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a b s t r a c t

Intrinsic and induced cell differentiation and the cellular response to endogenous and

exogenous signals are hallmarks of the immune system. Specific and common signalling

cascades ensure a highly flexible and adapted response. Increasing evidence suggests that

gene modulation by the aryl hydrocarbon receptor (AhR), a ligand-activated transcription

factor, is an important part of these processes. For decades the AhR has been studied mainly

for its toxic effects after artificial activation by man-made chemical pollutants such as

dioxins. These studies gave important, albeit to some extent skewed, evidence for a

mechanistic link between the AhR and the immune system. AhR null mutants and other

mutants of the AhR signalling pathway have been generated and used to analyse the

physiological function of the AhR, including for the developing and antigen-responding

immune system. In this review I look at the natural immunological function(s) of the AhR.
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1. Introduction

The aryl hydrocarbon receptor (AhR) signalling pathway is

evolutionarily conserved, and can act independently or in

concert with other signalling pathways. Similar to steroid

hormones, the AhR molecule is a ligand-activated gene

transcription factor. Residing in the cytosol chaperoned by

hsp90, AIP, and p23, the AhR dissociates these proteins upon

ligand binding to translocate into the nucleus. In the nucleus,

the AhR dimerizes with aryl hydrocarbon nuclear translocator

(ARNT), and eventually binds to small conserved promoter

elements called xenobiotic response elements (XREs) for

transcriptional regulation in cooperation with co-factors.

The AhR is then exported to the cytosol and degraded [1].

Numerous genes contain XREs in combination with other

responsive elements in promoter specific patterns, thus the

ligand-bound AhR regulates a plethora of genes in a cell-,

tissue- and condition-specific fashion [2,3].

Biased by its discovery as a regulator of xenobiotic

metabolizing enzymes in vertebrates more than 30 years

ago [4], the AhR has long been studied for its pathological

activity in response to man-made environmental pollutants.

In particular halogenated polycyclic aromatic hydrocarbons

(PAH), such as dioxins attracted attention and raised concern.

The AhR mediates toxicity, mainly through alterations of gene

expression as outlined above. The toxic effects of 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), a prototypic ligand of the

AhR, and other PAHs are far-reaching and include alterations

in lipid metabolism, skin physiology, tumour promotion, and

embryonic development. Last, but not least, the immune

system is a very sensitive target of AhR-mediated toxicity,

responding at particularly low concentrations of chemical

exposure [5].

As the AhR is evolutionary old, with members of the family

already present in fungi, insects, or nematodes, and expressed

constitutively, but tissue-specifically, a physiological role

beyond responding to man-made chemicals is commonly

postulated (reviewed in [6]).

1.1. Brief excursion into the physiological roles of the AhR

Studies with (i) persistent activation of the AhR by e.g. TCDD,

(ii) with AhR null mice, hypomorphs or natural low-affinity

mutants, and later (iii) with strains with cell-specific condi-

tional AhR deletions, confirmed multiple physiological roles of

the AhR (reviewed in [6]). In brief, the AhR is a regulator of cell

proliferation, e.g. via induction of Cdk2, or by physical

interaction with the retinoblastoma protein. It cooperates

and cross-talks with other signalling pathways, shown for

instance for the estrogen pathway, NFkB, or cAMP [7–9]. The

AhR induces oxidative stress, and may play a role for cell

migration and adhesion [6,9–11]. AhR activity is highly cell-

specific and controlled at multiple levels. Receptor affinity,

expression level, signalling crosstalk, feed-back inhibition by
the AhR-repressor, competition for the dimerization partner

ARNT, and/or competition for transcription co-factors parti-

cipate in the outcome of AhR-activation [1]. The AhR is quite

promiscuous and accepts chemically very different ligands

[12]. The ligand determines to a considerable extent the

outcome of AhR-activation, albeit only one binding site exists

[13]. Subtle changes in protein conformation, or quick

degradability may be reasons [14]. Last but not least, some

ligands are persistent, while others have a high metabolic

turnover rate. This can result in different outcomes of AhR-

activation [15,16]; in addition to the anthropogenic chemicals

such as PAHs, numerous natural ligands (i.e. not anthropo-

genic) and endogenous ligands (made by the organism itself)

have been identified and continue to be found. Interestingly,

UVB radiation present in sunlight turns tryptophan into 6-

formyl-[3,2b] indolo-carbazole (FICZ), a high-affinity ligand

[17,18]. Other endogenous ligands are heme metabolites,

indigo derivatives, and leukotrienes [12,19–22]. Over-activa-

tion of the AhR by various ligands, and the ensuing

consequences for the immune system are the topic of a

review by Nancy Kerkvliet in this issue. My review focuses on

AhR-deficiency, and the outcome for the immune system, in

particular, I will discuss and compare the results derived from

genetically engineered null mutant mice.
2. Murine mutants of the AhR signalling
pathway

In the 90s, three groups generated AhR-deficient mouse

mutants independently, by either deleting exon1 or exon2.

In the null mutant made in the laboratory of Frank Gonzalez,

exon1 is replaced from the translational start site onwards

with a neomycin gene [23]. A Japanese group around Yoshiaki

Fujii-Kuriyama replaced part of exon1 with the bacterial b-

galactosidase gene joined to a nuclear localization signal,

allowing to screen for AhR expression [24]. In the null mutant

made in the laboratory of Christopher Bradfield, exon2 is

deleted [25]. Exon2 encodes the basic-helix-loop-helix domain

required for dimerization with the AhR partner protein ARNT.

Moreover, the frame shift generated by the neomycin gene

insertion into exon2 resulted in a stop codon in exon3. Still,

theoretically a small piece of RNA might be made from exon1

spliced to exon3, potentially coding for a small truncated 23

amino acid peptide. All mice were made with 129 ES cells, and

thus originally had a mixed C57BL/6 � 129 background. They

were later backcrossed onto one genetic background, mostly

C57BL/6. In the following I will refer to these three null

mutants as AhRD1/D1G (Gonzalez), AhRD1/D1F (Fujii-Kuriyama),

or AhRD2/D2 (Bradfield). The prefix B6.129 or B6 will indicate

whether the mice were still on a mixed genetic background

when used for experiments, or had been backcrossed at least

nine generations to the C57BL/6 strain and were thus

congenic.



Table 1 – General phenotype of three AhR null mutant mouse strainsa.

B6.129AhRD1/D1F B6.129AhRD1/D1G B6.129AhRD2/D2

General pathology

TCDD resistance Yes Yes Yes

Failure to induce Cyp1a1, Cyp1a2 Yes Yes Yes

Postnatal lethality Yes (50%) Yes (40–50%) No

Growth retardation Yes Yes Yes

Fertility Decreased Decreased Decreased

Liver pathology Yes Yes Yes

Failure to close ductus venosus n.d. n.d. Yes

Immune pathology

Smaller PALS No Yes

Enlarged spleen Yes No

Retarded seeding of spleen n.d. No Yes

Spleen, thymus subsets Normal Normal

n.d.= not detected.
a Compiled from various references. For details see the International Mouse Strain Resource http://www.informatics.jax.org/imsr/index.jsp.
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These mouse strains display some physiological changes

(see Table 1). As expected, all AhR null mouse strains failed to

induce of xenobiotic metabolizing enzymes by TCDD expo-

sure; TCDD lethality and TCDD-mediated toxicity were

abrogated. Other phenotypes differed, as reviewed by Lahvis

and Bradfield [26] for their own null mutant and the

B6.129AhRD1/D1G mouse. Growth rates were lower, and fertility

was decreased in all three null mutant strains, but neonatal

lethality observed only in B6.129AhRD1/D1G and B6.129AhRD1/

D1F mice. Liver pathology was present in all strains, but not

entirely congruent and sometimes less pronounced [24,26].

The immune system of the mice differed in a number of

aspects. Thus, only in the B6.129AhRD1/D1G strain a lower

splenocyte count at two weeks after birth, and smaller

periarterial lymphoid sheaths at four weeks after births were

observed. This was not observed in the B6.129AhRD2/D2 strain;

in contrast, at six weeks of age the splenocyte number was

higher than in control animals. Lahvis and Bradfield pointed

out in their comprehensive review from 1998 that differences

might have been due to the mixed genetic backgrounds of the

AhR null mice (C57BL/6 � 129), as the strains had not been

backcrossed to an pure genetic background strain. By now, all

AhR null mutants are available on the C57BL/6 background. In

general, studies done after 2000 (AhRD2/D2), 2003 (AhRD1/D1G),

and 2004 (AhRD1/D1F) used mice backcrossed onto C57BL/6.

Unfortunately, the early observations on the immune differ-

ences in mixed-background null mutants have never been

analyzed in direct comparison again for genetically congenic

mice. Different animal husbandry, such as food or materials

used for cage bedding, can affect the phenotype, at least to

some extent. Table 1 compares the general phenotype of the

null mutants, and Table 2 lists other currently available mouse

mutants of the AhR signalling system.
3. The immune system in AhR-deficient mice

The immune system is a complex organ with highly diverse

functions, short- and long-distance interactions, and memory

capacities. Immune cells communicate directly with each

other by cell surface structures, or over considerable distances
via lymphokines and chemokines. Lymphoid organs provide

relevant spatial structures for direct communication of

immune cells. Immune cells follow their intrinsic pro-

grammes, and/or adapt to external cues, relayed into the

cells by a number of signal transduction pathways. Con-

tinuously differentiating cells in hematopoiesis and mature

cell homeostasis is a distinct feature of the immune system.

All immune responses in all immune cells pass at some point

through the executive steps of up- or down-regulation of

genes, which are tightly controlled. Major pathways in

immune cells are G-Protein coupled receptors, the MAP-

kinases, NFkB, or the Janus kinase (JAK)-STAT pathways.

Others are direct ligand activation of latent transcription

factors (such as glucocorticoid receptors); all signalling is

tightly controlled and interconnected. The AhR as an

externally triggered latent transcription factor is strikingly

abundant in most immune cells. Always thought noteworthy,

AhR abundance equals or surpasses that of the liver in many

immune cell types [3]. The AhR mediates cellular responses to

small molecular weight chemicals (albeit often toxic) and

emerges as a signalling pathway used in differentiation and

function of immune cells [6,5,27].

3.1. Early phenotyping indicated immune impairment but
raised the issue of differences between null mutant strains

As pointed out above, the immune phenotypes of AhR null

mutants with a mixed genetic C57BL/6 � 129-background

differed. Only in the B6.129AhRD1/D1G mice, the seeding of

the peripheral lymphoid organs with T and B cells was

retarded, e.g. the splenic periarterial lymphatic sheaths were

smaller. Spleens of young B6.129AhRD1/D1G had significantly

lower cell numbers, which normalized only after several

weeks of age [23]. The fetal thymus of B6.129AhRD1/D1G mice

contained significantly fewer thymocytes at gestation day 15.

The frequency of CD4+ thymocytes and thymic emigrants in

fetal thymus organ cultures, prepared from gestation day 15

foetuses and cultivated for six days doubled compared to

C57BL/6 thymi, indicating an effect of the AhR on normal

development of thymocyte subpopulations [28]. Adult thymus

cellularity and overall pattern of lymphocytes subpopulations

http://www.jaxmice.jax.org/


Table 2 – Mouse strains with mutants for AhR and ARNT genes.

Name Description of gene-defect Commercially availablea Original reference

Gene targeted mice

B6.129-Ahrtm1Gonz (AhRD1/D1G)b Targeted mutation of exon1

C57BL/6 background

No; available via repository of

the Mouse Model for Human

Cancer Consortium MMHCC

[23]

Ahrtm1Yfk (AhRD1/D1F) Replacement of exon1 with the

NLS-LacZ gene (note: this

mouse available also on DBA/2

background)

No; available via Riken

Bioresource Centre

[24]

B6.129-Ahrtm1Bra/J (AhR D2/D2) Replacement of exon2 with the

neomycin resistance gene. on

C57BL/6 background

Yes [25]

AhRfxneo (hypomorph AhR) Diminished expression of AhRd

allele in liver, kidney, heart,

lung to about 10% of normal

(i.e. hypomorph expression)

No [68]

B6 .129 (FVB)-Ahr tm3 .1B r a / J

(Ahrfx)

exon2 of AhR flanked by loxP

recombination sites

Yes [69]

AhRnls Mutation in exon2 leading to

deficiency in nuclear

localization and DRE binding

No [70]

CA-tg Constitutively active AhR,

transgenic insertion

No [71]

B6.Cg-Tg(hCD2-CA-AhR/GFP)A

(CA-tg-T-cell-specific)

Constitutively active AhR,

active only in T cells gene

activity can be followed by GFP

expression

No; available via Riken

Bioresource Centre

[72]

CA-tg-keratinocytes Transgenic insertion of

constitutively active AhR under

the control of the human K14

promoter, to express

specifically in keratinocytes

No [73]

hAhR knock-in Replacement of mouse AhR

gene with human AhR gene by

homologous recombination

No; available via Riken

Bioresource Centre

[74]

B6.129-Arnttm1Mcs/J (ARNTko) Insertion of a PGK-neomycin

resistance cassette into exon6

(coding for the bHLH domain)

Yes [75]

ARNT-1ko Targeted mutation of exon6;

embryonically lethal

No [76]

ARNT-2ko In-frame replacement of

ARNT-2 locus with NLS-LacZ

sequence at exon6; protein

lacks HLH domain and thus

dimerization and DNA binding;

homozygotes are

embryonically lethal

No [77]

ARNT-2ko Targeted deletion of bHLH

region; embryonically lethal

Yes [78]

ARNTflox Exon6 flanked by loxP

recombination sites

No [76]

AhR-repressorko In-frame replacement of exon2

and part of Intron2 by a NLS-

lacZ cassette. The protein lacks

the bHLH domain necessary for

DNA binding and dimerization

No [79]

Name Mouse strain Commercially available Original reference

Natural mutants

AhRb-1 (responsive) C57BL/6, C58, and MA/My Yes [80,81]

D2.B6-Ahrb-1/J (responsive) Responsive AhRb-1 allele

from C57BL/6 crossed onto

the DBA/2 background

Yes

AhRb-2 (responsive) BALB/cBy, A, and C3H Yes

AhRb-3 (responsive) Mus spretus, M. caroli,

and MOLF/Ei.

Yes
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Table 2 (Continued )
Name Mouse strain Commercially available Original reference

AhRd (unresponsive)c DBA/2, AKR, and 129 Yes

B6.D2-Ahrd (unresponsive) Non-responsive AhRd

allele from DBA/2 strain

backcrossed onto

C57BL/6 strain

Yes [82]

a Available via Jackson Laboratories, http://www.jaxmice.jax.org; information on vendor given to the best of my knowledge. Riken Bioresource

Center http://www.brc.riken.jp or MMHCC Repository http://mouse.ncifcrf.gov/.
b For reasons of clarity, in the following the two AhRD2/D2 strains will be designated by the letters G, or F, or to indicate the laboratories (Frank

Gonzalez or Yoshiaki Fujii-Kuriyama) where the strains were made.
c Affinity for ligand is 10–100 times lower than in AhRb alleles. (C57BL/6 � DBA/2) F1 mice are responsive. Nucleotide and amino acid sequence

differences between Ahrb-1 and Ahrd have been determined.
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(determined by surface staining and FACS analysis) were

neither significantly affected in B6.129AhRD1/D1G nor in

B6.129AhRD2/D2 mice [29–31]. For the D2/D2 knock-out, this

result was confirmed later in genetically pure B6AhRD2/D2 mice

[30]. Other and more detailed stainings were not done; as

reviewed in detail by Nancy Kerkvliet in this issue, the

development and differentiation of lymphoid and myeloid

cells change considerably in ligand-induced mice. The

hematopoietic compartment contains the targets for TCDD

[32], but nothing is yet known about the effects of AhR-

deficiency on the lymphoid precursors generated in the foetal

liver, and damage to the hematopoietic cells from this tissue is

conceivable.

It has been suggested that the underlying cause for

retarded seeding and low lymphoid cell count in the lymph

nodes and spleen might be a changed emigration from the

thymus, or a failure to home efficiently to the appropriate

organ, but this has not been experimentally addressed so far. T

cells from B6AhRD2/D2 mice seed the spleen the same as AHR+/+

T cells after intravenous injection [33,34]. The phenotypic

changes reported yet need to be confirmed and extended to

clarify these issues for congenic mice.

B6.129AhRD1/D1G mice are more susceptible to infections

with Helicobacter hepaticus, an opportunistic infection indicat-

ing immunodeficiency [29,35]. The underlying cause may be

specific defects in the immune system, or other, general

damages resulting from AhR-deficiency. Only one published

report directly compared B6.129AhRD1/D1G and B6AhRD2/D2

mice: Immune responses against two model antigens showed

that both strains elicited normal and competent immune

responses. First, injection of allogeneic P815 tumour cells to

induce a cellular immune response gave normal CTL activity.

Frequency of effector CTL cells and of alloantibodies generated

were almost equal in both strains. Second, immunization with

sheep red blood cells generated a strong antibody response

[36]. However, only B6.129AhRD1/D1G but not B6AhRD2/D2 mice

showed splenomegalia and an increase in B cells frequency

after P815 immunization [36]. In contrast, immunization with

the protein antigen ovalbumin (OVA), inciting a humoral

immune response, did not enhance spleen cell number in the

B6.129AhRD1/D1G mice; OVA-specific antibody titres were

normal, and immunoglobulin class switching had occurred

after repeated OVA injections. This indicated an intact

memory response in B6AhRD1/D1G mice [37]. However, in un-

immunized mice, CD8+ T cell frequency in the spleen was

higher than in wild-type mice (see below; [37]) Table 3
summarizes the various findings regarding the immune

phenotype of AhR null mutants.

3.2. AhR-dependent changes in differentiation of immune
cells

As outlined above, phenotypic characterization and simple

immunization schemes indicated no gross impairment or

functional changes of the immune system if the AhR was

missing. This could reflect, for instance, that triggering the

AhR is not a necessary default setting in the core immune

system, with an endogenous ligand always ‘‘on duty’’. Rather,

the AhR could be present to respond in special circumstances,

integrating e.g. environmental signals, or fine-tuning some

immune responses. It is well-established that the AhR has an

obligatory role in immune dysfunction after (xenobiotic)

ligand exposure. Numerous experiments with over-activa-

tion of the AhR had shown (in particular by the high-affinity,

persistent ligand TCDD) that AhR action affects various

immune cells and particularly influences processes of

differentiation. The systemic outcome of AhR over-activation

all in animals analyzed is immunosuppression [5]. Human

exposure to TCDD also results in slightly altered immune

functions, as shown by in vitro data (often from PBMC) and

epidemiological studies. For instance, helper T cell responses

were impaired even 20 years after exposure. Available data

indicate that infectious disease is increased in childhood,

especially when exposure takes place in the period of

pregnancy and nursing. However, a correlation between

exposure and reduced prevalence of allergies was found [38–

40]. Human studies are hampered by many factors in

particular high inter-individual variation, and lack of access

to exposure data, robust biomarkers, and knowledge of AhR

genotype associations [41].

Immunosuppression is an operational term for a functional

immunological deficit, with multiple causes. For TCDD and

other AhR ligands, the system evaded any simple solution as

to the cell-type responsible. Thus, dysfunctions of dendritic

cells, T cells, B cells and others have been shown to contribute

to AhR-mediated immunosuppression.

Experiments to pinpoint such responsible cells further and

to identify AhR-mediated dysfunctions were done, but the

picture remains inconclusive. For instance, thymus involution,

a hallmark of TCDD exposure, was looked at in the context of

AhR-deficiency. Bone marrow cells from B6.129AhRD1/D1G and

also B6AhRD1/D1G successfully reconstituted the thymus of

http://www.jaxmice.jax.org/
http://www.brc.riken.jp/
http://mouse.ncifcrf.gov/


Table 3 – Immune competence of AhRS/S mouse strainsa.

B6.129AhRD1/D1F B6.129AhRD1/D1G B6.129AhRD2/D2 Reference

(A) Mixed genetic background

Fetal thymus cellularity, gestation day 15 Decreased [28]

Fetal CD4+ thymocytes Increased [28]

Adult thymus cellularity Normal Normal [26,29]

CD4/CD8 subset pattern Normal Normal [26,29,30]

Helicobacter pylori infection Frequent [29]

Competence in humoral (anti-SRBC) and

cellular immune response

Normal [36]

Splenomegalia and increase in B cells

after immunization

Yes [26]

Expression of co-stimulatory molecules

on splenic DC

Increased [51]

B6AhRD1/D1F B6AhRD1/D1G B6AhRD2/D2 Reference

(B) Congenic genetic background

Adult thymus cellularity Decreased [30]

Thymic subset pattern (CD4/CD8,

CD69, Fas+ cells)

Normal [30]

Competence in humoral (anti-SRBC) and

cellular immune response

Normal [36]

Contact hypersensitivity Decreased authoŕs

unpublished

observation

Capacity of bone marrow cells to

reconstitute the thymus

Successful; more

CD4+ cells in

reconstituted thymus

[42]

Splenomegalia and increase in B cells

after immunization

No [36]

Memory response (humoral, class

switching)

Intact [37]

Output of CD8+ cells from thymus Increased [37]

Langerhans cells Immature

phenotype

Authoŕs

unpublished

observation

Gene changes in CD4+ T cells

(microarray data)

Considerable

up- and down-

modulation

[48]

CD62L, GITR, CTLA4 expression

on T-reg like cells

normal [33]

IL-5 after ConA or OVA re-stimulation

of spleen cells in vitro

Decreased [37]

IL-5 secretion in inflamed lung

(OVA-inhalation)

Increased [47]

IL-5, IgE after DNP-ascaris

immunization

Increased [46]

IFN-g, IL-12 secretion after ConA or

OVA re-stimulation of spleen

cells in vitro

Increased [37]

IL4 secretion secretion after ConA or

OVA re-stimulation of spleen

cells in vitro

Normal [37]

IFN-g transcripts in CD4 cells

(microarray result)

Up-regulated [48]

B6AhRD1/D1F B6AhRD1/D1G B6AhRD2/D2 Reference

(C) Disease models

Neutrophil frequency and

infection-driven

IFN-g in influenza

Normal [54]

Survival after Streptococcus

pneumonia infection

Better [55]

Susceptibility to Listeria

monocytogenes infection

Increased,

enhanced

resistance

to re-infection

[56]
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Table 3 (Continued )
B6AhRD1/D1F B6AhRD1/D1G B6AhRD2/D2 Reference

Number of cytokine

producing T cells in

Listeria monocytogenes infection

Increased [56]

Differentiation of Th17

cells/IL22cytokine

production

Impaired Impaired [58–60]

Onset and severity

of experimental

encephalitis (depends on ligand)

Reduced [58]

a For details see text.
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irradiated mice. Yet, the results from B6.129AhRD1/D1G bone

marrow chimeras indicated lower c-kit- Sca1+ thymocyte

precursors frequency in the bone marrow, and lower frequency

of very immature thymocytes (DN1 cells) in the thymus [32].

These experiments also confirmed that the thymocytes, but not

the thymus epithelium, are the targets of adverse AhR action

[32,42]. There was a tendency to a higher absolute number of

CD4+ cells derived from the precursors in AhR�/� bone marrow

reconstituted mice [42]. This is similar to our own observation in

B6.129AhRD1/D1G that on gestation day 15 the frequency of CD4+

thymocytes had increased in the thymi of AhR�/� foetuses [28].

In contrast, spleen cells form naı̈ve adult B6AhRD1/D1G mice had

a higher frequency of CD8 T cells than wild-type mice [37]. A

physiological role of the AhR might be initiation of develop-

mental changes in the thymus and a skewed generation or

emigration into the periphery. Recent evidence points to a role

of the AhR in further differentiation of T cell subsets in the

periphery as well, in particular regulatory T cells and Th17 cells

(see below).

CD4+ T cell subsets are a primary target of the AhR, but the

emerging evidence suggests that activation of the AhR affects

the immune response only if it happens during the ongoing

immune response. The generation of regulatory CD4 + CD25+

T cells by TCDD in a graft-versus-host model was not observed

if the T cells did not express AHR. At the same time, adoptive

transfer of B6AhRD2/D2 cells into an allogenic recipient host did

not lead to changes in the subpopulations of donor cells. It is as

yet completely unknown whether such a generation of T-reg-

like cells is physiological, i.e. controlled by endogenous AhR-

ligands, or a strictly toxic event, only triggered by environ-

mental cues. At least, no differences in surface molecules such

as CD62L, GITR, or CTLA4 were detectable on peripheral

CD4 + CD25+ cells from B6.AhRD2/D2 versus wild-type mice [33].

3.3. AhR and cytokines

Many cytokine promoters contain one or more DREs, and it has

long been known that the activated AhR controls transcription

of some cytokine genes [43–45]. Cytokines were analyzed in

AhR null mutant mice with a view to better define the role of

the AhR in cytokine production during the immune response.

Allergic sensitization with DNP-Ascaris extracts led to a

significantly higher IL-5 production, and increased IgE titre in

B6AhRD1/D1F compared to AhR+/+ mice [46]. The authors

concluded that the AhR is involved in Th1/Th2 balance after

sensitization. In a model of allergic lung inflammation,

exposing B6AhRD2/D2 mice to OVA via inhalation led to higher
IL-5 increase in bronchoalveolar lymphocyte supernatants,

compared to AhR+/+ mice [47]. It is noteworthy that this is

similar to the situation, where the AhR was over-activated by

TCDD and where the immunotoxic failure only kicked in once

the T cells were antigen activated [36].

However, IL-5 was not increased, but reduced, after non-

allergic immunization of B6AhRD1/D1G mice by subcutaneous

injection of OVA in Freund́s adjuvant. T cell proliferation and

IL-4 production was unaffected. In these null mutant mice,

stimulation of spleen cells with either ConA or re-stimulation

with OVA triggered higher IFN-g and IL-12 protein production

in spleen cell [37]. In agreement with this and extending the

result to B6AhRD2/D2 mice, we found increased transcription of

IFN-g, but not IL-4 in their purified, naive CD4 T cells [48]. No

data exist on IFN-g production by AhR-deficient CD8+ cells,

NKT cells, or other possible sources for IFN-g. Recently, the

importance for IFN-g in CD4+ and dendritic cell migration has

been demonstrated [49,50]. Interestingly, splenic dendritic

cells (DC) from B6.129AhRD1/D1G mice expressed less CD8a, but

more LFA-1, a migration-related b2 integrin [51]. The molecule

is necessary for the antigen-induced migration of DC to the

lymph nodes [52]. The data suggests that the AhR is involved in

balancing Th1 versus Th2 cytokines, e.g. by keeping IFN-g and

IL-12 at low level in normal mice, and controlling B cell

proliferation upon infection [37], ultimately contributing to

shaping inflammatory responses.

3.4. AhR in models of infection—innate immunity

Studies in naı̈ve mice and their adaptive immune responses

indicated a role for the AhR in immune functions. Further

experiments addressed infectious immunity, where a func-

tional innate immune response is pivotal for complete

resistance to a pathogen.

Especially the group of Paige Lawrence has worked with

models of infection. Exposure to TCDD during influenza

infection indicated that the AhR-activation diminishes the

memory response, decreases survival, and increases pulmon-

ary neutrophilia and IFN-g secretion [53]. AhR-deficiency as

such did not influence neutrophil frequency or infection-

driven IFN-g secretion in the lungs (B6AhRD2/D2), which were

comparable to wild-type mice [54]. However, survival rate in a

lethal Streptococcus pneumonia infection model was slightly

enhanced in B6AhRD1/D1G, albeit less than after AhR over-

activation with TCDD [55]. B6AhRD2/D2 mice infected with

Listeria monocytogenes, an intracellular parasite, were more

susceptible to infection, but developed enhanced resistance to
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re-infection [56]. Serum levels of inflammatory cytokines IL-6,

IFN-g, and TNF-a were comparable to wild-type mice,

whereas, somewhat surprisingly, IL-10 and IL-12 levels

increased upon infection. The latter finding may simply

reflect the higher bacterial burden. Cytokine producing

Listeria-specific T cell numbers after the infection equalled

or surpassed in both AhR null mice those of wild-type mice.

Moreover, macrophages retained their ability to ingest Listeria

or inhibit parasite growth [56].

Again, this data showed that the AhR contributes to an

optimal immune response, but is not a sine qua non condition

in infection. The response suggested a constitutive role of the

AhR in innate immunity, an idea congruent with the data on

neutrophil activation by TCDD.

3.5. AhR role in Th17 differentiation and T cell subsets

As pointed out above, the lack of a grossly devastating

immune phenotype in AhR null mutants was surprising.

Recent research thus focuses on determining AhR-depen-

dence of particular AhR-ligand-induced immunological phe-

nomena, with a view (i) to understanding the contribution of

environmental pollutants to immune disease, and (ii) to

exploit the AhR system pharmacologically. Environmental

factors, in particular low molecular weight chemicals, can

trigger and exacerbate immune dysfunctions, such as allergy

and autoimmunity. Xenobiotic metabolizing enzymes, most

of which are under the control of the AhR, can be risk factors,

as shown for psoriasis [57]. Many autoimmune diseases are

due to the activity of Th17 cells, a newly discovered subset of

CD4+ T cells specialized in secretion of IL-17 and IL-22. Ligand-

induced activation of the AhR during Th17 cell differentiation

markedly increased the level of AhR protein and the

generation of Th17 cells and their IL-17/IL-22 production in

B6AhRD2/D2 and B6AhRD1/D1F mice [58,59]. Onset and pathology

in experimental autoimmune encephalitis (EAE), a mouse

model of multiple sclerosis, increased in FICZ treated C57BL/6

mice. The effect was abrogated in B6AhRD2/D2 mice, which

produced less IL-17, and no IL-22 by Th17 cells. Moreover,

onset and severity of EAE was markedly reduced in these AhR

null mice, both compared to the wild-type C57BL/6 and

compared to the B6.129 mice exposed to AhR ligand FICZ

before disease triggering [58]. Similar results were obtained by

the group of Weiner, who used a natural mutant of the AhR,

C57BL/6 mice congenic for the DBA/2.AhRd allele (which has a

100–1000� lower AhR affinity for ligands) [60]. They also found

induction of regulatory T cells by the persistent ligand TCDD,

which confirmed previous results [33].

The differential action of two high-affinity ligands (FICZ

versus TCDD), one of them persistent, the other metabolically

degradable, is intriguing but not yet understood. In any case, it

appears that environmental ligands of the AhR can shift the

balance between the ability of the organism to tolerate or to

fight ‘‘self’’ by generation and activation of T cell subsets.

Along the same line, yet with a different perspective, this

capability of subtly shifting T cell subsets by AhR is exploited

pharmacologically. VAF347, a novel pharmacologic ligand of

the AhR, induced T-reg cells, and promoted allograft tolerance

[61]. The same compound inhibited allergic lung inflammation

in an AhR dependent manner as the response was abrogated
in B6AhRD2/D2 mice [47]. Shifts of the Th1/Th2 balance towards

Th1 dominance by AhR ligand M50354, associated with GATA-

3 expression, renders the AhR pathway as novel pharmaco-

logical target for anti-allergic drugs [47]. Research on such

‘‘selective AhR modulators’’ is ongoing, and of high interest

also in cancer research [62].
4. An extrinsic rather than an intrinsic role of
the AhR?

Immune phenotypes of naı̈ve mice and in infection models

contributed to the understanding that AhR-over-activation is

only one side of the coin, yet the better studied one. AhR

over-activation by environmental pollutants is of concern

for public health. Insights into AhR biology point to chances

for pharmacological manipulation [61,63]. The role of the

AhR in the ‘‘untouched’’ state appeared unexpectedly more

subtle. However, does an ‘‘untouched’’ state really exist?

Gene expression profiling for CD4 cells from B6AhRD2/D2 mice

showed that in comparison to wild-type mice hundreds of

genes are up- or down-regulated if the AhR is absent [48]. The

reasons are unclear but likely due to a networking of AhR-

regulated genes with other expression pathways. Moreover,

bioinformatic AhR analysis of targeted gene promoters (here:

transcribed after TCDD exposure) coupled to experimental

evidence revealed crosstalk of the AhR with multiple other

signalling pathways, such as the NFkB, hypoxia, or the

estrogenic pathway [64]. Albeit the AhR can in principle act

in the absence of any endogenous ligand, it is likely that a

relevant constitutive activation of the AhR signalling path-

way exists, e.g., by endogenous or food-derived ligands

[65,66]. The extent and control of this is completely

unexplored.

A main function of the AhR is the adaptive clearance of a

variety of small molecular weight compounds. During phase I

of metabolic degradation chemical compounds reactive

groups are added (e.g. hydroxyl groups), often rendering them

prone to become haptens by covalently binding to proteins.

We recently found that Langerhans cells of the skin, which

have abundant AhR expression, were inert to up-regulation of

xenobiotic metabolizing enzymes by TCDD. Possibly, this

represents a protective adaptation of skin antigen presenting

cells, minimizing the risk of allergic responses to the many

small molecular weight chemicals which come in contact with

the skin. However, when the AhR is absent, gene expression

patterns changed in B6AhRD2/D2 Langerhans cells (unpublished

observation). The search for endogenous activators for the

AhR and the many compounds detected stressed the different

physiological roles of the AhR, but leaves many questions

open as to the actual balance between intrinsic and extrinsic

activation of the AhR [67].
5. Summary

Three null mutants of the AhR allowed tackling the two

questions, namely (i) to what extent immunotoxic events after

AhR ligand exposure to environmental chemicals are AhR

dependent, and (ii) whether and how the AhR plays a role for a
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functioning immune system. Some differences in immune

phenotype were noted in the null mutant mice (such as

splenocyte numbers at certain ages), but these differences

reported early after generation of the mice can be explained by

mixed genetic background, non-standardized animal husban-

dry, or observation parameters. Only one study directly

compared immune responses between two strains, and found

no differences. Unfortunately, no direct comparative data

were generated for the congenic strains. Surprisingly, at first

glance the immune phenotypes in AhR null mice were much

less pronounced than expected from the sensitivity of mice

towards extrinsic AhR over-activation with environmental

pollutants. AhR-deficiency was not devastating for immune

system homeostasis, organ architecture or even response to

strong immunogens. However, when looking closer, the null

mutants revealed a role for the AhR as an important co-factor

especially in the ongoing immune response.
6. Conclusion and outlook

In conclusion, the AhR seems particularly relevant for the

differentiation and balance of T cell subsets in ongoing

immune responses, and for the decision of the immune

system to tolerate or fight antigens. The AhR thus links the

immune response to environmental factors, and may help

control the risk of developing adverse immune reactions.

Further research will have to focus on the role of individual

ligands in shaping these responses, elucidating the environ-

mental risks for autoimmunity, allergy, cancer, and how the

AhR pathway can be exploited pharmacologically. Even-

tually, also the role of the AhR in the aging immune system

with its lifelong experience of environmental insults –

including AhR ligands in environment and food – will be of

high interest.
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