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Mucosal retinoic receptorrelated orphan receptor (ROR)yt-expressing innate lymphoid
cells (ILC) play an important role in the defense against intestinal pathogens and in promot-
ing epithelial homeostasis and adaptation, thereby effectively protecting the vertebrate host
against intestinal inflammatory disorders. The functional activity of RORyt* ILC is under
the control of environmental cues. However, the molecular sensors for such environmental
signals are largely unknown. Recently, the aryl hydrocarbon receptor (AhR) has emerged as
a master regulator for the postnatal maintenance of intestinal RORyt* ILC and intraepithe-
lial lymphocytes. AhR is a highly conserved transcription factor whose activity is regulated
by environmental and dietary small molecule ligands. Here, we review the role of AhR sig-
naling for the maintenance of intestinal immune cells and its impact on the immunological
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INTRODUCTION

The mucosal immune system is constantly exposed to environ-
mental antigens such as bacteria, viruses, and nutrients. In recent
years, it has become clear that the intestinal ecosystem is best
viewed as a network of mutualistic interactions. In contrast to pre-
vious assumptions, the design principle of the mucosal immune
system is not one that aims for strict separation between environ-
mental antigens and immune cells by an impenetrable epithelial
or mucus barrier. In contrast, specialized routes of antigen access
to immune cells [e.g., microfold (M) cells, transepithelial den-
drites of dendritic cells (DC)] allow for the controlled induction
of immune signals at specifically designated entry ports that gen-
erate homeostatic rather than inflammatory signals (Round and
Mazmanian, 2009; Cerf-Bensussan and Gaboriau-Routhiau, 2010;
Hill and Artis, 2010; Hooper and Macpherson, 2010; Sanos et al.,
2011). A recently identified group of innate lymphocytes now
widely referred to as innate lymphoid cells (ILC) has emerged
as an important player in generating homeostatic signals to pre-
serve mutualism at mucosal surfaces (Spits and Di Santo, 2011). In
contrast to other innate lymphocyte subsets namely natural killer
(NK) cells, ILC co-express markers of lymphoid progenitors such
as the receptor tyrosine kinase Kit (CD117) and the IL-7 receptor
(CD127; Moro et al., 20105 Satoh-Takayama et al., 2010). Two ILC
subsets have now been recognized, retinoic acid receptor-related
orphan receptor (ROR)yt-expressing ILC and natural helper cells
(also referred to as nuocytes, type 2 ILC or ILC2; Sanos et al.,
2011; Spits and Di Santo, 2011). RORyt™ ILC are a group of
innate lymphocytes that express and developmentally depend on

protection against intestinal infections and debilitating chronic inflammatory disorders.

Keywords: innate lymphoid cell, lymphoid tissue inducer cells, aryl hydrocarbon receptor, glucosinolates, RORyt,
cryptopatch, isolated lymphoid follicles, interleukin 22

RORyt (Kurebayashi et al., 2000; Sun et al., 2000; Eberl et al., 2004;
Sawa et al., 2010; Vonarbourg et al., 2010). RORyt™ ILC have lym-
phoid tissue-inducing (LTi) function and are absolutely required
for the prenatal development of secondary lymphoid organs such
as lymph nodes (LN) and Peyer’s patches (Kurebayashi et al., 2000,
Sun et al., 2000; Eberl et al., 2004). In addition, RORyt* ILC
are also required for postnatally developing intestinal lymphoid
organs such as cryptopatches (CP) and isolated lymphoid fol-
licles (ILF; Eberl and Littman, 2004). CP are lymphoid clusters
located directly underneath the crypts of Lieberkithn contain-
ing mainly RORyt™ ILC which are surrounded by a wall of DC
(Kanamori et al., 1996; Pabst et al., 2005). B cells are recruited to
some CP transforming them into ILF (Hamada et al., 2002) that
are important locations for the production of T cell-independent
IgA (Bouskra et al., 2008; Tsuji et al., 2008). While the formation of
CP is independent of the intestinal microbiota, formation of ILF
requires signals from intestinal bacteria (Pabst et al., 2006; Bouskra
et al., 2008).

Several subsets of RORyt™ ILC have been recognized (Satoh-
Takayama et al., 2008; Luci et al., 2009; Sanos et al., 2009; Takatori
et al., 2009; Cella et al., 2010). Currently, CD4" and CD4~ LTi
cells (LTiy cells, LTig cells) and NK cell receptor (NKR)-expressing
LTi cells (NKR-LTi cells also known as NK-22 cells) are discern-
able (Sawa et al., 2010; Vonarbourg et al., 2010). Current evidence
supports the view that NKRTRORytt ILC are the progeny of
NKR RORyt" ILC (Sawa et al., 2010; Vonarbourg et al., 2010).
No experimental data is available assigning a specific function to
these various subsets of RORyt™* ILC.
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In addition to ILC, external surfaces of the body such as skin
and intestinal epithelium contain specialized T cell populations.
Among these are intestinal intraepithelial lymphocytes (IEL) and
dendritic epidermal T cells (DETC) found in the skin of mice.
Both IEL and DETC directly interact with epithelial cells and are
an important part of the mucosal host defense. In addition, both
IEL and DETC have been involved in epithelial homeostasis and
repair (Jameson et al., 2002; Jameson and Havran, 2007). Skin-
resident DETC express an invariant yd TCR composed of the y3
and 31 chains (according to the nomenclature by Garman) but its
cognate antigen remains unknown (Hayday, 2009). IEL are a het-
erogeneous lymphocyte population of unconventional T cells with
antigen-experienced phenotype. IEL are composed of yd and aff T
cell receptor-expressing T cells. Among the aff T cells are conven-
tional CD8af heterodimer-bearing conventional cytotoxic T cells
and unconventional CD8aa homodimer-expressing T cells (Cher-
outre, 2004). Both DETC and IEL seed skin or intestine already
before birth preceding the colonization with the microflora. In
fact, later in life microbiota has an essential role in shaping the
development and function of the IEL (Hayday and Tigelaar, 2003;
Cheroutre et al., 2011).

In addition to being cells with LTi function, all RORytt ILC
subsets are an important source of the cytokines IL-22 and IL-
17, albeit with different efficiency (Sawa et al., 2010; Vonarbourg
et al., 2010). While subsets of NKR™RORyt™ ILC produce high
levels of IL-22 and IL-17, NKRTRORyt™ ILC produce less IL-22
and do not express IL-17 (Satoh-Takayama et al., 2008; Sanos et al.,
2009; Vonarbourg et al., 2010; Kiss et al., 2011; Sonnenberg et al.,
2011b). The extent of IL-22 production by RORyt™ ILC is under
the control of signals from the commensal microbiota (Satoh-
Takayama et al., 2008; Sanos et al., 2009; Reynders et al., 2011;
Sawa et al.,, 2011). The IL-22 receptor is exclusively expressed by
non-hematopoietic cells such as epithelial cells and stromal cells
(Wolk et al., 2004). Although the overall epithelial gene expres-
sion program controlled by constitutive IL-22 signaling has not
yet been analyzed in detail, inflammation-induced IL-22 clearly
regulates expression of antimicrobial lectins of the regenerating
islet-derived (Reg)3 family and of antimicrobial calcium-binding
proteins such as SI00A8 (calgranulin A) or SI00A9 (calgranulin
B; Zheng et al., 2008). Given the tissue-protective and antimicro-
bial functions of these genes, it has been proposed that RORyt™*
ILC may contribute to epithelial adaptation during epithelial stress
(Sanos et al., 2011; Sonnenberg et al., 2011a). Indeed, mice genet-
ically deficient for IL-22 or those lacking RORyt™ ILC are more
susceptible to bacterial infections (Satoh-Takayama et al., 2008;
Zheng et al., 2008; Cella et al., 2009; Sonnenberg et al., 2011b) and
to experimental forms of colitis (Sugimoto et al., 2008; Zenewicz
et al., 2008). However, the sensors of environmental factors and
the transcriptional regulators adapting gene expression of mucosal
ILC in response to environmental cues are not well defined.

The aryl hydrocarbon receptor (AhR) is an excellent candi-
date gene because it is a transcription factor whose activity is
controlled by environmental ligands. The AhR belongs to the
basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) family of pro-
teins that play important roles in adapting multicellular organisms
to the environment (e.g., hypoxia response, circadian rhythm etc.;
Gu et al., 2000). AhR is a ligand-activated transcription factor

located in the cytoplasm that upon ligand binding translocates
to the nucleus, dimerizes with another bHLH/PAS member [AhR
nuclear translocator (ARNT) or HIF-18] and binds to xenobiotic
response elements (XRE) in the promoter regions of AhR response
genes (Gu et al.,, 2000; Mclntosh et al., 2010). AhR is known
to induce transcription of genes encoding xenobiotic metaboliz-
ing enzymes of the cytochrome P450 monooxidase family (e.g.,
Cyplal and Cyp1bI; Gu et al., 2000; Kewley et al., 2004). AhR was
originally described as a receptor for dioxin, an environmental
toxin formed as a by-product of numerous industrial processes
(Fernandez-Salguero et al., 1995). However, several other small
molecular ligands for the AhR have been identified (Nguyen and
Bradfield, 2008; McIntosh et al., 2010). Among them are natu-
rally occurring AhR ligands predominantly found in plants which
include flavonoids such as quercetin in apples (Ciolino et al., 1999;
Ross and Kasum, 2002), resveratrol in red wine (Ciolino et al.,
1998), and indole-3-carbinol (I3C), a hydrolytic product of the
glucosinolate glucobrassicin contained in cruciferous plants such
as broccoli and Brussel’s sprouts (Bjeldanes et al., 1991; Dixon,
2004). AhR is an evolutionary conserved protein that is present in
invertebrate organisms. For example in Drosophila melanogaster,
AhR signaling is required for the proper development of the anten-
nae and leg. The AhR in invertebrates lacks the ability to interact
with xenobiotics, suggesting that the recognition of environmen-
tal toxins is not the original function of AhR (Barouki et al., 2007;
Stevens et al., 2009). Given the developmental role of the AhR
system in invertebrates, it appears likely that AhR-mediated sig-
nals in vertebrates have significance beyond the recognition of
recently emerging industrial toxins. However, experimental data
linking AhR signals to important developmental functions have
been largely lacking (Gu et al., 2000).

Although the role of AhR in regulating gene expression in
response to low-molecular-weight chemicals acting as AhR lig-
ands is extensively studied, its role in the immune system has
only recently attracted wider attention (Esser et al., 2009; Stevens
et al., 2009). Among the first observations was the finding that T
and B lymphocytes of Ahr-deficient mice were slower to seed sec-
ondary lymphoid organs (Fernandez-Salguero et al., 1995). This
phenotype was found in Ahr-deficient mice generated by Gonza-
lez and colleagues (Fernandez-Salguero et al., 1995), whereas two
independently generated targeted Ahr alleles did not show any
robust perturbations of immune system development (Schmidt
et al., 1996; Shimizu et al., 2000). At that time, Ahr—/~ mice had
mixed genetic backgrounds, which may have affected the results
observed in different mouse lines. Today, Ahr~/~ mice on a pure
C57BL/6 background are available, but the initial studies regard-
ing the immune system phenotype were never repeated (Lahvis
and Bradfield, 1998; Esser, 2009). Due to the discrepancies in the
immune phenotype of the various Ahr-deficient mice, the role of
the AhR in the immune system remained unclear. Recently, it was
demonstrated that AhR signals were required for T helper cell fate
decisions in particular for the commitment of Th17 cells (Quin-
tana et al., 2008; Veldhoen et al., 2008). These data linked environ-
mental toxins to the development of Th17-mediated inflammatory
disorders such as experimental autoimmune encephalitis (EAE),
a mouse model of multiple sclerosis. Th17 cells share a number
of similarities with RORyt* ILC, such as the expression of the
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transcription factor RORyt and a similar profile of cytokine pro-
duction. Recently, a number of independent reports investigated
the role of the AhR for development and function of RORyt™ ILC
that we will review here.

AHR IS REQUIRED FOR THE FORMATION OF POSTNATALLY
DEVELOPING INTESTINAL LYMPHOID ORGANS
An essential role of AhR for the formation of postnatally develop-
ing intestinal lymphoid clusters such as CP and ILF was observed
because mice genetically deficient for the Ahr gene lacked CP and
ILF (Kiss et al., 2011; Lee et al., 2011). Although AhR is constitu-
tively expressed by several cell types, such as hepatocytes, intestinal
epithelial cells (IEC), subsets of T cells, and DC (Esser et al., 2009;
Chmill et al., 2010), tissue-specific deletion of AhR in RORyt™ ILC
was sufficient to impair the formation of lymphoid clusters in the
small intestine (Kiss et al., 2011). In contrast, mice with deletion
of Ahr in all CD11c* cells or IEC showed normal development
of CP and ILF ruling out an important role of AhR signaling in
CD11c" DC or IEC for the development of intestinal lymphoid
organs (Kiss et al., 2011). Thus, AhR-controlled transcriptional
programs in RORyt™ ILC with LTi function are required for the
postnatal formation of intestinal lymphoid clusters (Figure 1).
Interestingly, the failure to form lymphoid organs in the absence
of AhR did not extend to prenatally developing intestinal lymphoid
organs such as Peyer’s patches, cecal patches, and mesenteric LN
or peripheral, non-mucosal LN (Kiss et al., 2011; Lee et al., 2011).
RORyt™ ILC were present in normal numbers in the LN and in the
spleen of Ahr-deficient mice, indicating that AhR signaling is not

needed for the lineage commitment or differentiation of RORyt™"
ILC at non-mucosal sites (Kiss et al., 2011). In addition, RORyt™
ILC were normally represented in the small intestine of newborn
Ahr-deficient mice (Kiss et al., 2011; Qiu et al., 2011). These results
have two important implications. First, AhR is not required for the
prenatal development or differentiation of intestinal RORyt™ ILC
but AhR signals are likely required for their postnatal functional
program or their maintenance. Second, AhR signaling required
for the development of CP and ILF may be specifically induced at
mucosal sites.

How does AhR signaling in RORyt™ ILC control the devel-
opment of CP and ILF? The development of intestinal lymphoid
clusters requires signals integrated by the lymphotoxin  receptor
(LTBR) expressed by mesenchymal stroma (Futterer et al., 1998;
Taylor et al., 2004). LTBR interacts with two TNF superfamily lig-
ands expressed by RORyt* ILC, LTa;B,, or LIGHT (TNFSF14;
Ware, 2005). In the light of these data (Kiss et al., 2011; Lee et al.,
2011; Qiuetal.,2011), it was conceivable that AhR controls expres-
sion of these genes. However, expression of TNF superfamily genes
including Lta, Ltb, and Tnfsf14 was normal in Ahr~/~mice (Kiss
et al,, 2011). Thus, AhR does not control the expression of genes
that confer LTi function to RORyt ™t ILC.

Intestinal RORyt™ ILC can be divided intoa CD4~ and a CD4*
subset (Sawa et al., 2010; Vonarbourg et al., 2010). Fetal RORyt™
ILC were described to be CD41 cells (Mebius et al., 1997) but
80-90% of the RORyt" ILC population found in the small intes-
tine of adult mice is CD4-negative (Sawa et al., 2010; Vonarbourg
et al., 2010). While the absolute numbers of CD4T RORyt™" ILC
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FIGURE 1 | Natural AhR ligands control the pool size of RORyt*
ILC. Secondary lymphoid organs (e.g., Peyer's patches) of the small
intestine form before birth and their development is independent of
AhR signals. After birth, the amount of dietary AhR ligands such as
glucosinolate-derived indole-3-carbinol increases in the intestine due to

the beginning resorptive capacity of enterocytes. AhR signaling
induces the expansion of CD4~ RORyt* ILC leading to the formation of
cryptopatches and ILF. Furthermore, AhR increases 11-:22 production by
RORyt* ILC and consequently reinforces epithelial protection against
bacteria.
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remained largely steady after birth, the CD4~ subset dramatically
expanded in numbers during the first 3 weeks of life coinciding
with the development of CP and ILF (Sawa et al., 2010; Kiss et al.,
2011). Interestingly in Ahr-deficient mice, the CD4~ RORyt* ILC
population failed to expand (Kiss et al., 2011). Thus, AhR signal-
ing is required for the postnatal expansion of the pool of CD4~
RORyt™ ILC (Figure 1). Although CD4™ RORyt™ ILC also express
AhR, they are only mildly affected by the absence of AhR (Kiss
etal,,2011; Lietal.,, 2011). AhR expression by CD4* RORyt™ ILC
is lower compared to CD4~ RORyt™" ILC which may explain that
their survival or maintenance is not affected by weaker AhR sig-
nals (Kiss et al., 2011). However, another study reported that CD4™
CD1277 cells, which mainly consist of CD4™ RORyt" ILC, were
decreased in the absence of AhR (Lee et al., 2011). Future studies
will need to dissect why maintenance of the CD4~ RORyt" ILC
pool is so dependent on AhR signals whereas CD4™ RORyt™ ILC
are only to a lesser extent. Perhaps, negative regulators of AhR sig-
naling such as the AhR repressor, which inhibits the transcriptional
activity of AhR, should be considered (Mimura et al., 1999).

Aryl hydrocarbon receptor-mediated signals could be involved
in the expansion of CD4~ RORyt™ ILC by controlling their prolif-
eration and/or survival. A substantial fraction of CD4~ RORyt™
ILC proliferated after birth, for which AhR signaling was a pre-
requisite (Sawa et al., 2010; Kiss et al., 2011). In contrast, CD4™
RORyt™ ILC had a much lower proliferative capacity and did
not substantially expand. Thus, AhR signals are required for the
proliferation and expansion of CD4~ RORyt™ ILC. Furthermore,
AhR signals may also be involved in their survival as RORyt™ ILC
from adult Ahr~/~ mice had decreased expression of antiapoptotic
genes such as Bcl2 and Bcl2l1 (Qiu et al., 2011). Collectively, the
data demonstrate that AhR signals control the pool size of intesti-
nal RORyt™ ILC with LTi function by regulating their expansion
and/or survival during the first weeks after birth. Thus, the failure
of Ahr~/~ mice to form CP and ILF reflects the impairment in
postnatal expansion of RORyt" ILC.

Interestingly, AhR signals were also required for the mainte-
nance of IEL, which consist of y8 T cells and CD8aa™ af T cells
(Li et al., 2011). Also for IEL, AhR was shown to act in a T cell
intrinsic fashion (Li et al., 2011). In addition, maintenance of
invariant Vy3™ skin DETC was also dependent on AhR signals
(Kadow et al., 2011; Li et al., 2011). Before birth, IEL were found
to normally develop and migrate to the intestine in Ahr-deficient
mice, however similar to RORyt™ ILC their postnatal maintenance
was impaired.

HOW IS AHR REGULATING THE POOL SIZE OF RORyt* ILC?

There are several models that could explain how the AhR could
regulate the pool size of RORyt™ ILC in the small intestine. First,
AhR could either directly or indirectly control the expression of
genes required for the development or differentiation of RORyt™
ILC such as RORyt. Second, AhR could regulate RORyt" ILC-
expressed genes that affect their gut homing properties. Third,
AhR could regulate the expression of genes required for the expan-
sion and/or maintenance of RORyt™ ILC. Previous studies with
T cells have shown that the AhR does not regulate the expres-
sion of RORyt (Veldhoen et al., 2008, 2009). Moreover, it is
unlikely that the AhR is required to induce RORyt expression

in RORyt-negative precursor cells because the specific deletion
of AhR in lineage-specified RORyt™ cells was sufficient to impair
their development/maintenance (Kiss et al., 2011). Although AhR
is not required for the induction of RORyt expression, it may
still be a factor stabilizing RORyt in RORyt™ ILC, which needs
to be addressed in future lineage tracing studies. In addition, it is
unlikely that AhR affects the homing properties of RORyt™ ILC
because Peyer’s patches were formed normally in the absence of
AhR and the numbers of RORyt™" ILC in the newborn gut was not
affected. These data indicate that the initial homing of RORyt™
ILC from the fetal liver to the gut is not impaired in the absence of
AhR signals. At current, it cannot be excluded that RORyt* ILC
have a second, postnatal homing wave regulated by AhR. However,
in Ahr~/~mice the RORyt™ ILC were not found to accumulate in
organs where precursors of RORyt" ILC are located, such as in
the bone marrow or liver (Elina A. Kiss and Andreas Diefenbach,
unpublished data).

AHR CONTROLS EXPRESSION OF GENES REQUIRED FOR THE
HOMEOSTASIS OF RORyt* ILC

The available data provide strong evidence that AhR controls
the expression of genes required for the homeostasis of RORyt"
ILC. Recently, AhR-controlled candidate genes directly involved in
maintaining the RORyt™ ILC pool have been identified.

Kit
In the absence of AhR signals, RORyt" ILC-expressed lower levels
of the receptor tyrosine kinase Kit (Figure 2A; Kiss et al., 2011). Kit
is the receptor for stem cell factor (SCF) known to be important for
the maintenance of RORyt™" ILC especially at mucosal sites (Chap-
pazetal.,2011). Incubation of RORyt" ILC in the presence of SCF
led to their expansion supporting the view that Kit signaling may
contribute to the postnatal expansion of RORyt™ ILC (Kiss et al.,
2011). This is further supported by the finding that mice with a
signaling-deficient Kit receptor (Kit"VY/"V) had reduced numbers
of mucosal RORyt" ILC and reduced development of CP and ILE.
However, this data should be interpreted with caution because in
KitWY'W¥ mice, Kit signaling is deficient in all cells not only in
RORyt™ ILC. Future studies enabling for genetic deletion of Kit
specifically in RORyt* ILC will allow to more precisely investigate
how Kit signaling controls the homeostasis of RORyt* ILC.
Several lines of evidence demonstrate that Kit is under the direct
transcriptional control of the AhR. Activation of AhR by incuba-
tion of purified RORyt™ ILC in the presence of AhR ligands led to
the upregulation of Kit expression in vitro (Kiss et al., 2011). Two
canonical XRE elements are located in the human and mouse Kit
promoters (Sun et al., 2004; Jux et al., 2011; Kadow et al., 2011;
Kiss etal.,2011). Indeed, chromatin immunoprecipitation (ChIP)
assays showed that AhR was bound to the XRE elements of the Kit
promoter and promoter occupancy could be enhanced by treat-
ing RORyt™ ILC with AhR ligands (Figure 2A; Kiss et al., 2011).
Furthermore, gene expression reporter assays revealed that bind-
ing of AhR to the XRE elements induced transcription of both
human and mouse Kit and mutation of the XRE elements blocked
transcription (Jux et al., 2011; Kadow et al., 2011; Kiss et al., 2011).
Requirement of AhR signals for Kit expression has also been
observed for skin y8 T cells and melanocytes indicating a general
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FIGURE 2 | Aryl hydrocarbon receptor transcriptionally controls the
expression of Kit and IL-22. (A) Regulation of genes involved in the
maintenance of RORyt* ILC. AhR-deficiency leads to reduced expression of
Kit, IL-7R, Notch, and antiapoptotic molecules all of which have been
implicated in the maintenance and/or survival of RORyt" ILC. AhR directly
binds to the two XRE elements of the Kit promoter and induces its
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1122
-
RORyt
1122
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transcription. It is not known whether the genes encoding Notch or IL-7R are
direct targets of AhR in RORyt* ILC. (B) Cooperativity between AhR and
RORyt in the regulation of 1l-22 expression. AhR alone does not bind to or only
weakly interacts with the XRE elements in the /122 promoter (upper panel).
RORyt expression alone may induce transcription of the /122 gene (middle
panel). RORyt and AhR synergistically promote 11-22 expression (lower panel).

role of AhR signals at mucosal surfaces for stable Kit expression
(Juxetal., 2011; Kadow et al., 2011). A recent report has indicated
that in addition to RORyt™ ILC also the homeostasis of intesti-
nal intraepithelial y3 T cells requires AhR signals (Li et al., 2011).
In this report, the AhR-regulated genes were not investigated but
previous data demonstrated that mice with a mutant Kit recep-
tor, closely resembling the phenotype observed in Ahr~/~ mice,
had a significantly reduced pool size of intraepithelial y3 T cells
(Puddington et al., 1994).

IL-7 AND IL-7 RECEPTOR

IL-7 and TSLP signals play an important and partially redun-
dant role for the development of RORytt ILC (Satoh-Takayama
et al., 2010; Vonarbourg et al., 2010). Mice lacking IL-7 (I7=17)
or TSLP-signaling (Tslpr~/~) had reduced albeit still substantial
numbers of intestinal RORyt™ ILC. Mice deficient for the IL-7R
(I17ra~'~) which is required for both IL-7 and TSLP-signaling had
virtually no RORyt" ILC demonstrating that TSLP and IL-7 play
redundant roles for the differentiation and/or survival of RORyt™
ILC (Vonarbourg et al., 2010). One report has found reduced IL-
7R expression in adult (610 weeks old) Ahr~'~ mice (Qiu et al.,
2011) whereas two other reports did not observe substantial dif-
ferences in IL-7R expression by RORytt ILC (Kiss et al., 2011; Lee
et al., 2011). In the same report it was shown that IL-7 expres-
sion in the colon of Ahr~'~ mice is reduced (Qiu et al., 2011).
The major source of IL-7 in the intestine are epithelial cells (Sha-
lapour et al., 2010). However, it is unlikely that IL-7 expression

by epithelial cells is under the direct control of AhR because nor-
mal numbers of RORytt ILC were found in mice lacking AhR
in epithelial cells (Kiss et al., 2011). In addition, no difference in
the numbers of RORyt™ ILC could be observed after transfer of
Ahr-proficient RORyt™ ILC into Ahr~'= (low IL-7 environment)
or Ahrt't mice (Qiu et al., 2011) basically ruling out an impor-
tant role of reduced IL-7 in Ahr~/~mice for the maintenance of
RORyt™ ILC.

NOTCH

Notch genes have been identified as AhR target genes (Boverhof
et al., 2006; Stevens et al., 2009; Dere et al., 2011) and the popu-
lation of lineage marker (Lin)-negative Kit™ cells which includes
RORyt™ ILC express Notchl, 2 and 4 (Lugering et al., 2010). A
recent report provided evidence that Notch signaling in CD4™"
T cells may promote IL-22 production by inducing the availabil-
ity of endogenous AhR ligands (Alam et al., 2010). Furthermore,
Notch2 signaling has recently been identified to be important for
the generation of RORyt™ ILC from adult bone marrow precursors
in vitro (Possot et al., 2011). Human NKR* RORyt™ ILC residing
in Peyer’s patches, maintenance of which is independent of AhR
signaling, express high levels of Notchl and HES, a bHLH pro-
tein induced by Notch signaling and repressing Notch signals (Lee
etal.,, 2011). In contrast, NK cells express very low levels of Notch
genes. Notch1 and Notch2 expression in the lamina propria of the
colon was upregulated in an AhR-dependent manner if mice were
fed with dioxin (Lee et al., 2011). Mice that lack Notch signaling
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in the hematopoietic compartment (Vav-Cre; RBP-Jk mice) had a
reduced fraction of NKRT CD1277 cells, a population that con-
tains among other innate lymphocyte subsets NKRT RORyt™ ILC.
However and in contrast to Ahr~/~ mice, the number of NKR™
RORyt™ ILC that are the immediate precursors of NKR™ RORyt™
ILC (Sawa et al., 2010; Vonarbourg et al., 2010) and the develop-
ment of CP or ILF were normal in mice lacking Notch signaling
(Lee et al., 2011). Thus, Notch signals may be required for the
differentiation of NKR™ RORyt* ILC but it remains to be deter-
mined if this requires Notch signaling in RORyt™ ILC and if Notch
expression is under the direct transcriptional control of AhR.

Bcl2 AND Bcl2i1

RORyt™ ILC from adult mice were shown to be more prone to
apoptosis in the absence of AhR (Qiu et al., 2011). Indeed, the
expression of antiapoptotic genes Bcl2 and Bcl2l1 was decreased
in Ahr-deficient RORyt™ ILC. Yet, it is not clear whether the AhR
directly regulates the expression of Bcl2 and Bcl2I1 or whether this
is rather an indirect effect caused by deprivation of Kit, Notch or
IL-7R signaling. However, the combination of increased apoptosis
in adult mice and decreased proliferation during the first 2 weeks
after birth may both affect the RORyt* ILC pool size in the adult
small intestine.

DIETARY AHR LIGANDS REGULATE THE HOMEOSTASIS OF
RORyt* ILC

Transcriptional activity of AhR is regulated by a plethora of
small molecule ligands. The important question arose which
AhR ligands are involved in controlling the pool size of RORyt"
ILC. Microbiota-derived ligands are unlikely to be of importance
because germ-free mice have normal numbers of CP (Kanamori
et al., 1996; Pabst et al., 2006; Bouskra et al., 2008). In addi-
tion, germ-free mice had normal fractions of NKp46*NK1.1~ or
NKp461TNK1.1™ cells, populations that contain NKRTRORyt+
ILC (Lee et al.,2011). This is in line with previously published data
showing that microbiota is required for the stabilization of RORyt
within the population of NKRTRORyt™ ILC so that no differences
in the overall population size of NKR™ cells is observed but rather
in the fraction of NKR™ cells co-expressing RORyt (Vonarbourg
et al., 2010).

Another significant source of AhR ligands are the plant com-
pounds of diets. Indeed, dietary AhR ligands were observed to
be important for the postnatal expansion of RORyt™ ILC and
for the timely development of intestinal lymphoid follicles (Kiss
etal.,,2011). Mice fed with synthetic diets, lacking all plant-derived
components had lower levels of Kit expression by RORyt™ ILC,
impaired postnatal expansion of RORyt™ ILC and delayed forma-
tion of intestinal lymphoid follicles (Figure 1). Addition of 13C,
which can be converted into the high affinity AhR ligands indolo
[3,2-b]carbazole (ICZ) and 3,3-diindolylmethane (DIM) in the
acidic environment of the upper gastrointestinal tract (Bjeldanes
etal., 1991), to the synthetic diets could rescue Kit expression, the
expansion of RORyt™ ILC and the timely formation of intestinal
lymphoid clusters. However, the lack of dietary AhR ligands could
only delay the formation of postnatally forming intestinal lym-
phoid organs indicating that at later points in time, other sources
of AhR ligands can compensate for the lack of dietary AhR ligands.

Intriguingly, dietary AhR ligands were also shown to regulate the
maintenance of IEL (Li et al., 2011). In this study it was fur-
ther shown, that the absence of IEL in Ahr~/~ mice resulted in
increased susceptibility to dextran sodium sulfate (DSS)-induced
epithelial damage (Li et al., 2011). These studies were the first to
link diets to the homeostasis of intestinal immune cells and to
susceptibility to intestinal diseases.

Colonna and colleagues have contested the notion that dietary
AhR ligands are required for the maintenance of NKp46+tNK1.1~
cells, some of them are NKRT RORyt* ILC (Lee et al., 2011).
The experiments were performed by comparing a conventional
rodent diet from one vendor with a “defined diet” from another
vendor. While conventional diets are mostly grain-based diets
supplemented with vitamins and some micronutrients, defined
diets are composed of purified compounds. The comparison of a
defined diet with a conventional diet is not appropriate because
these diets differ in many aspects so that the results of such a
comparison are difficult to interpret. In addition, defined diets are
not per se free of AhR ligands. For example, soybean oil was used
as the fat compound of the defined diet in the above mentioned
study. Soybeans and soybean oil are known to contain flavonoids
and isoflavonoids which are potent AhR ligands and can act as
AhR agonists or antagonists (Dixon, 2004; Nguyen and Bradfield,
2008; Morimoto et al., 2009; Messina, 2010). Although the effect
of flavonoids on RORyt™ ILC and their effects on the immune sys-
tem have not yet been thoroughly addressed, the results obtained
with diets containing potential AhR ligands should be interpreted
with caution.

In addition to dietary AhR ligands, several endogenous AhR
ligands have been described that may contribute to AhR signals
required for the maintenance of RORyt™ ILC, IEL, and/or DETC
(Denison and Nagy, 2003; Nguyen and Bradfield, 2008). Arachi-
donic acid metabolites, such as lipoxin 4A (Schaldach et al., 1999)
and prostaglandin G2 (Seidel et al., 2001) have been shown to bind
to AhR. However, the concentration needed for AhR activation is
high, making them unlikely to be physiologically relevant ligands.
Heme metabolites, like bilirubins are known to activate AhR sig-
naling (Nguyen and Bradfield, 2008). However, heme is usually
bound to serum albumin and not freely available for intracellular
signaling. Interestingly, hydrodynamic shear stress, like blood flow
in vessels, is suggested to modify low density lipoprotein (LDL) to
become an AhR activator (McMillan and Bradfield, 2007). More
recently, tryptophan metabolites have received attention. Specifi-
cally, UV photoproducts of tryptophan generate high affinity AhR
ligands (Rannug et al., 1987). For example, 6-formylindolo[3,2-b]
carbazole (FICZ) has an affinity for the AhR that is comparable
to dioxin, but the activation induced by FICZ is transient as it is
metabolized quickly after the induction of CYP1A1 and CYP1B1
enzymes. Synthesis of FICZ can probably also occur in vivo. The
exposure of human skin to UV-B induces the upregulation of
CYP1A1 and CYP1B1 enzymes, indicating that sunlight generates
AhR ligands in the skin (Rannug and Fritsche, 2006; Fritsche et al.,
2007). Furthermore, it has been shown that FICZ can be generated
by exposing tryptophan to sunlight (Diani-Moore et al., 2006).
Very recently, kynurenine, a tryptophan metabolite generated by
the indoleamine-2,3 dioxygenase (IDO) pathway has gained atten-
tion. IDO is upregulated in DC in response the AhR activation,
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which leads to the accumulation of kynurenine. Kynurenine was
shown to interact with AhR in T cells promoting the formation of
regulatory T cells but not Th17 cells (Mezrich et al., 2010; Nguyen
et al., 2010). There is evidence that kynurenine is also formed in
the small intestine. Gut CD103" DC were shown to express IDO
and promote intestinal tolerance through instruction of regula-
tory T cells (Matteoli et al., 2010). Interestingly, inhibition of IDO
in T cell transfer colitis or DSS-induced colitis exacerbated the
disease (Matteoli et al., 2010). While the role of kynurenine and
AhR signaling was not investigated, it is intriguing to propose that
the induction of regulatory T cells requires AhR signals. Recently,
kynurenine was shown to be produced by tumor cells through
another tryptophan degrading enzyme, tryptophan-2,3 dioxyge-
nase (TDO). Kynurenine promoted tumor growth and survival
and suppressed antitumor effects by the immune system (Opitz
etal.,2011). Based on the available data, kynurenine likely induced
regulatory T cells in the tumor, creating a tolerogenic tumor envi-
ronment. Future studies will need to address whether kynurenine
or FICZ can promote the expansion/maintenance of RORyt* ILC,
DETC or IEL in vivo.

REGULATION OF IL-22 EXPRESSION BY AHR AND IMMUNITY
TO CITROBACTER RODENTIUM INFECTION

The role of RORyt™ ILC for Citrobacter (C.) rodentium infec-
tion has been extensively studied. C. rodentium belongs to a
group of enterobacteria that cause attaching and effacing (A/E)
lesions (Schauer and Falkow, 1993a,b). Among the enterobacteria
causing A/E lesions are human pathogens such as enteropatho-
genic Escherichia (E.) coli (EPEC) and enterohemorrhagic E. coli
(EHEC) strains, which makes C. rodentium a very well suited
mouse model for these types of infections (Eckmann, 2006). Early
evidence has demonstrated that IL-22 is required for the early,
T cell-independent phase of host defense against C. rodentium
infection (Zheng et al., 2008). The main source of IL-22 following
C. rodentium infection are innate lymphocytes, namely RORyt™
ILC (Sonnenberg et al., 2011b). During C. rodentium infec-
tion, IL-23 production by colon-resident myeloid cells increases
through a process that requires LTBR signaling in myeloid cells and
membrane LTa; B, expression by RORyt™ ILC (Ota et al., 2011;
Tumanov et al., 2011). Elevated IL-23 levels lead to enhanced IL-
22 production by RORyt™ ILC and, consequently, to increased
expression of antimicrobial proteins of the regenerating islet-
derived 3 (Reg3) protein family (Zheng et al., 2008). Interestingly,
the maintenance of the organization and the increase in size of
colonic patches during C. rodentium infection were dependent on
IL-22 expression induced by LTBR signaling. However, IL-22 was
dispensable for the development and maintenance of colonic lym-
phoid structures during homeostatic conditions, indicating that
different signals induce formation of lymphoid structures in the
colon during normal development and during inflammation (Ota
etal,2011).

Aryl hydrocarbon receptor signals are known to be essential for
IL-22 production by Th17 cells (Veldhoen et al., 2008). Consistent
with these findings from T cells, AhR-deficient RORyt™ ILC pro-
duced less IL-22 (Kiss et al., 2011; Lee et al., 2011; Qiu et al., 2011).
The fraction of IL-22-producing cells among various subsets of
RORyt™ ILC was reduced. This reflects RORyt" ILC-intrinsic

AhR signaling because a similar reduction in IL-22 production
was seen in mice with deletion of the AhR in RORyt™ ILC but not
in mice lacking AhR expression in CD1 Ict cells or IEC (Kiss et al.,
2011). Indeed, IL-23R expression by RORyt* ILC was decreased
in the absence of AhR, explaining the reduced IL-22 production
by these cells. Specifically, the inflammation-induced IL-22, which
requires IL-23, is likely to be affected by decreased IL-23R expres-
sion in Ahr-deficient RORyt™ ILC. However, AhR signaling is not
an absolute requirement for IL-22 production as maybe the case
for Th17 cells because substantial residual production of IL-22
was observed (Kiss et al., 2011; Lee et al., 2011; Qiu et al., 2011).
Due to the failing postnatal expansion of RORyt™ ILC in Ahr~/~
mice, the absolute numbers of IL-22-producing RORyt™ ILC in
small intestine and colon were dramatically decreased and could
not be enhanced after C. rodentium infection (Kiss et al., 2011).
As a consequence, expression of epithelium-protective Reg3 genes
was critically reduced in C. rodentium-infected Ahr-deficient mice,
which were highly susceptible to C. rodentium infection (Kiss et al.,
2011; Lee et al., 2011; Qiu et al., 2011).

Interestingly, both the promoter and intron 1 of the II22 gene
contain one ROR response element (RORE) and one XRE (i.e.,
AhR response element) each. Using a T cell line (EL4) stably
transfected with an epitope-tagged version of RORyt, RORyt
occupancy at both RORE was demonstrated (Qiu et al., 2011). A
similar approach revealed that constitutively active AhR does not
bind to the two XRE elements of the AhR gene in the absence of
RORyt. However, co-expression of RORyt in EL4 cells facilitated
binding of the AhR to both XRE. Indeed RORyt and AhR could
be co-immunoprecipitated from EL4 cells ectopically expressing
these two transcription factors demonstrating that RORyt and
AhR physically interact (Qiu et al., 2011). While AhR expression
alone only marginally increased IL-22 expression by EL4 cells,
RORyt alone induced IL-22 transcription and strong synergism
was observed in cell lines transduced with both transcription
factors. Collectively, the data indicate that there is cooperativity
between RORyt and AhR signaling for the induction of IL-22
expression (Figure 2B; Qiu et al., 2011). However, the experi-
ments were performed with a T cell line and it remains unknown
whether the same effects could be observed with RORyt* ILC. It
has been shown that the retroviral transfection of naive T cells
with AhR and RORyt was not sufficient to induce IL-22 produc-
tion, indicating that at least in T cells additional components are
involved (Veldhoen et al., 2009). More research into the transcrip-
tional circuitry underlying IL-22 production by RORyt* ILC is
required.

AHR-DEFICIENT MICE DEVELOP COLITIS-PROMOTING
RORyt* ILC-LESS B CELL CLUSTERS

Although AhR-deficient mice have reduced numbers of RORyt™
ILC in small intestine and colon, we observed the tendency of
Ahr~'= mice to develop RORyt" ILC-less B cell follicles in the
colon (Kiss etal.,2011). Structurally similar follicles were observed
in the colon of mice lacking all RORyt™ ILC (Lochner et al., 2011).
Formation of such B cell follicles was instructed by B cells and was
enhanced when the intestinal epithelium was disrupted by DSS-
induced damage. Interestingly, RORyt" ILC-less B cell clusters
in both Rorc(yt)™/~ and Ahr~/~ mice contained inappropriately
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activated B cells that promoted intestinal inflammation (Kiss et al.,
2011; Lochner et al., 2011). Therefore, the increased inflammation
following C. rodentium infection in Ahr~'~ mice may reflect the
lack of protective IL-22-producing RORyt" ILC and the pres-
ence of inflammation-promoting RORyt™ ILC-less B cell clus-
ters. Consistent with our observation that Ahr~/~ mice develop
inflammation-promoting RORyt™ ILC-less B cell follicles in the
colon, ca. 50% of aging Ahr~/~ mice (>9 months of age) were
observed to develop anal prolapse, which was associated with
colonic hyperplasia and inflammation (Fernandez-Salguero et al.,
1997). Colonic inflammation and spontaneous anal prolapse in
Ahr-deficient mice has been reported only by Gonzalez and col-
leagues (Fernandez-Salguero et al., 1997) but not by two other
groups that generated Ahr—/~mice (Schmidt et al., 1996; Shimizu
et al., 2000). Likely the differences in the susceptibility to spon-
taneous intestinal inflammation are due to the distinct housing
environment of the mice rather than variabilities in the genetic
background as we have observed spontaneous anal prolapse in
Ahr~'~ mice originally generated by Bradfield and colleagues
(Schmidt et al., 1996). Interestingly, Ahr—/~ mice presenting with
anal prolapse were found to be infected with Helicobacter hepati-
cus which was not observed in Ahr-proficient mice suggesting
that RORyt* ILC and/or intraepithelial T cells may be involved
in immunity to H. hepaticus infection (Fernandez-Salguero et al.,
1997; Buonocore et al., 2010).

Interestingly, Ahr~/~mice or mice fed with diets devoid of
dietary AhR ligands were highly susceptible to DSS-induced col-
itis (Li et al., 2011). In contrast, mice fed with an AhR ligand-
free diet supplemented with I3C were clinically much improved.
This observation was mechanistically correlated with the reduced
homeostasis of intraepithelial lymphocytes in Ahr~/~ mice, as
reconstitution of Ahr-deficient mice with control IEL could
decrease the severity of the DSS-induced colitis (Li et al., 2011).
However under these experimental conditions, maintenance of
both IEL (Li et al, 2011) and RORyt* ILC (Kiss et al., 2011)
were impaired and a protective role of IL-22-producing RORyt™

ILC in the context of DSS colitis has been described before (Sug-
imoto et al., 2008; Zenewicz et al., 2008). Future experiments will
need to dissect the specific roles of AhR in IEL and RORyt* ILC
and may require the development of more discriminating genetic
tools because both the Rorc(yt)-Cre and Ragl-Cre lines used in
these previous studies delete the Ahr gene in most IEL and in
RORyt™ ILC. This is because during their development both IEL
and RORyt™ ILC transiently express RORyt (Eberl and Littman,
2004) or Rag proteins (Yang et al., 2011), respectively, which will
lead to the generation of an Ahr loss allele.

Importantly, there is evidence that AhR may also play a role
in human intestinal inflammation. A recent study shows that in
patients with Crohn’s disease the expression of AhR is decreased
compared to healthy controls (Monteleone et al., 2011). This
decrease in AhR expression was prominent in lymphoid cells iso-
lated from the intestine. AhR signaling was shown to induce IL-22
expression and downregulate the expression of IFN-y and T-bet
in CD3 and CD28-stimulated cells isolated from the intestine of
Crohn’s disease patients or from healthy controls. Furthermore,
low intake of fruits and vegetables in children correlates with
Crohn’s disease risk indicating that diets containing high concen-
trations of AhR ligands have an effect on intestinal inflammation
also in humans (D’Souza et al., 2008). It will be interesting to study,
whether the beneficial effects of a vegetable-rich diet in humans
is also partially transmitted through AhR signaling and whether
RORyt™ ILC and/or IEL are involved in the protection of epithelial
cells preventing the onset of chronic inflammatory disorders.
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