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Abstract The mucosal epithelium is in direct contact with symbiotic and path-
ogenic microorganisms. Therefore, the mucosal surface is the principal portal of
entry for invading pathogens and immune cells accumulated in the intestine to
prevent infections. In addition to these conventional immune system functions, it
has become clear that immune cells during steady-state continuously integrate
microbial and nutrient-derived signals from the environment to support organ
homeostasis. A major role in both processes is played by a recently discovered
group of lymphocytes referred to as innate lymphoid cells (ILCs) that are spe-
cifically enriched at mucosal surfaces but are rather rare in secondary lymphoid
organs. In analogy to the dichotomy between CD8 and CD4 T cells, we propose to
classify ILCs into interleukin-7 receptor a-negative cytotoxic ILCs and IL-7Ra+

helper-like ILCs. Dysregulated immune responses triggered by the various ILC
subsets have been linked to inflammatory diseases such as inflammatory bowel
disease, atopic dermatitis and airway hyperresponsiveness. Here, we will review
recent progress in determining the transcriptional and developmental programs
that control ILC fate decisions.
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1 Innate Lymphoid Cells

Like B and T cells, innate lymphoid cells (ILCs) belong to the lymphoid lineage of
hematopoietic cells. However, in contrast to B and T cells, ILCs lack the
expression of rearranged antigen receptors and, therefore, are considered to be part
of the innate immune system. Their existence has not been uncovered until
recently, because ILCs are mainly localized at mucosal surfaces and, with the
exception of conventional NK (cNK) cells, ILCs are very rare in secondary
lymphoid organs. Although ILCs lack antigen receptor rearrangement, the basic
transcriptional programs, guiding their fate decisions, are to a large degree evo-
lutionary conserved (Tanriver and Diefenbach 2014) and they have often been
compared to the one of T helper (Th) cell subsets (Spits et al. 2013; Walker et al.
2013).

Based on three lines of evidence which are described in more detail in the
following chapters, we have recently proposed to subdivide ILCs into cytotoxic or
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killer ILCs (i.e., cNK cells) and into helper-like ILCs such as ILC1s, ILC2s, and
ILC3s (Fig. 1) (Klose et al. 2014), thereby providing a mirror image among innate
lymphocytes of the dichotomy between cytotoxic CD8 versus helper CD4 T cells.
(1) A recently described progenitor to ILCs gives rise to all helper-like ILCs but
not to cNK cells (Klose et al. 2014; Constantinides et al. 2014). (2) Helper-like
ILCs but not cNK cells express the interleukin 7 receptor a chain (IL-7Ra or
CD127) and depend on the transcription factor GATA-3 for development (Klose
et al. 2014; Yagi et al. 2014; Samson et al. 2003; Hoyler et al. 2012; Serafini et al.
2014). (3) The expression pattern of the related T-box transcription factors Eomes
and T-bet among helper-like ILCs (T-bet in ILC1s) and cNK cells (co-expression
of Eomes and T-bet) (Klose et al. 2014; Daussy et al. 2014; Gordon et al. 2012)
parallels the pattern found in helper (T-bet+ Eomes-) versus cytotoxic T cells
(T-bet+ Eomes+) (Intlekofer et al. 2005; Pearce et al. 2003). Conventional NK cells
are the only known member of the group of cytotoxic ILCs. Their transcriptional
regulation is described in detail in Chap. ‘‘Transcriptional control of NK cell
development and function’’ of this book and is, therefore, not discussed here.

The classification of helper-like ILCs into three groups is based on their
cytokine expression profile that is controlled by key transcription factors (Fig. 1)
(Spits et al. 2013). ILC1s similar to Th1 cells express the transcription factor T-bet
and secrete IFN-c. In contrast, and in parallel to Th2 cells, ILC2s express high
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levels of GATA-3 which drives the secretion of cytokines such as IL-5, IL-9, and
IL-13. ILC3s depend on the transcription factor RORct. Two different ILC3 group
members have been identified based on the expression of CCR6, both of which
express RORct (Klose et al. 2013; Sawa et al. 2010). CCR6+ ILC3s include the
previously described lymphoid tissue inducer (LTi) cells (Mebius et al. 1997). LTi
cells are essential for the generation of lymph nodes and Peyer’s patches and are
localized in adult mice preferentially in lymphoid structures in the gut called
cryptopatches (CP) and isolated lymphoid follicles (ILFs) (Eberl et al. 2004).
CCR6+ ILC3s secrete cytokines such as IL-17A and IL-22 but do not express
activating NK cell receptors such as NKp46, NKG2D, or NK1.1 (Takatori et al.
2009; Zenewicz et al. 2008; Cupedo et al. 2009). In sharp contrast, CCR6-/low

ILC3s co-express T-bet in addition to RORct. T-bet expression is required for the
differentiation of CCR6-/low ILC3s into NK cell receptor-expressing (i.e., NKp46,
NKG2D) ILC3s and for their production of IFN-c (Klose et al. 2013; Rankin et al.
2013; Sciume et al. 2012a; Bernink et al. 2013). During these differentiation steps,
T-bet expression increases and guides a transcriptional program which downreg-
ulates RORct and IL-22 expression allowing for functional plasticity. This enig-
matic conversion of ILC3s and the transcriptional regulation of other ILC fates is
discussed in the following chapters (Vonarbourg et al. 2010; Bernink et al. 2013).

2 Id2 and GATA-3 Are Central Transcriptional Hubs
for the Early Commitment to the Helper-Like ILC Fate

2.1 Regulation of Early Lymphocyte Differentiation by Id2

Hematopoietic cell development from a hematopoietic stem cell (HSC) to immune
effector cells is characterized by progressive loss of proliferative and differentia-
tion potential and a gain in effector functions. Irreversible commitment to a certain
hematopoietic cell lineage is controlled by the action of one or more transcription
factors which determine cell fate by direct or indirect regulation of target gene
expression and by coordinating epigenetic changes.

A crucial branchpoint in hematopoiesis is the commitment to either the lym-
phoid or myeloid lineage represented by the differentiation of HSC into a common
lymphoid precursor (CLP) (Kondo et al. 1997) or the common myeloid precursor
(CMP) (Akashi et al. 2000), respectively. The CLP has the potential to differen-
tiate into all known lymphoid lineages (i.e., T and B cells of the adaptive immune
system and cytotoxic and helper-like ILCs) (Moro et al. 2010; Yang et al. 2011;
Klose et al. 2014). The further separation between adaptive and innate lympho-
cytes is regulated by the E-family of transcription factors and their repressors,
inhibitors of DNA binding (Id) (Murre 2005; Kee 2009; de Pooter and Kee 2010).
E-proteins possess a helix-loop-helix (HLH) domain, allowing for dimerization of
E proteins. A basic HLH DNA binding domain and two transcriptional regulation
domains allow binding to chromatin and regulate transcription of target genes.
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E-proteins bind as dimers to the respective E-box sequence within their promoter
or enhancer regions of genes. Id proteins lack the basic HLH domain, which allows
DNA-binding but still possess a HLH domain for dimerization. Id proteins hete-
rodimerize with E-proteins impairing their DNA binding and E-protein-mediated
gene regulation (Murre 2005; Kee 2009). Expression of the E-protein family
member E2A instructs specification of lymphoid progenitors to the B cell fate.
E2A together with IL-7R signaling induces the expression of EBF-1 (early B cell
factor-1), a pioneer transcription factor and a potent repressor of Id2 allowing for
increased expression of E2A (Lin and Grosschedl 1995; Treiber et al. 2010). While
repressing Id2, EBF-1 promotes expression of Pax5 widely considered as the
‘‘master regulator’’ of B cell fate (Nutt et al. 1999). Interestingly, deletion of EBF-1
in late pro-B cells reverted B cell commitment and reprogrammed EBF-1-deficient
pro-B cells into T cells and helper-like ILCs (Nechanitzky et al. 2013). These data
assign an important function to EBF-1 as a guardian of the B cell fate, which is at
least in part mediated by the repression of Id2.

Another line of evidence supporting the notion that Id2 is a central hub for ILC
fate came from the analysis of Id2-deficient mice. Id2-/- mice could not generate
ILCs including cNK cells and helper-like ILCs (i.e., ILC1s, ILC2s, and ILC3s),
whereas the differentiation of B and T cells was largely unperturbed (Table 1)
(Yokota et al. 1999; Moro et al. 2010; Hoyler et al. 2012). Therefore, it has been
proposed that ILCs may develop from a common precursor which expresses Id2
and is developmentally dependent on Id2 (Sanos et al. 2011; Spits et al. 2013;
Spits and Di Santo 2011). Indeed, investigation of Id2 expression in ILCs using
Id2 reporter mice revealed that Id2 is indeed expressed in all ILCs and in lineage-
specified ILC progenitors (or immature ILCs), whereas B cells and T cells have no
or very low level Id2 expression, respectively (Hoyler et al. 2012; Boos et al. 2007;
Carotta et al. 2011; Tachibana et al. 2011; Cherrier et al. 2012). Interestingly, cNK
cells depicted lower expression of Id2 compared to ILC2s or ILC3s (Hoyler et al.
2012) and the refined NK cell precursor (rNKP) was largely Id2-negative (Klose
et al. 2014) suggesting that Id2 expression is engaged after commitment to the
cNK cell lineage. These data provide additional evidence for an early bifurcation
between the cytotoxic arm of ILCs (i.e., cNK cells) and helper-like ILCs (IL-7Ra-
expressing ILC1s, ILC2s, and ILC3s).

2.2 A Common Progenitor to All Helper-Like ILCs

As all ILCs express Id2 and are developmentally dependent on it, the existence of
a common ILC precursor (variably called CILP or ILCP) has been proposed
(Sanos et al. 2011; Spits et al. 2013; Spits and Di Santo 2011; Mortha and
Diefenbach 2011). Recently, two groups independently reported two populations
of Id2-expressing lymphoid-restricted progenitors in the bone marrow and in the
fetal liver that were committed to the ILC fate (i.e., could not differentiate into B
cells, T cells, or myeloid cells) but, as a population in vivo and on a single cell
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level in vitro, had the potential to differentiate into various helper-like ILC lin-
eages (Klose et al. 2014; Constantinides et al. 2014). These populations carried
markers of early hematopoietic development such as IL-7Ra (CD127), Kit
(CD117), 2B4 (CD244) and CD27 but lacked expression of Flt3 and CD93,
markers expressed by the CLP (Karsunky et al. 2003, 2008). In contrast to CLPs,
this lymphoid progenitor population expressed Id2 and integrin a4b7, an integrin
involved in the migration to mucosal surfaces (Holzmann et al. 1989; Wagner
et al. 1996) and also found on ILC2s (Hoyler et al. 2012) and ILC3 progenitors
(Possot et al. 2011; Cherrier et al. 2012). Lineage- Id2+ IL-7Ra+ a4b7

+ Flt3-

CD25- cells lacked expression of ILC lineage-specifying transcription factors

Table 1 Transcription factors affecting ILC development

cNK ILC1 ILC2 CCR6+

ILC3
CCR6-/low

ILC3
References

Id2 ; ? ; ; ; (Moro et al. 2010; Yokota
et al. 1999)

GATA-3 M ; ; ; ; (Hoyler et al. 2012; Yagi et al.
2014; Klose et al. 2014)

PLZF ? ? ; ? ? (Constantinides et al. 2014)

Eomes ; ? ? ? ? (Gordon et al. 2012; Klose
et al. 2014)

Nfil3 ; ; ? ? ? (Kamizono et al. 2009;
Gascoyne et al. 2009; Klose
et al. 2014)

RORct ? ? ? ; ; (Eberl et al. 2004; Satoh-
Takayama et al. 2008; Sanos
et al. 2009)

T-bet M ; ? ? M (Townsend et al. 2004; Rankin
et al. 2013; Klose et al. 2013,
2014)

RORa ? ? ; ? ? (Halim et al. 2012b; Wong
et al. 2012)

TCF-1 ? ? ; ? ; (Mielke et al. 2013; Yang
et al. 2013; Malhotra et al.
2013)

Notch ? ? ? M M (Lee et al. 2012; Rankin et al.
2013; Mielke et al. 2013;
Cherrier et al. 2012)

Gfi1 ? ? ; ? ? (Spooner et al. 2013)

Tox ; ? ? ; ? (Aliahmad et al. 2010)

Ahr M ? ? M ; (Kiss et al. 2011; Lee et al.
2012; Qiu et al. 2011)

Runx1 ? ? ? ; ? (Tachibana et al. 2011)

;: Absence or strong reduction
?: No effect reported
M: Cells are present but have a maturation defect or are functionally impaired
?: Unknown
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such as RORct, T-bet, Eomes and had low expression of GATA-3 arguing that
these cells are not yet committed to a distinct ILC lineage (Klose et al. 2014;
Constantinides et al. 2014).

Upon adoptive transfer of Lin- Id2+ IL-7Ra+ a4b7
+ Flt3- CD25- cells into

alymphoid mice, this population had no appreciable T, B, or myeloid cell potential
but differentiated into functional ILC2s, ILC3s, and into a peculiar, intestinal
mucosa and liver-resident Eomes- T-bet+ NKp46+ NK1.1+ ILC lineage, distinct of
cNK cells (Klose et al. 2014). These data indicate that another branching point
upstream of this progenitor may exist that is marked by a progenitor still having
cNK cell potential, the common ILC progenitor (CILP) (Fig. 1). These data also
provide evidence for partially distinct pathways of cNK cell and helper-like ILC
development. Limiting dilution and single cell assays in vitro demonstrated that a
single Lin- Id2+ IL-7Ra+ a4b7

+ Flt3- CD25- cell had the potential to give rise to
all three ILC lineages. Hence, Lin- Id2+ IL-7Ra+ a4b7

+ Flt3- CD25- cells are now
referred to as the common helper-like ILC progenitor (CHILP) (Klose et al. 2014;
Constantinides et al. 2014). These data now create new opportunities to scrutinize
the molecular signals required for the specification of the various helper-like ILC
lineages from the CHILP.

Interestingly, the CHILP population contained a promyelocytic leukemia zinc
finger protein (PLZF)- and a PLZF+ subset (Klose et al. 2014). PLZF (also known as
ZBTB16) is a transcription factor of the BTB-POZ zinc finger family of transcription
factors known to be important for NKT cell development and for the innate behavior
of CD4 T cells (Kovalovsky et al. 2008; Savage et al. 2008). Lineage tracing
experiments revealed that PLZF is not expressed by mature ILC populations but that
it is transiently expressed during ILC development (Constantinides et al. 2014).
Using a PLZF reporter allele, a bone marrow and a liver-resident PLZF+ lymphoid
progenitor was identified which, in adoptive transfer experiments and in clonal
differentiation assays in vitro, gave rise to non-NK ILC1-like cells, ILC2s and
CCR6-/low ILC3s. Interestingly, PLZF+ progenitors had lost the potential to gen-
erate LTi cells (i.e., CCR6+ CD4+ ILC3s) (Constantinides et al. 2014), whereas
PLZF- CHILPs still had LTi cell potential (Klose et al. 2014). Id2 is a regulator of
PLZF expression and it is likely that PLZF- CHILPs are progenitors of PLZF+

CHILPs although this remains to be experimentally addressed (Verykokakis et al.
2013).

2.3 Development of All Helper-Like ILCs Depends
on GATA-3

The six mammalian GATA-binding proteins (GATA-1-6) possess two zinc finger
motifs, which have been proposed to originate from gene duplication events (Ho
et al. 2009; Tanriver and Diefenbach 2014). GATA-1-3 are involved in the
development of hematopoietic cells whereas GATA-4-6 regulate development of
endodermal tissues. The two zinc fingers within the GATA proteins bind to a
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consensus sequence WGATAR (W: A/T, R: A/G) in the regulatory regions of
multiple genes. In addition to the two zinc finger motifs, GATA-3 contains two
transactivation domains and basic regions. The two zinc finger motifs allow GATA
proteins to bind to two distant consensus sequences and mediate long-range
looping of DNA (Hosoya et al. 2010; Chen et al. 2012). GATA-3 is already
expressed early during hematopoietic development in hematopoietic stem cells and
then further modulated, for example, during T cell development (Ku et al. 2012;
Frelin et al. 2013; Zhong et al. 2005). This would suggest that GATA-3 may
already play an important role early during commitment to different lymphoid
lineages. Indeed, mice-derived from Rag-deficient blastocysts complemented with
germline deleted GATA-3 stem cells, did not develop any T cells (Ting et al.
1996). It is now becoming apparent that GATA-3 plays important and stage-
specifc roles for the development and function of helper-like ILCs. Early data
showed that ILC2s (similar to Th2 cells) express high levels of GATA-3 and that
deletion of GATA-3 in all Id2+ cells specifically affected the maintenance of
ILC2s and ILC2Ps whereas ILC3s, which express intermediate GATA-3 levels,
were not affected (Hoyler et al. 2012; Mjosberg et al. 2012; Yagi et al. 2014).
Deletion of GATA-3 prior to the engagement of Id2 expression either by using
Cre-mediated deletion in all hematopoietic cells (using Vav-Cre) or in fetal liver
chimeras revealed that GATA-3 is essential for the development of all helper-like
ILC lineages whereas differentiation of cNK cells was unaffected (Samson et al.
2003; Serafini et al. 2014; Yagi et al. 2014). Thus, similar to its role for helper
versus cytotoxic T cell determination (Zhu et al. 2004), GATA-3 is an important
transcriptional regulator required for the differentiation of all helper-like ILCs but
not for the differentiation of killer ILCs (Table 1).

3 Group 1 ILCs Depend on T-bet for Development
and Secrete IFN-c

While group 2 and group 3 ILCs have been well-defined, group 1 ILCs have been
not well characterized. It has been proposed that ILC1s may consist of T-bet-
expressing ‘‘ex-RORct+’’ ILC3s and cNK cells (Spits and Cupedo 2012; Spits and
Di Santo 2011; Spits et al. 2013; Walker et al. 2013). For a detailed review on
transcriptional regulation of cNK cell development the reader is kindly referred to
Chap. ‘‘Transcriptional control of NK cell development and function’’ of this
book. NKp46+ cells with a history of RORct expression are of the ILC3 lineage
and are further discussed in the section dealing with ILC3s below. However, recent
data may have identified bona fide, non-NK cell ILC1 populations (Fuchs et al.
2013; Klose et al. 2014).
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3.1 The Population of NKp46+ Cells Contains
Various ILC Lineages

The identification of bona fide members of group 1 ILCs has proven difficult
because the expression of T-bet and of NKp46 and other activating NK cell
receptors (such as NKG2D and NK1.1) are not specific for one ILC lineage.
NKp46 and NKG2D are expressed by cNK cells and ILC3 subsets (Cella et al.
2009; Cupedo et al. 2009; Sanos et al. 2009; Luci et al. 2009; Satoh-Takayama
et al. 2008). In addition, T-bet is expressed by cNK cells (Townsend et al. 2004;
Gordon et al. 2012) and by the CCR6-/low subset of RORct+ ILC3s (Klose et al.
2013; Rankin et al. 2013; Sciume et al. 2012a; Powell et al. 2012). The fate of all
these NKp46+ lymphocytes is, at least in part, mediated by the related T-box
transcription factors T-bet and Eomes which control production of IFN-c and
expression of cytokine receptors (e.g., IL-2Rb) or of the immunoreceptors NKp46,
NKG2D or NK1.1 (Lazarevic and Glimcher 2011; Gordon et al. 2012). Given the
promiscuous expression of T-bet in various ILC subsets and the broad expression
of activating NK cell receptors, it was not obvious if a non-NK ILC1 population
existed. For various reasons, it was somewhat unsatisfying that cNK cells would
be bona fide ILC1s because they do not express IL-7Ra (as all other known ILC
subsets) and, in striking contrast to Th1 cells, cNK cells develop and are main-
tained independently of T-bet (Townsend et al. 2004; Jenne et al. 2009; Gordon
et al. 2012). Conventional NK cells co-express both T-box transcription factors
and Eomes but not T-bet seemed to be required for cNK cell differentiation. In
fact, Eomes-deficient mice have virtually no cNK cells (Fig. 1 and Table 1)
(Gordon et al. 2012).

The analysis of small intestinal lamina propria-resident NKp46+ NK1.1+ cells,
an operative definition of NK cells, using an Eomes reporter allele (EomesGfp/+

mice) in combination with a reporter allele allowing for lineage tracing of RORct-
expressing cells (RORct-fate map (fm) mice) discerned three distinct populations
of NKp46+ NK1.1+ cells, all of which expressed T-bet (Fig. 1) (Klose et al. 2014):
(1) Eomes-positive RORct-fm- cells represented cNK cells expressing class I
MHC-specific inhibitory and activating Ly49 receptors. (2) Eomes-negative
NKp46+ NK1.1+ RORct-fm+ cells were part of the ILC3 lineage, enriched in
plastic ILC3s which have downregulated RORct and upregulated T-bet expression
(Vonarbourg et al. 2010; Klose et al. 2013). (3) The third population expressed
T-bet and IL-7Ra (consistent with an ILC phenotype) but was Eomes-negative and
did not express RORct and had not expressed this transcription factor during
lineage differentiation (RORct-fm-negative) (Klose et al. 2014). We refer to this
non-NK, non-ILC3 population as ILC1s (Klose et al. 2014). Interestingly, all three
subsets of NKp46+ NK1.1+ cells were represented in almost every organ inves-
tigated but the composition of the NKp46+ NK1.1+ population differed to a great
extent. In secondary lymphoid organs, cNK cells represented the major population
whereas ILC1s and ILC3s dominated in mucosal organs (Klose et al. 2014).
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The analysis of these double reporter mice identified an ILC1 subset (i.e., T-bet+

Eomes- RORct-fm- cells) in the bone marrow. In the past, a population of cells
with a similar cell surface marker expression profile (IL-7Ra+ NK1.1+) was termed
immature (i) NK cells (Huntington et al. 2007; Vosshenrich and Di Santo 2013),
despite the fact, that they expressed markers such as CD51, CD69, and TRAIL
which were not expressed by cNK cells before and after this developmental stage.
Analysis of EomesGfp/+ x RORct-fm reporter mice now revealed that bone marrow
IL-7Ra+ NK1.1+ cells contain an Eomes+ CD49a- and an Eomes- CD49a+ pop-
ulation. Upon adoptive transfer into lymphopenic mice, Eomes+ CD49a- cells
differentiated into cNK cells whereas Eomes- CD49a+ cells stably displayed an
Eomes- RORct-fm- phenotype. Thus, bone marrow Eomes- CD49a+ IL-7Ra+

NK1.1+ cells do not upregulate Eomes in vivo or in vitro and, therefore, do not
belong to the cNK cell but rather to the ILC1 lineage (Klose et al. 2014).

Genome-wide gene expression profiling was quite informative in that it
revealed that ILC1s were more closely related to NKp46+ NK1.1+ RORct-fm+

cells than to cNK cells suggesting a core transcriptional program common to ILCs.
When compared to cNK cells, ILC1s showed striking differences in the expression
of chemokines and cytokines including their receptors and in the expression of
integrins (Klose et al. 2014). Interestingly, the expression of various cell surface
markers and transcription factors by ILCs (CD62L, CD69, CCR7, CD27, CXCR3,
Id2, Eomes, T-bet) resembled the one described for central memory and tissue-
resident memory T cells (Mackay et al. 2013; Kaech and Cui 2012; Hofmann and
Pircher 2011). Therefore, ILCs seem to be programmed for tissue residency.

3.2 Transcriptional Regulation of ILC1 Development
by T-bet, Nfil3 and GATA-3

In further support of the notion that ILC1s constitute a lineage independent of cNK
cells or other defined ILC subsets, ILC1s have unique transcriptional requirements
for differentiation and/or maintenance that sets them apart from cNK cells and
from other ILC lineages (Table 1).

3.2.1 T-bet

As the various helper-like ILCs share transcriptional circuitry with Th cells, an
important role of T-bet for the differentiation and/or maintenance of ILC1s was
expected. Indeed, ILC1s expressed only T-bet but not the related T-box tran-
scription factor Eomes (Klose et al. 2014). In sharp contrast to the mild phenotype
of T-bet deficiency on cNK cell development (Townsend et al. 2004; Jenne et al.
2009), T-bet was essential for the ILC1 fate (Klose et al. 2014). Indeed, Tbx21-/-

mice had virtually no intestinal ILC1s whereas cNK cells and ILC3s were
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normally represented. Interestingly, T-bet was already required for the early
commitment to the ILC1 lineage because iILC1s (Eomes- CD49a+ IL-7Ra+

NK1.1+ cells) in the bone marrow were affected as well. This is an interesting
finding because cNK cells are overrepresented in the bone marrow of T-bet-
deficient mice because T-bet directly regulates S1PR5 (sphingosine-1-phosphate
receptor 5) expression required for cNK cell egress from the bone marrow (Jenne
et al. 2009). The exact mechanism of how T-bet regulates ILC1 fate remains
elusive. Overexpression of Bcl-2 in T-bet-deficient mice did not rescue ILC1
differentiation arguing for a role of T-bet in ILC fate decision rather than for their
maintenance (C.S.N.K and A.D., unpublished data).

T-bet is required for the regulation of IL-2Rb chain (CD122) expression, a
component of the IL-15 receptor (Lazarevic and Glimcher 2011). Although ILC1s
expressed IL-7Ra similar to the other, helper-like ILC subsets, but their develop-
ment and/or maintenance was not affected in mice lacking the IL-7 receptor (Klose
et al. 2014). Interestingly, ILC1s co-expressed IL-2Rb and IL-7Ra but ILC1
numbers were significantly reduced in mice lacking IL-15. IL-15 dependency of
ILC1s was not absolute, indicating redundant control of ILC1 maintenance by
various factors (Klose et al. 2014). These data raise interesting questions about
regional niches in the intestine that can be distinguished into high-IL-7 and high-
IL-15 environments. It will be interesting to see if ILC1s can depend on IL-7 in
organs with low IL-15 expression.

3.2.2 Nfil3 or E4BP4

Another transcription factor which might be involved in the IL-15 signaling cas-
cade is Nfil3 (also known as E4BP4) (Gascoyne et al. 2009; Kamizono et al.
2009). Nfil3 is a basic leucine zipper transcription factor, essential for the
development of cNK cells (Gascoyne et al. 2009; Kamizono et al. 2009). Recent
data indicated that Nfil3 is already controlling development of the rNKP in the
bone marrow (i.e., Lin- Kit+ IL-7Ra+ IL-2Rb (CD122)+ 2B4+ CD27+ Flt3- cells)
indicating an important role of Nfil3 for the early stages of NK cell development
(Male et al. 2014). In contrast, T-bet or Eomes deficiency did not affect specifi-
cation toward the rNKP. Of note a population referred to as the pre-NKP (i.e.,
Lin- Kit+ IL-7Ra+ IL-2Rb (CD122)- 2B4+ CD27+ Flt3-) was also reduced in
Nfil3-/- mice. As this population is largely Id2-positive (M. Flach and A.D.,
unpublished data) and contains the CHILP, the question arises if Nfil3 may not
play broader roles for the development of various ILC lineages. This is supported
by our data showing that in mice with a deletion of Nfil3 in all hematopoietic cells,
both mature intestinal and immature bone marrow ILC1s as well as NKp46+

NK1.1+ ILC3s were lacking (Klose et al. 2014). The broader roles of Nfil3 for ILC
development and a careful analysis of Nfil3 target genes need to be addressed in
future studies.
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3.2.3 GATA-3

ILC1s express intermediate levels of GATA-3 (Klose et al. 2014). As alluded to
above, deletion of GATA-3 in all hematopoietic cells cripples the development of
all helper-like (IL-7Ra+) ILCs but leaves cNK cell differentiation intact (Yagi et al.
2014; Serafini et al. 2014; Samson et al. 2003). Conditional deletion of Gata3 by
using NKp46-Cre or Id2-CreERt2 had no impact on the representation of cNK cells
or ILC3s including NKp46+ ILC3s. However, deletion of Gata3 in all NKp46-
expressing cells led to a dramatic reduction of ILC1s (Klose et al. 2014; Hoyler
et al. 2012). Thus, GATA-3 plays multiple important roles for the differentiation of
ILCs. (1) Early expression (before or at the Id2-positive stage) is required for
specification of the CILP or CHILP to the helper-like ILC lineages. GATA-3 marks
an important bifurcation between helper-like (GATA-3-dependent) and cytotoxic
ILCs (GATA-3-independent). Future studies need to address at which progenitor
stage GATA-3 is required and which GATA-3-controlled genes determine com-
mitment to helper-like ILCs (Yagi et al. 2014). (2) Deletion of GATA-3 in all Id2-
expressing cells did not affect cNK cell or ILC3 differentiation or maintenance.
However, both GATA-3high ILC2s and GATA-3int ILC1s including their bone
marrow-resident progenitors (ILC2Ps and iILC1s) required GATA-3 for mainte-
nance (Klose et al. 2014; Hoyler et al. 2012). (3) Deletion of Gata3 in all NKp46+

cells led to reduced numbers of ILC1s whereas both other NKp46+ ILC subsets,
cNK cells and ILC3s were normally represented (Klose et al. 2014).

3.3 Intraepithelial ILC1-Like Cells and Unusual NKp46+

ILC Subsets

Apart from ILC1s in the small intestine, other NKp46+ ILC subsets were described
which differed in important aspects from cNK cells. These NKp46+ ILC subsets
are found within specific tissue niches such as the epithelium of the small intestine,
the thymus, or the liver.

3.3.1 Intraepithelial ILC1s

Intraepithelial ILC1s were mainly investigated in human tonsils and the epithelium
of the intestine. These cells were found within the NKp44+ CD103+ and NKp44-

CD103- compartment of CD56+ non-T cells and were potent producers of IFN-c
(Fuchs et al. 2013). NKp44+ CD103+ cells expressed molecules indicating TGF-b
imprinting and additional surface markers not found on cNK cells such as CD160,
CD49a, CXCR6, CD69, and CD39. Interestingly, they expressed the IL-2Rb chain
but not the IL-7Ra chain, which suggested that their development might be
dependent on IL-15 signaling. In mice, a possibly related CD160+ NKp46+ ILC
subset residing within the epithelium of the intestine was identified that produced
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IFN-c. Il15ra-deficient mice had only a very mild reduction of intraepithelial
ILC1s arguing that IL-15 signaling may not be indispensable for their develop-
ment. It is unknown if intraepithelial ILC1s require IL-7 receptor signaling for
differentiation and/or maintenance. In contrast to cNK cells, intraepithelial ILC1s
were developmentally dependent on the transcription factor T-bet. Similar to cNK
cells and ILC1s of the lamina propria (Klose et al. 2014), intraepithelial ILC1
development was perturbed in Nfil3-deficient mice. Like cNK cells, intraepithelial
ILC1s expressed Eomes which distinguishes them from ILC1s described in the
lamina propria of the small intestine (Klose et al. 2014). Analysis of intraepithelial
NKp46+ NK1.1+ ILCs (all of which express CD160) using EomesGfp/+ x RORct-fm
double reporter mice revealed that this population is diverse and contained ILC1s,
NKp46+ NK1.1+ ILC3s and cNK cells (Klose et al. 2014). The functional
importance of intraepithelial ILC1s was demonstrated in an aCD40-triggered
innate colitis model (Uhlig et al. 2006; Buonocore et al. 2010). Intraepithelial
ILC1s were potent IFN-c producers upon aCD40 injection and depletion of
NKp46+ lymphocytes by NK1.1 antibody depletion ameliorated colitis severity
(Fuchs et al. 2013). This might also be relevant with regard to human disease
because NKp44+ CD103+ intraepithelial ILC1s were increased in patients with
Crohn’s disease (Fuchs et al. 2013).

3.3.2 Thymic ‘‘NK Cells’’

The IL-7Ra chain is expressed by the CLP and NKP but quickly downregulated
during NK cell development. Therefore, an NKp46+ innate lymphocyte subset that
expressed the IL-7Ra chain and that was mainly located in the thymus of mice had
attracted interest and was termed ‘‘thymic NK cells’’ because their development
depended on the presence of the thymus (Vosshenrich et al. 2006). In addition,
thymic NK cells depicted a very different phenotype compared to cNK cells as
they lacked expression of Ly49s but had higher expression of Kit and CD94.
In contrast to cNK cells and ILC1s they developmentally depended on IL-7
(Vosshenrich et al. 2006). Similar to ILC1s, the transcription factor GATA-3 was
essential for them to develop and they were potent producers of IFN-c and TNF. It
was suggested that they might correspond to the human CD56bright NK cell sub-
set which has high capacity to produce cytokines but low cytotoxic activity
(Vosshenrich et al. 2006). Even though ILC1s and ‘‘thymic NK cells’’ differ in
their dependency on IL-15 or IL-7, respectively, it is conceivable that they are of
the same lineage because ILC1s express both the IL-15 and IL-7 receptors and
their maintenance may depend on the availability of these cytokines in certain
tissues. Future experiments will need to more firmly establish if ILC1s and
‘‘thymic NK cells’’ are separate or related ILC lineages.
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3.3.3 Liver ‘‘NK Cells’’

The liver is home to a special NK cell population called TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand)+ NK cells which are very prominent in
neonatal mice but then decline with the age of mice (Takeda et al. 2005). Besides
TRAIL, the surface receptor by which they were identified, they also express other
molecules such as CD49a and CXCR6, a chemokine receptor which recognizes
CXCL16 that is secreted by endothelial cells of the liver sinusoids (Shi et al. 2011;
Peng et al. 2013). TRAIL+ NK cells are distinct from liver cNK cells in that they
do not express DX5 (CD49b) and Eomes (Gordon et al. 2012). TRAIL+ NK cells
were able to kill target cells but are less cytotoxic than cNK cells. In addition to
IFN-c, which is expressed by all known NKp46+ cells, TRAIL+ NK cells secrete
TNF, IL-13 and GM-CSF (Takeda et al. 2005; Daussy et al. 2014; Sojka et al.
2014). Because of their high representation in the liver of neonatal mice and based
on in vivo differentiation studies, a model was proposed in which TRAIL+ NK
cells are immature progenitors of cNK cells. Indeed, TRAIL+ NK cells expressed
several markers which define immature cNK cells such as CD27 but not CD11b, a
NK cell maturation marker. In addition, transfer of TRAIL+ NK cells into alym-
phoid mice led to the development of TRAIL- DX5+ cNK cells (Gordon et al.
2012). Development of TRAIL+ NK cells depended on T-bet but not Eomes,
whereas mature cNK cells strictly depended on Eomes but not on T-bet. This could
be in line with a model in which T-bet is essential to maintain immature TRAIL+

NK cells and Eomes to maintain mature cNK cells and that deficiency for one of
these transcription factors preferentially allows for outgrowth of the NK cell
population independent of that factor (Takeda et al. 2005; Gordon et al. 2012).
Nevertheless, it is difficult to appreciate why Eomes+ cNK cells are normally
represented in T-bet-deficient mice that lack their progenitors (i.e., TRAIL+ NK
cells). In fact, several recent studies have called this model into question because
they provided evidence that the transcriptome of TRAIL+ NK cells and cNK cells
is very different, making it unlikely that they represent various maturation stages
of cNK cells. In further support of this view, these studies failed to differentiate
cNK cells from TRAIL+ NK cells (Daussy et al. 2014; Peng et al. 2013; Sojka
et al. 2014). Thus, TRAIL+ NK cells and cNK cells may constitute distinct ILC
lineages.

Interestingly, studies concerning immunological memory of NK cells showed
that the memory potential is contained within CXCR6+ liver NK cells which are
most likely identical to TRAIL+ NK cells (Peng et al. 2013; O’Leary et al. 2006;
Paust et al. 2010). These findings would be difficult to reconcile with a model in
which TRAIL+ NK cells are immature progenitors of cNK cells and, therefore,
argue in favor of a model that would assign TRAIL+ NK cells and cNK cells to
different lymphocyte lineages.

Future research will need to answer the important question regarding the
lineage relationship of the unusual NK cell populations. Although such uncon-
ventional NKp46+ ILCs share some common markers such as expression of
CXCR6 and CD49a and limited expression of Ly49 receptors, the lineage
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relationship remains difficult to determine because they are present in different
organs. Therefore, it is unclear if difference in gene expression or dependency on
cytokines that may be differentially expressed in the various organs reflects organ-
specific imprinting of gene expression or if it indicates that these NKp46+ ILC
subsets constitute different lymphoid lineages.

3.4 ILC1s Provide Innate Protection Against Intracellular
Pathogens

IFN-c is indispensable for the control of intracellular infections (Suzuki et al.
1988; Flynn et al. 1993; Buchmeier and Schreiber 1985; Wang et al. 1994). A
central role in this process plays the cytokine IL-12 which is produced by various
subsets of mononuclear phagocytes. IL-12 was initially identified as the natural
killer cell stimulating factor (NKSF) (Kobayashi et al. 1989) and induces IFN-c
production by NK cells but also instructs the differentiation of IFN-c-producing
Th1 cells. IFN-c released by NK cells and Th1 cells allows for the activation of
macrophages to an antimicrobial state effectively controlling various intracellular
infections. Deficiencies in components of the IFN-c and IL-12 signaling pathways
lead to susceptibility to intracellular bacterial infections (Altare et al. 1998; de
Jong et al. 1998). ILC1s and ILC1-like cells express T-bet and high levels of the
components of the IL-12 receptor. Interestingly, ILC1s similar to ‘‘thymic NK
cells’’ reacted to IL-12 stimulation with IFN-c production (Vosshenrich et al.
2006; Fuchs et al. 2013; Klose et al. 2014). This is in striking contrast to naïve
cNK cells that are remarkably poor producers of IFN-c after stimulation with
IL-12 (Lucas et al. 2007; Klose et al. 2014). Thus, ILC1s may be an important
immediate source of IFN-c during infection with intracellular pathogens. While
cNK cells contain granula with proteins allowing for cytotoxic function, ILC1s
were relatively poor killer cells.

High IL-12 secretion is triggered by infection with the obligate intracellular
parasite Toxoplasma gondii (T. gondii). Resistance to T. gondii infection is
mediated to a large degree by IFN-c and inflammatory monocytes, recruited to
the sites of infection (Suzuki et al. 1988; Dunay et al. 2008). Previously, intestinal
IL-15-dependent NK1.1+ or NKp46+ cells (‘‘NK cells’’) were shown to be an
important early source of this cytokine during oral T. gondii infection. Further-
more, NKp46+ ILCs produced CCL3, a chemokine leading to the recruitment of
inflammatory monocytes (Schulthess et al. 2012). Future studies will need to
dissect which of the three NK1.1+ NKp46+ ILC subsets are the source of CCL3.
Recently however, it became clear that among all NK1.1+ ILCs, ILC1s were the
main producers of IFN-c and TNF during a sublethal T. gondii infection in the
small intestine. ILC1s were especially potent in the co-production of IFN-c and
TNF. T-bet deficient mice (lacking ILC1s) showed increased T. gondii titers and
reduced recruitment of inflammatory monocytes during the early phases of
infection consistent with an important role of T-bet-driven innate cytokines for
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early parasite control. Rag2-/- Il2rg-/- mice that lack all lymphoid cells but have
a largely normal myeloid compartment, were unable to control T. gondii infection
and showed only very inefficient recruitment of inflammatory monocytes to the
lamina propria. Interestingly, transfer of ILC1s into alymphoid mice led to
increased recruitment of inflammatory monocytes and innate parasite control
(Klose et al. 2014).

Collectively, ILC1s and cNK cells are distinct ILC lineages that can be dis-
criminated on the basis of different developmental requirements for transcription
factors, distinct tissue residency, and a distinct gene expression program. ILC1s
build a first line defense at the mucosal barrier to quickly react with cytokine
production to invading intracellular pathogens. In contrast, cNK cells are located
preferentially in secondary lymphoid organs, where they require priming by
mononuclear phagocytes (Lucas et al. 2007) and are able to proliferate (Sun et al.
2009) before invading inflamed tissues (Lucas et al. 2007) to combat infections
through cell-mediated cytotoxicity and cytokine production.

4 ILC2s Express High Levels of GATA-3
and Secrete IL-5 and IL-13

4.1 ILC2 Differentiation

ILC2s are very potent producers of effector cytokines such as IL-5, IL-9, IL-13,
and amphiregulin, the latter is a member of the expanded epithelial growth factor
(EGF) family (Wilhelm et al. 2011; Turner et al. 2013; Monticelli et al. 2011; Neill
et al. 2010; Moro et al. 2010; Zaiss et al. 2006). It is still controversial if ILC2s
also secrete IL-4. Secretion of IL-5 from ILC2s is continuous (i.e., occurs during
steady-state) (Hoyler et al. 2012) and is controlled by circadian rhythm (Nussbaum
et al. 2013). ILC2s are mainly localized in the gastrointestinal tract, the respiratory
tract, the skin and fat-associated lymphoid clusters, but rare in secondary lymphoid
organs at steady-state. Their localization at barrier surfaces allows them to quickly
react to invading helminthes (Hoyler et al. 2012; Neill et al. 2010; Moro et al.
2010; Saenz et al. 2010; Price et al. 2010; Mjosberg et al. 2011; Liang et al. 2012).
Helminth larvae invade the skin, enter the heart, then the lung via the blood vessels
where they are coughed up, swallowed and finally reproduce in the gastrointestinal
tract where they are expelled (Camberis et al. 2003). The crucial role of ILC2s for
the resistance against the nematode Nippostrongylus brasilienses (N. brasiliensis)
was demonstrated in several studies (Moro et al. 2010; Neill et al. 2010; Hoyler
et al. 2012; Wong et al. 2012). Because of the therapeutic relevance, much research
has focused on the pathophysiological reaction of ILC2s in airway hyperreactivity,
allergic lung disease, atopic dermatitis, and liver injury (McHedlidze et al. 2013;
Salimi et al. 2013; Roediger et al. 2013; Halim et al. 2012a; Monticelli et al. 2011;
Chang et al. 2011).
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Epithelial cell-derived cytokines such as IL-33, IL-25, and TSLP are strong
activators of ILC2s (Van Dyken et al. 2014; Saenz et al. 2013; Neill et al. 2010;
Neill and McKenzie 2011; Mjosberg et al. 2011). In fact, an innate source of
IL-25-responsive cells has been documented in the past and eventually led to the
discovery of ILC2s (Fort et al. 2001; Hurst et al. 2002; Fallon et al. 2006). In mice,
ILC2s have been characterized by high expression of IL-7Ra, Sca-1 and CD25.
However, these markers are not specific for the ILC2 lineage as IL-7Ra and CD25
are expressed by all helper-like ILCs and Sca-1 is found on a subset of ILC3s
(Vonarbourg et al. 2010; Buonocore et al. 2010). ICOS, the IL-33Ra-chain, and
the IL-17Rb-chain are more specific markers of ILC2s (Moro et al. 2010; Price
et al. 2010; Liang et al. 2012). KLRG1 and Kit were identified as maturation
markers on ILC2s (Hoyler et al. 2012).

Precursors of ILC2s (ILC2Ps) in the bone marrow lack these markers whereas
KLRG1 and Kit were upregulated in mature ILC2s in mucosal tissues of the
gastrointestinal tract (Fig. 1). ILC2Ps were poor producers of ILC2-derived
cytokines such as IL-5 and IL-13 despite sharing a core cluster of ILC2 lineage-
specific gene sets (Hoyler et al. 2012). Consistent with the progenitor phenotype of
ILC2Ps, their potential to proliferate and reconstitute the ILC2 compartment of
alymphoid mice was more efficient when compared to adoptively transferred
mature ILC2s (Hoyler et al. 2012; Halim et al. 2012b; Brickshawana et al. 2011).
Interestingly, a lymphoid progenitor population that contains the ILC2P has been
first described in 1998 and was referred to as LSK- (Lin- Sca-1+ Kit-) cells
(Randall and Weissman 1998). Because of their phenotypic resemblance of
hematopoietic stem cells (LSK cells), it was speculated that the LSK- population
constitutes a hematopoietic precursor population (Randall and Weissman 1998).
However, adoptive transfer of LSK- cells into lethally irradiated hosts did not
reconstitute the hematopoietic system. Later studies identified additional markers
such as CD25 and IL-7Ra indicative of lymphoid fate, on a fraction of LSK- cells
but failed to recover progeny of adoptively transferred LSK- cells from the spleen
of transplanted mice (Kumar et al. 2008). More recently bone marrow ILC2Ps
were identified as Lin- Sca-1high Id2+ GATA-3+ CD25+ IL-7Ra+ cells that were
largely identical to LSK- cells (Hoyler et al. 2012). In line with the above-
mentioned previous data (Randall and Weissman 1998; Kumar et al. 2008),
adoptive transfer of ILC2Ps into alymphoid mice did not generate any appreciable
progeny in secondary lymphoid organs (Hoyler et al. 2012). Strikingly, ILC2Ps
very efficiently homed to the small intestinal lamina propria where they differ-
entiated into mature ILC2s (Hoyler et al. 2012). Homing to mucosal sites such as
the small intestine was, in part, due to expression of the chemokine receptor CCR9
(Hoyler et al. 2012). In addition, the ILC2P expressed integrin a4b7 which is
involved in homing of lymphocytes to the intestine (Holzmann et al. 1989).
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4.2 GATA-3

In analogy to Th2 cells (Zheng and Flavell 1997), ILC2s have high expression of
the transcription factor GATA-3 (Hoyler et al. 2012; Mjosberg et al. 2012).
ILC2Ps already showed high GATA-3 expression indicating that ILC2Ps were
already specified for the ILC2 lineage. The roles of GATA-3 within the ILC
lineage are complex and have been discussed above (Table 1). While all ILCs
express intermediate levels of GATA-3, high level GATA-3 expression is a unique
characteristic of ILC2s driving a distinct gene ezxpression program (Yagi et al.
2014; Hoyler et al. 2012). Conditional deletion of GATA-3 in ILCs and T cells
using Id2-Cre led to complete absence of ILC2s and ILC2Ps, whereas ILC3s were
normally maintained (Hoyler et al. 2012; Furusawa et al. 2013; Mjosberg et al.
2012). Cre-mediated deletion of Gata3 in vitro demonstrated that GATA-3 is not
only important for differentiation but also for the maintenance of the ILC2 lineage
(Hoyler et al. 2012; Yang et al. 2013; Yagi et al. 2014). Thus, the ILC2 lineage is
characterized by high GATA-3 expression and GATA-3 is required for the
maintenance of ILC2s.

4.3 RORa

RAR (retinoic acid receptor)-related orphan receptors a, b and c form a family of
steroid hormone receptors which recognize a specific DNA sequence RGGGTCA
(R: A/G). They consist of an N-terminal domain, the DNA-binding domain, a hinge
domain and a C-terminal DNA-binding domain. RORa is expressed in two isoforms
in mice (RORa1 and RORa4) and this transcription factor is important in cerebel-
lum and cone development (Jetten 2009). In addition, RORa is involved in regu-
lation of circadian rhythm (McIntosh et al. 2010; Jetten 2009). In contrast to RORc,
RORa is essential for the development of ILC2s. RORa is already expressed at the
ILC2P stage and is further upregulated in mature ILC2s (Hoyler et al. 2012; Wong
et al. 2012; Halim et al. 2012b). Germline deletion of the Rora gene led to defective
differentiation of ILC2s. Particularly, expansion of ILC2s upon IL-25 injection,
N. brasiliensis infection or papain challenge was severely impaired in the absence of
Rora (Wong et al. 2012; Halim et al. 2012b). As a consequence Rora-deficient mice
could not control N. brasiliensis infection and were resistant to papain-induced
airway inflammation, both processes have been shown to be ILC2-dependent
(Halim et al. 2012b; Wong et al. 2012). RORa-dependent gene sets in ILC2 are not
well investigated, which will be an important goal for the future. One RORa target
gene in Purkinje cells of the cerebellum is sonic hedgehog (Shh), a fundamental
gene in cell proliferation and differentiation (Wallace 1999; Dahmane and Ruiz i
Altaba 1999; Jetten 2009). However, whether this or similar genes are also con-
trolled by RORa in ILC2s remains to be tested.
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4.4 TCF-1 Signaling

TCF-1 is a transcription factor involved in the early specification of T cell fate
(Verbeek et al. 1995; Okamura et al. 1998). Recent data showed that TCF-1 is also
essential for the development of the entire ILC2 lineage including the ILC2P in the
bone marrow (Yang et al. 2013). Consequently, Tcf7-/- mice (Tcf7 is the gene
encoding TCF-1) had strongly reduced ILC2 numbers in many organs. As a result,
mice were susceptible to N. brasiliensis infection and resistant to papain-induced
asthma (Mielke et al. 2013; Yang et al. 2013). The Tcf7-gene is regulated by Notch
signaling in ILC2s and itself controls expression of IL-7Ra chain, an essential
cytokine receptor component for development of ILC2 and ILC3 lineages (Yang
et al. 2013; Wong et al. 2012).

4.5 Gfi1

The transcription factor growth factor independent 1 (Gfi1) is broadly expressed in
the hematopoietic system and has critical roles in various hematopoietic processes
including T lymphopoiesis (Spooner et al. 2009; Yucel et al. 2003). Moreover,
Gfi1 functions in type 2 immune responses by controlling the IL-2-dependent
population expansion of Th2 cells (Zhu et al. 2006). In analogy to T helper cells,
ILC2s expressed Gfi1 already at the ILC2P stage and Gfi1 was further upregulated
upon ILC2 maturation (Spooner et al. 2013). Gfi1 was required for differentiation
or maintenance of ILC2s because Gfi1-/- mice had reduced numbers of ILC2s and
ILC2Ps. As a result, Gfi1-deficient mice were susceptible to N. brasiliensis
infection and resistant to papain-induced lung inflammation.

Microarray analysis revealed that Gfi1 regulates key genes of ILC2 function
and development including the expression of Il1rl1 (IL-33R subunit), Il17rb
(IL-25R subunit), Il5, Crlf2, and Gata3. In particular, Gfi1 seems to regulate the
responsiveness to IL-33, one of the most important activation signals of ILC2s
(Van Dyken et al. 2014; Hoyler et al. 2012). On the other hand, Gfi1 suppresses
genes involved in ILC3 commitment and function such as Rorc(ct), Sox4, Il17a,
Il17f, and Il1r1. Indeed, deletion of Gfi1 allowed expression of ILC3-specific
genes in ILC2s (Spooner et al. 2013). Thus, Gfi1 is a transcription factor that
reciprocally regulates the type 2 and type 17 effector states in lymphoid cells of the
innate and adaptive immune systems (Spooner et al. 2013).
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5 The ILC3 Family Developmentally Depends on RORct
and Secretes IL-22

5.1 Two ILC3 Lineages: CCR6+ and CCR62/low ILC3s

LTi cells, the founding member of group 3 ILCs, were first described in the late
1990s as hematopoietic cells (CD45+) that express CD4 but lack expression of T
cell markers such as CD3 (Mebius et al. 1997). Recent data support the view that
LTi cells are CCR6+ Kithigh ILCs and CD4 is only expressed on a subset (Sawa et al.
2010; Klose et al. 2013). It is currently unclear if CD4+ and CD4- CCR6+ ILC3s
differ in their functional or transcriptional properties. It also remains to be estab-
lished if CD4 expression is stable or if CCR6+ ILC3s can downregulate CD4
expression (Vonarbourg et al. 2010; Sawa et al. 2010). The CC-chemokine receptor
CCR6 recognizes the ligand CCL20 expressed by stroma cells in cryptopatches and
the antimicrobial protein b-defensin 3 (Yang et al. 1999). Sensing of gram-negative
commensal bacteria by NOD1 stimulates CCL20 expression which regulates iso-
lated lymphoid follicle but not cryptopatch formation (Bouskra et al. 2008). The
lineage-specifying transcription for LTis cells is RORct, an immune cell-specific
alternative transcript of the Rorc gene (Villey et al. 1999; He et al. 1998). Targeted
deletion of the Rorc gene or of Rorc(ct)-specific exons led to disappearance of LTi
cells and, consequently, to a failure of lymphoid organ development with absence
of lymph nodes, Peyer’s patches, cryptopatches, and isolated lymphoid follicles
(Eberl et al. 2004; Sun et al. 2000; Kurebayashi et al. 2000; Eberl and Littman
2004). An extensive description of how LTi cells interact with stroma cells or
endothelial cells and other lymphoid cells to initiate the process of lymphorgano-
genesis can be found elsewhere (van de Pavert and Mebius 2010).

In adult mice, LTi cells are mainly localized in cryptopatches and isolated
lymphoid follicles (ILFs), where they are in immediate contact with B cells and
mononuclear phagocytes (Kanamori et al. 1996; Hamada et al. 2002; McDonald
et al. 2010). ILFs are major sites for T cell-independent IgA production and LTi
cells and mononuclear phagocytes supported class switch recombination and
differentiation of IgA-producing plasma cells by controlling gene expression in
stroma cells (Tsuji et al. 2008).

While the role of CCR6+ ILC3s in supporting lymphoid organogenesis is well
supported, their broader role for immunity at mucosal surfaces has only been rec-
ognized very recently. CCR6+ ILC3s are an important source of the cytokines IL-22
and IL-17A (Klose et al. 2013; Takatori et al. 2009; Zenewicz et al. 2008). IL-17A
expression by ILC3s in the upper respiratory tract protected mice against fungal
infections with Candida albicans (C. albicans) (Gladiator et al. 2013). IL-22
production is essential for resistance against attaching-and-effacing types of intes-
tinal infections such as those with Citrobacter rodentium (C. rodentium), a mouse
model for enteropathogenic Escherichia coli (E. coli) infections (Zheng et al. 2008;
Sonnenberg et al. 2011b). It has been documented that in the first week of
C. rodentium infection the majority of IL-22 is secreted by ILC3s (Sawa et al. 2011;
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Kiss et al. 2011; Sonnenberg et al. 2011b). CD4+ ILC3s seemed to have an important
role in immunity to C. rodentium infection (Sonnenberg et al. 2011b). IL-22 is an
extraordinary cytokine because its receptor which consists of the IL-22Ra1 chain
and the IL-10Rb chain is almost exclusively expressed on nonhematopoietic cells
(Wolk et al. 2004; Sanos et al. 2011). Hence, ILC3s-derived IL-22 directly interacts
with the surrounding epithelium, regulating resistance, homeostasis, proliferation,
and repair of epithelial cells as well as containment of bacteria (Sonnenberg et al.
2011a, 2012; Sanos et al. 2011; Hanash et al. 2012; Dudakov et al. 2012; Zenewicz
et al. 2007, 2008; Zheng et al. 2008; Pickert et al. 2009).

In late 2008, five independent groups reported a cell type which, similar to LTi
cells, expressed and developmentally depended on the transcription factor RORct,
and, in addition, also expressed activating immunoreceptors characteristic for NK
cells such as the natural cytotoxicity receptor 1 (NCR1, also known as NKp46) and
NKG2D (Satoh-Takayama et al. 2008; Luci et al. 2009; Sanos et al. 2009; Cella
et al. 2009; Cupedo et al. 2009). NKp46 was considered to be a fairly specific
marker of cNK cells (Walzer et al. 2007). Therefore, the expression of charac-
teristic markers of two different ILC lineages (cNK cells versus ILC3/LTi cells)
provoked questions about the lineage relationship of this newly discovered lym-
phoid cell type. In principle, three models have been proposed. CCR6- ILC3s
could be a differentiation stage (1) of cNK cells (Cella et al. 2009), (2) of ILC3s
(Sanos et al. 2009; Cupedo et al. 2009; Luci et al. 2009) or, (3) they could
constitute an independent lymphoid lineage (Satoh-Takayama et al. 2008; Sawa
et al. 2010).

Based on transfer experiments and fate-labeling studies it became apparent that
NKp46+ ILC3s constituted a lineage distinct from cNK cells (Vonarbourg et al.
2010; Satoh-Takayama et al. 2010; Sawa et al. 2010). NKp46+ ILC3s differed
from CCR6+ ILC3s in that they were CCR6-negative and expressed low levels of
Kit (Sawa et al. 2010; Klose et al. 2013). It also became clear that a population of
CCR6-/low ILC3s existed that was NKp46-negative. Cell transfer experiments and
in vitro differentiation assays documented that NKp46+ CCR6-/low ILC3s were the
progeny of NKp46- CCR6-/low ILC3s (Fig. 1) (Vonarbourg et al. 2010; Klose
et al. 2013; Rankin et al. 2013; Cupedo et al. 2009). The lineage relationship to
LTi cells was more difficult to tackle but several arguments can be taken into
account collectively contending that CCR6-/low and CCR6+ ILC3s are distinct
RORct-expressing and RORct-dependent ILC lineages. First, CCR6+ ILC3s did
not appreciably differentiate into CCR6-/low ILC3s or NKp46+ ILC3s in vitro or
when adoptively transferred into alymphoid mice (Sawa et al. 2010; Klose et al.
2013; Rankin et al. 2013). Second, CCR6-/low ILC3s but not CCR6+ ILC3s
expressed the transcription factor T-bet and its target genes (e.g. NK receptors,
IFN-c) (Klose et al. 2013; Sciume et al. 2012b; Bernink et al. 2013). Third, several
knockout mice show deficiency of either CCR6+ ILC3s or CCR6-/low ILC3s
(Table 1) (Klose et al. 2013; Aliahmad et al. 2010; Kiss et al. 2011; Mielke et al.
2013). Fourth, fate-labeling studies showed different labeling efficiencies for
CCR6+ and CCR6-/low ILC3s (Sawa et al. 2010). Fifth, CD4 depletion only affects
CCR6+ ILC3s but not CCR6-/low ILC3s (Sawa et al. 2010). Despite this evidence,
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it remains to be determined if CCR6+ and CCR6-/low ILC3s may originate from a
putative unidentified common ILC3 precursor or may have distinct progenitors
(Sawa et al. 2010).

While CCR6+ ILC3s were a phenotypically and functionally stable RORct+

T-bet- ILC lineage, CCR6-/low ILC3s showed phenotypic and functional plasticity.
CCR6-/low ILC3s underwent a process that led to the upregulation of T-bet and the
downregulation of RORct (Klose et al. 2013; Vonarbourg et al. 2010; Bernink et al.
2013; Rankin et al. 2013). The following stages could be distinguished that likely
represent consecutive differentiation stages: (1) CCR6-/low ILC3s, which express
high levels of RORct and are T-bet negative. (2) CCR6-/low ILC3s which express
high levels of RORct and low levels of T-bet but not yet NKp46. (3) CCR6-/low

ILC3s which have intermediate levels of T-bet and RORct and express NKp46
(often referred to as NKp46+ ILC3s or ‘‘NK22’’ cells). (4) CCR6-/low ILC3s which
have downregulated RORct but now have high levels of T-bet, NKp46 and NK1.1
(Fig. 1). Despite lack of expression of RORct in that stage, fate-labeling studies
clearly demonstrated that these cells are progeny of cells with a history of RORct
expression (Vonarbourg and Diefenbach 2012; Vonarbourg et al. 2010). The
co-expression of RORct and T-bet is remarkable because they were believed to
instruct opposing transcriptional programs. Interestingly, ‘‘ex-RORct+’’ ILC3s still
express the IL-23 receptor and are now able to produce IFN-c. IL-23-dependent
IFN-c production is crucial for intestinal inflammation in the aCD40-mediated
colitis model (Uhlig et al. 2006). Depletion of ILCs in the aCD40 colitis model led
to a significant reduction in pathology (Vonarbourg et al. 2010; Buonocore et al.
2010), while adoptive transfer of RORct- but RORct fate-label+ ILC3s promoted
pathology in the aCD40 colitis model (Vonarbourg et al. 2010).

5.2 ILC3 Precursors in the Fetal Liver

The fetal liver harbors Flt3+ IL-7Raint Kitint CLPs (Mebius et al. 2001; Possot et al.
2011). Induction of integrin a4b7 expression on these cells correlated with a loss of
B and T cell potential (Yoshida et al. 2001). Flt3- IL-7Raint Kitint a4b7

+ cells were
RORct- (see above) and contained the CHILP (Klose et al. 2014; Constantinides
et al. 2014). Finally, commitment to the ILC3 lineage is established through
expression of the lineage-defining transcription factor RORct correlating with high
level IL-7Ra (IL-7Rahigh a4b7+ RORct+) (Yoshida et al. 2001; Cherrier et al.
2012). Alternatively, CXCR6 has been shown to be a reliable marker for ILC3
committed progenitors in the fetal liver (Possot et al. 2011). Of note, differentia-
tion of IL-7Rahigh a4b7+ RORct+ was perturbed in mice genetically lacking Id2 or
Rorc(ct) while the population of IL-7Raint Kitint a4b7

+ ILC progenitors was largely
normal (Tachibana et al. 2011). Both Runx1 and its partner Cbfb2 were required
for the differentiation of IL-7Raint Kitint a4b7

+ ILC progenitors. In addition, Runx1/
Cbfb2 complexes were required for the upregulation of RORct expression in
IL-7Raint Kitint a4b7

+ ILC3 progenitors (Tachibana et al. 2011).
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5.3 RORct

Retinoic acid-related orphan receptor c belongs to the same family of steroid
hormone receptors as RORa (Jetten 2009). Two isoforms RORc1 and RORc2 are
transcribed (He et al. 1998; Villey et al. 1999). While RORc1 is expressed in
multiple tissues RORc2 (also called RORct) was found to be expressed in the
thymus and later in Th17, LTi cells and all other ILC3 populations (Eberl et al.
2004; Ivanov et al. 2006b). Targeted deletion of Rorc or the first (RORc2-specifc)
exon of RORct led to the disappearance of lymphoid structures such as lymph
nodes, Peyer’s patches or postnatally forming cryptopatches and isolated lymphoid
follicles (Eberl et al. 2004; Sun et al. 2000). Some specialized lymphoid structure
such as NALT could still be found in RORct-deficient mice arguing that LTi cells
are not strictly required for their development (Ivanov et al. 2006a). Both CCR6+

and CCR6-/low ILC3s are absolutely dependent on RORct. Which fundamental
processes are controlled by RORct in ILC3s so that it is essential for development
of both subsets is not well understood. In T cells, RORct deficiency could be
rescued by overexpression of Bcl-xL which might argue that anti-apoptotic signals
are regulated by RORct (Sun et al. 2000). Lineage committed precursors of ILC3s
were described in the fetal liver but not the bone marrow (Yoshida et al. 2001).
RORct is essential for transition to the IL-7Rahigh stage of CCR6+ ILC3s (see
above) (Tachibana et al. 2011). This leads to the question which signals may
instruct lineage commitment to the ILC3 lineage through regulating the expression
of RORct. Most of our knowledge about regulation of RORct expression is based
on studies in Th17 cells in which inflammatory cytokines such as TGF-b, IL-6,
IL-1, IL-23 and IL-21 induced RORct expression in the context of T cell receptor
activation (Ivanov et al. 2006b; Bettelli et al. 2006). In the fetal liver, Runx1/
Cbfb2 complexes regulate earlier steps of ILC3 development. Interestingly,
deletion of Cbfb2 but not of P1-Runx1 led to reduced RORct expression
(Tachibana et al. 2011). Therefore, Cbfb2 is a strong candidate for regulating
RORct in ILC3 precursors which is also supported by data from Th cells where
Runx1/Cbfb2 complexes control RORct expression (Lazarevic et al. 2011). In the
bone marrow, Notch has been shown to regulate RORct expression (Possot et al.
2011).

How RORct is induced in ILC3s is poorly understood. Interestingly, CCR6-

ILC3s downregulate RORct and upregulate T-bet (Klose et al. 2013). Regulation
of the RORct locus by T-bet and Runx1 is described for T cells but has not been
investigated in ILC3s (Lazarevic et al. 2011). IL-7 is a cytokine which favors
expression of RORct (Vonarbourg and Diefenbach 2012). Most of RORct+ lym-
phocytes are found in the small intestine. In contrast, IL-12 promotes loss of
RORct. In many other organs such as the colon or secondary lymphoid organs,
downregulation of RORct is predominant and therefore ex-RORct cells are found
(Vonarbourg et al. 2010).
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5.4 TOX

Together with TOX2, TOX3 and TX4, thymocyte selection associated HMG box
protein (TOX) forms a subfamily within the large HMG-box superfamily of
transcription factors (Aliahmad et al. 2012). The various TOX proteins share a
well-conserved DNA-binding domain which is composed of three a-helices. Apart
from the HMG-box, all family members possess a lysine-rich region which may
represent a nuclear localization sequence and a transactivation domain but have a
different C-terminus (Aliahmad et al. 2012).

TOX is highly expressed in double-positive thymocytes and required for proper
development of CD4 T cells and for the upregulation of Id2 (Aliahmad and Kaye
2008). In addition, TOX is essential for the development of secondary lymphoid
organs such as lymph nodes and Peyer’s patches (Aliahmad et al. 2010). TOX-
deficient mice show a very strong decrease of ILC3s with LTi function which
explains the lack of lymphoid structures. Interestingly, Tox-/- mice also lacked
mature cNK cells. This raises the question if TOX plays a decisive role in early
commitment to the ILC fate by regulating E-protein activity. However, overex-
pression of Id2 in lymphoid precursor did not rescue cNK development (Aliahmad
et al. 2010). Therefore, the mechanism of how TOX regulates ILC fates and at
which stage(s) TOX is required will need further investigation.

5.5 T-bet

Metazoans have five T-box transcription factor genes which are characterized by
encoding a conserved DNA-binding domain called T-box (Tanriver and Diefen-
bach 2014). The T-box domain recognizes a palindromic DNA sequence and this
is the only identified DNA-binding domain of the T-box transcription factors
(Naiche et al. 2005). The Tbr1 subfamily comprises three members Tbr1, T-bet,
and Eomes (Takashima and Suzuki 2013). The latter two possess a nonredundant
role in various tissues including immune cells such as CD8+ T cells und Th1 cells
(Intlekofer et al. 2005; Szabo et al. 2000). In innate lymphocytes, Eomes is spe-
cifically expressed by cNK cells and is absolutely requirement for their proper
development (Gordon et al. 2012). In addition, cNK cells also express T-bet, but
germline deletion of Tbx21 (the gene encoding T-bet) has only a mild effect on the
distribution of NK cells and is not absolutely required for their development (Jenne
et al. 2009; Townsend et al. 2004). Hence, in cells such as cNK which express two
members of T-box transcription factors, Eomes could compensate for some of the
functions fulfilled by T-bet. In contrast to cNK cells, helper-like ILCs (such as
ILC1s and CCR6- ILC3s) only express T-bet but not Eomes and T-bet expression
is, therefore, an obligate requirement for some biological processes (Fig. 1) (Klose
et al. 2013). T-bet is absolutely essential for the development of ILC1s which has
been discussed above (Klose et al. 2014). In contrast, ILC3s develop in the
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absence of T-bet despite the fact that CCR6-/low ILC3s express this transcription
factor (Klose et al. 2013, 2014). T-bet deficient mice had normal numbers of
CCR6-/low ILC3s but lacked NKp46+ ILC3s (Table 1). Indeed, T-bet-deficient
CCR6-/low ILC3s failed to upregulate NK receptors such as NKp46, NK1.1 and
NKG2D (Klose et al. 2013; Sciume et al. 2012b; Rankin et al. 2013). CCR6-/low

ILC3s undergo a three step differentiation process in which they first upregulate
T-bet, then upregulate the expression of activating NK cell receptors (such as
NKp46, NKG2D and NK1.1) and IFN-c and finally downregulate RORct
(Vonarbourg et al. 2010; Bernink et al. 2013). T-bet deficient ILC3s fail to secrete
the proinflammatory cytokines IFN-c and TNF (Klose et al. 2013). Activation of
goblet cells to release mucus during infection with Salmonella typhimurium
(S. typhimurium) is strictly dependent on IFN-c (Songhet et al. 2011). Interest-
ingly, T-bet-deficient mice or ILC-depleted Rag2-/- mice failed to trigger mucus
release from goblet cells (Klose et al. 2013). In addition, T-bet deficient or ILC-
depleted Rag2-/- depicted less immunopathology and inflammation of the cecum
during S. typhimurium infection (Klose et al. 2013).

Intestinal inflammation was also reported from Tbx21-/- mice on a Rag2-/-

background, a syndrome called TRUC (T-bet Rag ulcerative colitis) (Garrett et al.
2007). These mice develop spontaneous colitis which is triggered by Helicobacter
typhlonius. IL-17-producing CCR6+ ILC3s were identified as pathogenic lym-
phocytes population in this model because neutralization of IL-17A or depletion of
ILC3s with Thy1 or IL-7Ra deficiency reduced intestinal inflammation. ILC3
activation to produce IL-17A was triggered by IL-23 derived from dendritic cells
(Powell et al. 2012). Thus, T-bet expression in DCs or CCR6-/low ILC3s is
required to restrain IL-17A production by CCR6+ IL-17A-producing ILC3s. A role
of IL-17A-producing ILC3s as driver of colitis has also been documented for
Helicobater hepaticus (H. hepaticus)-induced colitis in 129Sv mice. Thy1+

IL-17A producing ILCs expressing RORct and T-bet were shown to drive colitis in
this model (Buonocore et al. 2010).

5.6 AhR

The aryl hydrocarbon receptor (AhR) is basic helix-loop-helix transcription factor
which belongs to the Per-Arnt-Sim family (Klose et al. 2012; McIntosh et al.
2010). Upon ligand binding, it translocates to the nucleus where it dimerizes with
Arnt which allows regulation of gene transcription. Cytochrom p450 monooxid-
ases are classical target genes and their promoters contain xenobiotic response
elements. The AhR binds numerous ligands, the most famous being the environ-
mental toxin dioxin (Fernandez-Salguero et al. 1995). Apart from toxins, endog-
enous ligands (such as tryptophan metabolites) or dietary phytochemicals (such as
flavonoids, polyphenols, and glucosinolates) can activate the AhR (Stevens et al.
2009; Rannug et al. 1987; Opitz et al. 2011).
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Ahr-/- mice have a strongly diminished ILC3 compartment. As a consequence,
AhR-deficient mice failed to develop cryptopatches and ILFs, whereas the devel-
opment of fetal lymphoid organs such as Peyer’s patches and peripheral lymph
nodes was normal (Kiss et al. 2011; Qiu et al. 2011; Lee et al. 2012). While Peyer’s
patches form during fetal development, cryptopatches appeared 2 to 3 weeks after
birth. Therefore, the question arose if AhR was involved in the differentiation of a
specific ILC3 subset. Interestingly, CCR6+ ILC3s were only mildly affected in Ahr-
deficient mice, whereas CCR6-/low ILC3s were dramatically reduced (Klose et al.
2013). Increased apoptosis has been proposed as a mechanism (Qiu et al. 2011)
whereas others have found a failure of CCR6-/low ILC3s to proliferate (Kiss et al.
2011). On a molecular level, AhR binds to the Kit promoter and regulates Notch2
expression (Kiss et al. 2011; Lee et al. 2012). Interestingly, mice with an impair-
ment of Kit signaling also have reduced numbers of intestinal patches (Kiss et al.
2011; Chappaz et al. 2011). In addition, conditional deletion of RBP-Jj, an
essential component of the Notch signaling pathway, did not lead to a reduction in
intestinal patches, but to a decrease in NKp46+ ILC3s (Lee et al. 2012).

While the frequency of CCR6+ ILC3s was less affected by AhR deficiency and
CCR6+ ILC3s were only mildly reduced (Klose et al. 2013), AhR regulated
expression of IL-22 and probably other key molecules in CCR6+ ILC3s. AhR
physically interacted with RORct and bound to the Il22 locus (Qiu et al. 2011).
Reduced IL-22 expression caused reduced resistance against C. rodentium infec-
tion (Kiss et al. 2011; Lee et al. 2012).

As AhR is a ligand-activated transcription factor, the question arose which AhR
ligands lead to the postnatal expansion of CCR6-/low ILC3s. Interestingly, dietary
AhR ligands influenced the ILC3 pool size (Kiss et al. 2011). Strikingly, mice fed
with a synthetic diet which contained low amounts of dietary AhR ligands (phy-
tochemicals such as glucosinolates) had a phenotype similar to AhR-deficient mice
(i.e., reduced expansion of ILC3s and diminished formation of cryptopatches and
ILFs). Interestingly, addition of the tryptophan-derived phytochemical indol-3-
carbinol to synthetic phytochemical-deprived diets led to a normal development of
ILC3 compartment and intestinal patches (Kiss et al. 2011; Klose et al. 2012).
Dietary-derived AhR ligands have also been shown to promote maintenance of
intraepithelial lymphocytes (IELs) and promote homeostasis in the gut which
protects mice to recover from DSS-colitis (Li et al. 2011). Hence, dietary-derived
metabolites such as the glucosinolate glucobrassicin, which is contained in cru-
ciferous vegetables, are involved in the regulation of intestinal immune homeo-
stasis by regulating the pool size of ILC3s and IELs.

5.7 Notch and TCF-1 Signaling

T-bet directly binds to the Notch locus in Th1 cells (Germar et al. 2011; Weber
et al. 2011). This signaling pathway regulates differentiation of CCR6-/low ILC3s.
Differentiation on OP9 stroma cells, which express the Notch ligand delta-like 1,
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promoted differentiation of NKp46+ ILC3s (Rankin et al. 2013; Possot et al. 2011).
Overexpression of constitutively active intracellular Notch partially rescued dif-
ferentiation of NKp46+ ILC3s in T-bet-deficient mice. Deletion of signaling
mediator RBP-Jj leads to an impaired differentiation to NKp46+ ILC3s. AhR
could be a regulator of Notch signaling in ILC3s (Rankin et al. 2013; Lee et al.
2012).

Notch signaling also regulated development of CCR6+ ILC3s in the fetal liver.
Notch signaling was required for commitment to the ILC3 lineage and for the
upregulation of RORct. However, at later developmental stages, Notch blocked
the differentiation of ILC3s with LTi function (Cherrier et al. 2012).

A target gene of Notch signaling is the HMG-box transcription factor TCF-1
(encoded by the Tcf7 gene). TCF-1 is an effector protein of the Wnt signaling
pathway. Although expressed by all ILC3s, Tcf7-deficient mice have a selective
defect in NKp46+ ILC3s. Tcf7-/- mice were susceptible to C. rodentium infection
(Mielke et al. 2013; Malhotra et al. 2013).

5.8 Runx1

Vertebrates have three genes of Runt-related transcription factors (Runx1-3),
which are transcribed from two promoters and have several isoforms. All Runx
proteins build heterodimers with CBFb and recognize a common DNA motif
TGPyGGTPy (Py: pyrimidine). DNA binding and heterodimerization is mediated
by the Runt domain (Cohen 2009). Apart from regulating the development of
multiple hematopoietic cells, Runx1 controls the early differentiation of ILC3
progenitors in the fetal liver. Mice with specific deletion of Runx1 from the
proximal promoter or of CBFb2 have impaired development of Peyer’s patches
(Tachibana et al. 2011). These mice had reduced numbers of a4b7

+ IL-7Ramid cells
in the fetal liver and subsequent stages of ILC3 development. Id2 and RORct acted
later in development because a4b7

+ IL-7rahi cells were affected but not IL-7ramid

cells. Interestingly, RORct expression was reduced in mice with impaired Runx1
signaling, arguing that commitment to ILC3s lineage through upregulation of
RORct is in part mediated by Runx1 (Tachibana et al. 2011).

6 Conclusions and Perspectives

Much progress has been made during the last years to understand the basic
composition of ILC lineages and subsets as well as to identify the transcriptional
programs guiding their development. However, the exact molecular mechanism of
their action and precise target genes are in many cases poorly understood and
require more investigation.
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ILCs constitute a potent first line of defense at mucosal surfaces where many
pathogens invade the host’s tissues. ILCs mediate protective immune responses
against bacteria, parasites, and fungi (Klose et al. 2013, 2014; Diefenbach 2013;
Gladiator et al. 2013; Sonnenberg et al. 2011b; Neill et al. 2010; Moro et al. 2010).
However, it remains incompletely understood how ILCs sense invading pathogens.
ILC2s strongly react to epithelial cell-derived cytokines such as IL-33 whereas
ILC3s are activated by myeloid cells surrounding cryptopatches or ILFs that can
produce IL-23 or IL-1b (Mjosberg et al. 2011; Satpathy et al. 2013; Van Dyken
et al. 2014). While activation by cues from neighboring cells may be the major
route to activate ILCs, precedent from cNK cells and T/B cells would indicate that
lymphocytes express immune recognition receptors allowing them to discriminate
between ‘‘healthy’’ and ‘‘pathologically altered’’ cells (Diefenbach and Raulet
2003). Clearly, ILC1s and ILC3s express activating immunoreceptors previously
characterized as stimulatory NK cell receptors such as NKp46, NKp44, NKG2D,
and NK1.1. Genetic deletion of Ncr1 (the gene encoding NKp46) did not lead to
impaired development of ILC3s and did not diminish resistance to C. rodentium
infection (Satoh-Takayama et al. 2009). Interestingly, it has been documented that
triggering of NKp44 on human ILC3s activates TNF production, whereas IL-22
release was mainly affected by cytokine cues (Glatzer et al. 2013). Human ILC3s
may also express TLR2 and could be activated by directly sensing bacterial cell
wall components (Crellin et al. 2010). However, the functional significance of
direct sensing of pathogen-associated molecular patterns by ILCs remains elusive
(Crellin et al. 2010). For ILC2s, immune recognition receptors have yet to be
characterized. In addition to providing protection against various infections,
inappropriate stimulation of ILCs has been tied to various inflammatory diseases
such as inflammatory bowel diseases, psoriasis, allergic diseases, and airway
hyperresponsiveness (Buonocore et al. 2010; Powell et al. 2012; Chang et al. 2011;
Monticelli et al. 2011; Salimi et al. 2013). Future research into the signals leading
to improper activation of ILCs may provide insights into therapeutically relevant
pathways.

Another important line of research is how ILCs contribute to organ homeo-
stasis. As mentioned throughout this review, ILCs produce soluble factors (e.g.,
IL-22, amphiregulin and other EGF family members) that control epithelial cell
function (Sanos et al. 2011). In addition, ILCs (in particular ILC3s) have been
documented to modify the function of stroma and endothelial cells (Eisenring et al.
2010; Dudakov et al. 2012). However, it remains unclear which molecular pro-
grams within nonhematopoietic cells is controlled by ILCs. Such ILC-controlled
molecular pathways may be harnessed to improve organ homeostasis and tissue
repair in the context of chronic and degenerative diseases.

A further crucial question is how ILCs influence adaptive immune responses.
A recent study showed that T cells obtain restraining signals from class II MHC
expressed on ILC3s (Hepworth et al. 2013). Specific deletion of class II MHC
expression by ILC3s resulted in an autoinflammatory syndrome caused by inap-
propriately activated T cells. It was also demonstrated that ILC3s are required for
maintenance of CD4+ memory T cells (Withers et al. 2012). In what way ILCs can
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shape T cell responses and how they interact with T cells requires more investi-
gation (Hepworth et al. 2013). Another line of research has documented that ILCs
may shape T cell function by affecting mononuclear phagocytes. ILC3s produced
GM-CSF that conditioned mononuclear phagocytes in the intestinal lamina propria
for priming of regulatory T cells (Mortha et al. 2014). In the papain-induced
asthma model, IL-13 derived from ILC2s instructed dendritic cells to migrate to
the lymph nodes in order to stimulate naïve T cells (Halim et al. 2014). Future
research needs to flesh out the molecular circuitry by which ILCs crosstalk with
components of the adaptive immune system.

Transcriptional control of helper-like ILC lineage commitment has often been
compared to the one of CD4+ T helper cells. Are ILCs providing help for B cells? It
has been demonstrated that ILC3s in cryptopatches and ILFs helped B cells to
produce IgA (Tsuji et al. 2008). In addition, ILC3s in the marginal zone of the spleen
supported T cell-independent IgA production through diverse mechanisms one
being the production of GM-CSF and recruitment of neutrophils (Magri et al. 2014).
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