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The  activation  of  the  transcription  factor  aryl  hydrocarbon  receptor  (AhR)  is  modulated  by  a  wide  variety
of xenobiotics  and  ligands  deriving  from  products  of metabolism.  The  study  of  the  contribution  of AhR  to
allergic  diseases  has gained  much  interest  in recent  years.  Here  we discuss  the  role  that  environmental
factors  and metabolic  products,  particularly  acting  on  AhR-expressing  mast  cells  (MCs),  could  have  in
the  development  of local  allergic/atopic  response.  Thus,  this  review  will cover:  a  brief  overview  of  the
eywords:
ast cells

ryl hydrocarbon receptor
llergy
ICZ

AhR  mechanism  of  action  in  the immune  system;  a description  of  different  AhR  ligands  and  their  effects
to  IgE-mediated  MC  activation  in  the  allergic  response,  with  particular  attention  to  the role  of IL-17;  a
discussion  about  the  potential  involvement  of AhR  in  immune  tolerance;  and  a  conclusion  on  human
diseases  in  which  direct  AhR  activation  of  MC might  have  a  major  impact.

© 2014  Elsevier  Ltd. All  rights  reserved.
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. Introduction: AhR mechanism of activation in the
mmune system

Geographical areas where autoimmune and allergic diseases are
revalent often coincide with the most industrialized regions of the
lobe. Toxicologists have associated the abundance of low molec-
lar weight pollutants in these areas with a major incidence of risk
eveloping these diseases (Vernon et al., 2012). In particular, the
resence of airborne low molecular-weight aromatic molecules,
eriving from several human activities such as industrial combus-
ion processes, city smog, and cigarette smoke, can all contribute
o the development of severe acute reactions, such as allergy and
naphylaxis, or chronic conditions, such as asthma, dermatitis, or
utoimmunity (Peden and Bush, 2013). However, the consequences
Please cite this article in press as: Sibilano, R., et al., Allergic respon
activation. Mol. Immunol. (2014), http://dx.doi.org/10.1016/j.molimm

f low molecular-weight chemical exposure remain even more
omplicated, because these compounds are constantly present in
veryday life – found in products ranging from cosmetics, to fer-

Abbreviations: AhR, aryl hydrocarbon receptor; BAL, bronchoalveolar lavage
uid; COPD, chronic obstructory pulmonary disease; DRE, dioxin responsive ele-
ent; Fc�RI, high affinity receptor for IgE; FICZ, 6-formylindolo[3,2-b]carbazole;
C,  mast cell.

� This article belongs to Special Issue on Mast Cells and Basophils in Innate and
cquired Immunity.
∗ Corresponding author. Tel.: +39 0432 559492.

E-mail address: giorgia.gri@uniud.it (G. Gri).

ttp://dx.doi.org/10.1016/j.molimm.2014.02.015
161-5890/© 2014 Elsevier Ltd. All rights reserved.
tilizers and food – and have the property to form protein adducts,
namely haptenize antigens (Esser et al., 2009).

The major challenge for immunologists is to explore the mech-
anisms that govern the genesis of these autoimmune and allergic
pathologies, and to clarify how the innate immune response coop-
erates with the adaptive response to give rise to (and resolve)
inflammation, cellular, and tissue damage. The aryl hydrocar-
bon receptor (AhR) was  initially characterized as being important
in immunity because of its unique properties related to the
immunomodulation of dioxin, a well-known immunocytotoxic
compound (Sun et al., 2004). In addition to this, other studies
reported that dioxin is a potent immunosuppressive chemicals
(Kerkvliet et al., 2009), suggesting that AhR-associated disease
could be dependent on the lack of tolerance or of regulatory mech-
anisms.

AhR is commonly considered a cytosolic sensor of xenobiotics
and products of cellular metabolites, which becomes activated after
the interaction with its ligand(s), translocates to the nucleus, and
activates a series of pro- and anti-inflammatory genes, historically
grouped under the acronym DRE (dioxin responsive elements) (Ma,
2001). In the last 15 years we have witnessed an increasing excite-
ment around the study of AhR, the results of which have revealed
ses and aryl hydrocarbon receptor novel pathway of mast cell
.2014.02.015

even broader implications for AhR-mediated functions in modulat-
ing an immune response, such as its ability to respond to a large
number of chemicals and environmental factors beyond dioxin
itself (Table 1).

dx.doi.org/10.1016/j.molimm.2014.02.015
dx.doi.org/10.1016/j.molimm.2014.02.015
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
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Table 1
Most studied ligands of AhR.a

Endogenous Tryptophan photoproducts:
6-formylindolo[3,2-b]carbazole (FICZ), kynurenine,
indigo dye, indirubin
Product of heme metabolism: bilirubin
Eicosanoid with anti-inflammatory properties:  lipoxin
A4,  prostaglandin G
In lung tissues:
2-(10H-indole-30-carbonyl)-thiazole-4-carboxylic
acid methyl ester (ITE)

Environmental From combustion of organic material:
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
benzo(a)pyrene, 3-methylcholanthrene,
benzanthracenes, benzoflavones

Dietary In many Brassicaceae (e.g. cabbage): indol-3-carbinol
In apples and onions:  quercetin
In red wine: resveratrol
Spice of Indian cuisine: curcumin

Synthetic 3-[2-(2-Phenylethyl)
benzoimidazole-4-yl]-3-hydroxypropanoic acid
(M50354), [4-(3-chloro-phenyl)-pyrimidin-2-yl]-(4-
trifluoromethyl-phenyl)-amine
(VAF347)
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a For an omnicomprehensive list, see Refs.: Esser et al. (2009), Denison and Nagy
2003), and Kerkvliet (2009).

AhR is widely expressed in the cells of both the innate and
daptive immune system, suggesting a different role of AhR in dif-
erent pathological settings. In this review, we focus on the role
f AhR in allergic settings, with a particular overview of AhR and
L-17. Furthermore, based on the recent discovery of AhR in mast
ells (MCs) (Maaetoft-Udsen et al., 2012; Sibilano et al., 2012a;
hou et al., 2013), we discuss on one hand, the role of MC  cos-
imulation through the simultaneous engagement of the antigen
Ag)-bound high affinity receptor for IgE and AhR, and on the other,
he implication of AhR-driven responses in MCs  for allergy and
hronic diseases. In conclusion, we also briefly summarize and dis-
uss how AhR activation can be considered a promising target to
nduce immunotolerance for allergic-related responses, by induc-
ng regulatory T cell (Treg) expansion and/or MC  anergy.

. AhR signaling: an overview

Although the structure of AhR:ligand complexes has not been
et crystallized and characterized, in the last decade many efforts
ave been made to clarify the function and the mechanisms of AhR
ctivation in the cell. AhR is a cytosolic receptor of xenobiotic and
atural chemicals and a member of the highly conserved family of
HLH-PAS transcription factors (Sogawa and Fujii-Kuriyama, 1997;
enison et al., 2002). In the cytosol, AhR is chaperoned by Hsp90,
RA9 and p23, which together act to regulate its translocation

o the nucleus. The process of nuclear translocation begins when
ydrophobic AhR ligands that pass through the cell membrane by
iffusion bind AhR, which in turn causes a conformational change in
he protein. Then AhR:ligand rapidly enter the nucleus, and subse-
uently bind to the co-activator ARNT leading to the transcription
f DRE (Hahn et al., 2009; Abel and Haarmann-Stemmann, 2010).
ome well characterized DREs include genes coding for proteins
nvolved in the process of detoxification such as cytochrome P450
nzymes (CYP1A1, CYP1A2, CYP1B1), glutathione S-transferases,
ridine diphospho-glucuronosyltransferases, NAD(P)H-dependent
uinone oxydoreductase-1, aldehyde dehydrogenase 3A1 (Shen
nd Whitlock, 1992; Nebert et al., 2000; Stejskalova et al., 2011).
nterestingly, Hsp90 and more recently p21, have been associated
Please cite this article in press as: Sibilano, R., et al., Allergic respon
activation. Mol. Immunol. (2014), http://dx.doi.org/10.1016/j.molimm

ith enhanced allergic inflammation (Joseph and Kaplan, 2005) or
ctivation of MC  degranulation (Allen et al., 2009).

Protein:protein interactions are necessary for AhR activity in the
ucleus and interaction with signal transducer and activators of
 PRESS
nology xxx (2014) xxx–xxx

transcription (STATs), the retinoic acid receptor (RAR), the estrogen
receptor (ER) and nuclear factor-�B (NF-�B) have been reported
(Hämäläinen et al., 2007; Klinge et al., 2000; Andreola et al., 1997).

3. AhR, IL-17 and allergy, revving things up

Presently, the impact of AhR activation on the allergic pro-
cess is a completely open question. It is well established that the
onset of allergic disorders, which affect approximately 30% of the
population in developed countries, has a genetically determined
component as well as an environmental component, caused by
exposure to pollutants (Busse and Lemanske, 2001; Oboki et al.,
2008). These disorders are associated first with potent acute and
then chronic inflammation, characterized by increased numbers
of eosinophils, B cell-driven production of IgE, and activation of
MCs. In allergic asthma – a chronic airway disease that affects
million people worldwide and is characterized by strong inflamma-
tion, airway hyperresponsiveness, and pulmonary fibrosis – higher
numbers of IL-17 producing T cells have been reported to be present
in the lungs, sputum, bronchoalveolar lavage (BAL) fluids or sera
from asthmatics (Molet et al., 2001), and the levels of IL-17 cor-
related with the degree of severity of airway hypersensitivity in
asthmatic patients (Barczyk et al., 2003). IL-17 is currently con-
sidered one of the hallmarks of airway inflammation since it can
potentiate the activation of local structural cells of the airway, such
as bronchial fibroblasts (IL-6, IL-8, IL-11 and CXCL1), epithelial cells
(beta-defensin-2, ICAM-1, IL-8, CXCL1, CCL20, G-CSF, MUC5B and
MUC5AC), and smooth muscle cells (IL-6 and IL-8) (Oboki et al.,
2008; Cua and Tato, 2010).

Chronic obstructive pulmonary disease (COPD) is another
inflammatory disease of the airways, and interestingly, it shares
many features with allergic asthma based on overlapping clinical
characteristics, epidemiologic studies, and the association of genes
common to both diseases (Barnes, 2008; Kaneko et al., 2013). COPD
is marked by progressive and non-reversible tissue damage due to
emphysematic changes in the lung, and it is both serious and preva-
lent, being the fourth cause of death in Western countries. IL-17 is
clearly detectable in the BAL fluid of COPD patients and its func-
tion has been mainly attributed to the upregulation of local matrix
metalloproteinase (MMP)  expression and the recruitment of innate
immune cells (Brusselle et al., 2011).

Interestingly, inhalation of airborne pollutants or cigarette
smoke has been identified as one factor causing susceptibility to
both asthma and COPD. Airborne pollutants (i.e. from combustion
deriving from industrial processes and organic materials; exhaust
gas smoke) and cigarette smoke are complex mixes containing low
molecular-weight organic compounds, able to contribute to the
induction of and, even more importantly, to the modulation of an
immune response. AhR mediates the effect of these toxins through
the production of a series of pro-inflammatory mediators, including
IL-17 (Stockinger et al., 2011).

The main question for immunologists is to understand how AhR
can drive the ongoing allergic/inflammatory process and the extent
by which this process is coordinated by cells of the innate and
acquired immune system.

To offer a historical perspective, the first understandings of the
role of AhR in the immune system came from studies from Veldhoen
et al. (2008), which showed that IL-17 expressing CD4+ T cells
(Th17) express relatively high levels of AhR compared to other
CD4+ T cells including Tregs. On one hand, AhR caused expansion
of Th17 subset in vivo, interfering with Treg development (acti-
ses and aryl hydrocarbon receptor novel pathway of mast cell
.2014.02.015

vated by FICZ (Quintana et al., 2008)), and it is responsible for
production of the Th17-associated cytokine IL-22 (Qiu et al., 2012).
This process has been associated with an exacerbation of the spe-
cific pathology in murine models of autoimmune disease, such as

dx.doi.org/10.1016/j.molimm.2014.02.015
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xperimental immune encephalomyelitis (EAE, a murine model of
ultiple sclerosis), but these findings have also been extended to

ther models of diseases, including arthritis, rhinitis and gut immu-
ity (Esser et al., 2009). On the other hand, AhR activation can also

nduce Treg expansion in EAE (Duarte et al., 2013). Indeed, dioxin
dministration confers protection from EAE, not as a of de novo
reg generation, but as a consequence of the inhibition of Th17
ell differentiation. These data are conflicting with other findings
howing that in vitro Th17 differentiation in the presence of AhR
gonists, including dioxin, promoted IL-17 and IL-22 expression,
ut did not induce Treg differentiation (Duarte et al., 2013). Such
ffect can be ascribed to the presence the in vivo microenviron-
ent which could influence Th17 differentiation, differently from

n vitro settings. More recently, the attention has been focused on
he process that leads to AhR activation and AhR-dependent IL-17
roduction in cells of the innate immune system, such as TCR�� T
ells (Martin et al., 2009). The underlying concept is that simul-
aneous exposure to pathogens and AhR ligands at the level of

ucosal barriers of the skin or the gastrointestinal tract can influ-
nce the first phases of the immune response, inducing a marked
L-17 response from the reservoir of tissue-resident TCR�� T cells
Stange and Veldhoen, 2013). Interestingly, in the past two  years,
everal groups have investigated the distribution, activation, and
ffect of IL-17-dependent-IL-13 induction (partly responsible of
irway remodeling) on allergic inflammation in the airways, offer-
ng a novel prospective on the understanding of how innate cells
ontribute to the allergic inflammation process (Kinyanjui et al.,
013; Urboniene et al., 2013). In this general view, it is worth men-
ioning that a link between the initiation of the allergic process and
he cross-talk between the innate and the acquired response is still

issing or largely unclear.
In the last 2 years we and other groups (Maaetoft-Udsen et al.,

012; Sibilano et al., 2012a; Zhou et al., 2013) have reported the
resence and the functional activation of AhR in MCs. As we  will
ummarize and discuss in the following section, these studies set
he stage for further investigation of previously unappreciated roles
f MCs  as sensors of the microenvironment.

. AhR and MCs

Upon activation, MCs  can produce a broad spectrum of inflam-
atory cytokines, chemokines, lipid compounds and vasoactive

mines, which autoconfer the peculiar capacity to respond to a wide
ange of external stimuli and drive the immune response (Galli
t al., 2008; Gri et al., 2012). The idea that MCs  can also translate
he immunological effect of AhR activation is extremely new and
as been investigated in only 3 papers in the last 2 years.

In 2012, Maaetoft-Udsen et al., reported the presence of AhR in
he rat RBL2H3 MC  line (Maaetoft-Udsen et al., 2012). Upon stim-
lation with the AhR agonists, kynurenin and kynurenic acid (both
ndogenous ligands, derived from the metabolism of tryptophan
nd known for their immuno-modulatory properties), RBL2H3 cells
howed calcium-dependent enhanced production of IL-6, which is

 well known downstream target of AhR activation in many cell
ypes (DiNatale et al., 2010). Two other studies published in 2012
nd 2013, report the presence of and discuss the function of AhR
ctivation in mouse (Zhou et al., 2013) or both mouse and human
Cs  (Sibilano et al., 2012a). The particular aspect of MC  biology

nvestigated in these papers was the effect of AhR activation on
ytokine production, maturation and homeostasis, in the presence
f the endogenous ligand 6-formylindolo[3,2-b]carbazole (FICZ) –
Please cite this article in press as: Sibilano, R., et al., Allergic respon
activation. Mol. Immunol. (2014), http://dx.doi.org/10.1016/j.molimm

 product of the metabolism of tryptophan. In both cases AhR acti-
ation was studied alone or together with canonical IgE/antigen
Ag) activation. Similar to Th17 cells, MCs  express AhR at high lev-
ls, but the protein is suddenly degraded upon ligation with its
 PRESS
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agonists (Abel and Haarmann-Stemmann, 2010). After ligation of
the AhR ligand FICZ, MCs  potentiate the classical IgE/Ag-dependent
response by enhancing the production of histamine, LTC4, and the
pro-inflammatory cytokines IL-6 and IL-13, through the activation
of PKC� and ERK. Another important MC  feature, remarked in both
papers, is the MC  production of reactive oxygen species (ROS) in
response to AhR activation, underlining a potential impact of AhR
ligands – through MCs  – on blood vessels and on the nervous sys-
tem (Swindle and Metcalfe, 2007). Moreover, Zhou et al. reported
a role for AhR in the maturation and homeostasis of MCs, show-
ing that AhR-null MCs  are characterized by impaired production of
IL-13 and mitochondrial damage.

Notably, different MC  responses can be achieved depending on
the duration of FICZ stimulation. A single dose (that is, singular
AhR activation) boosted proinflammatory features of MC activa-
tion (histamine and IL-6 production), whereas prolonged exposure
shifted MCs  toward IL-17 production and impaired degranulation
(Sibilano et al., 2012a).

MCs  can also produce IL-17 and are the major IL-17 in situ reser-
voirs in some diseases. In Sibilano et al., the authors reported MC
IL-17 production resulting from prolonged exposure to FICZ in both
mouse and human in vitro cultured MCs  and the presence of IL-17+

MCs  in the lung parenchyma of COPD patients (likely deriving from
the prolonged exposure to cigarette smoke). Different from cells
of the Th17 lineage, MCs  do not use the transcription factor RORC
to produce IL-17 in response to FICZ, a property which opens the
perspective that MCs  are able to use their own unique pathway
to induce IL-17 transcription upon AhR activation (Sibilano et al.,
2012a).

It is important to note that both studies employed the AhR ago-
nist FICZ, which is at present considered the strongest agonist for
AhR. However, the two  studies differed on the concentration used
– high for Sibilano et al., lower for Zhou et al., indicating that differ-
ences in MC  activation are likely to occur, even during the activation
with the same agonist.

Lastly, the impact of non-endogenous ligands (i.e. dioxin) or of
the combination of endogenous and non-endogenous ligands has
not been tested on MCs  yet, suggesting an opportunity to explore
another aspect of AhR-mediated MC  activation according to the
molecular etiology (e.g. inhalation of pollutants might worsen the
outcome of the disease combined with the prevalence of some
dietary components) of the allergic disease.

Fig. 1 summarizes recent findings in MC  signaling and activa-
tion and underlines the difference between acute and “chronic” or
prolonged exposure to FICZ.

5. AhR and tolerance

In the previous section we described the major pro-
inflammatory effects of AhR ligands in many pathological settings,
mainly achieved by the presence of IL-17 from T cells, and through
the boosted production of MC  proinflammatory mediators, includ-
ing IL-6, IL-13 and IL-17 itself. In this view, the role of AhR activation
may  be to eliciting a pro-inflammatory response of the effector
cells involved in the allergic response. There is nonetheless, a con-
sistent body of literature showing that AhR activation can sustain
local tolerance acting in the opposite way from the development
of the inflammatory response. It would be worth speculating that
the balance between the pro- and the anti-inflammatory responses
might reflect the recruitment and the number within the inflamed
tissue, not only of MCs  but also of different cell types, which can
ses and aryl hydrocarbon receptor novel pathway of mast cell
.2014.02.015

respond to AhR-ligands and directly influence MC  activation and
response, such as dendritic cells, macrophages and Tregs. In this
regards, the outcome of ligand:AhR interaction has been best char-
acterized in Tregs. Several papers have shown that direct expansion

dx.doi.org/10.1016/j.molimm.2014.02.015
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Fig. 1. Short-term (a) and long-term (b)

f Foxp3+ Tregs occurs after AhR translocation to the nucleus,
hough indirect induction by AhR-triggered dendritic cells has been
escribed too (Kerkvliet et al., 2009; Hauben et al., 2008; Singh et al.,
011; Weiner et al., 2011). A study reporting AhR-mediated acti-
ation in Tregs in the context of allergic responses showed that
hR ligation improved disease outcomes in an animal model of
eanut allergy, by inducing a shift from a canonical Th2 response
o instead a Treg expansion (Schulz et al., 2011). AhR-derived Treg
xpansion could be one of the mechanisms responsible for tol-
rance, perhaps through direct action on MC  activation. As we
ave previously discussed, Tregs can inhibit MC  effector functions,
amely degranulation and the release of preformed mediators.
X40L-engagement on MCs  by its counterpart OX40 on Tregs is
t present the only known contact mechanism by which Tregs
irectly inhibits MC  degranulation (Gri et al., 2008; Sibilano et al.,
012b). However, our most recent observations add another ele-
ent to this complex puzzle. Prolonged or long term stimulation

f AhR confers anergy to MCs, reducing degranulation in vitro and
he gravity of anaphylaxis in vivo, thus contributing to the over-
ll amelioration of allergic acute reactions. However, more studies
re required to clarify the single or the combined contribution of
ifferent AhR ligands to the expansion of Tregs and to determine

f from a therapeutic perspective, AhR-induced MC anergy can be
onsidered an alternative treatment to Treg expansion for allergic
eactions.

. Concluding remarks

It is emerging now that a single compound is able to shift
Cs  toward IL-6, IL-17, and IL-13 production by specifically acti-

ating AhR. The consequences of this event could be evaluated
n diseases where MCs  represent a potent source of proinflam-

atory cytokines and exposure to AhR ligands is likely to occur. For
nstance, MCs, alone or together with other non-T cells, are the pre-
ominant IL-17+ cells in psoriatic lesions in human skin (Lin et al.,
011) and atherosclerotic plaques (de Boer et al., 2010), as well as

n rheumatoid arthritis, osteoarthritis, and spondyloarthritis syn-
vium (Hueber et al., 2010; Suurmond et al., 2011; Noordenbos
t al., 2012). Consequently, the role of MCs  in orchestrating inflam-
atory responses through AhR activation may potentially be

xtended to all pathologies where tissue/organ homeostasis is bro-
en by an inflammatory, MC-rich infiltrate, likely accessible by AhR
Please cite this article in press as: Sibilano, R., et al., Allergic respon
activation. Mol. Immunol. (2014), http://dx.doi.org/10.1016/j.molimm

igands derived from tryptophan metabolism, such as inflamma-
ory bowel disease (Monteleone et al., 2011), eosinophilia-myalgia
yndrome (Smith and Garrett, 2005) and endometriosis (Sugamata
t al., 2005; Rier et al., 1993).
esponses by AhR stimulation with FICZ.
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