg, Germany) with a SensiMixPlus SYBR

PCR Kit (Quantace, Berlin, Germany). Crossing points (Cp) in the

linear range of the fluorescent signal were determined with Corbett

analysis software version 6.1 (Qiagen, Hilden, Germany). The x-fold

induction relative to the housekeeping gene Rps6 was calculated

with the DDCp method. For ARNT and AhR, normal PCR was

performed, and bands were made visible with ethidium bromide

staining. Sequences of PCR primers were as given in Supplementary

Data S3 online.

Microarray
Total RNA was isolated with Trizol (Invitrogen) according to the

manufacturer’s instructions. For microarray analysis, mRNA was

amplified before chip hybridization using the MessageAmp Kit of

Ambion (Austin, TX). RNA was biotinylated (Enzo Bio ArrayHighYield

RNA transcript labeling kit (Affymetrix, High Wycombe, UK)) and

purified. RNA was hybridized to MOE430A 2.0 gene chips

(Affymetrix). The resulting *.chp files were analyzed with the

bioconductor affy package using the RMA (robust microarray analysis)

algorithm. Two independent experiments were conducted. The GEO

accession number is GSE19411.

Luciferase assay
Promoter fragments (Supplementary Data S2 online) containing

DREs from tyrp-1, c-kit, and cyp1a1 were cloned into pGL3 basic

vector (Promega, Madison, WI) and transiently transfected into

HepG2 cells. As positive control, we used the promotor region of

cyp1a1 containing five valid DREs. Transfected cells were treated

with 10 nM TCDD or DMSO as solvent control for 24 hours.

Luciferase activities of reporter plasmids were determined using the

firefly-luciferase assay system in a Multi-Bioluminat LB 9505C

(Berthold Technologies, Bad Wild-bad, Germany).

Statistics
Data were analyzed by Student’s t-test with GraphPad Prism

software (La Jolla, CA). Means±SEM were calculated.
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The toxic environmental pollutant 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD) is a potent immunomodulatory chemical. TCDD

activates the aryl hydrocarbon receptor (AhR) and suppresses

peripheral humoral and cellular adaptive immune responses.

Though the major route of uptake is via food, little is known until

now on the immunotoxic effects of TCDD on the gut-associated

lymphoid tissue. We show here that AhR is strongly expressed

along the small intestine, especially in intestinal epithelial cells

(IEC). The AhR marker gene cyp1a1 is induced in IEC by oral

TCDD exposure. We asked how TCDD affects oral tolerance,

a unique function of mucosal immunity. C57BL/6 mice were

injected with 10 mg/kg body weight TCDD and fed with

ovalbumin (OVA) in a high-dose tolerization protocol. Mice were

immunized and boosted with OVA on days 12, 23, and 55 after

tolerization. Five of 14, 6 of 15, and 13 of 14 TCDD-treated mice

generated OVA-specific immunoglobulin (Ig)G1 antibodies after

the first, second, and third immunization with OVA, respectively.

Only one mouse harbored anti-OVA IgG1 antibodies in the control

group even after the third immunization with OVA. OVA-specific

IgA in fecal samples of tolerized and TCDD-exposed mice could

be detected at the levels of nontolerized mice, whereas completely

absent in tolerant control mice. Correlated to this, we found in

TCDD-treated mice an increase in interleukin-6 producing

CD1031 dendritic cells (DC) present in the gut-draining

mesenteric lymph nodes (MLN) and a small increase in the

frequency of Th17 cells. Neither the frequencies nor the absolute

numbers of immune cells in the lamina propria (LP) or in

intraepithelial lymphocytes were changed by TCDD treatment.

Our data not only have implications for food allergies in settings

of environmental exposure but also raise concerns regarding the

harmlessness of overdosing potential AhR agonist in food, which

needs to be studied further.

Key Words: mucosal immunity; Th17; aryl hydrocarbon

receptor; tolerance; dendritic cells.

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and other poly-

halogenated hydrocarbons, including biphenyls and furans, are

environmental pollutants with far-reaching toxic potential in

humans and animals. They mediate toxicity via binding to and

activating the aryl hydrocarbon receptor (AhR), a transcription

factor and chemical sensor present in many (but not all) cell

types. Classically, it mediates gene transcription in complex with

aryl hydrocarbon receptor nuclear translocator (ARNT), another

per-arnt-sim basic helix-loop-helix protein, and targets promoter

elements called ‘‘dioxin-responsive element’’ (Beischlag et al.,

2008). Recently, alternative signaling of AhR via association

with RelA or RelB was described, resulting in transcription of

nuclear factor jB-responsive genes (Tian, 2009).

Immunotoxicological studies in mice exposed to TCDD

showed drastic changes in thymocyte lineage decisions and

impaired functions of many immune cells, including changes in

cytokine profiles (Kerkvliet, 2009; Lai et al., 1997; Laiosa et al.,

2003). The correlated systemic effects are strong immunosup-

pression of the humoral, cellular, and innate immune responses

(Kerkvliet, 2002, 2009; Majora et al., 2005; Schecter et al.,

2006). A definite role for AhR in immunity emerged from

studies on Th17 cells and dendritic cells (DC) (reviewed in

Esser et al., 2009), two cell types with high expression of AhR

(Jux et al., 2009; Platzer et al., 2009; Veldhoen et al., 2008).

In humans, approximately 90% of environmental exposure to

TCDD is via food (Schecter et al., 2006; van Leeuwen et al.,

2000). Moreover, abundant constituents of food, such as plant

flavonoids and indoles, or bacterial tryptophan products are

agonists of the AhR and may activate this pathway in the gut

(Nguyen and Bradfield, 2008). The gut is a highly active immune

site in its own right, with about one third of all T cells of the body

found intraepithelially and in the gut-associated lymphoid tissue

(GALT), i.e., lamina propria (LP), Peyer’s patches (PP), and

mesenteric lymph nodes (MLN). GALT differs from the

peripheral immune system because it has to balance responsive-

ness between pathogenic and harmless antigens, including food

constituents and the symbiotic gut flora. The gut is lined with

a single layer of epithelia cells, connected by tight junctions, and

interspersed with goblet and paneth cells, which provide mucus

and antimicrobial peptides, respectively (Artis, 2008). Inter-

spersed in the epithelium are intraepithelial lymphocytes (IEL),

mostly CD8þ cells and, in particular, CD8aaþ T cell receptor
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(TCR)cdþ T cells. The latter appear to strengthen the epithelial

barrier function, e.g., by providing the lymphokine keratinocyte

growth factor (Chen et al., 2002). Immune cells in the LP include

CD4þ T cells, plasma cells, DC,macrophages, natural killer cells,

and mast cells.

It has been known for decades that feeding protein antigens

prevents a subsequent immune response against this antigen,

a phenomenon called ‘‘oral tolerance.’’ The dose of antigen

might be decisive regarding underlying mechanism. Although

it is a matter of continuing debate, current evidence suggests

that low doses preferentially induce regulatory T cells and

immunosuppressive cytokines interleukin (IL)-4, IL-10, and

transforming growth factor b (TGFb), whereas high antigen

doses lead to anergy, deletion, or increased susceptibility to

apoptosis of antigen-specific T cells. The two forms are most

likely not mutually exclusive (Faria and Weiner, 2005;

Friedman and Weiner, 1994). Oral tolerance is maintained by

specialized CD103þ DCs, which sample the gut lumen,

migrate to the MLNs, and present antigen (Jaensson et al.,

2008; Worbs et al., 2006). Although the role and effects of

AhR and TCDD on the function of peripheral DCs and

differentiation of T cells have received considerable interest

(Esser et al., 2009), surprisingly little is known on the effects of

TCDD on cells of GALT, with only one study indicating an

influence on oral tolerance (Kinoshita et al., 2006). These

authors reported that a single oral administration of low-dose

TCDD led to systemic sensitization to oral antigens and

decreased immunoglobulin (Ig)A secretion in the gut by

impairing B-cell function. We here extend these studies and

asked whether and how TCDD exposure affects the homeo-

stasis of gut immune cells and induction and maintenance of

oral tolerance against the harmless food antigen ovalbumin

(OVA) in a high-dose oral tolerance model.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice aged 8–10 weeks at the onset of experiments

were from Janvier (Le Genest-Saint-Isle, France) and bred under specific

pathogen-free conditions, receiving standard chow and water ad libitum. The

experiments have been approved by and done in accordance with relevant

German animal welfare laws.

Chemicals and reagents. TCDD (Cambridge Isotope Laboratories; dis-

solved in dimethylsulfoxid [DMSO])was diluted in olive oil and applied bygavage

at 10 lg/kg body weight (b.w.). Control mice received DMSO/olive oil only.

Feeding and immunization regimen. Mice were fed by gavage on days

0 and 2 and five times with 20 mg OVA (Sigma-Aldrich, Munich, Germany) in

100 ll PBS. This represents a ‘‘high-dose’’ oral tolerization scheme (Friedman

and Weiner, 1994). Preliminary tests indicated that this protocol led to complete

failure to produce peripheral anti-OVA–specific IgG1 antibodies after

immunization. Lower repetitive doses or a single dose of 50 mg OVA per

mouse led to incomplete suppression of antibody response in our hands, as also

reported in the literature (Mowat et al., 1982). Feeding was started 3 days after

TCDD treatment, i.e., at a time point when TCDD is fully absorbed and

distributed throughout the body. Mice were immunized with 10 lg OVA in 100

ll PBS/CFA emulsion (first immunization) or PBS/IFA emulsion (booster

immunizations) on days 12, 23, and 55. To trigger OVA-specific antibody

secretion into the gut, mice were fed three times 1 mg OVA in 100 ll PBS by

gavage on days 38, 41, and 43.

Sample preparation. Serum was prepared from coagulated blood and

frozen at ÿ20°C until further use. For fecal samples, two to five fecal pellets

per mouse were collected and dried at 4°C for weighing (Vetvik et al., 1998).

A total of 100 mg of fecal matter was dissolved in 1 ml PBS/0.01% NaN3

by shaking at room temperature (RT) for 3 h. Particulate matter was removed

by centrifugation and samples stored at ÿ20°C.

Enzyme-linked immunosorbent assay. Total and OVA-specific antibody

concentrations were measured by ELISA. For detection of OVA-specific

antibodies, ELISA plates were coated with 100 lg OVA/ml and blocked.

Serum or fecal samples were diluted (1:10.000–1:80.000 or 1:8, respectively) in

PBS/1% fetal calf serum and added to the wells. The plate was developed with

biotinylated anti-IgG1 or IgA antibodies (SBA, Birmingham, AL). The amount

of OVA-specific antibodies is given relative to our own standard sera and fecal

samples acquired from immunized mice.

Total antibody concentration was determined using isotype-specific anti-

bodies for coating. All antibodies were from Sigma (anti-IgA coating) or SBA.

IgA and IgG1 standards (hybridomas 233.1.3 and N1 G9) were a kind gift of C.

Uthoff-Hachenberg (University of Cologne).

RT-PCR. RNA and complementary DNA preparation was according to

standard procedures. For RNA from complete intestine, about 1-cm2 pieces were

put on a shaker for 3 h at 37°C inTRIzol (Invitrogen) before chloroform extraction.

RT-PCR was performed as previously published (Frericks et al., 2007).

Single cell preparations of IEL and LP cells. The small intestine was

carefully removed and stripped of mesenterial tissue. The inside was flushed

with PBS, PPs were removed with a scalpel, and the intestine was opened

lengthwise. Segments (approximately 1 cm in length) were placed in 5mM

EDTA in PBS (pH7.2) and shaken vigorously in a water bath at 37°C for 40

min to release the intestinal epithelial cells (IEC) and IELs into the solution.

IELs were purified further on a 75%/40%/25% Percoll (Biochrom) gradient. LP

cells were obtained by digesting the remaining solid gut pieces with 100 U/ml

collagenase VII from Clostridium histolyticum (Sigma) for 1.5 h at 37°C under

constant stirring at 200 rpm (Westendorf et al., 2009).

Flow cytometry. Single cell suspensions were incubated with Fc-block

(anti-CD16/32) before staining with the indicated antibodies (10 min, 4°C).

Antibodies used were anti-CD16/32 (Fc-Block, clone 2.4G2), anti-CD4APC

(clone RM4-5), anti-CD8aPerCP (clone 53-6.7), anti-CD8bPE (clone H35-

17.2), anti-CD19FITC or APC (clone 1D3), anti-TCRcdFITC (clone GL3), and

anti-CD69PE (clone H1.2F3), all from BD Pharmingen (Heidelberg,

Germany). Anti-CD11cFITC (clone N418), anti-MHCIIAPC (clone M5/

114.15.2), and anti-CD103PE (clone 2E7) antibodies for surface staining

were from eBioscience (Frankfurt, Germany). The FoxP3FITC staining kit

(antibody clone FJK-16s) from eBioscience was used for staining regulatory

T cells. A total of 5 3 106 cells/ml from MLNs or PPs were stimulated

in vitro with phorbol myristate acetate (5 ng/ml) and ionomycin (250 ng/ml).

BrefeldinA (1 ll/ml; Golgi Plug, BD Pharmingen) was added 5 h prior to

staining to inhibit cytokine secretion. After surface staining, cells were fixed

in 2% paraformaldehyde in PBS for 20 min at RT and permeabilizied with

0.5% saponin. Cells were then incubated for 20 min at RT with the indicated

intracellular antibodies in PBS/0.5% saponin and analyzed as above (Janke

et al., 2010). Anti-IL-6PE, IL-17 PE, interferon-(IFN)cAPC, and IL-10PE

antibodies were from BD Pharmingen. At least 50,000 cells were collected in

list mode on a fluorescence activated cell sorter (FACS)Calibur and analyzed

with FlowJo software.

Cell sorting. Mesenteric DC were enriched using CD11c magnetic beads

(Miltenyi, Bergisch Gladbach, Germany) and CD11cþ MHCIIþ CD103þ

triple-positive cells were sorted on a FACS to purity greater 95%. CD4þ and

CD8þ T cells were sorted with the magnetic cell sorter (MACS) (Miltenyi) to

purity greater 80%. IECs were identified based on their scatter prior to Percoll

centrifugation and obtained more than 95% pure.
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Statistics. Data were analyzed with GraphPad Prism software. Results are

expressed as mean value ± SD (unless indicated otherwise). p values < 0.05 as

determined with Student’s t-test or ANOVA were considered significant.

RESULTS

GALT and Gut Epithelial Cells Express Functional AhR

AhR is expressed abundantly in some organs, such as liver

and lung, but absent in, e.g., testis and muscle (Frericks et al.,

2007). With respect to the immune system, analysis of sorted

subsets has revealed differential and specific AhR expression in

only some immune cell subsets, in particular differentiated

Th17 cells and CCR6þ cd T cells, Langerhans cells, and other

DC subsets (Jux et al., 2009; Martin et al., 2009; Veldhoen

et al., 2008). We tested AhR expression in gut cells by

semiquantitative PCR. AhR transcripts were detectable in the

duodenal, jejunal, and ileal gut segments (Fig. 1a). MLNs

expressed AhR at levels similar to those of the thymus (an

organ with known AhR abundance). In PPs, AhR transcripts

were barely detectable (Fig. 1b). IECs and CD8aaþ TCRcdþ

IEL, a specialized T-cell type probably responsible for

epithelial integrity and immune surveillance (Hayday and

Spencer, 2009), also expressed AhR strongly (Fig. 1c). In

contrast, CD103þDC in MLN expressed far less AhR.

To test for functionality of the AhR in gut tissue, we treated

C57BL/6 mice with 10 lg/kg b.w. TCDD, a moderate dose

(Kerkvliet and Brauner, 1990), and analyzed induction of

cyp1a1, considered to be a biomarker of AhR activation. As

shown in Figure 2a, basal as well as inducible cyp1a1

expression decreased in the jejunum and ileum compared with

the more proximal intestine sections. Expression of another

target gene and thus marker for AhR activity, AhR repressor

(ahrr), increased from low levels several fold by TCDD.

FIG. 1. Messenger RNA levels of AhR in gut, gut-associated immune

cells, and liver. Expression levels of AhR were determined by real-time PCR in

relation to housekeeping gene Rps6. (a) Total duodenal, jejunal, and ileal

sections. (b) PPs and MLNs compared with liver and thymus (organs of high-

AhR expression). (c) IEC, CD8aaþ TCRcdþ (TCRcd), and CD103þDC

(CD103DC) were FACS sorted to purity of more than 95% from IEL or MLN.

CD4 and CD8 T cells were sorted via MACS from MLN to purity greater 80%.

Graphs show that data are from n ¼ 3–6 mice and assayed in two independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

FIG. 2. Induction of the AhR target genes cyp1a1 and ahrr in IECs,

GALT, and immune cell subsets of TCDD-treated mice. C57BL/6 mice were

fed with 10 lg/kg b.w. TCDD in olive oil. Three days later, gut was removed

and cyp1a1 (a) and ahrr (b) messenger RNA measured by real-time PCR.

White bars represent tissue or cells form mice fed with solvent only. Gray bars

represent tissue or cells from mice fed with TCDD. For comparison with

strongly AhR-expressing tissues, data of liver and thymus are included. Data

shown are the expression ratio compared with the housekeeping gene rps6;

(n ¼ 3–6). *p < 0.05, **p < 0.01, ***p < 0.001.
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A spatial expression gradient could not be observed (data not

shown). Taken together, AhR is functionally expressed in the

gut, with cyp1a1 gene induction by TCDD found decreasing in

a gradient from proximal to distal in the small intestine.

AhRR is known to repress AhR activity. We found that

cyp1a1 induction in the different GALT tissues and cell types

was inversely related to ahrr expression (cf. Figs. 2a and 2b).

Thus, in MLN and PP (low in ahrr expression), cyp1a1

transcripts increased strongly by TCDD. Similarly, cyp1a1

RNA increased 100-fold in IEC in which ahrr transcripts were

almost absent. In contrast, CD103þDC expressed AhRR at

considerably levels, and cyp1a1 was barely induced by TCDD.

Note that TCDD exposure of mice led to an even higher

expression of ahrr in CD103þDC.

TCDD and Oral Tolerance

Oral tolerance is defined as unresponsiveness of the immune

system against foreign antigens, which are taken up through the

gut after feeding or eating them. We fed C57/BL6 mice with

10 lg/kg b.w. TCDD in olive oil 3 days before starting a

standard tolerization protocol of feeding OVA, followed by

parenteral immunization against OVA. Serum samples were

taken at the indicated time points and analyzed for total and

OVA-specific IgG1. To detect OVA-specific IgA in fecal

samples, mice were fed again with OVA after the end of the

immunization scheme.

Figure 3 shows the scheme of immunizations and serum/

fecal sampling, which allows looking at the influence of TCDD

on the IgG1 immune response against OVA in immunized

versus tolerized animals. First, TCDD treatment suppressed the

humoral immune response after ip immunization with OVA.

However, TCDD suppression was abrogated by a second

immunization and IgG1 titers reached levels of control animals

(PBS treatment) (Fig. 4, white bars). In summary, TCDD alone

induced immunosuppression in the nontolerized mice, and the

effect was abrogated after the second immunization.

Second, regarding tolerance, TCDD treatment prior to

tolerization was permissive for IgG1 production at levels

similar to those of nontolerized mice, albeit only after two

booster immunization (Fig. 4, dotted gray bars). The kinetics of

OVA-specific IgG1 titer paralleled the total IgG1 titer (cf.

Figs. 4 and 5a).

The results of sera taken after the third immunization are

shown in Figure 5b. The control groups behaved as expected:

anti-OVA IgG1 titers in the nontolerized group increased with

each booster immunization, whereas OVA-specific IgG1 was

always below the detection limit in the tolerized mice. In

contrast, TCDD-treated/OVA-tolerized mice produced signif-

icant amounts of OVA-specific IgG1 antibodies, albeit levels

remained below those of the TCDD- or PBS-treated control

mice. With each booster injection, more mice in the TCDD-

treated group displayed break of tolerance (Table 1). Five of 14

animals had high OVA-specific IgG1 in the serum after the

first, and six after the second immunization, whereas after the

third immunization, 13 of 14 TCDD-treated mice produced

anti-OVA–specific antibodies (Table 1). In contrast, in

the absence of TCDD, only 1 of 13 mice produced

anti-OVA–specific antibodies after three OVA challenges.

Thus, TCDD exposure prevented the stable establishment of

oral tolerance.

IgA Secretion into the Gut Lumen by TCDD Treatment

Oral tolerance also prevents production of antigen-specific

IgA into the gut lumen (Kato et al., 2001). We therefore

measured OVA-specific IgA in fecal samples of tolerized and

TCDD-exposed mice (see scheme given in Fig. 3). In OVA-

tolerized mice, OVA-specific IgA was not detectable in the

fecal samples. In contrast, after TCDD treatment and toleriza-

tion, OVA-specific IgA antibodies were detected at the levels

of nontolerized mice (Fig. 6, white bars), affirming that TCDD

breaks tolerance not only regarding peripheral antibody

production but also gut antibodies.

Immune Cell Distribution Is Only Altered in MLN by TCDD

To exclude selective toxicity of 10 lg TCDD/kg b.w. on IEL

and LP lymphocytes, we tested composition of immune cell

TCDD

10µg/kg

p.o.

days 0,2,5

3x20mg

p.o.

10µg OVA

in CFA

i.p.

10µg OVA

in IFA

i.p.
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in IFA

i.p.

3x1mg

p.o.

12 23 55-3
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T
o
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r
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a
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22 26 44 58

38,31,43

FIG. 3. Time scheme of TCDD feeding (flash arrow), tolerization (dashed

arrows), and immunizations (black arrows). Numbers refer to the respective

days after first feeding of OVA (¼ day 1). Diamonds denote time points of

serum (?) and fecal sampling (?).

FIG. 4. Serum concentrations of IgG1 in micrograms per milliliter serum.

Samples were taken 10 days after the first immunization and 3 days after each

booster injection and measured via ELISA (n > 12, two independent

experiments). Results are shown as mean ± SD. Significant differences were

calculated using ANOVA. *p < 0.05, **p < 0.01, ***p <0.001.
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subsets 10 days after exposure. IEL yield was approximately

1.5 3 106 cells per small intestine in both TCDD-treated and

control animals. Moreover, the immune cell subset frequencies

did not differ between TCDD-exposed and control mice (~44%

CD8aaTCRcd, 20% CD8aaTCRab, 29% CD8abTCRab, 2%

CD8abTCRcd, and 4% CD4). Similarly, neither the absolute

number of cells nor frequencies of CD4þ, CD8þ, CD19þ, and

CD103þMHCIIþCD11cþ, subsets in PP or LP cells were

affected by 10 lg/kg b.w. TCDD exposure. The data are

summarized in Tables 2 and 3. Thus, break of tolerance by

TCDD, as described above, is not because of toxic elimination

of any or all effector subsets of immune cells in GALT.

Antigen-sampling CD103þDC, which migrate to MLN, is

critical for induction of regulatory T cells against gut antigens

(Jaensson et al., 2008). TCDD might affect DC frequencies in

the MLN or their tolerogenic capacities. We determined the

frequencies of DC in MLN 3, 10, and 14 days after feeding

TCDD. Confirming literature results (Coombes et al., 2007),

we found about 2–3% MHCIIþCD11cþDC in MLN, of which

40% were CD103þ. At all time points after feeding TCDD, the

percentage of total DC in MLN was unchanged. However, on

days 10 and 14 after TCDD exposure, CD103þDC frequency

was significantly increased from 47.9% to 61.2% ± 6.2% (see

Table 2). Unfortunately, whether this correlates to significant

changes in absolute number could not be determined because

of the small numbers and biological variation between mice.

TCDD Affects the Regulatory T-cell/Th17 Balance in MLN

The balance between regulatory T cells (Treg) and

proinflammatory T-cell subsets, in particular Th17 cells, can

shift and is relevant in tolerance as well as in inflammatory

disease (Duarte et al., 2010; Izcue et al., 2009; Kroetz

and Deepe, 2010). We determined the frequencies of CD4þ

T-cell subsets in MLN of TCDD-treated and control mice, 3

days after tolerization. We detected a shift in the balance of

Treg (FoxP3þ) versus Th17 (IL-17þ) cells in MLN, as Th17

cells doubled (Fig. 7a). No changes were detected in

a b

FIG. 5. Amount of OVA-specific IgG1 is given as relative units compared with a standard serum measured in ELISA. (a) Samples were taken 10 days after the

first immunization and 3 days after each booster injection. TCDD-induced immunosuppression was abrogated after the second immunization (TCDD). Tolerant

mice (Tol-PBS) do not mount an immune response, whereas pretreatment with TCDD (Tol-TCDD) led to significant OVA-specific IgG1 production. Results are

shown as mean ± SEM. (b) OVA-specific IgG1 3 days after the third immunization. Results derived of two independent experiments and presented as mean ± SD;

n > 12 per group of mice. Significant differences were calculated using ANOVA (***p < 0.001).

TABLE 1

Number of Mice Producing Anti-OVA–Specific IgG1 Antibodies

above Background after Oral Tolerization Against OVA and up

to Three Immunizations with OVA

Treatment

before

oral tolerizationa
First

immunizationb
Second

immunizationb
Third

immunizationb

Solvent (N ¼ 16) 0/13 0/13 1/13

TCDD (N ¼ 14) 5/14 6/14 13/14

aFor treatment scheme, see Material and Methods section and Figure 3.
bBlood was taken for ELISA measurements 10 days after first immuniziation

or 3 days after the second and third booster immunizations.

FIG. 6. OVA-specific IgA concentration was measured in fecal samples

via ELISA (n > 12, two independent experiments) and is given as relative units

compared with a standard sample. Samples were collected 1 day after oral

challenge with OVA on days 38, 41, and 43 (see Fig. 3), dried, and dissolved in

PBS/NaN3 at a concentration of 100 mg/ml. Significant differences were

calculated using ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
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frequencies of IL-10 or IFNc-positive cells of MLN or PP.

Note that in PP, Th17 cell frequencies remained unchanged

by TCDD treatment. Our data fit with recent reports that

AhR is important for Th17 differentiation (Veldhoen et al.,

2008) and of Treg/Th17 ratio shifts in, e.g., models of oral

tolerance protection against collagen-induced arthritis

(Duarte et al., 2010). The frequency of Th17 cells is low

compared with Treg cells. DC produces IL-6, a known target of

the AhR in the presence of lipopolysaccharide (Bankoti et al.,

2010). IL-6 instructs T-cell differentiation (Kimura and

Kishimoto, 2010; Stockinger et al., 2007). Therefore, we

analyzed IL-6 expression in MLN DC. As shown in Figures 7d

and 7e, TCDD-exposed tolerized mice had a significantly

higher frequency of IL-6 producing CD11cþMHCIIþ DC in

their MLN, whereas no differences were detected in PP cells

(Fig. 7f).

DISCUSSION

It has been known for decades that the environmental

pollutant TCDD suppresses the peripheral immune system via

AhR activation. We show here that AhR expression is high in

the gut and that TCDD affects immunity of the gut as well.

A single injection of a moderate dose of TCDD led to loss

of orally induced tolerance on subsequent systemic antigen

challenges. The precise mechanisms of oral tolerance are

controversial but might depend on antigen dose (high dose vs.

low dose of antigen) or on the feeding scheme (single vs.

multiple) (Faria and Weiner, 2005; Friedman and Weiner,

1994; Mowat et al., 1982). In particular, evidence suggests that

high-dose antigen feeding preferentially leads to anergy or

deletion of T cells, whereas low-dose antigen induces

regulatory T cells and is associated with inhibitory cytokine

production of IL-4, IL-10, or TGFß. The two forms are not

mutually exclusive and may overlap (Faria and Weiner, 2005;

Smith et al., 2000). In general, tests of oral tolerance reported

in the literature do not go beyond one or two challenge

immunizations. It is a novel and interesting finding that we

could not break high dose–induced tolerance even after a third

booster immunization, i.e., 12 of 13 control mice remained

tolerant. This finding argues against a simple deletion of

TABLE 2

Lymphocyte Numbers and Frequencies in LP, MLNs, and PPs in mice treated with TCDD for 10 daysa

LP MLNs PPs

Control TCDD Control TCDD Control TCDD

Absolute numbers

3 106 2.8 ± 0.9 3 ± 0.7 10 ± 2.8a 12 ± 4.2 0.4 ± 0.2 0.34 ± 0.18

Percentages

CD4þ 20.2 ± 7.9 17.8 ± 3.8 40.0 ± 7.4 39.6 ± 8.0 17.6 ± 6.8 16.0 ± 6.2

CD69þb 16.2 ± 2.3 17.2 ± 2.8 50.3 ± 7.6 53.2 ± 6.4

CD8þ 4.3 ± 1.5 4.1 ± 1.9 29.5 ± 4.4 30.1 ± 5.2 7.0 ± 3.1 5.9 ± 1.9

CD69þb 6.4 ± 3.6 6.9 ± 2.8 13.3 ± 4.5 15.2 ± 6.0

CD19þ 29.5 ± 9.9 32.2 ± 15 21.5 ± 6.4 20.3 ± 6.5 69.0 ± 6.8 65.8 ± 7.6

DCc 3.4 ± 1.6 3.0 ± 1.7 2.3 ± 0.8 2.0 ± 0.7 2.8 ± 1.4 3.0 ± 1.4

CD103þb 51.5 ± 3.9 55.0 ± 4.1 47.9 ± 4.2 61.2 ± 6.2*** 38.8 ± 8.9 36.1 ± 7.4

46.7 ± 9.4d 45.3 ± 5.6d

aThe indicated organs were isolated, single cell suspensions prepared, counted, and analyzed flow cytometrically. The percentages shown refer to life-gated cells

expressing each marker as assessed by flow cytometry. The means ± SD of at least three independent experiments with three mice per group are shown. Mice were

treated with 10 lg/kg b.w. TCDD 10 days prior to cell isolation and staining.
bFrequencies of cells expressing subset markers (CD69 and CD103) are given as percentages of the correspondent population, i.e., CD4, CD8, or DC cells.
cDC were defined as CD11cþ MHCIIþ.
dFrequencies for CD103þDC on day 3 after TCDD.

***p < 0.001, comparison control animals with TCDD-treated animals. Significant values are highlighted in bold.

TABLE 3

IEL Frequenciesa

IEL

Control (%) TCDD (%)

CD4þ 4.0 ± 2.5 4.0 ± 2.1

CD8aaþTCRcdþ 43.4 ± 10.0 44.9 ± 9.2

CD8aaþTCRabþ 20.6 ± 8.6 20.5 ± 5.8

CD8abþTCRcdþ 2.6 ± 2.5 2.3 ± 1.3

CD8abþTCRabþ 29.0 ± 12.5 28.2 ± 12.3

aIELs were prepared from the small intestine as described in Material and

Methods section. The data shown are the percentages of life-gated cells

expressing each cell surface marker as assessed by flow cytometry. Shown are

the means ± SD of at least three independent experiments with three mice per

group. Mice were treated with 10 lg/kg b.w. TCDD 10 days prior to cell

isolation and staining.
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antigen-specific T cells, as one would expect OVA-specific

T cells to be replaced with time from new thymic emigrants.

The obvious explanation would be that regulatory T cells are

still present in the mice. Also, it is possible to consider

infectious tolerance by DC and T cells alike, a concept shown

for nickel-fed mice. In this model, very few cells were capable

of spreading the tolerance in serial adoptive transfers (Roelofs-

Haarhuis et al., 2004). It will be interesting to test for this by,

e.g., adoptive transfer experiments.

Rather than abrogating oral tolerance completely, our data

indicate that the persistence of oral tolerance is impaired by

TCDD. Interestingly, Kinoshita et al. (2006) reported that

a dose of only 1 lg TCDD/kg b.w. was permissive for

generation of antibodies in OVA-tolerized mice on two

challenges (both given in CFA). At the late time point, these

authors analyzed that TCDD would have been eliminated from

the system. Thus, we think that TCDD affects cells responsible

for tolerance induction and memory early after treatment, and

TCDD presence, once the disruption is set, is no longer needed.

Whether or not TCDD can break an already established

tolerance remains to be shown.

We confirmed literature data that TCDD treatment (‘‘sine’’

tolerization) suppresses the humoral response (Kerkvliet et al.,

1990), here against OVA. Moreover, we show for the first time

that suppression does not persist after booster immunizations.

Most likely, this is not because of an insufficient TCDD

concentration in the mice at the time point measured, despite

the fact that TCDD is eliminated much faster in mice than in

humans (half-life of 12 days vs. a half-life of 7 years) (Van den

et al., 1994). The estimated body burden at the time of the

second immunization is 2.6 lg/kg b.w., and immunosuppres-

sion was already described at doses as low as 1 lg/kg b.w.

(Vorderstrasse et al., 2003). Adoptive transfer experiments

with OVA-specific TCR-transgenic cells suggested that the

TCDD-impaired humoral response was related to impaired

CD4 help (Shepherd et al., 2000). Our results challenge this

view as suppression can be overcome with booster immuniza-

tions. Our results can explain why findings regarding the

humoral immune response in humans after dioxin, furan, or

biphenyl exposure yielded ambiguous results regarding

suppression of antibody responses, i.e., often normal antibody

titers were observed in exposed persons (Esser, 2005).

Recently, Ishikawa (2009) analyzed IgA secretion into the

gut lumen in mice after low-dose TCDD treatment via nursing

and reported an AhR-dependent decrease in fecal IgA. We

were not able to confirm this result in our adult mice but

that might be because of experimental differences. However,

similar to our results, Ishikawa et al. did not observe any

FIG. 7. Mice were treated with TCDD, tolerized as shown in Figure 3, and MLN or PP analyzed 1 day later. Controls: white dotted bars and TCDD-treated

animals: gray dotted bars. (a) Frequencies of CD4þ T-cell subsets, which produce the indicated cytokines versus Treg cells. (b and c) Intracellular cytokine

staining of IL-17 and IFNc in CD4þ T cells from MLN in control mice and TCDD-treated mice. (d) Frequencies of IL-6 and IL-10 cytokine producing DC in

MLN. (e) Histogram overlays of IL-6 producing DC from MLN from control mice (shaded) and TCDD-treated mice (black line). (f) Frequencies of of IL-6

producing DC and IL-17 producing CD4þ T cells in PP. Results are either shown as mean ± SD from three independent experiments, n ¼ 6–9 (bar graphs) or as

a representative flow cytometry graph. **p < 0.01, ***p < 0.001.
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TCDD-dependent gross changes in MLN cellularity or im-

mune cell subset distribution of CD4, CD8, B cells, or

CD11cþCD11bþ cells in MLN and PP. As they found an

impaired migration of B1 B cells (a major source for intestinal

IgA) toward B-cell chemokines and reduced chemokine

receptor expression, they suggest that TCDD-reduced fecal

IgA is because of suppression of an appropriate B1 B-cell

response.

How could TCDD affect induction of oral tolerance? The

underlying mechanism is currently unclear. Our tolerizing

protocol of 3 3 20 mg OVA does not necessarily imply that

anergy/deletion of OVA-specific T cells is the only possibly

underlying mechanism. Very recent findings, which take into

account the timing of antigen feedings, suggest an alternative

or complementary mechanism. Plasmacytoid dendritic cells

(pDCs) in the liver were shown to take up antigen and rapidly

delete antigen-specific T cells in a first line of tolerization.

Only later, regulatory T cells are induced via migratory DC.

Oral tolerance could be transferred by pDC, and was

abrogated, if pDC were missing (Goubier et al., 2008). Thus,

multiple feedings over a time of 7–10 days could activate

different mechanisms than a single feeding. TCDD is known

to damage liver, but no information exists about TCDD effects

on pDC, and further experiments must consider this. We

looked at DC migrated into MLN from the LP and at T cells in

the gut-draining MLN. We did not find fewer DC in the gut or

MLN, ruling out DC-specific cell death or a failure of DC to

migrate to MLN. Also, we did not observe deletion of gut-

specific T cells or B cells by TCDD, i.e., not a directly toxic

effect. Gut-derived CD103þDC became known as ‘‘tolero-

genic DC’’ (Coombes et al., 2005) because of their capacity to

shift the balance between Treg and Th17 cells. We found

a small but significant increase in IL-6 producing DC in MLN.

IL-6 is a regulator for Th17/Treg (Kimura and Kishimoto,

2010). Nonetheless, CD103þDC expressed very low amounts

of AhR, and because of high-ahrr expression, the classical

AhR-ARNT signaling pathway is possibly blocked similar to

the situation in Langerhans cells (Jux et al., 2009). As AhR

can bind to RelA or RelB, TCDD could trigger IL-6 via this

pathway (Tian, 2009). Possibly, abundant AhRR in

CD103þDC is a control mechanism to push DC into

preference of the NFjB pathway, if AhR ligands are present,

and thus involved in microbiota immune surveillance.

Concomitant to the increase in IL-6 producing DC, we found

a doubling in IL-17 expressing CD4þ T cells in MLN. AhR

activation is involved in deciding Th17 and Treg cell

differentiation fates (Marshall and Kerkvliet, 2010; Quintana

et al., 2008; Veldhoen et al., 2008). It is therefore tempting to

speculate that in the presence of TCDD MLN, DC become

less tolerogenic and that Th17 cells are induced, albeit further

experiments are needed to address this. The increase in

Th17 cell frequency was small, but recent literature reports

shift in the ratio of Treg/Th17 cells associated with disease

severity in a model of protective oral tolerization against

collagen-induced arthritis and lung inflammation (Duarte et al.,

2010; Kroetz and Deepe, 2010; Tong et al., 2010). It will be

interesting to determine antigen specificity of these Th17 cells

and the (much more abundant) Treg cells present in the MLN.

The manipulation of Treg and T-cell subsets in general is of

high therapeutic interest for the management of inflammatory

and autoimmune disorders. Our data show that stability of

mucosal tolerance can be changed by environmental AhR

agonists encountered via the oral route. Further experiments

will be needed to study the kinetics of DC changes, the

breakage of an existing tolerance, or the role of Th17 and Treg

cells.

IECs transfer signals from nutrition and the bacterial flora of

the gut lumen and control whether gut DC will become

tolerogenic (Rimoldi et al., 2005). AhR was conspicuously

abundant in IEC, conceivably it is related to the xenobiotic

metabolism in IEC. IEC form a physical and biological barrier

against the gut lumen. Recent evidence has revealed a role

for IEC as an immunological barrier. They instruct CD103þDC

to become tolerogenic or inflammatory (Shale and Ghosh,

2009), e.g., by secretion of granulocyte macrophage colony

stimulating factor, TGFb, indoleamin-2,3-dioxygenase (IDO),

or thymic stromal lymphopoetin. Moreover, induction of toll-

like receptors signaling led to increased turnover and faster

migration of CD103þDC into the MLN (Schulz et al., 2009). It

is currently not known whether AhR participates in the

immunological functions of IEC.

Although gut barrier function is not the focus in our study

here, we note that IL-22 production by Th17 cells requires AhR

(Veldhoen et al., 2008) and that we observed increased IL-22

expression in MLN cells of TCDD-treated mice (data not

shown). It is not known whether other IL-22 producing cells of

the gut, such as NKp46þ cells (Sanos et al., 2009), require

AhR as well, and thus, AhR might be an important positive

factor for gut barrier function. IL22ÿ/ÿ mice display increased

epithelial damage, systemic bacterial burden, and mortality

(Zheng et al., 2008).

Food contains many potential AhR agonists, such as

flavonoids, bacterial tryptophan breakdown products, or bilir-

ubins (Ciolino et al., 1999; Heath-Pagliuso et al., 1998). Beyond

their recognized antioxidative health benefit, they might be

important as regulators of AhR. However, some dietary

supplements with flavonoids can peak AhR agonist concentra-

tion in the gut in an unprecedented way and thus could overturn

beneficial effects. Further studies must explore, whether ‘‘too

much’’ of AhR agonists in natural food constituents abrogates

oral tolerance, as shown here for TCDD.

In conclusion, we have shown that a single moderate dose of

TCDD prevents the stable induction of oral tolerance, affecting

DC and CD4þ immune cell subset frequencies in MLN but not

in PP. Our data not only have implications for food allergies in

settings of environmental exposure but also raise concerns

regarding the harmlessness of overdosing potential AhR

agonists in food.
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