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Summary

The ligand activated transcription factor aryl hydrocarbon
receptor (AhR) has been studied for many decades in tox-
icology as the ligand for the environmental contaminant
dioxin. However, AhR has recently emerged as a critical
physiological regulator of immune responses affecting both
innate and adaptive systems, and several AhR ligands with
different pharmacological profiles have recently been stud-
ied. The current review discusses new insights into the role
of AhR signalling and AhR ligands on the regulation of the
immune system, with a focus on regulatory T cells which
maintain immune tolerance. Notably, AhR is expressed
and modulates the development of two induced regulatory
CD4+ T cell subsets, the forkhead box P3-positive (Foxp3+)
regulatory T cells (iTreg) and the IL-10-secreting type 1
regulatory T (TR1) cells, through different signalling path-
ways. We will finally discuss how AhR ligands could be
exploited to alleviate human autoimmune diseases. Clearly,
drugs targeted against AhR should promote the develop-
ment of new strategies to fight against autoimmune dis-
eases.

Key words: regulatory type 1 T cells; Foxp3+ regulatory T
cells; aryl hydrocarbon receptor; aryl hydrocarbon
receptor ligands

Introduction

The aryl hydrocarbon receptor (AhR) has been studied for
its role in mediating toxicity of environmental contamin-
ants such as dioxin. It is increasingly recognised that en-
vironmental toxins modulate immune responses and can
both impair response to infection or trigger autoimmunity.
AhR has emerged over the last decade as a critical regulator
of the immune system. AhR is expressed both in cells in-
volved in the innate immune response such as the dendrit-
ic cells (DCs) [1] or the innate lymphoid cells (ILC) [2],
and in CD4+ T cells which are crucial for adaptive immu-
nity. Besides TH1 and TH2 subsets described by Mosmann
and Coffman in 1986 [3], CD4+ T cells can differentiate
in the periphery into additional subsets including pro-in-
flammatory effector T cells (TH17, TH22) and regulatory T
cells (forkhead box P3 transcription factor (Foxp3)+ iTregs,
type 1 regulatory T (TR1) cells or TH3) (reviewed in [4, 5]).

AhR is expressed at high levels in two subsets of regulatory
T cells (Tregs), the iFoxp3+Tregs and TR1 cells, as wells
in TH17 [6–10]. This expression profile suggests that AhR
plays an important role in regulatory T cells.
The immune system has evolved to protect organisms from
infection but needs to avoid harmful responses to itself. In
this regard, regulatory CD4+ T cells are crucial to maintain
tolerance. Although suppressor T cells were described in
the early 1970s, interest in regulatory T cells has been re-
vived thirty years later with the discovery of the “lineage
specific” transcription factor Foxp3 [11, 12]. Fox-
p3+CD4+Treg cells have emerged as critical regulators of
the immune system as illustrated by the severe autoimmune
inflammation observed in mice deficient in Foxp3 [13] or
in patients with dysfunctional FOXP3 protein [14]. Fox-
p3+Tregs can be divided into thymus-derived natural Tregs
(nTregs) that express the α chain of the IL-2 receptor CD25
and into inducible CD4+Tregs cells which are generated
from CD25– precursors in the peripheral lymphoid organs
(iTregs) (reviewed in [15]). Aside from iTregs, additional
inducible regulatory CD4+T cells have been described in-
cluding TGF-β-secreting TH3 [16] and type-1 regulatory
T-cells (TR1) [17]. Despite their common role in the reg-
ulation of immune responses, induced regulatory T-cell
subsets feature differences in their biology, such as the cy-
tokines that induce them or the mechanisms by which they
mediate suppression (table 1). Both iTregs and TR1 cells
express AhR at a high level. The role of AhR signalling
and the molecular basis downstream AhR activation differ
between these two cell types, which will be discussed in
more detail.

AhR ligands modulate immune
response

AhR is a transcription factor that necessitates activation by
a ligand to mediate its transcriptional activity. AhR reside
in an inactive form in the cytosol in a complex composed
of several proteins (Hsp90 or ARA9). Upon activation with
a ligand, AhR undergoes conformational changes that en-
able its translocation to the nucleus. AhR can then initiate
the transcription of promoters containing a dioxin-respons-
ive element (DRE) consensus sequence. DRE are found in
multiple gene promoters involved in the immune system.
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AhR ligands can be divided into compounds of (1.) exo-
genous origin from environmental contaminants (man-
made aromatic environmental pollutants or pharmaceutical
components) or from natural origin (ligands synthetised
by microbes or plants that can be found for example in
food) and of (2.) endogenous ligands present in the human
body (table 2). The ligand 2,3,7,8-tetrachlorodibenzo-p-di-
oxin (TCDD) is the most studied exogenous ligand and
the greatest understanding of AhR biology are based on
its effect. In vivo treatment with TCDD attenuates the dis-
ease course of several murine models of autoimmune dis-
eases including multiple sclerosis, [7, 10] colitis [18] and
uveoretinitis [19]. However, because of the unfavourable
biological profile of TCDD (high affinity for AhR, long
half-life) and implications in embryogenesis and tumouri-
genesis, its implementation in clinics is limited [20].
Besides environmental contaminants, natural AhR ligands
are present in the diet or can be generated in the
gastrointestinal tract from dietary compounds such as in-
dirubin, a component found in traditional Chinese herbal
medicine [21, 22], curcumin, a common spice used in In-
dian cuisine, or indole-3-carbinol found in cruciferous ve-
getables (table 2). Interests in natural AhR ligands and
gut immunology are rising as illustrated by several recent
publications. A first study pointed out that exposure to
AhR ligands through the diet even in the first weeks of
life is critical for the development of immune responses
as they control the maturation of innate lymphoid cells
(ILC) [2]. ILC drive immune responses against intestinal
infections and their generation is impaired in AhR-defi-
cient mice. Mice fed with diets lacking natural AhR ligands
suffer from deficient ILC generation and are prone to in-
testinal infection. The sole addition of the natural AhR lig-
and indole-3-carbinol (table 2) in the diet restores both the
generation of ILC and the immune response in an AhR-
dependent manner. This highlights the importance of ex-
posure to AhR agonists through food intake and their role
in the maintenance of intestinal homeostasis. To corrobor-
ate those results, the group of Zhou similarly showed that
AhR is necessary for the development of a subset of ILC
(that are RORγt+) in mice [23]. Adult AhR-deficient mice
have reduced numbers of ILC in both the small and large
intestine, and are more susceptible to gut infections. Strik-
ingly the deficits in ILC became evident when AhR-de-
ficient mice were close to weaning age pointing towards
the implication of exogenous factors such as food intake in
the development of the immune response. The authors pro-

posed that IL-22 production induced by AhR signalling is
an important mediator for AhR protective effects in the gut,
as IL-22 expression could rescue AhR-deficient mice from
succumbing to severe gut infection. The group of Colonna
obtained similar results and showed that AhR drives the de-
velopment of ICL22 and postnatal lymphoid tissues which
are critical for responding to gut infections [24]. They pro-
pose that AhR signalling regulates IL-22 partially through
Notch pathways. Similarly, the group of Veldhoen showed
that intra-epithelial lymphocytes (IELs), which are import-
ant in the first line defence against intestinal infection or
skin defence, depend on AhR activation by dietary-derived
ligands to maintain their generation and to control microbi-
al load and composition in the gut [25]. Taken together, the
results of those studies suggest that AhR signalling is im-
portant for the maintenance of gut immunity and also that
exogeneous dietary AhR ligands are crucial to shape our
immune response.
The recognition of endogenous ligands confers AhR a
physiological role in fine-tuning the immune response and
does not restrain AhR to be solely a receptor for envir-
onmental compounds. The ligand
6-formylindolo[3,2-b]carbazole (FICZ) was the first de-
scribed endogenous AhR ligand (table 2). FICZ is formed
when its precursor tryptophan is exposed to light in the
skin. Similarly to TCDD, FICZ has immunoregulatory
properties and administration of FICZ decreases the sever-
ity of colitis in different mouse models of inflammatory
bowel disease (IBD) by reducing inflammatory responses
and promoting the production of IL-22, an IL-10 family
cytokine [18]. Another putative endogenous AhR ligand,
the 2-(1'H-indole-3'-carbonyl)-thiazole-4-carboxylic acid
methyl ester (ITE), induces functional Tregs that suppress
EAE similarly to TCDD [26]. Recently, focus has been
driven on the ligand kynurenine (Kyn), the first breakdown
product in the indoleamine-2,3-dioxygenase (IDO)-de-
pendent tryptophan, which is now increasingly recognised
as an endogenous AhR ligand [9]. Indeed, Kyn is generated
by dendritic cells (DCs) at the site of inflammation and pro-
motes the generation of regulatory T cells akin to TCDD.

AhR and regulatory T cells

Funatake et al. first described the importance of AhR sig-
nalling in the generation of Tregs in vivo [27]. Using a
mouse model of acute graft-versus-host response, they
showed that donor T cells led to the generation of a subset

Table 1: Characteristics regulatory T cells.
CD4+ regulatory T cells can be divided in natural Foxp3+ Tregs which are generated in the thymus (nTregs) or Tregs generated in the periphery that comprise
iFoxp3+Tregs, TR1 and TH3 cells.
CTLA4, Cytotoxic T-Lymphocyte Antigen 4; GITR, glucocorticoid-induced TNF receptor family-regulated gene; Tbx21, T-box transcription factor TBX21; LAP, latency-
associated peptide.

nTregs iTregs TR1 TH3
Place of generation Thymus Peripheral lymphoid organs Peripheral lymphoid organs Peripheral lymphoid organs

Differentiating cytokine – TGF-β IL-27 Anti-CD3 (oral tolerance)

Surface markers CD25 (IL-2R), CTLA4, GITR CD25 (IL-2R), CTLA4, GITR Unknown LAP CD25-

Transcription factors Foxp3 Foxp3, AhR AhR, c-Maf, Tbx21 ?

Growth promoting cytokine IL-2 IL-2 IL-21 ?

Mode of suppression Multiple Multiple Multiple Multiple

Contact dependant CD39 CD39 Granzyme B LAP

Contact independent TGF-β, IL-35, IL-10 TGF-β, IL-35, IL-10 IL-10 TGF-β, IL-10
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of regulatory CD4+ T cells when transferred into mice
treated in vivo with TCDD. The induction of those reg-
ulatory T cells was AhR dependant and was abolished if
recipient mice were deficient for AhR. The generation of
those TCDD-induced Tregs did not results in an expan-
sion of already circulating nTregs as TCDD-induced Tregs
could be generated in a system devoid of nTregs. The au-
thors pursued the characterisation of those TCDD-induced
Tregs and performed an ex vivo characterisation of TCDD-
induced CD4+ cells by comparing TCDD-induced Tregs
with n-Tregs. They showed that TCDD-induced regulat-
ory T cells were different from nTregs, expressed the sur-
face markers CD25, CTLA4 and GITR and produced high
levels of IL-10 and Granzyme B [6]. These pioneer in vivo
studies provided the impetus to further study differentiation
of T cells in vitro with purified T cells.

AhR and Foxp3+Tregs
As mentioned above, Foxp3+Tregs can be divided in
thymus-derived nTregs and adaptive iTregs generated in
the periphery. It has been proposed that in vivo TCDD do

not enlarge nTregs population but promote the generation
of iTregs in the periphery [27]. As early immuno-toxico-
logical studies showed that exposure to TCDD contributes
to thymic involution [28], one might think that exposure to
TCDD impairs nTregs generation. The effect of TCDD or
other AhR ligands on nTregs development in the thymus
has not been formally studied as the analyses of TCDD-in-
duced Tregs have been performed in adult mice.
TGF-β is crucial for the development of iTregs both in vitro
and in vivo [29]. iTregs express high levels of CD25, the
receptor of IL-2, and are dependent on an external IL-2
source to promote their growth (table 1). To study the role
of AhR activation on Treg biology, numerous studies have
been performed with the high affinity AhR agonist TCDD.
Interestingly it was described many years ago that TCDD
dampens effector T-cell function and promotes the devel-
opment of infections. Over the last decade, it was dis-
covered that TCDD further induces Tregs which are be-
neficial in fighting autoimmune diseases such as type I
diabetes [30], multiple sclerosis [7] and colitis [31], and
also in reducing the severity of graft versus host disease

Table 2: AhR ligands.
Structures and origins of exogeneous, environmental pollutants and dietary, and endogeneous AhR ligands discussed in this review.

AhR Ligands Structure Origin
Exogeneous ligands

Environmental pollutants
– 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) Toxic formed during combustion of organic compound

Dietary
– Indirubin Component of Chinese medicine

– Indol-3-carbinol Cruciferous vegetables (broccoli)

– Curcumin Indian spice

Endogenous

– 6-formylindolo[3,2-b]carbazole (FICZ) Tryptophan photoproduct

– 1'H-indole-3'-carbonyl)-thiazole-4 carboxylic acid
methyl ester (ITE)

Compound derived from indirubin

– Kynurenine (Kyn) Tryptophan product
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[27]. Doubts about the impact of TCDD on Tregs have
been raised, as it has been postulated that an increased
number of Tregs could result from an indirect toxic effect
of TCDD. It has been proposed that TCDD leads to the
death of conventional T cells, while Tregs are believed to
be more resistant to apoptosis [32] (reviewed in [33]). Al-
though the subject is still debated, this hypothesis has never
been proven experimentally. Indeed, TCDD does not alter
the initial expansion of activated CD4+T cells in the spleen

Figure 1

AhR signalling in Tregs.
The molecular mechanisms by which AhR promotes Foxp3+Tregs
cell are shown. Exogenous AhR ligand induces tolerogenic DCs by
multiple pathways. Firstly, the activation of AhR enhances the
expression of Aldh1a1 which drives RA secretion. In T cells, RA
binds to RAR and RXRs, which in turn bind to the Foxp3 promoter.
Secondly, the activation of AhR induces the formation of Kyn in an
IDO-dependant manner in DCs. Kyn further acts as an
endogenously AhR ligand and promotes Foxp3 expression. In
addition, the activation of AhR mediates partial demethylation of
Foxp3 promoter in CD4+ T cells.
RA, retinoic acid; RAR, retinoic acid receptor; RXR, Retinoid X
Receptor; Kyn, Kynurenine; IDO, Indoleamine 2,3-dioxygenase.

Figure 2

AhR signalling in TR1 cells.
The molecular mechanisms by which AhR promotes TR1 cell
differentiation are shown. Firstly, AhR ligands bind to AhR and
transactivates il21 promoter with c-Maf that promotes TR1 cell
proliferation. Secondly, the same complex of AhR and c-Maf
transactivates il10 promoter and mediates TR1 cell suppressive
function. Thirdly, AhR drives the transactivation of Gzmb promoter
that promotes granzyme B expression, which contributes to the
suppressive activity of TR1 cells.

of antigen-challenged mice but promotes a premature de-
cline in their number before effector cell development. Fur-
thermore, TCDD did not show a direct toxic effect when
tested on multiple cell lines [34]. On the other hand, ac-
cumulating evidence indicates that AhR signalling has a
specific impact on Treg’s generation. First, naïve T cells
isolated from AhR null mice inefficiently generated Tregs
in vitro [35]. Secondly, independent groups have shown
that natural AhR ligands such as the dietary AhR ligands
derived from indirubin, indole-3-carbinol and indirubin-3′-
oxime [36] as well as the endogenous AhR ligands ITE
and Kyn promote the differentiation of Tregs that suppress
autoimmunity [26, 37].
The molecular basis by which AhR signalling modulates
Treg’s biology is beginning to be understood. AhR sig-
nalling directly shapes Treg differentiation by dictating the
state of Foxp3 promoter methylation (fig. 1). DNA methyl-
ation in a gene promoter region is associated with loss of
that gene's expression. TCDD mediates partial demethyla-
tion of Foxp3 promoter and hence enhances Foxp3 expres-
sion, while it mediates methylation of Il17 promoter and
decreases the expression of IL-17, a pro-inflammatory cy-
tokine secreted by TH17 cells [31].
Furthermore, AhR induces tolerogenic DCs that promote
the generation of Tregs. Different mechanisms by which
AhR tolerise DCs have been proposed. First, AhR activ-
ation promotes the induction of IDO by binding the Ido
promoter that contain putative DRE consensus sequences
[38]. Accumulating evidence indicate that IDO plays a
pivotal role in the induction of tolerogenic DCs (reviewed
in [39]). IDO depletes tryptophan in local tissue micro-
environments and generates immunoregulatory catabolites,
such as Kyn. Both tryptophan starvation and the presence
of Kyn promote the generation of Tregs. In vivo AhR ac-
tivation with TCDD induces IDO1 and IDO-like protein
IDO2 which further drive Foxp3 expression [40]. In addi-
tion, a recent publication explored the link between AhR
activation by Kyn and the generation of Tregs in vitro [41].
These authors showed that IDO generated by DCs leads to
an increased Kyn formation that directly promotes the gen-
eration of Tregs (fig. 1).
Generation of retinoic acid (RA), the active form of vit-
amin A, is another mechanism by which AhR ligand in-
duces tolerogenic DCs that support Treg’s differentiation
[26]. Treatment of DCs with the AhR ligand ITE promotes
the expression of the retinal dehydrogenases Aldh1a1 that
enhances RA secretion (fig. 1). Notably, RA forms a com-
plex with the nuclear receptors, RA receptors (RARs) and
retinoid X receptors (RXRs) that controls the transactiva-
tion of foxp3 promoter in coordination with other transcrip-
tion factor such as MAD homolog 3 (Smad3), thereby pro-
moting Treg differentiation.
AhR signalling not only controls mouse but also human
Treg’s generation. In contrary to murine Tregs, human
naïve T cells differentiated with TGF-β in vitro express
Foxp3 but do not acquire suppressive properties. On the
other hand, addition of an AhR ligand onto naïve T cells
differentiated in the presence of TGF-β induces suppress-
ive Foxp3+ Tregs. AhR activation does not lead to in-
creased levels of Foxp3 expression but promotes the ex-
pression of CD39, an ectonucleotidase that hydrolyses ATP
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and mediates suppressive activity of Treg [8, 42]. CD39
deficiency is linked with exacerbation of autoimmune dis-
eases in murine colitis, and human polymorphism in the
CD39 gene is associated with higher susceptibility to in-
flammatory bowel diseases [43]. In conclusion, AhR mod-
ulates the development of Tregs both in mouse and human
by multiple mechanisms.

AhR and TR1 cells
TR1 cells are an important subset among IL-10-secreting
regulatory T cells and are characterised by a unique profile
of cytokine production: high levels of IL-10, IL-21, some
IFN-γ, low levels of IL-2 and no IL-4 (table 1) (reviewed in
[17]). Interestingly, TR1 cells were first described in severe
combined immuno-deficient (SCID) patients who had de-
veloped long-term tolerance to stem cell allografts, sug-
gesting that these cells suppressed immune responses in
humans [44]. Indeed, during the course of human inflam-
matory diseases such as multiple sclerosis, the frequency
and the functionality of TR1 cells are impaired [45, 46].
Studies of TR1 cells have been difficult due to the lack
of known specific lineage transcription factor or surface
markers which would facilitate their tracking in vivo, and
the difficulty to grow them in vitro due to their low prolif-
erative properties. Interest in TR1 cells has recently been
revived by the discovery that the cytokine IL-27 is essen-
tial for their development [47]. Exogenous and endogenous
AhR ligands (TCDD, FICZ or IDE) have been shown to
promote TR1 cell function as they enhance the expression
of key proteins involved in their biology, which are IL-10,
IL-21 [9] and Granzyme B [8]. Murine naïve T cells cul-
tivated in the presence of AhR ligands alone are not able to
convert to TR1 cells in the absence of IL-27. Indeed, IL-27
induces the expression of the transcription factors AhR and
of the proto-oncogene c-Maf that enables the activation of
AhR signalling. IL-27 inefficiently drives TR1 cell gener-
ation in the absence of AhR or c-Maf [9]. Upon activation
AhR forms a complex with c-Maf that promotes the trans-
activation of il10 and il21 promoters (fig. 2) [9, 48, 49].
IL-10 and IL-21 are two essential cytokines involved in
TR1 cell biology: IL-10 is crucial for the suppressive char-
acteristics of TR1 cells and IL-21 for the expansion and
maintenance of TR1 cells [48] (reviewed in [49, 50]). In-
terestingly, it has been recently shown that the complex c-
Maf and AhR also plays a role during TH17 differentiation
by controlling the expression of IL-22 [51]. Mice injected
with the AhR ligand FICZ are protected against the devel-
opment of colitis and have marked down-regulation of in-
flammatory cytokines but induction of IL-22 by TH17 cells
[18]. It is noteworthy that AhR and c-Maf are expressed
in TR1 cells but do not drive IL-22 expression in this cell
type. This promotes the idea that while AhR and c-Maf are
crucial in driving the expression of cytokines involved in
the differentiation of different T cell subsets, additional yet
unknown IL-27-induced triggers are critical to control the
transcriptional regulation of TR1 cell.
Akin to mouse TR1 cells, AhR signalling is essential for
TR1 cell differentiation in humans. Consistent with results
obtained in mouse TR1 cells, the human transcription
factor AhR interacts with c-Maf, ultimately resulting in an
enhanced IL-10 secretion from TR1 cells [9]. While these

observations are in line with the role of AhR in mouse TR1
cell differentiation, activation of human CD4+ T cells with
AhR ligands in the absence of IL-27 was able to drive TR1
cell differentiation. It is noteworthy that c-Maf which is es-
sential for mouse TR1 cell differentiation is detectable in
human T cells activated without IL-27. As c-Maf expres-
sion is strictly dependent on IL-27 in mice, the observa-
tion that TCDD or FICZ alone drives the expansion of hu-
man Tr1 cells could be due to their expression of c-Maf
upon sole activation. Indeed, the over-expression of c-Maf
induces marginal expression of IL-10 from human CD4+ T
cells, while the TCDD-driven activation of AhR combined
with c-Maf over-expression leads to significant IL-10 ex-
pression [8]. IL-10 is necessary but not sufficient for the
function of human TR1 cells as their capacity to suppress
immune responses also relies on granzyme B expression
[52, 53]. Interestingly, besides increasing IL-10 expression,
AhR transactivates Gzmb promoter and drives the expres-
sion of granzyme B, which contributes to the suppressive
activity of TR1 cells (fig. 2) [54]. In conclusion, akin to
Foxp3+ Tregs, AhR modulates the development of TR1
cells both in mouse and human using different signalling
pathways.

AhR and IL-22
While evidence generated from the studies discussed above
support the contention that AhR is involved in the gener-
ation of regulatory cells, ex vivo study of T cells obtained
from a man intoxicated with very high levels of TCDD
did not show the expansion of Foxp3+Treg cells nor of
IL-10-producing T cells [55]. Interestingly, T cells from
this patient exhibited an IL-22 phenotype. As discussed
previously, IL-22 is a member of the IL-10-cytokine family
(reviewed in [5]) that plays a crucial role in skin and intest-
inal mucosa [51]. To strengthen the link between AhR and
IL-22 production, it has been shown that mice injected with
FICZ have enhanced IL-22 production and were protected
against several murine colitis models [18]. IL-10 and IL-22
belong to the same family, suggesting that those two cy-
tokines could be regulated by similar mechanisms [5]. New
insights have been obtained in two recent studies showing
that AhR signalling enhances IL-22 production by direc-
tly either binding to il22 promoter in co-ordination with
the transcription factor RORγt [23] or via Notch signalling
[56]. While the precise molecular mechanism behind the
Notch-mediated IL-22 induction remains unknown, it has
been proposed that the Notch effect could be indirect by
promoting the production of endogenous ligands for AhR
[56].
IL-22 expression can be associated with IL-17 and is ex-
pressed in TH17 cells [57] where AhR is expressed at a
high level [7, 10]. It has been proposed that AhR signalling
could promote TH17 cell development. It is important to
note that TCDD or ITE injections in vivo favour the de-
velopment of regulatory T cells and reduce the severity of
EAE disease but treatment with FICZ aggravates the dis-
ease course of EAE. While FICZ promotes TH17 cell gen-
eration in vitro, the AhR dependent induction of TH17 cells
has yet to be formally confirmed in vivo. The results of
those studies have, however, led to the idea that activa-
tion of AhR by different ligands could differentially influ-
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ence CD4+ T cell differentiation. However, this concept
needs to be formally proven. The dosis of AhR ligands
used in different studies could also be critical to the impact
of AhR treatment of autoimmune diseases. Finally, the new
concept that TH17 cells represent a heterogeneous popula-
tion could help understanding the apparently contradictory
role of FICZ on TH17 cell development. TH17 cell gen-
erated in the absence of TGF-β are highly pathogenic and
do not express either AhR or IL-10, while they produce
both IFN-γ and IL-17. In contrast, TH17 generated in the
presence of TGF-β (TH17β) express both AhR and c-Maf,
produce IL-10 and are less pathogenic [58]. Indeed, c-Maf
promotes the expression of the anti-inflammatory cytokine
IL-10 expression in TH17 [59] and inhibits IL-22 produc-
tion [60] thereby reducing the pathogenicity of TH17 cells.
The putative role of AhR signalling in different subtypes of
TH17 differentiated needs to be formally addressed.

Concluding remarks

A precise balance is necessary to maintain immune sur-
veillance but at the same time prevent the development of
autoimmunity. AhR ligands have been assigned valuable
immunomodulatory properties and can fine-tune the im-
mune response. As we discussed in the first part of this re-
view, the importance of AhR signalling in gut immunity
and the availability of AhR ligands through food intake
has been highlighted by numerous recent publications [2,
23–25]. AhR signalling properties could be further ex-
ploited in the clinical practice, not only in the field of
infectiology but also in autoimmunity. However, several
points have to be resolved before their implementation in
the clinical practice. First, there is a need to design AhR
ligands with safe pharmacological profiles. Indeed, as we
discussed previously, the most studied AhR ligand TCDD,
has valuable immunomodulatory properties but is not ap-
plicable in clinical practice because of its pharmacologic-
al properties. Furthermore, the impact of distinct AhR lig-
ands on the immune system has to be better understood.
For example, while TCDD and FICZ have opposite effects
on iFoxp3+Tregs or on TH17 cells, they both promote TR1
cell or can induce IL-22 secretion depending on the experi-
mental setting. Therefore the specificity, the pharmacology
and the dose-effect of each ligand will have to be carefully
assessed in different diseases models. Finally, the effect of
AhR ligands needs to be cautiously monitored to avoid ex-
cessive responses. For example, the endogeneous AhR lig-
and Kyn has been recently shown to be secreted by human
tumours via the tryptophan-2,3-dioxygenase and promote
the generation of Tregs in vivo [61]. While Tregs are bene-
ficial in preventing autoimmune diseases, they are regarded
as inhibitors of anti-tumour immunity and impair the devel-
opment of successful immunotherapy [62].
In conclusion, AhR ligands are promising compounds for
pharmaceutical drugs. However, further studies should aim
at designing a new generation of AhR ligands which could
specifically target different cell types of the immune sys-
tem with limited side effects. More research is required to
evaluate the potential of AhR targeting for the treatment of
autoimmune and inflammatory diseases in humans.
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Figures (large format)

Figure 1

AhR signalling in Tregs.
The molecular mechanisms by which AhR promotes Foxp3+Tregs cell are shown. Exogenous AhR ligand induces tolerogenic DCs by multiple
pathways. Firstly, the activation of AhR enhances the expression of Aldh1a1 which drives RA secretion. In T cells, RA binds to RAR and RXRs,
which in turn bind to the Foxp3 promoter. Secondly, the activation of AhR induces the formation of Kyn in an IDO-dependant manner in DCs.
Kyn further acts as an endogenously AhR ligand and promotes Foxp3 expression. In addition, the activation of AhR mediates partial
demethylation of Foxp3 promoter in CD4+ T cells.
RA, retinoic acid; RAR, retinoic acid receptor; RXR, Retinoid X Receptor; Kyn, Kynurenine; IDO, Indoleamine 2,3-dioxygenase.
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Figure 2

AhR signalling in Tr1 cells.
The molecular mechanisms by which AhR promotes Tr1 cell differentiation are shown. Firstly, AhR ligands bind to AhR and transactivates il21

promoter with c-Maf that promotes Tr1 cell proliferation. Secondly, the same complex of AhR and c-Maf transactivates il10 promoter and
mediates Tr1 cell suppressive function. Thirdly, AhR drives the transactivation of Gzmb promoter that promotes granzyme B expression, which
contributes to the suppressive activity of Tr1 cells.
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