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Abstract

Innate lymphoid cells (ILCs) are a recently defined lineage of cells derived
from the common lymphoid progenitor (CLP). They are primarily found at barrier
surfaces such as the intestine and skin, and have established roles in
homeostasis and protection from pathogens at these sites through their
production of cytokines. The founding member of the ILC lineage, natural killer
(NK) cells, can also rapidly kill infected or transformed cells. Here, we report on
two different players in the complex network of transcription factors and cytokines
that govern ILC development: the transcription factor Nfil3 and the cytokine TGF-
B. We show that the transcription factor Nfil3 is not only required for the
development of NK cells, but also all other ILC lineages. Nfil3-deficient mice lack
all ILC subsets, including NK cells, and are severely deficient in an early ILC
progenitor. Nfil3-deficient mice are also drastically more susceptible to intestinal
pathogens such as C. rodentium and C. difficile, likely due to their lack of
intestinal ILCs. Suprisingly, Nfil3” mice are only slightly more susceptible to
chemically induced colitis and are less susceptible to a carcinogen-induced
model of colorectal cancer, indicating ILCs may also play a pathogenic role in
certain settings. Furthermore, we show that the cytokine TGF-f is dispensable
for normal NK cell development. Deletion of TGF-B signaling in NK cells at the
NK progenitor (NKP) stage has no observed affect on NK cell development.
However, TGF- insensitive NK cells appear to have a defect in expansion and
persistence after viral infection, indicating that TGF-f may play a role in

determining effector and memory NK cell fates. These findings have increased
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our understanding of the complex network of signals governing ILC development.
In particular, our identification of Nfil3 as a transcription factor necessary for both
NK cell and ILC development helps establish the relationship between these two

lineages during early lymphoid development.
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Chapter 1: Introduction

I. Development of Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are a critical component of the immune
system, best known for their ability to rapidly produce cytokines upon stimulation.
They are the third lineage of lymphocyte derived from the common lymphoid
progenitor (CLP), along with the adaptive lymphocytes, B and T cells. However,
unlike B and T cells, they do not undergo antigen receptor gene rearrangement
mediated by the RAG recombinase (Spits and Cupedo 2012). The founding
member of this diverse family of lymphocyte is the natural killer (NK) cell, known
for its ability to produce cytotoxic molecules (granzymes and perforin) as well as
the cytokine interferon (IFN)-y (Kiessling, Klein, Pross, et al. 1975; Kiessling,
Klein and Wigzell 1975). The family has recently been expanded to include group
1, group 2, and group 3 ILCs (Figure 1) (Spits et al. 2013). Group 1 ILCs include
conventional NK cells as well as non-NK cell ILC1, which produce IFN-y but are
not thought to mediate cytotoxicity (Klose et al. 2014; Bernink et al. 2013; Fuchs
et al. 2013). Both NK cells and ILC1 express the transcription factor T-bet (Seillet
et al. 2015). Group 2 ILCs produce interleukin (IL)-13 and IL-5, and express the
transcription factor Gata-3 (Moro et al. 2010; Neill et al. 2010; Price et al. 2010).
Group 3 ILCs include lymphoid tissue inducer cells (LTi) as well as non-LTi ILC3.
LTis are important for the development of lymphoid organs such as lymph nodes
and Peyer’s patches (Mebius et al. 1997). Group 3 ILCs produce IL-22 and IL-17

and express the transcription factor ROR-yt (Satoh-Takayama et al. 2008; Eberl



et al. 2004; Sun et al. 2000). The diversity among ILCs mirrors the diversity
among T cells, with NK cells sharing transcriptional and functional characteristics
with cytotoxic CD8" T cells, IFN-y producing ILC1 with Tp1 cells, type 2 cytokine-
producing ILC2 with Th2 cells, and IL-22 and IL-17 producing ILC3 with T,17 and
Th22 cells (Figure 2) (Huntington et al. 2016). ILCs can be found in various
lymphoid and non-lymphoid organs, with NK cells circulating throughout the
vasculature and found in all organs, and other ILCs being tissue-resident
(Gasteiger et al. 2015). ILC1 are primarily resident in the liver, uterus, salivary
glands, and intestines (D K Sojka et al. 2014; Cortez et al. 2014; Kim et al. 2016),
while ILC2 are most prevalent in the skin, fat, and large intestine, and ILC3 are
most prevalent in the intestines (Figure 3) (Kim et al. 2016). We shall hereafter
use the terminology “group 1 ILCs” to include both NK cells and non-NK cell

ILC1, and “group 3 ILCs” to include ILC3 and LTi cells (Figure 1).

1. ILC Precursors

ILCs are a lymphocyte lineage derived from the CLP. The first committed
ILC precursor (ILCP) downstream of the CLP is a CD127" a4B7 integrin-
expressing cell that gives rise to NK cells, dendritic cells, and LTi cells but not B
or T cells (Yoshida et al. 2001). Similarly, an a4B7" IL-7TRa” CXCR6" subset of
the CLP has been shown to have ILC3 and NK cell but not T or B cell lineage
potential (Possot et al. 2011); this subset is now commonly referred to as the aLP
(Figure 4) (X. Yu et al. 2014; Serafini et al. 2015). Consistent with their
constitutive expression of IL-7Ra, all ILCs depend on IL-7 and the IL-2 receptor

common y chain for their development (Spits and Di Santo 2011; Spits and



Cupedo 2012). We were one of several groups to first identify the importance of
the transcription factor Nfil3 (E4bp4) in the development of all ILC lineages,
including NK cells and LTi cells (Geiger et al. 2014; Seillet, Rankin, et al. 2014;
X. Yu et al. 2014; Xu et al. 2015). This discovery will be discussed in detail in
Chapter 2. Briefly, Nfil3 is now thought to be required for the transition from the
CLP to the alLP (Figure 4). ILC defects in Nfil3” bone marrow cells can be
rescued by retroviral transduction with vectors expressing the transcription factor
Tox, suggesting that Tox is also involved in early ILC development downstream
of Nfil3 (X. Yu et al. 2014). Tox had been previously shown to be required for the
development of NK cells and LTi cells (Aliahmad et al. 2010; Vong et al. 2014)
and more recently, it has been shown that Tox is indeed required for the
transition from the CLP to a shared NK cell/ILC precursor (Seehus et al. 2015).
Similarly, a precursor capable of developing into all ILC lineages termed the early
ILC progenitor or “EILP” has been identified by expression of the transcription
factor Tcf-1 (Q. Yang et al. 2015). Tcf-1 is required for generation of all ILC
lineages, as Tcf-1 deficient mice have severe defects in all ILCs (Q. Yang et al.
2015). Interestingly, a novel arginase 1 (Arg1)-expressing ILC progenitor has
also been identified in the fetal intestine, and may be responsible for seeding that

organ of ILCs during fetal development (Bando et al. 2015).

2. Differentiation of ILC1 and NK cells
The defining transcription factor for group 1 ILCs (including ILC1 and NK
cells) is T-bet. T-bet deficient mice lack ILC1s and have a defect in terminal

maturation of NK cells (Gordon et al. 2012; Klose et al. 2014). T-bet and



downstream transcription factor Runx3 are critical for the production of IFN-y, a
hallmark of group 1 ILCs (Djuretic et al. 2007), and Runx3 has been further
shown to be required for ILC1 devlopment and maintenance (Ebihara et al.
2015). NK cells can be distinguished from ILC1 by their expression of the
transcription factor Eomes and the surface marker CD49b (DX5) (Seillet et al.
2015). In addition, forced overexpression of Eomes can drive ILC1s into an NK
cell-like fate (Pikovskaya et al. 2016). Conventional NK cells are also thought to
recirculate through the vasculature, whereas ILC1 are thought to be tissue
resident (Gasteiger et al. 2015). These findings indicate that previously identified
liver- and thymic-resident NK cells (Takeda et al. 2005; Seillet, Huntington, et al.
2014; Smyth et al. 2001; Vosshenrich et al. 2006) may in fact be ILC1, supported
by recent evidence that they are transcriptionally distinct from conventional non-
resident NK cells (Daussy et al. 2014; Seillet et al. 2015; Seillet, Huntington, et
al. 2014; Robinette et al. 2015). Furthermore, there is some debate about the
classification of non-NK cell ILC1 as group 1 ILCs based on their IFN-y
expression, as some studies indicate that they may develop from ROR-yt" ILC3
(Spits et al. 2013; Bernink et al. 2013; Klose et al. 2013; Vonarbourg et al. 2010).

The importance of PLZF in ILC differentiation was shown using PLZF
reporter mice to demonstrate that PLZF" ILCPs generate all ILC lineages except
NK cells and LTi cells (Figure 4) (Constantinides et al. 2014). However, PLZF
deficient mice have a defect in ILC1 and ILC2 but not NK cells or group 3 ILCs
(Constantinides et al. 2014), indicating that PLZF is not required for all ILCs but

may play a role in promoting certain lineages over others. Recent work has



supported this idea, showing that PLZF contributes to the divergence of NK cells
from ILC1 (Constantinides et al. 2015). 1d2 has similarly been shown to map an
early ILC precursor that does not give rise to NK cells, but does give rise to all
other ILC lineages including LTi cells (Klose et al. 2014). This has led to the 1d2"
precursor being designated as the “common helper innate lymphoid cell
progenitor” or CHILP (Figure 4) (Klose et al. 2014). Gata3 is another transcription
factor that has been shown to be required for development of ILC1, ILC2, ILC3
and LTi cells, but not conventional NK cells (Zhong et al. 2016; Serafini et al.
2014; Yagi et al. 2014; Vosshenrich et al. 2006). These findings support the idea
that NK cells are a separate lineage from the “helper” ILCs, including ILC1. Other
distinct developmental requirements for ILC1 remain to be elucidated. The

development of NK cells will be discussed in detail in Section Il.

3. Differentiation of ILC2

Gata3 is the defining transcription factor for ILC2s. ILC2s express high
levels of Gata3 and require it for development and function (Klein Wolterink et al.
2013; Hoyler et al. 2012; Yagi et al. 2014). Gata3 is particularly critical for optimal
production of type 2 cytokines by ILC2s (Liang et al. 2012). The Notch target
transcription factor Bcl11b is also important for ILC2 development and
maintenance (Califano et al. 2015; Walker et al. 2015; Yu et al. 2015). Bcl11b-
expressing ILCP generate only ILC2 (Yu et al. 2015). Furthermore, Bcl11b™
bone marrow fails to develop into ILC2 in fetal liver chimeras (Walker et al. 2015)
and ablating Bcl11b in mature cells results in a loss of ILC2 identity and function

measured by Gata3 expression and responsiveness to IL-33 (Califano et al.



2015). The transcription factor ROR-a has similarly been shown to be critical for
ILC2 development (Figure 4), as ROR-a-deficient mice lack ILC2 (Halim,
MacLaren, et al. 2012; Wong et al. 2012). The transcription factor Gfi1 also
promotes ILC2 development and function (Figure 4). Gfi1” bone marrow has a
defect in producing ILC2 in a mixed bone marrow chimera setting (Spooner et al.
2013). Gfi1 is also thought to regulate the expression of the IL-33 receptor and

thereby IL-33 responsiveness (Spooner et al. 2013).

4. Differentiation of ILC3 and LTi Cells

Group 3 ILCs are differentiated from other ILCs by their expression of and
dependence upon the transcription factor ROR-yt (Eberl et al. 2004; Satoh-
Takayama et al. 2008; Sanos et al. 2009; Luci et al. 2009; Vonarbourg et al.
2010). Another transcription factor important in the development of group 3 ILCs
is AhR (Figure 4). AhR” mice were shown to have a severe reduction in NKp46*
ILC3 and CD4" LTi cells (Lee et al. 2012). However, AhR appears to be critical
only for adult, not fetal, ILC3, as AhR” mice develop early-developing structures
such as lymph nodes and peyer's patches but lack later developing
cryptopatches and lymphoid follicles (Lee et al. 2012; Kiss et al. 2011; Qiu et al.
2012). Conversely, mice lacking the transcription factor Tox lack lymph nodes
and have a severe defect in peyer’s patches, likely due to their lack of LTi cells
(Figure 4) (Aliahmad et al. 2010). Recent work has further suggested that LTi
cells may differentiate from other ILCs as early as the aLP, which may be a
heterogeneous mixture of ILCPs and LTi precursors (Ishizuka et al. 2016). This

supports earlier work showing that LTi cells, like NK cells, are not derived from a



PLZF" precursor that generates all other ILC lineages (Constantinides et al.
2014). Runx3 has also been shown to be required for development but not
maintenance of ILC3 (Ebihara et al. 2015), while Gata3 is required for both

development and maintenance of ILC3 (Zhong et al. 2016).
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FIGURE 2 | PARALLELS BETWEEN ILCs AND T CELLS

ILC subsets share transcriptional and functional similarities with T cell subsets. Group 1 ILCs and
Th1 cells (yellow) express T-bet and produce IFN-y. NK cells and CD8" T cells produce lytic
molecules. ILC2 and T,2 cells (green) express Gata3 and produce type 2 cytokines. Group 3
ILCs and T,,22 and T,17 cells (red) express ROR-yt and make IL-22 and IL-17.
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FIGURE 3 | TISSUE LOCATIONS OF ILCs

ILCs compose varying percentages of the total CD45" lymphocyte compartment in different
organs.
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FIGURE 4 | INNATE LYMPHOID CELL DEVELOPMENT

ILCs differentiate from the CLP (yellow). Factors important early in development to a shared NK
cell and helper ILC precursor (aLP) include Nfil3, Tcf-1, and Tox. Downstream of the alLP is the
pre-NKP and the CHILP. Downstream factors required for differentiation into group 1 ILCs
(green), group 2 ILCs (blue) and group 3 ILCs (red) are shown. A more detailed diagram of NK
cell development is shown in Figure 6.
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Il. Development and Maturation of Natural Killer Cells’

NK cells, like B and T cells, are a lymphocyte lineage derived from the
CLP (Kondo et al. 1997), and like B cells, are thought to develop primarily in the
bone marrow (Rosmaraki et al. 2001), although other sites of development, such
as the liver and thymus, have also been proposed (reviewed in (Dorothy K Sojka
et al. 2014)). However, unlike the antigen receptors of B and T cells, NK cell
receptors are germ line encoded and do not require gene rearrangement by RAG
recombinase (Lanier et al. 1986), though recent work has suggested that RAG
plays an unexpected cell-intrinsic role in NK cell development (Karo et al. 2014).
NK cells also undergo an “education” process during development where they
acquire the ability to recognize lack of self MHC class |, or “missing-self’, a
feature that facilitates their surveillance of target cells that have down-regulated
MHC class | during infection or malignancy (Orr and Lanier 2010). NK cells rely
on both cytokines and transcription factors to promote and control their
development. Cytokine signaling from interleukin (IL)-15 is critical for the
development of NK cells and is required throughout their lifetime (Di Santo 2006;
Yokoyama et al. 2004). Transcription factors such as Nfil3 and PU.1 are
necessary for development of early NK cell progenitors (Gascoyne et al. 2009;
Kamizono et al. 2009; Kashiwada et al. 2010; Colucci et al. 2001), whereas 1d2,
Tox, and others are important later in development (Yokota et al. 1999; Boos et
al. 2007; Aliahmad et al. 2010). Eomes and T-bet are among factors that then
control the final stages of NK cell maturation (Townsend et al. 2004; Gordon et

al. 2012). In the periphery, the activation and differentiation of NK cells are
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regulated by a plethora of transcription factors mediating distinct effector
functions. This review will outline current knowledge about the stages of NK cell

development and the factors driving each stage.

1. Stages of NK Cell Development and Differentiation’

The CLP is characterized by expression of IL-7Ra (CD127), c-kit (CD117)
Sca-1, and FIt-3 (CD135), as well as the lack of common lineage markers such
as CD3, CD4, CD8, CD19, Ter119, Gr-1 and NK1.1 (Figure 5) (Kondo et al.
1997). From the CLP, cells develop into NK cell precursors (NKP), which are
defined by expression of the IL-15 receptor B chain (CD122), and lack of
common lineage markers, including the NK cell markers NK1.1 and DX5
(CD49b) (Figure 5) (Rosmaraki et al. 2001). This NKP population has been
further refined based on the co-expression of CD27 and CD244, with the majority
of these cells also expressing IL-7Ra (Fathman et al. 2011). An intermediate
population between the CLP and NKP termed “pre-NKP” has also recently been
defined as lineage negative, CD244" c-kit®" IL-7Ra* Flt-3~ and CD122” (Fathman
et al. 2011; Carotta et al. 2011). However, recent work suggests that this
population is heterogeneous, composed of true NK-committed precursors as well
as PLZF- and o4B7 integrin-expressing ILC precursors (ILCP) (Figure 5)
(Constantinides et al. 2015). A precursor of this pre-NKP population also capable
of producing all ILC lineages (including NK cells) has recently been identified by
expression of the transcription factor Tcf-1 (Q. Yang et al. 2015). From the
CD122*IL-7Ra*" NKP stage, cells develop into immature NK (iNK) cells, which

lose expression of IL-7Ra and acquire expression of NK1.1 but do not yet
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express CD49b (Figure 5) (Rosmaraki et al. 2001). As immature NK cells gain
expression of CD11b, CD43, Ly49 receptors, and CD49b (DX5), they also gain
functional competence in cytotoxicity and production of interferon (IFN)-y (Kim et
al. 2002), and egress from the bone marrow.

The peripheral NK cell pool can be delineated by their expression of
CD27, with CD27"°" NK cells being more cytotoxic and producing more cytokines
than CD27"9" NK cells (Hayakawa and Smyth 2006). These mature peripheral
NK cell populations have more recently been further refined into four stages of
maturation, defined by sequential upregulation of CD11b expression followed by
downregulation of CD27, with the most immature NK cells being CD27 CD11b"
and the most mature NK cells being CD27"CD11b" (Chiossone et al. 2009).
During viral infection or pro-inflammatory cytokine exposure, mature peripheral
NK cells can differentiate into effector and long-lived memory NK cells (reviewed
in (Min-Oo et al. 2013)). During the CD8" T cell response to viral infection, at
least two different effector cell populations are thought to be generated: KLRG1"
short-lived effector cells (SLECs) and KLRG1" memory precursor effector cells
(MPECs) (Kaech and Wherry 2007). Recent evidence suggests that a similar
paradigm exists in the resting NK cell pool, with virus-specific KLRG1™ NK cells
exhibiting a greater capacity to generate memory NK cells than their KLRG1"
counterparts (Kamimura and Lanier 2015). In accordance with this finding,
another recent study found that RAG expression during NK cell ontogeny was
correlated with lower expression of KLRG1 and a greater memory potential (Karo

et al. 2014).
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2. Transcriptional Control of Early NK Cell Development’

Lineage commitment to either an adaptive or innate lymphocyte cell fate is
determined by a complex network of transcription factors (Figure 6). For
example, Notch signaling through the ligands Jagged1 and Jagged2
preferentially drives NK cell development from the CLP (DeHart et al. 2005;
Jaleco et al. 2001; Lehar et al. 2005), whereas delta-like ligands (DLL) promote T
cell development (Maillard et al. 2005). Moreover, thymocytes can be diverted
into an NK cell-like fate if the Notch1-dependent transcription factor Bcl11b is
ablated during T cell development (lkawa et al. 2010; P. Li et al. 2010; L. Li et al.
2010), suggesting active suppression of the NK cell fate. Similarly, early B cell
factor 1 (Ebf1) and Pax5 promote the B cell fate by suppressing expression of
ILC and T-cell promoting transcription factors Notch1, Tcf-1, Gata3, and 1d2 (De
Obaldia and Bhandoola 2015). Even within the innate lymphocyte lineages,
differential expression of specific transcription factors give rise to distinct cell
fates. For example, although both NK cells and non-NK cell “helper” ILCs require
the transcription factors 1d2 (Yokota et al. 1999; Moro et al. 2010; Satoh-
Takayama et al. 2010) and Nfil3 (Gascoyne et al. 2009; Kamizono et al. 2009;
Kashiwada, Pham, et al. 2011; Geiger et al. 2014; Seillet, Rankin, et al. 2014; Xu
et al. 2015; X. Yu et al. 2014) for their development, only the helper ILC lineages
require Gata3 for development (Yagi et al. 2014; Serafini et al. 2014; Zhong et al.
2016). These differential requirements are consistent with recent studies
indicating that ILCs are not derived from the same CD122" precursor as NK cells,

but rather arise from an IL-7Ra", a4B7", Id2-expressing precursor, referred to as
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the common helper innate lymphoid cell precursor or “CHILP” (reviewed in
(Serafini et al. 2015)).

Nfil3 (also known as E4BP4) is a critical factor in NK cell lineage
commitment. Originally identified as a circadian clock gene (Mitsui et al. 2001),
Nfil3 is widely expressed in many hematopoietic and non-hematopoietic cells,
and is expressed as early as the CLP stage in developing lymphocytes (Male et
al. 2014). Early studies in Nfil3-deficient mice revealed a specific loss of NK cells,
whereas numbers of B cells, CD4", and CD8" T cells were normal (Gascoyne et
al. 2009; Kamizono et al. 2009; Kashiwada et al. 2010). Later studies revealed
that Nfil3 expression is only required in developing NK cells through the NKP
stage; conditional deletion during the INK stage does not impact NK cell
numbers, cytokine production, or response to viral infection (Firth et al. 2013).
Nfil3 expression is thought to be driven by IL-15, as IL-15 induces Nfil3
expression in NK cells and ectopic Nfil3 expression can partially rescue NK cell
development in vitro in the absence of IL-15 signaling (Gascoyne et al. 2009; M.
Yang et al. 2015). IL-15 is thought to drive Nfil3 expression through the kinase
PDK1 and its downstream target mTOR (M. Yang et al. 2015) and mice with an
NK cell specific deletion of mMTOR have a block in maturation of bone marrow NK
cells and a severe lack of NK cells in peripheral organs (Margais et al. 2014).
However, several recent studies have shown that certain tissue resident NK cells
may be Nfil3-independent (D K Sojka et al. 2014; Cortez et al. 2014; Seillet,

Huntington, et al. 2014).
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B cells, T cells, and most ILCs require IL-7 for their development, whereas
NK cells (von Freeden-deffry et al. 1995; Satoh-Takayama et al. 2010;
Vonarbourg et al. 2010) and type 1 ILCs (Klose et al. 2014) do not. The first step
towards an NK cell fate coincides with gain of CD122 and loss of IL-7Raq,
reflecting a shift from IL-7 to IL-15 dependence. IL-15 signals through the
transcription factor STATS, and thus mice lacking Stat5b are deficient in NK cells
(Imada et al. 1998). Deleting Stat5a/b in NKP also results in complete lack of NK
cells (Eckelhart et al. 2011). Similarly, the transcription factor Runx3 and its
binding partner Cbf3 can promote CD122 expression, and NKP deficient in these
factors fail to produce peripheral NK cells in fetal liver chimeras (Guo et al. 2008).
An NKp46™ cell-specific deletion of Runx3 also results in a lack of peripheral NK
cells (Ebihara et al. 2015). T-bet and Eomes have also been shown to cooperate
to promote expression of CD122 and mice lacking both these transcription
factors are deficient in NK cells as well as memory CD8" T cells (Intlekofer et al.
2005).

PU.1, a member of the Ets family of transcription factors (reviewed in
(Hollenhorst et al. 2011)), is important in the development of T and B cells,
monocytes, dendritic cells, and granulocytes (reviewed in (Carotta et al. 2010)).
Although PU.1-deficient fetal liver cells are able to generate NK cells, chimeric
mice have reduced numbers of NKP and immature NK cells (Colucci et al. 2001).
PU.1-deficient NK cells also have increased expression of another Ets family
factor, Ets-1, a finding that has led to suggestions that Ets-1 can compensate for

lack of PU.1 in driving the NK cell lineage (Colucci et al. 2001). Although Ets-1 is
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likely expressed prior to the NKP stage, it appears to be required at a later point
in development than PU.1. Peripheral NK cells are severely decreased in Ets-1-
deficient mice (Barton et al. 1998) due to an arrest at the NKP stage (Ramirez et
al. 2012). Furthermore, residual NK cells in Ets-1-deficient mice were refractory
when stimulated through activating receptors but hyperresponsive to
proinflammatory cytokines, suggesting chronic basal stimulation (Ramirez et al.
2012). Ets-1 was shown to promote other transcription factors critical in NK cell
development, including 1d2 and T-bet (Ramirez et al. 2012). Similarly, mice
lacking the Ets family member Mef have decreased NK cell numbers, as well as

a defect in IFN-y secretion and perforin expression (Lacorazza et al. 2002).

3. Transcription Factors Governing NK Cell Maturation’

In addition to the early role for Id family transcription factors in suppressing
the adaptive lymphocyte fate while promoting innate lymphocyte development,
these factors are also important later in the development of NK cells. 1d2-
deficient mice have a cell-intrinsic lack of peripheral NK cells (Yokota et al. 1999)
that was found to be due to an arrest at the iINK stage (Boos et al. 2007),
indicating that 1d2 is important in the transition from immature to mature NK cell.
Both 1d2 and Id3 are expressed in NKP, and 1d2 continues to be expressed in NK
cells through the mature NK cell stage. In addition, both Id2 and 1d3 can promote
NK cell development in culture (Heemskerk et al. 1997; Schotte et al. 2010) and
Id2 is thought to be downstream of Nfil3, as ectopic |d2 expression can rescue
NK cell development in Nfil3 deficient progenitors (Gascoyne et al. 2009; Male et

al. 2014).
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The T-box family of transcription factors is critical in several aspects of NK
cell development and maturation. One family member, T-bet, is thought to
regulate expression of S1P5, a receptor required for NK cell egress out of lymph
nodes and bone marrow (Jenne et al. 2009). T-bet-deficient mice lack mature NK
cells in the bone marrow and periphery, exhibiting an arrest at the iNK stage
during development (Townsend et al. 2004). A more recent study suggests that
T-bet stabilizes an immature (TRAIL'DX57) NK cell state and that loss of T-bet
results in higher expression of Eomes, another T-box transcription factor (Gordon
et al. 2012). Eomes is required for transition to the mature (DX5") NK cell stage
and acquisition of Ly49 receptors (Gordon et al. 2012). However, there is some
question as to whether this TRAIL" population truly consists of immature NK cells
or whether it represents a distinct lineage of ILC1 (reviewed in (Dorothy K Sojka
et al. 2014; O’Sullivan, Sun, et al. 2015)). Loss of T-bet also results in reduced
expression of another transcription factor, Blimp1, which is similarly required for
progression from the iNK stage (Kallies et al. 2011). The transcription factor
Gatagd is thought to promote T-bet expression, as Gata3-deficient NK cells have
reduced T-bet expression and are immature in phenotype similar to T-bet-
deficient NK cells (Samson et al. 2003). Conversely, the forkhead box family
transcription factors Foxo1 and Foxo3 suppress NK cell maturation by repressing
T-bet (Deng et al. 2015). Foxo3-deficient mice have normal numbers of NK cells
but an increase in KLRG1" NK cells, suggesting a role for Foxo3 in suppressing

terminal maturation of NK cells (Huntington et al. 2007).
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The transcription factor Tox is required for transition from the iNK to mNK
stage, as Tox-deficient mice have a severe defect in mature NK cells but no
defect in immature NK cells or NKP (Aliahmad et al. 2010). Tox is believed to be
downstream of Nfil3, as transduction of Nfil3-deficient bone marrow with Tox-
expressing retroviruses was able to rescue NK cell and ILC development in
recipient mice (X. Yu et al. 2014). Aiolos, an lkaros family member, is also
required for terminal maturation of NK cells; Aiolos-deficient mice have an
accumulation of CD27°CD11b™ and CD27°CD11b" NK cells but a loss of the
most mature CD27"CD11b" NK cell subset (Holmes et al. 2014). Irf2 is similarly
required for promoting mature NK cells, as Irf2-deficient mice maintain normal
numbers of immature NK cells in the bone marrow but lack the most mature
CD11b" subset and circulating NK cells (Lohoff et al. 2000; Taki et al. 2005).
Runx3, important in promoting CD122 expression (Guo et al. 2008), has likewise
been shown to be important late in NK cell development, promoting the

expression of Ly49 receptors, CD11b, and CD43 (Ohno et al. 2008).

4. Regulation of Effector NK Cell Responses and Memory Formation'

The STAT family of transcription factors contains members that are
phosphorylated downstream of pro-inflammatory cytokine receptors and form
homo- or hetero-dimers that translocate to the nucleus to induce gene
transcription (reviewed in (O’Shea et al. 2015)). During viral infection, type | IFNs
and downstream STAT1 have been shown to enhance NK cell cytotoxicity
(Figure 7) (Orange and Biron 1996; Nguyen et al. 2002), and shield activated NK

cells from cell death via an NKG2D-dependent fratricide mechanism (Madera et

20



al. 2016). IL-12 and downstream STAT4 are required for NK cell production of
IFN-y (Orange and Biron 1996; Nguyen et al. 2002; Thierfelder et al. 1996), and
NK cell expansion and memory generation after mouse cytomegalovirus (MCMV)
infection (Sun et al. 2012). IL-33, IL-18, and MyD88 are also important for optimal
expansion during viral infection, but are not required for memory cell formation
(Madera and Sun 2015; Nabekura et al. 2015). In addition, IL-12, IL-18, and type
| IFNs together drive expression of the transcription factor Zbtb32, which
promotes NK cell proliferation after MCMV infection by antagonizing Blimp-1
(Beaulieu et al. 2014). The aryl hydrocarbon receptor (AhR) is another nuclear
factor required for optimal cytotoxicity of NK cells (Shin et al. 2013). Similarly, NK
cells deficient in either of the transcription factors C/EBP or MITF have reduced
cytotoxicity and IFN-y secretion (Kaisho et al. 1999; Seaman et al. 1979; Ito et al.
2001; Kataoka et al. 2005). MITF may regulate cytotoxicity through interactions
with MEF and PU.1 at the perforin promoter (Lacorazza et al. 2002; Hesslein and
Lanier 2011).

Control of the apoptosis pathway is thought to be involved in regulating
NK cell memory formation, as the anti-apoptotic molecule Bcl-2 is downregulated
in NK cells following MCMYV infection (Beaulieu et al. 2014; Min-Oo et al. 2014).
The pro-apoptotic factor Bim controls the formation of memory NK cells, with
Bim-deficient NK cells failing to contract normally following MCMYV infection and
displaying lower levels of memory-associated cell surface markers (Min-Oo et al.
2014). A recent study found that NK cells accumulate damaged mitochondria

after MCMV infection, and that a small subset that cleared these mitochondria by
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autophagy preferentially survived to form memory NK cells, a process dependent
on BNIP3 and BNIP3L (O’Sullivan, Johnson, et al. 2015). Additional factors that

may be specifically required for memory formation remain to be elucidated.
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FIGURE 5 | STAGES OF NATURAL KILLER CELL DEVELOPMENT

NK cells are derived from the CLP, which differentiates into a heterogeneous pre-NKP/ILCP
population distinguished from the NKP by its expression of IL-7R and lack of CD122 expression.
From the NKP, cells begin to express NK cell markers NK1.1 and NKp46, and as they further
mature they acquire expression of DX5 (CD49b) and CD11b while losing expression of CD27. As
NK cells mature they also gain functional competence, expressing lytic molecules and cytokines
such as IFN-y. Cell surface proteins are color coded by the stage in which they are first
expressed. Loss of a specific cell surface marker after a given stage is indicated by parentheses
in the stage immediately following.

Reprinted from Current Opinion in Immunology, 39. Geiger, TL. Sun, JC. Development and
maturation of natural killer cells. 82-89. Copyright (2016), with permission from Elsevier.
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FIGURE 6 | TRANSCRIPTIONAL CONTROL OF THE NK CELL LINEAGE

Current Opinion in Immunology

A complex network of transcription factors governs the decision to adopt an innate or adaptive
lymphocyte fate from the CLP. A simplified list of factors promoting the helper ILC, T cell, and B
cell fates is shown. From the CLP, the indicated transcription factors drive cells to become NKP,
immature NK cells (iNK) and mature NK cells (mNK). Factors promoting transition from the iNK to
mNK stage are listed in two columns based on whether they are thought to be important earlier
(left) or later (right) in NK cell maturation. Transcription factors are placed based upon where a
defect or development arrest is seen in the knockout mouse when possible. Expression of the
factors may occur before the indicated stage.

Reprinted from Current Opinion in Immunology, 39. Geiger, TL. Sun, JC. Development and
maturation of natural killer cells. 82-89. Copyright (2016), with permission from Elsevier.
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FIGURE 7 | REGULATION OF NK CELL FUNCTION AND MEMORY

Activated NK cells can secrete lytic molecules and IFN-y. They can also proliferate in response to
specific antigens and contract to form long-lived ‘memory’ NK cells. Different cytokines (blue),
transcription factors (purple), and other molecules (red) govern each of these distinct NK cell

functions.

Reprinted from Current Opinion in Immunology, 39. Geiger, TL. Sun, JC. Development and

maturation of natural killer cells. 82-89. Copyright (2016), with permission from Elsevier.
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lll. ILCs in Disease and Homeostasis

1. NK cells and ILC1

NK cells were first identified in 1975 as innate cytotoxic lymphocytes with
the ability to rapidly kill tumor cells (Kiessling, Klein, Pross, et al. 1975; Kiessling,
Klein and Wigzell 1975; Herberman et al. 1975). One way in which NK cells can
recognize and kill tumor cells is by recognizing tumor cell downregulation of
major histocompatibility complex | (MHC-I). The presentation of MHC-I on a cell
surface is an inhibitory signal to NK cells, which renders stressed or infected cells
that have downregulated MHC-I expression susceptible to killing by NK cells.
This concept is known as the “missing self” hypothesis (Ljunggren and Karre
1985; Karre et al. 1986; Ljunggren and Karre 1990). NK cells also play a critical
role in host protection against infectious disease and particularly against
herpesviruses including human cytomegalovirus (HCMV) (Orange 2006; Biron et
al. 1989; Etzioni et al. 2005).

Mouse cytomegalovirus (MCMV) provides an excellent model to study NK
cell-mediated protection from viral infection. Mice with NK cell deficiencies are
extremely susceptible to MCMV infection (Shellam et al. 1981; Bancroft et al.
1981). Depletion of NK cells with antibodies against NK cell receptors results in
increased viral burden and mortality in both normal and immunodeficient (lacking
T and B cells) mice (Shanley 1990; Welsh et al. 1990; Bukowski et al. 1984;
Welsh et al. 1994; Bukowski et al. 1985; Welsh et al. 1991). MCMV also allows
the study of antigen-specific NK cell responses and memory formation, as it has

been shown that in C57BL/6 mice NK cells expressing the Ly49H activating
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receptor respond specifically to the MCMV-encoded m157 glycoprotein
expressed by infected cells (Figure 8) (Arase et al. 2002; Dokun et al. 2001;
Brown et al. 2001; Daniels et al. 2001; Scalzo et al. 1990; Smith et al. 2002).
Though NK cells were classically thought to be strictly part of innate immunity,
there have now been many studies showing NK cells can form long-lived
memory-like cells (Sun et al. 2009; Paust and von Andrian 2011; Vivier et al.
2011; O’Leary et al. 2006). Formation of memory cells can be induced by
cytokine exposure or in response to specific antigens (Min-Oo et al. 2013). In the
case of MCMV infection, Ly49H" NK cells preferentially expand and later contract
to form MCMV-specific memory NK cells that possess a unique transcriptional
signature and are more adept at protecting from a secondary infection compared
to naive NK cells (Figure 8) (Sun et al. 2009; O’Sullivan, Sun, et al. 2015).

Not much is yet known about the contribution of non-NK cell ILC1 to
immunity. ILC1 have been shown to accumulate in the intestines of Crohn’s
disease patients and contribute to pathology in a mouse model of colitis,
indicating that ILC1 derived IFN-y may contribute to gut inflammation (Figure 9)
(Bernink et al. 2013; Fuchs et al. 2013). A recent study has also identified a novel
ILC1-like cell that contributes to tumor immunosurveillance in a mouse mammary

tumor model (Dadi et al. 2016).

2.1LC2
ILC2s were first identified as a cell population important for host protection
against helminths due to their rapid production of type 2 cytokines (Fallon et al.

2006). ILC2s are induced to produce type 2 cytokines by IL-25 and IL-33,

27



produced by various cell types including alveolar macrophages, mast cells,
eosinophils, basophils, and epithelial cells (Hwang and McKenzie 2013). ILC2s
and their production of IL-13 are critical for expulsion of the helminth
Nippostrongylus brasilienis (Figure 9) (Moro et al. 2010). Mice lacking ILC2s or
with an ILC2 specific deletion of IL-13 are unable to clear N. brasilienis infection
(Neill et al. 2010). Suprisingly, Tn2 derived type 2 cytokines are not necessary for
clearance of N. brasilienis (Voehringer et al. 2006), but the presence of T2 cells
contributes to immunity, potentially by supporting ILC2 maintenance (Neill et al.
2010). Conversely, ILC2 expression of MHC-Il is necessary for optimal T,2
responses against N. brasilienis (Oliphant et al. 2014), suggesting that ILC2-T,2
crosstalk supports both cell types in anti-helminth immunity. ILC2s also
contribute to wound healing and tissue repair by producing the growth factor
amphiregulin, which induces proliferation of epithelial cells (Figure 9) (Monticelli
et al. 2011; Enomoto et al. 2009). Conversely, ILC2s can also be pathogenic and
have been shown to contribute to airway hyperreactivity during influenza infection
or allergic inflammation (Figure 9) (Chang et al. 2011; Kim et al. 2012; Barlow et
al. 2012; Klein Wolterink et al. 2012; Bartemes et al. 2012; Halim, Krauss, et al.

2012).

3.ILC3 and LTi Cells

LTi cells are critical for formation of lymph nodes and Peyer’s patches
(Eberl et al. 2004; Kelly and Scollay 1992; Eberl and Littman 2003; Mebius et al.
1997). In early lymphoid organ development they interact with stromal organizer

cells to promote expression of adhes