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Abstract

The mammalian intestine harbors trillions of beneficial commensal bacteria that are essential for
the development of the immune system and for maintenance of physiologic processes in multiple
organs. However, numerous chronic infectious, inflammatory and metabolic diseases in humans
have been associated with alterations in the composition or localization of commensal bacteria that
results in dysregulated host-commensal bacteria relationships. The mammalian immune system
plays an essential role in regulating the acquisition, composition and localization of commensal
bacterial communities in the intestine. Emerging research has implicated innate lymphoid cells
(ILCs) as a critical immune cell population that orchestrates some of these host-commensal
relationships that can impact immunity, inflammation and tissue homeostasis in the intestine. This
review will discuss reciprocal interactions between intestinal commensal bacteria and ILCs in the
context of health and disease.

Introduction

The mammalian gastrointestinal tract is colonized by an estimated 100 trillion bacteria
composed of thousands of different species (Clemente et al., 2012; Dethlefsen et al., 2007;
Ley et al., 2008). In the healthy intestine, these bacterial communities reside in defined
anatomical locations and exist in a symbiotic relationship with their hosts, promoting normal
physiologic processes and limiting colonization with potentially pathogenic microbes (Hill
and Artis, 2010; Honda and Littman, 2012; Hooper et al., 2012; Ley et al., 2006a; Littman
and Pamer, 2011). In contrast, the pathogenesis and progression of numerous chronic
infectious, inflammatory or metabolic diseases in humans, including viral hepatitis, HIV-
AIDS, inflammatory bowel disease (IBD), cancer, diabetes, obesity and cardiovascular
disease, have been associated with alterations in either the composition and/or anatomical
location of intestinal commensal bacteria (Brenchley and Douek, 2012; Chin et al., 2007;
Hill and Artis, 2010; Ley et al., 2006b; McGuckin et al., 2009; Ott et al., 2006; Sandler et
al., 2011). Therefore, understanding the mechanisms that regulate healthy host-commensal
bacteria relationships could aid in the development of novel therapeutics to prevent or limit
chronic human diseases.
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Commensal bacteria that reside in the intestinal lumen are separated from the underlying
connective tissues of the body by a single layer of intestinal epithelial cells. The immune
system is a critical regulator of this epithelial barrier and associated commensal bacteria
(Hill and Artis, 2010; Honda and Littman, 2012; Hooper et al., 2012; Littman and Pamer,
2011). For example, cytokines derived from CD4* T helper cells can profoundly influence
the biology of intestinal epithelial cells through regulating epithelial permeability,
proliferation, repair and expression of critical factors including tight junction and anti-
microbial proteins that control host interactions with intestinal commensal bacteria (Hill and
Artis, 2010; Hooper et al., 2012; Littman and Pamer, 2011; Maloy and Powrie, 2011).
Conversely, commensal bacteria also have a profound influence on the development and
homeostasis of the mammalian immune system. In the absence of commensal bacteria,
development of the innate and adaptive immune system is impaired (Hill and Artis, 2010;
Honda and Littman, 2012; Hooper et al., 2012; Littman and Pamer, 2011), and more recent
studies reported selective regulation of CD4* T cell subsets by specific species of
commensal bacteria (Atarashi et al., 2011; lvanov et al., 2009; Littman and Pamer, 2011,
Round and Mazmanian, 2010). These findings indicate that regulatory pathways through
which commensal bacteria influence the mammalian immune system are sophisticated and
perhaps highly selective.

Innate lymphoid cells (ILCs) are an emerging population of innate immune cells that share
numerous developmental and functional characteristics with CD4* T cell populations, and
recent reports suggest ILCs also play a critical role in regulating epithelial cell responses and
maintaining intestinal homeostasis (Colonna, 2009; Sonnenberg et al., 2011a; Spits and
Cupedo, 2012; Spits and Di Santo, 2010; Veldhoen and Withers, 2010). While recent
comprehensive reviews have focused on the development, heterogeneity and functions of
ILCs in the context of inflammation and infection (Colonna, 2009; Cua and Tato, 2010;
Monticelli et al., 2012; Sonnenberg et al., 2011a; Spits and Cupedo, 2012; Spits and Di
Santo, 2010; Veldhoen and Withers, 2010), this review will provide a broad overview of
ILC populations and focus on mechanisms by which commensal bacteria may directly and
indirectly influence ILC development and function. Next, the review will explore the
reciprocal impact of ILCs on the diversity and anatomical containment of intestinal
commensal bacteria. Lastly, ILC-commensal bacteria interactions will be discussed in the
context of human health and disease.

The innate lymphoid cell family

The term “innate lymphoid cell' refers to both well-established and recently identified
populations of innate immune cells that appear to share a common origin, being derived
from an 1d2-dependent lymphoid progenitor cell population (Cherrier et al., 2012; Hoyler et
al., 2012; Spits and Cupedo, 2012; Spits and Di Santo, 2010; Veldhoen and Withers, 2010;
Wong et al., 2012; Yang et al., 2011). ILCs share numerous similarities with CD4* and
CD8™ T cells; however, ILC differentiation occurs independently of somatic recombination,
indicating that these cells represent an innate immune cell population that can respond to
various stimuli independent of major histocompatibility-dependent interactions (Maloy and
Powrie, 2011; Spits and Cupedo, 2012; Spits and Di Santo, 2010; Veldhoen and Withers,
2010). ILCs can be grouped based on their selective dependence on specific transcription
factors for their development and function, and currently there are three major groups
including T-bet* ILCs (termed group 1 ILCs), GATA3" ILCs (group 2 ILCs) and RORyt*
ILCs (group 3 ILCs) (Figure 1).

Group 1 T-bet* ILCs include classical NK cells which have been well characterized since
their discovery over four decades ago (Biron et al., 1999; Di Santo, 2008; Kiessling et al.,
1975; Orange and Ballas, 2006; Yokoyama et al., 2004). NK cells critically depend on T-bet
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expression and the cytokine interleukin (IL)-15 for optimal differentiation, homeostasis and
function (Gordon et al., 2012; Lodolce et al., 1998; Townsend et al., 2004). NK cells are
also stimulated through 1L-12, IL-18 and a number of activating receptors, such as natural
cytotoxicity receptors (NCRs). Stimulation through these pathways can result in the
production of pro-inflammatory cytokines including IFNy or TNFa or degranulation and
release of perforin and granzymes to induce lysis of target cells, both of which are critical
for tumor suppression and immunity to some intracellular pathogens (Biron et al., 1999; Di
Santo, 2008; Ganal et al., 2012; Orange and Ballas, 2006; Schulthess et al., 2012;
Yokoyama et al., 2004). Therefore, NK cells share homeostatic and functional similarities
with CD8* T cells. In addition, there may be heterogeneity within T-bet* ILCs to include
cell populations more similar to CD4* T helper (Th)1 cells that have yet to be well
characterized (Figure 1). In support of this, two reports have identified non-NK cell, T-bet*
ILCs that express IFN+y (Buonocore et al., 2010; Powell et al., 2012).

Group 2 GATA3" ILCs and Group 3 RORyt* ILCs express CD25 and CD127 in the steady
state and IL-2 and IL-7, but not IL-15, are important for their development, homeostasis and
function (Moro et al., 2010; Saenz et al., 2010; Satoh-Takayama et al., 2008; Spits and
Cupedo, 2012; Spits and Di Santo, 2010). Group 2 GATA3" ILCs critically depend on
GATA3 and RORa for development, respond to IL-25 and 1L-33, are potent sources of
IL-5, IL-9, IL-13 and amphiregulin, and have recently been associated with immunity to
helminth parasites, airway hyper-responsiveness and tissue repair (Hoyler et al., 2012;
Mjosberg et al., 2012; Monticelli et al., 2012; Moro et al., 2010; Neill et al., 2010; Saenz et
al., 2010; Sandler et al., 2011; Spits and Cupedo, 2012; Wong et al., 2012) (Figure 1).
Importantly, two recent reports demonstrated an essential role for GATAS in the
development and maintenance of both human and mouse GATA3* ILCs (Hoyler et al.,
2012; Mjosberg et al., 2012). Group 3 RORyt* ILCs develop independent of GATA3 but
require the orphan nuclear receptor RORyt, respond to IL-23 and IL-1p stimulation and
produce IL-17A and IL-22 (Buonocore et al., 2010; Colonna, 2009; Hoyler et al., 2012;
Sonnenberg et al., 2011a; Spits and Cupedo, 2012) (Figure 1). Through production of these
cytokines, RORyt* ILCs have been implicated in immunity to extracellular bacteria and
promotion of inflammation or tissue repair in the intestine (Buonocore et al., 2010; Cella et
al., 2009; Sawa et al., 2011; Sonnenberg et al., 2011a; Sonnenberg et al., 2011b; Spits and
Cupedo, 2012). The most well characterized RORyt* ILC population includes lymphoid
tissue inducer (LTi) cells, which initiate lymphoid organogenesis at pre- and post-natal
periods (Mebius et al., 1997; van de Pavert and Mebius, 2010). RORyt* ILCs can be
heterogeneous in expression of a number of surface markers including CD4 and NCRs such
as NKp46 and NKp44 (Sonnenberg et al., 2011a; Spits and Cupedo, 2012), however the
potential lineage relationships and functional significance of these subpopulations requires
further study. Collectively, the functional heterogeneity observed in the ILC family shares
striking similarities to that observed in T cells with parallels drawn between T-bet* ILCs
with CD8* T cells and CD4* T helper (Th)1 cells, GATA3* ILCs with Th2 cells, and
ROR~yt* ILCs with Th17 cells.

Regulation of ILC development, maintenance and function by commensal

bacteria

ILCs have been found to be resident immune cell populations at barrier surfaces of the
mammalian body including the skin, airway and intestinal tract (Spits and Cupedo, 2012;
Spits and Di Santo, 2010; Veldhoen and Withers, 2010). Through production of soluble
effector molecules including IFN-y, TNFa, IL-13, IL-17A, IL-22 and amphiregulin, ILCs
can have a profound impact on epithelial cells that are in direct contact with commensal
bacteria (Maloy and Powrie, 2011; Sonnenberg et al., 2011a; Spits and Cupedo, 2012; Spits
and Di Santo, 2010; Veldhoen and Withers, 2010) (Figure 1). Given the spatial proximity of
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commensal bacteria, epithelial cells and ILCs, numerous groups have investigated the
impact of commensal bacteria on the development of ILCs. Studies employing germ-free
mice that lack live commensal bacteria identified that NK cells and GATA3" ILCs can
develop in the absence of commensal colonization (Ganal et al., 2012; Monticelli et al.,
2011). However, there have been conflicting reports on the requirement of commensal
bacteria on the development of RORyt* ILCs. Subsets of RORyt* ILCs can develop
independently of commensal bacteria, as evident by the presence of LTi cells and the
generation of secondary lymphoid structures in the sterile environment of the fetus prior to
birth (Mebius et al., 1997; van de Pavert and Mebius, 2010). However, following birth, the
maturation of intestinal cyptopatches into isolated lymphoid follicles is compromised in
germ-free mice, suggesting impairment in the function of some populations of LTi-like
ROR+yt" ILCs (Bouskra et al., 2008; Tsuji et al., 2008). Direct examination of RORyt* ILCs
by several groups identified normal development of all RORyt* ILC subsets in the absence
of live commensal bacteria in both germ-free and antibiotic-treated mice (Reynders et al.,
2011; Sawa et al., 2010; Sawa et al., 2011; Sonnenberg et al., 2012). In contrast, three
reports identified a substantial reduction in NCR* RORyt* ILCs and a lack of expression of
Rorcor 1/22in the small intestine lamina propria of germ-free or antibiotic-treated mice
(Sanos et al., 2009; Satoh-Takayama et al., 2008; Vonarbourg et al., 2010). Whereas some
of these differences may relate to host genetics or differential exposure to non-live bacterial-
or diet-derived signals, it is clear that further investigation will be necessary to clarify the
influence of commensal bacteria on the development of NCR* RORyt* ILCs.

Although commensal bacteria do not appear to be essential for the development of most
groups of ILCs, signals derived from commensal bacteria may substantially impact the
function of ILCs. For example, mice devoid of live commensal bacteria exhibit impaired NK
cell cytolytic and IFN+y responses to poly-IC stimulation or following infection with mouse
cytomegalovirus (Ganal et al., 2012), which is consistent with additional reports
demonstrating impaired antiviral immune responses in the absence of commensal bacteria
(Abtetal., 2012; Ganal et al., 2012; Ichinohe et al., 2011). These data indicate that
commensal bacteria may be essential to promote optimal NK cell responses. In contrast,
Eberl and colleagues reported that commensal bacteria can suppress intestinal RORyt* ILC
production of IL-22 in healthy mice, a process that could be reversed following
experimental damage to the intestinal epithelium (Sawa et al., 2011). Further, although it is
clear that the absence of commensal bacteria or dysbiosis is associated with altered NK T
cell or basophil function and exaggerated allergic inflammation (Hill and Artis, 2010; Hill et
al., 2012; Olszak et al., 2012), whether commensal bacteria influence the function of
GATAS3™" ILCs that express Th2 cell-associated cytokines remains to be tested. It is clear
that additional studies will be required to comprehensively define the impact of commensal
bacteria on the development, homeostasis and function of ILCs. The following section will
discuss how commensal bacteria may influence the homeostasis and function of ILC
populations through direct and indirect mechanisms.

Commensal bacteria directly regulate ILCs

Signals derived from commensal bacteria can be directly recognized by a humber of
immune cell receptors, including the toll-like receptor (TLR) family that can be activated by
components of both pathogenic and commensal bacteria (Palm and Medzhitov, 2009;
Philpott and Girardin, 2004). Although few studies have demonstrated the presence of TLR
expression in murine ILC populations, the presence of functional TLR2 and TLR9 has been
reported on human peripheral blood NK cells (Martinez et al., 2010; Sivori et al., 2004).
Further, Spits and colleagues reported that human ROR+yt* ILCs express functional TLR2
(Crellin et al., 2010), and stimulation with TLR2 agonists induced IL-2 that acted in an
autocrine manner to enhance IL-22 expression (Crellin et al., 2010) (Figure 2, left). In
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addition to TLRs, NK cells and NCR* ROR+yt" ILCs might directly sense commensal
bacteria through NCRs such as NKp44 and NKp46, which have recently been found to be
activated by a number of components derived from commensal bacteria (Chaushu et al.,
2012; Esin et al., 2008; Vankayalapati et al., 2002) (Figure 2, left). RORyt* ILCs also
express the aryl hydrocarbon receptor (AhR), which is critical for ILC development, IL-22
production, maturation of intestinal lymphoid follicles and immunity to the murine enteric
pathogen Citrobacter rodentium (Kiss et al., 2011; Lee et al., 2012; Qiu et al., 2012). In
addition to environmental toxins and endogenous factors, the AhR can be activated by
ligands generated from tryptophan metabolism by intestinal commensal bacteria (Perdew
and Babbs, 1991; Stockinger et al., 2011), suggesting that commensal bacteria and their
metabolic products may directly regulate RORyt* ILCs (Figure 2, left). The presence of
TLRs or other receptors that can directly sense commensal bacteria on GATA3" ILCs has
yet to be identified. One study found that direct stimulation of purified GATA3" ILCs with
TLR ligands did not induce 1L-9 expression (Wilhelm et al., 2011), suggesting that GATA3*
ILCs are not directly activated by TLR ligands. Additional studies are required to clarify the
ability of commensal bacteria or products derived from commensal bacteria to directly
influence ILC responses.

Commensal bacteria indirectly regulate ILCs through myeloid cells and
epithelial cells

In addition to direct regulation, commensal bacteria can indirectly regulate ILCs through
modulation of myeloid cell or epithelial cell responses. Recent evidence has demonstrated
that commensal bacteria are essential for optimal antiviral immunity, in part through
promoting optimal pro-inflammatory cytokine responses in mononuclear phagocytes (Abt et
al., 2012; Ganal et al., 2012; Ichinohe et al., 2011). In one report, commensal bacteria
modulated mononuclear phagocytes through Mya88, Trifand epigenetic pathways to
promote IL-6, IL-12, IL-15, TNFa and type 1 interferon production which was essential to
promote optimal NK cell responses (Ganal et al., 2012). Additional reports have implicated
that commensal bacteria within the Lactobacillus genus can induce IFN+y and cytolytic
responses in intestinal NK cells through engagement of TLR2 and TLR4 on dendritic cells
(DCs) and subsequent induction of IL-12 (Fink et al., 2007; Koizumi et al., 2008) (Figure
2B, right).

Commensal bacteria can also influence RORyt* ILC responses through regulation of IL-1f
and IL-23 production by myeloid cells. Commensal bacteria were recently found to promote
steady state expression of IL-1f in intestinal macrophages (Shaw et al., 2012), a cytokine
that can induce I1L-22 production from RORyt* ILCs (Hughes et al., 2010). CX3CR1*
phagocytes are also elicited in the intestine following colonization with commensal bacteria
and are important for promoting IL-22 production from RORyt* ILCs (Manta et al., 2012;
Niess and Adler, 2010). Further, systemic administration of flagellin was found to stimulate
CD103* CD11b* intestinal dendritic cells via TLR5 to promote expression of 1L-23 and
subsequent IL-22 responses from RORyt* ILCs (Kinnebrew et al., 2012; Van Maele et al.,
2010) (Figure 2, right). Although the flagellin used in these studies was derived from
Salmonella, which is generally considered to be an enteric pathogen, it is possible that
components of flagellin derived from commensal bacteria could elicit a similar effect.
Finally, GATA3" ILC responses can be influenced by myeloid cell expression of 1L-33.
Following influenza infection, alveolar macrophages were found to be a dominant source of
IL-33 (Chang et al., 2011), however the influence of commensal bacteria on myeloid-
derived IL-33 remains to be explored.

Commensal bacteria colonize barrier surfaces of the mammalian body and can directly
interact with epithelial cells lining this barrier. These interactions modulate expression of
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epithelial cell-derived cytokines that influence resident ILC populations. For example,
MyDB88-deficient mice exhibit substantially decreased expression of IL-15 in intestinal
epithelial cells (Yu et al., 2006), suggesting that epithelial cell recognition of commensal
bacteria is critical for NK cell homeostasis. Similarly, germ-free or antibiotic administered
mice exhibit decreased expression of intestinal epithelial cell derived IL-7 (Shalapour et al.,
2010; Vonarbourg et al., 2010), a factor critical for homeostasis and function of GATA3*
and RORyt* ILCs. Diefenbach and colleagues suggested that commensal bacteria-
dependent induction of IL-7 in epithelial cells is required to maintain expression of RORyt
in intestinal NCR* RORyt* ILCs (Vonarbourg et al., 2010). Of note, blockade of IFNy
signaling in intestinal epithelial cells substantially reduces IL-7 production (Shalapour et al.,
2010), suggesting a potential sequential engagement or cross-regulation of IFN-y-producing
NK cells and IL-7-responsive ILCs by intestinal commensal bacteria. Intestinal epithelial
cell expression of IL-1 family members IL-1p, IL-18 and IL-33 can also elicit responses
from RORyt*, T-bet* and GATA3" ILCs respectively (Hughes et al., 2010; Moro et al.,
2010; Schulthess et al., 2012); however the influence of commensal bacteria on epithelial
cell expression of these cytokines is poorly understood (Figure 2, right). Finally, an
additional study by Eberl and colleagues found that commensal bacteria can suppress
ROR+yt" ILC responses through induction of intestinal epithelial cell expression of IL-25 in
the steady state (Sawa et al., 2011). Intestinal epithelial cell-derived IL-25 was substantially
increased in conventional versus germ free or antibiotic administered mice (Sawa et al.,
2011; Zaph et al., 2008) and acted through dendritic cells to suppress RORyt* ILC
responses (Sawa et al., 2011) (Figure 2, right). Intestinal epithelial cell-derived IL-25 can
also influence GATA3* ILCs (Neill et al., 2010), suggesting that commensal bacteria could
potentially promote GATA3" ILC responses (Figure 2, right), however this pathway has not
yet been investigated. Collectively, these studies indicate that commensal bacteria can
influence ILC development and functional potential indirectly through myeloid or epithelial
cell populations, highlighting the complexity and sophistication of interactions between the
ILCs, epithelial cells and commensal bacteria.

ILCs regulate the composition and localization of commensal bacteria

In addition to direct and indirect effects of commensal bacteria on ILC populations, ILCs
can reciprocally influence commensal bacterial communities through a number of distinct
mechanisms. Cytokines produced by ILCs can dynamically regulate the composition or
anatomical location of commensal bacteria. For example, T-bet™ ILCs are critical sources of
IFNy and TNFa, which have been shown to increase the permeability and translocation of
commensal bacteria across monolayers of human intestinal epithelial cells (Clark et al.,
2005; Mullin and Snock, 1990). Additionally, a recent report by Lord and colleagues
identified that T-bet expression was critical for maintenance of IFNvy expression in ILCs and
that mice deficient in T-bet developed colitis dependent upon IL-17A-producing RORyt*
ILCs and dysbiosis of Helicobacter typhlonius (Powell et al., 2012). This is consistent with
previous reports linking dysbiosis of commensal bacteria and development of transmissible
colitis in mice that lack T-bet in the innate immune system (Garrett et al., 2010; Garrett et
al., 2007). Collectively, these results suggest that T-bet* ILCs may play a critical role in
regulating the composition of intestinal commensal bacteria and maintaining intestinal tissue
homeostasis (Figure 3). In addition, GATA3" ILCs might be critical regulators of the
anatomical containment of commensal bacteria when the epithelial barrier is impaired. This
is supported by findings that GATA3™ ILCs and their production of amphiregulin are critical
in maintaining epithelial barrier function and restoration of the epithelium in the lung
following influenza-induced airway damage (Monticelli et al., 2011), and that I1L-33
administration following DSS-induced intestinal damage substantially reduces translocation
of intestinal commensal bacteria to peripheral organs and induction of inflammation
(Grobeta et al., 2012) (Figure 3). However, further direct evidence of NK cell- or GATA3"
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ILC-mediated regulation of commensal bacteria is currently lacking and is an area that will
require further investigation.

In contrast, RORyt* ILCs have been found to play several important roles in directly
regulating commensal bacterial communities in the intestine (Figure 3). RORyt* ILCs are
resident in intestinal tissues of healthy mammals, and are a dominant source of IL-22 in the
steady state (Sawa et al., 2010; Sonnenberg et al., 2012). Eberl and colleagues identified that
mice deficient in RORyt exhibited elevated titers of serum IgG specific for intestinal
commensal bacteria in the steady state (Lochner et al., 2011), indicative of impaired
intestinal barrier function and dissemination of commensal bacteria to peripheral tissues.
Following induction of epithelial damage with DSS administration, RORyt-deficient mice
developed hyperactive B cells that promoted commensal bacteria-dependent intestinal
pathology and wasting disease (Lochner et al., 2011). Supporting this, mice deficient in
CX3CR1* phagocytes, which are critical for optimal IL-22-responses from RORyt* ILCs,
exhibit increased translocation of commensal bacteria to the mesenteric LN and
susceptibility to DSS-induced inflammation (Manta et al., 2012; Medina-Contreras et al.,
2011). Further, we recently demonstrated that administration of IL-22-neutralizing or ILC-
depleting monoclonal antibodies to RagZ~/~ mice resulted in the dissemination of live
commensal bacteria to the spleen and liver and the induction of low-grade systemic
inflammation (Sonnenberg et al., 2012). The disseminating commensal bacteria were
members of the A/caligenes genus, previously shown to reside in lymphoid tissues of the
intestine such as the Peyer's patches or mesenteric lymph nodes (Obata et al., 2010). These
data suggest a critical role for RORyt* ILCs in promoting the anatomical containment of
lymphoid-resident commensal bacteria (Sonnenberg et al., 2012) (Figure 3).

The mechanisms by which RORyt* ILCs regulate intestinal commensal bacteria may be
several-fold. For example, RORyt* ILCs are essential for the generation of secondary
lymphoid tissues and T cell-independent IgA production (Eberl et al., 2004; Tsuiji et al.,
2008), two components that critically influence intestinal commensal bacteria communities.
ROR+yt* ILCs also produce IL-22, which can directly act on the intestinal epithelium and
induce expression of tissue protective mucin genes and anti-microbial proteins such as
RegllIp, Regllly, S100A8 and S100A9 (Sonnenberg et al., 2011a). Recent analysis of mice
deficient in the mucin Muc2 or the anti-microbial protein Regllly identified a critical
function for these proteins in promoting the spatial segregation of intestinal commensal
bacteria from the intestinal epithelium and limiting inflammation (Johansson et al., 2008;
Vaishnava et al., 2011). Furthermore, S100A8 and S100A9 can heterodimerize to form
calprotectin, which inhibits the growth of lymphoid-resident commensal bacteria and
contributes to their anatomical containment (Sonnenberg et al., 2012). Collectively, these
studies highlight that RORyt* ILCs play a critical role in regulating intestinal commensal
bacteria and limiting local and systemic chronic inflammation. Future studies will be
necessary to interrogate the mechanisms by which ILCs regulate commensal bacteria and to
identify potential strategies for therapeutic intervention in the face of dysregulated host-
commensal interactions.

Interactions between ILCs and commensal bacteria in human health and

disease

ILC subsets have been identified in numerous healthy and diseased human tissues, including
secondary lymphoid structures, peripheral blood, lungs and intestinal tissues (Monticelli et
al., 2012; Sonnenberg et al., 2011a; Spits and Cupedo, 2012). NK cells have been the most
well studied population in humans, and the relative importance of NK cells in human health
has been highlighted by patients that exhibit mutations that impact NK cell numbers or
function (Orange and Ballas, 2006). A great deal of research has identified roles for NK
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cells in human conditions including viral infections, inflammatory disorders, pregnancy,
cancer and bone marrow transplantation (Biron et al., 1999; Caligiuri, 2008; Orange and
Ballas, 2006). Similarly, human IL-5- and IL-13-expressing GATA3" ILCs have recently
been characterized in healthy blood, lung and intestine from fetal and adult donors, and in
the bronchoalveolar lavage of lung transplant recipients and nasal polyps from patients with
chronic rhinosinusitis (Mjosberg et al., 2011; Monticelli et al., 2011). Interesting, a recent
report by Spits and colleagues suggests that the accumulation of activation of GATA3* ILCs
in chronic rhinosinusitis patients may be due to increased expression of epithelial cell-
derived TSLP, a process that could be induced by administration of TLR ligands such as
flagellin (Mjosberg et al., 2012). Despite these observations and the identified role of these
cells in murine model systems, the interactions between human T-bet* and GATA3* ILCs
with commensal bacteria and their relative importance in human health and disease remain
unclear.

Human IL-17A- and IL-22-expressing RORyt" ILCs have been characterized in secondary
lymphoid tissues and intestinal tissues from fetal and adult donors (Cella et al., 2009;
Cupedo et al., 2009; Sonnenberg et al., 2012). Consistent with murine studies, co-culture
experiments revealed that human ROR~t* ILCs could promote expression of adhesion
molecules associated with lymphoid organogenesis on mesenchymal stem cells (Cupedo et
al., 2009) and proliferation of intestinal epithelial cells (Cella et al., 2009). Several studies
have also characterized RORyt* ILCs in the context of human diseases in which
dysregulated host-commensal interactions are thought to substantially contribute to disease
pathogenesis and progression. Initial studies identified that active Crohn's disease is
associated with an increase in intestinal and systemic levels of IL-22, which were associated
with pro-inflammatory gene expression (Brand et al., 2006; Wolk et al., 2007). However,
two groups demonstrated that examination at a cellular level revealed a decrease in IL-22-
producing NCR* RORyt* ILCs and a reciprocal increase in 1L-22-producing T cells and
IFNy-producing ILCs in the colon and ileum of Crohn's disease patients relative to healthy
control patients (Ciccia et al., 2011; Takayama et al., 2010). Intriguingly, one of the same
studies investigated ankylosing spondylitis patients with chronic but subclinical intestinal
inflammation and revealed an increase in 1L-22-producing NCR* RORvyt* ILCs (Ciccia et
al., 2011), provoking the hypothesis that a balance between IFNy-expressing and I1L-22-
expressing ILCs may dictate the disease severity of intestinal inflammation by influencing
intestinal permeability and repair. IFN-y expression in ILCs could be induced by co-culture
of monocytes stimulated with commensal bacteria (Takayama et al., 2010), suggesting that
defects in intestinal barrier function may be critical in determining the balance of IFN+y and
IL-22 responses from ILC populations. In addition, Powrie and colleagues recently
identified that IL-17A and IL-22 co-expressing NCR™ RORyt* ILCs are considerably
increased in the intestinal tissues from Crohn's disease patients (Geremia et al., 2011). The
potential importance of changes in IL-22-expressing NCR* versus NCR™ RORyt* ILC
populations in IBD patents might be explained by differential expression of IL-17A in these
subsets (Colonna, 2009; Sonnenberg et al., 2011a; Spits and Cupedo, 2012), as IL-17A has
previously been found to influence the pro-inflammatory versus tissue protective functions
of IL-22 (Sonnenberg et al., 2010). Therefore, the spatial and temporal expression of other
cytokines and analysis of multiple subsets of ILCs should be considered in future
investigations of the contributions of I1L-22-expressing RORyt* ILCs in human Crohn's
disease.

Commensal bacteria have also been found to disseminate to systemic tissues in numerous
chronic human diseases including HIV-AIDS, viral hepatitis, cancer, diabetes and
cardiovascular disease (Amar et al., 2011; Brenchley and Douek, 2012; Lescut et al., 1990;
Renko et al., 2008; Sandler et al., 2011). We recently reported that depletion of ILCs
resulted in the systemic dissemination of A/caligenes commensal bacteria in mice and
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observed a substantial increase in Alcaligenes-specific 19G in serum from pediatric Crohn's
disease and cirrhotic HCV-infected individuals (Sonnenberg et al., 2012). These data
suggest that loss or impairment of 1L-22-expressing RORyt" ILCs might precede the
peripheral dissemination of commensal bacteria and induction of systemic inflammation in
several chronic human diseases, and furthermore represent a potentially important
therapeutic target. Supporting this, recent studies have identified a loss of 1L-22-expressing
ROR+yt" ILCs in both Crohn's disease in humans (Ciccia et al., 2011; Takayama et al., 2010)
and progressive SIV infection in non-human primates (Klatt et al., 2012; Reeves et al., 2011;
Xu et al., 2012). Future studies will be needed to further interrogate whether 1L-22-
expressing RORyt* ILCs are lost across multiple chronic human diseases, determine the
mechanisms by which this occurs and identify novel therapeutic strategies to restore normal
ILC homeostasis and prevent or limit pathologic host-commensal interactions.

Conversely, pathogenic ILC responses that have been associated with mouse models of
airway hyper-responsiveness, asthma, intestinal inflammation and psoriasis could also be
targeted in human disease (Buonocore et al., 2010; Chang et al., 2011; Pantelyushin et al.,
2012). This may be accomplished in part with already available humanized monoclonal
antibodies that target pathways including IL-23, IL-17 and CD25 (Ding et al., 2008;
Leonardi et al., 2012; Perry et al., 2012). As a proof of principle, it was recently found that
blockade of CD25 with daclizumab in multiple sclerosis patients shifted the balance of
circulating ILC subsets by decreasing RORyt* ILCs and increasing NK cells, and was also
associated with reduced parameters of inflammation (Perry et al., 2012). Additional studies
will be necessary to determine the full effects of targeting these pathways on ILC biology,
and it is likely that additional immuno-modulatory agents will need to be developed that
selectively regulate the balance of ILC responses and restore healthy host-commensal
interactions.

Summary and future perspectives

Emerging evidence of the development, function and heterogeneity of the ILC family
represents an exciting advance in the field of immunology. These cells appear to play
important roles at barrier surfaces of the body such as the intestine and are intimately
associated with commensal bacteria that colonize these tissues. There is a need to develop
new tools and models to specifically target ILC responses, determine their roles in murine
model systems and interrogate potential interactions of ILCs with adaptive immune cell
populations. Translational studies examining ILCs in the context of human health and
disease with extensive analysis of cytokine and surface marker expression will be valuable
to better understand the functional contributions of human ILCs. Given the recent
appreciation that dysregulated host-commensal relationships are associated with the
pathogenesis and progression of numerous chronic human infectious, inflammatory and
metabolic diseases, targeting interactions between ILCs and commensal bacteria may offer
new approaches to develop preventative and therapeutic treatments for these diseases.
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Figure 1. Emerging subsets of innate lymphoid cells

Innate lymphoid cells can be broadly placed into three groups consisting of T-bet* ILCs
(group 1), GATA3" ILCs (group 2) and RORyt* ILCs (group 3). These subsets develop
from lymphoid progenitor(s), require the transcription factor 1d2 and are independent of
somatic recombination. Group 1 T-bet* ILCs include Natural Killer (NK) cells and natural
cytotoxicity receptor (NCR)™ ILCs that are differentially regulated by I1L-15 and 1L-7
respectively, but respond to IL-12 and IL-18, and produce TNFa and IFN-y. Group 2
GATA3" ILCs are responsive to I1L-2, IL-7, IL-25 and 1L-33, and produce IL-5, IL-13 and
Amphiregulin (Areg). Group 3 RORyt" ILCs are heterogeneous in expression of CD4 and
NCRs, responsive to IL-2, IL-7, IL-23 and IL-1p, and produce IL-17A and IL-22. With the
exception of IL-5, these ILC-derived effector cytokines can directly influence epithelial cell
responses in the intestine.
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Figure 2. Direct and indirect regulation of ILC responses by commensal bacteria

Commensal bacteria can influence ILC populations through direct recognition (left) of

Page 18

commensal bacteria or commensal bacteria-derived products by toll-like receptors (TLRS),
natural cytotoxicity receptors (NCRs) or the aryl hydrocarbon receptor (AhR). Commensal
bacteria can also promote or inhibit ILC populations though indirect recognition (right) of

commensal bacteria or commensal bacteria-derived products by resident myeloid or

epithelial cells and subsequent cytokine production.
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Figure 3. Regulation of commensal bacteriaby ILCs

ILCs can regulate both the composition and anatomical location of commensal bacteria
through the production of cytokines that influence numerous pathways at the intestinal
epithelial cell barrier. T-bet* ILCs produce TNFa and IFN+y which can directly influence
intestinal epithelial cell permeability and limit dysbiosis of commensal bacteria. GATA3*
ILCs produce IL-13 and amphiregulin (Areg), however a role for these cytokines in
regulating commensal bacteria has not yet been identified. RORyt* ILCs produce
lymphotoxin (LT)p to promote the generation of isolated lymphoid follicles (ILFs) and
support intestinal IgA production. RORyt* ILCs also produce 1L-22 to promote epithelial
cell production of mucins and anti-microbial proteins (Regllip, Regllly, S100A8 and
S100A9), which are critical for maintaining spatial segregation and anatomical containment
of commensal bacteria.
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