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Innate lymphoid cells (ILCs) have emerged as an expanding family of effector cells particu-
larly enriched in the mucosal barriers. ILCs are promptly activated by stress signals and
multiple epithelial- and myeloid-cell-derived cytokines. In response, ILCs rapidly secrete
effector cytokines, which allow them to survey and maintain the mucosal integrity.
Uncontrolled action of ILCs might contribute to tissue damage, chronic inflammation, met-
abolic diseases, autoimmunity, and cancer. Here we discuss the recent advances in our
understanding of the cytokine network that modulate ILC immune responses: stimulating
cytokines, signature cytokines secreted by ILC subsets, autocrine cytokines, and cytokines

that induce cell plasticity.

Innate lymphoid cells (ILCs) are innate lym-
phocytes that play important roles in immune
defense against microbes, regulation of adaptive
immunity, tissue remodeling, and repair and
homeostasis of hematopoietic and nonhemato-
poietic cell types. ILCs are present in all tissues,
but they are particularly enriched in mucosal
surfaces. Unlike adaptive lymphocytes, ILCs
do not possess rearranged antigen-specific cell
receptors (T-cell receptor [TCR] or B-cell re-
ceptor [BCR]), but they mirror T helper (Th)
cell diversity regarding the secretion of signa-
ture cytokines and key transcription factors that
regulate their differentiation and functions
(Spits et al. 2013). ILCs develop from the com-
mon lymphoid progenitor (CLP) early in life
and seed various tissues to become tissue-
resident lymphocytes (Diefenbach et al. 2014;

Klose et al. 2014; Gasteiger et al. 2015). ILCs
cross talk with the resident tissue by sensing
the cytokines present in their microenviron-
ments and subsequently secreting a plethora
of cytokines that regulate innate immunity
and homeostasis of hematopoietic and nonhe-
matopoietic cells in the tissues (Artis and Spits
2015). ILC dysregulation contributes to several
pathological conditions, such as inflammatory
bowel disease (IBD), chronic obstructive pul-
monary disease (COPD), asthma, psoriasis,
and atopic dermatitis (Artis and Spits 2015;
Eberl et al. 2015). In this review, we will focus
on the noncytotoxic ILC subsets, which are also
termed as helper ILCs. We discuss the cytokines
that influence ILC biology and the role of effec-
tor cytokines produced by ILCs in health and
disease.
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ILC FAMILY AND SUBSETS

Al TLCs express the common cytokine receptor
v chain (yc) together with interleukin (IL)-7 re-
ceptor (R)a (IL-7Ra, also called CD127), where-
as killer ILCs, natural killer (NK) cells, and intra-
epithelial (ie) ILCls, lack the expression of IL-7R
but instead express IL-2RB (also known as
CD122) (Artis and Spits 2015; Eberl et al.
2015). ILCs are divided into three groups based
on the expression of specific transcription factors
and cell-surface molecules as well as their ability
to secrete key cytokines (Table 1). Group 1 ILCs
comprising NK cells and ILC1s produce interfer-
on (IFN)-vy in response to IL-12 and are depen-
denton T-bet; group 2 ILCs (ILC2s) preferential-

ly produce type 2 cytokines (IL-5, IL-4,IL-9, and
IL-13) in response to IL-33, IL-25, and thymic
stromal lymphopoietin (TSLP) and rely on
GATA3 as their key transactional factor; group
3ILCsinclude ILC3sand lymphoid tissue induc-
er (LT1i) cells endowed with the ability to secrete
IL-17 and IL-22 in response to IL-1f and IL-23,
and are functionally dependent on the transcrip-
tion factor RAR-related orphan receptor yt
(RORt).

CYTOKINES REQUIRED FOR ILC
DEVELOPMENT AND MAINTENANCE

ILC ontogeny has been intensively studied par-
ticularly in mouse (Fig. 1). ILCs differentiate

Table 1. Mouse and human innate lymphoid cell (ILC) phenotypes

Mouse Human
Group Progenitor  Cell-surface molecules TFs Cell-surface molecules TFs Cytokines
1 cNK CD122,CD49b, NK1.1, EOMES CDI122, NKG2A, NKp46, EOMES IEN-y,
NKG2A, NKp46, T-bet NKp44+/_, IL-12RB1, T-bet TNF
IL-12RB1, CD25, CD25, KLRG1
KLRG1
ielLC1 CD122, CD90, NK1.1, EOMES CD122, NKG2A, NKp46, EOMES IFN-y
NKG2A, NKp46, T-bet NKp44, IL-12RB1 T-bet
IL-12RB1
ILC1 CD127, CD122, CD90, T-bet CD127, CD161, T-bet IFN-y,
CD49a, NK1.1, NKp46, IL-12RB1, KLRGI, TNF
IL-12RBI ICOS, CD4*'~
2 ILC2 CD127,CD90, CRTH2, @ GATA3 CD127,CD161, CRTH2, GATA3 IL-4,IL-5,
CD117"~, CD25, ST2, CD117"~, CD25, ST2, IL-9,
TSLPR, IL-17RB, TSLPR, IL17RB, IL-13
KLRGI, ICOS, MHCIL KLRGI, ICOS, CCR6,
MHCII
3 ILC3 NCR" CD127, CD90, CD117, RORyt CD127,CD161, CD117, RORyt  IL-22
NKp46, CD25,1COS,  T-bet NKp46, NKp44,
IL-23R, L-1R1 IL-12RB1, CD25, ICOS,
CCR6, IL-23R, IL-1R1,
MHCII
ILC3NCR™ CD127, CD90, CD25, RORyt  CD127, CD161, CD117, RORyt IL-17A
ICOS, IL-23R, IL-1R1,  T-bet IL-12RB1, CD25, ICOS,
MHCII CCR6, IL-23R, IL-1R1
LTi CD127, CD90, CD117, RORyt CD127,CD161, CD117, RORyt  IL-17A,
CD25, CCR6, IL-23R, CD25, CCRé6, IL-23R, IL-22

IL-1R1, MCHI]J,
CD4*'~, NRP1

IL-1R1, NRP1

ICOS, Inducible T-cell costimulator; KLRG1, killer cell lectin-like receptor subfamily G member 1; NCR, natural cytotoxicity
receptor; GATA3, GATA-binding factor 3; EOMES, eomesodermin; TSLPR, thymic stromal lymphopoietin receptor; TFs;
transcription factors; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin; RORyt, RAR-related orphan receptor yt.
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Figure 1. Cytokines involved in mouse and human innate lymphoid cells (ILCs) development. All ILCs are
derived from a common lymphoid progenitor (CLP). In the mouse, interleukin (IL)-7 is essential for the
development of ILC2, ILC3, and lymphoid tissue inducer (LTi) cells, and IL-15 is required for development of
natural killer (NK) cells. IL-15 is important for ILC1 development but some ILC1 can develop independent of
IL-15. For humans, IL-7 and IL-15 also play an important role in ILC and NK-cell development, and some
studies indicate the involvement of IL-1p as, thus far, identified ILC progenitors (ILCPs) all express its
receptor. a-LP, o-Lymphoid progenitor; EILP, early innate lymphoid progenitor; CHILP, common helper-
like ILC progenitor; PLZF, promyelocytic leukemia zinc-finger protein; NKp, NK progenitor; ¢NK, conven-

tional NK.

from the CLP, which resides in the bone marrow
(Possot et al. 2011; Hoyler et al. 2012). CLPs
further develop into progenitors expressing the
04P7 integrin (called o lymphoid progenitors
[a-LPs]) and the early innate lymphoid progen-
itors (EILPs) that are able to produce NK cells
and all helper ILCs but have lost the potential to
differentiate into B and T cells (Yu et al. 2014;
Yang et al. 2015). o-LPs and EILPs develop
into the common helper-like ILC progenitors
(CHILPs) able to differentiate into all helper
ILC subsets, including LTi cells, but not into
NK cells (Klose et al. 2014). The CHILP popu-
lation contains a subset of cells expressing pro-
myelocytic leukemia zinc-finger protein (PLZEF),

so-called ILC progenitors (ILCPs), which have
lost the potential to develop into LTi cells but
retain the ability to generate helper ILCs (Con-
stantinides et al. 2014). ILC development is
dependent on the expression of the common
cytokine receptor yc, which is shared by the
IL-2,1L-4, IL-7,1L-9, IL-15, and IL-21 receptors
(Rochman et al. 2009). IL-7 and IL-15 are the yc
family cytokines that are important for ILC de-
velopment. NK cells express IL-2/IL-15Rp chain
(IL-2RB or CD122) and IL-15Ro but not IL-7Rat
chain (or CD127), and their development and/
or maintenance is dependent on IL-15 (Kenne-
dy et al. 2000), whereas all helper ILCs express
IL-7Ro and particularly ILC2s and ILC3s re-
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quire IL-7 for their development and/or main-
tenance (Moro et al. 2010; Neill et al. 2010; Vo-
narbourg et al. 2010; Hoyler et al. 2012). Recent-
ly, however, it was reported that functional
ILC2s and ILC3s are present in the lamina pro-
pria but not in other organs of II7ra”~ mice,
indicating that the requirement for IL-7R is in-
complete. IL-15 could sustain these IL-7R-in-
dependent ILC2s and ILC3s (Robinette et al.
2017). IL-7Ro and IL-2RP are expressed on
ILC1s, but IL-7 signaling is not required for their
development and maintenance because mice
lacking IL-7Ro displayed normal ILC1 develop-
ment. In contrast, ILC1 cell numbers were sig-
nificantly reduced in IL-15-deficient mice but
not absent, suggesting that ILC1 development
partially relies on additional factor(s) besides
IL-15 (Klose et al. 2014).

ILC development depends on the transcrip-
tional regulator, inhibitor of DNA-binding 2
(Id2), as Id2 deficiency leads to developmental
block of all ILCs (Yokota et al. 1999; Boos et al.
2007; Moro et al. 2010). Id2 expression in
CHILPs is controlled by the basic leucine zipper
transcription factor NFIL3, promoting CHILP
commitment toward ILCp and facilitating the
development of ILCls, ILC2s, and ILC3s (Yu
et al. 2014; Xu et al. 2015). NFIL3 expression is
controlled by IL-7/signal transducers and acti-
vators of transcription (STAT)5 signaling. In-
deed, IL-7 and IL-15 are differentially required
by ILC subsets, governing their differentiation
and/or survival. Thus, CHILPs as well as ILCPs
are characterized by their expression of Id2 and
give rise to various ILC subsets, whereas NK
cells develop from Id2-negative CLPs and re-
quire IL-15 signaling (Diefenbach et al. 2014;
Huntington 2014; Klose et al. 2014).

The intermediate cellular stages of human
ILC development are less clear than those in
mice (Fig. 1). An IL-1R1"CD34"RORyt" hema-
topoietic progenitor cell (HPC) was found in
tonsil and intestinal lamina propia that gives
rise to ILC3s (Montaldo et al. 2014), but another
study showed that a similar population of
Lin"CD34"CD45RA"CD117'IL-1R1" in sec-
ondary lymphoid tissues could develop into all
ILC subsets, including NK cells (Scoville et al.
2016). Most recently, Lin"CD127*CD117*1L-

1R1" ILC precursors were found in the periph-
eral tissues and circulation, which could gener-
ate all ILC subsets (Lim et al. 2017). These ILC
precursors may be the innate version of naive T
cells that can develop into all Th cell subsets
under the influence of cytokines. Also, in hu-
mans, ILC development depends on yc because
patients who are deficient in this receptor (i.e.,
patients with X-linked severe combined immu-
nodeficiency [XSCID]) lack helper ILC and NK
cells (Vely et al. 2016). In one study, it was
shown that IL7R-deficient SCID patients lack
ILC3s (Vonarbourg et al. 2010), indicating
that, like in mice, human ILC3s require IL-7
for development. It is to be expected that pa-
tients with XSCID also have diminished ILCls
and ILC2s but this has yet to be reported.

CYTOKINES: THE INS AND OUTS OF ILCs
Group 11LCs

Group 1 ILCs include NK cells and ILC1s (Table
1). These cell types are distinct because their de-
velopmental trajectories are different (Constan-
tinides et al. 2014; Klose et al. 2014) Whereas NK
cells are dedicated cytotoxic cells expressing cy-
totoxic molecules like perforin and granzymes,
ILCls are in general noncytotoxic, although
ILC1 subsets with weak cytotoxic activity have
been described. This might be comparable with
Th1 cells that under certain conditions mediate
cytotoxic activity as well. In naive mice, ILC1
express CD127, CD49a, and the transcription
factor T-bet but not the related factor Eomes,
whereas NK cells lack CD127 and express Eomes
and CD49b. However, as reviewed (Spits et al.
2016), it is difficult to unambiguously distin-
guish ILC1s from NK cells, particularly in mice
with ongoing immune responses.

ILC1s produce IFN-y and tumor necrosis
factor (TNF) (Fig. 2) (Vonarbourg et al. 2010;
Bernink et al. 2013; Fuchs et al. 2013; Daussy
et al. 2014; Klose et al. 2014). Like NK cells,
ILCls are activated by IL-12, IL-18, and IL-15
(Satoh-Takayama et al. 2009; Fuchs et al. 2013),
IL-12 and IL-18 are produced by monocytes and
dendritic cells (DCs) activated during infections
(Kang et al. 2008), whereas IL-15 is expressed

4 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a030304
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Figure 2. Innate lymphoid cell (ILC) subsets and cytokines. ILC1s depend on transcription factor T-bet for their
function and produce interferon (IFN)-y and tumor necrosis factor (TNF)-o. in response to interleukin (IL)-12,
IL-15, and IL-18 derived from dendritic cells (DCs). ILC2s require GATA3 and are endowed with the ability to
secrete IL-4, IL-5, IL-9, IL-13, and amphiregulin (Areg) in response to IL-25, IL-33, and thymic stromal
lymphopoietin (TSLP) derived from epithelial cells and tissue-resident immune cells. ILC3s depend on the
transcription factor RAR-related orphan receptor yt (RORyt) and secrete IL-17, IL-22, and granulocyte macro-
phage colony-stimulating factor (GM-CSF) in response to IL-23, IL-1p, and IL-1a: derived from macrophages
and DCs. ILC immune responses are shaped to cope with different types of pathogens, although their dysregu-
lation might lead to chronic inflammation. SC, Stromal cell; EC, epithelial cell; Eos, eosinophils; GC, goblet cell.

not only by activated monocytes and macro-
phages, but also by a wide variety of tissues,
including placenta, skeletal muscle, kidney, ep-
ithelial, and fibroblast cell lines, which describe
its pleiotropic function (Grabstein et al. 1994).
IFN-y plays a crucial role in innate and adaptive
immunity against viral and intracellular bacte-
rial infections by inhibiting viral replication di-
rectly and promoting macrophage activation,
which increases phagocytosis and directly or in-
directly up-regulates both major histocompati-
bility complex (MHC) class I and class II an-

tigen presentation (Schoenborn and Wilson
2007). ILC1s accumulate in a variety of inflam-
matory diseases, including Crohn’s disease, and
the resulting increased levels of IFN-y produc-
tion may contribute to chronical intestinal in-
flammation such as IBD (Bernink et al. 2013;
Fuchs et al. 2013).

Group 2 ILCs

Both in human and mouse, ILC2s are character-
ized by their high expression of transcription
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factor GATA3, which is crucial for their ability
to produce the Th2 type of cytokines IL-4, IL-5,
and IL-13 (Hoyler et al. 2012; Mjosberg et al.
2012). Mouse ILC2s can be identified by the
combined expression of IL-7Ra, CD25, CD90,
SCA-1, ICOS, and KLRGI, but they lack the
lineage markers CD3, B220, CD11b, Terl19,
and Gr-1 (Moro et al. 2010; Neill et al. 2010;
Price et al. 2010), and NK1.1 and NKp46, which
are expressed on part of the ILC3s and ILCls.
In humans, ILC2s uniformly express IL-7Ra,
CD161, CRTH2, and CD25 (Table 1) (Mjosberg
et al. 2011, 2012; Monticelli et al. 2011).

ILC2s produce IL-5 and IL-13 in response to
IL-33, IL-25, or both IL-33 and IL-25 (Moro
et al. 2010; Neill et al. 2010; Price et al. 2010),
and TSLP enhances production of those cyto-
kines (Fig. 2) (Kim et al. 2013). ILC2-activated
cytokines are produced by many cell types. IL-
33 is constitutively expressed in airway epithelial
cells and its expression can be induced in kera-
tinocytes, endothelial cells, fibroblast, smooth
muscle cells, macrophages, and DCs on stimu-
lation (Schmitz et al. 2005; Carriere et al. 2007).
TSLP is primarily expressed by epithelial cells
and keratinocytes in the skin, gut, and lungs
(Reche et al. 2001), and involved in the regula-
tion of type 2 cytokine-driven inflammatory
processes occurring at the barrier surface
(West et al. 2012; Ziegler 2012). IL-25 is pro-
duced by activated Th2 cells, macrophages,
mast cells, eosinophils, basophils, lung, intesti-
nal, and skin epithelial cells, and endothelial cell
fibroblasts (Fort et al. 2001; Zaph et al. 2008;
Valizadeh et al. 2015). More recently, special-
ized cell types within the epithelial layer of the
intestine, called Tuft cells, were found to pro-
duce IL-25 (von Moltke et al. 2016).

Recently, the existence of a second ILC2 sub-
type was reported, which was called inflamma-
tory ILC2 (iILC2). iILC2s appear in vivo on in-
jection into mice of IL-25 and were distinct from
IL-33-responsive natural ILC2 (nILC2) (Huang
et al. 2015). Like nILC2s, iILC2s contribute to
expulsion of the parasite Nippostrongylus brasi-
liensis by producing IL-13 but they also partially
protect mice against the fungus Candida albi-
cans by producing IL-17. Because iILC2s can
develop into nILC2s in vivo and in vitro, it was

speculated that iILC2s are a transient precursor
that arises on inflammation. However, it is as-yet
unknown from which precursor iILC2s develop.

IL-5, produced by ILC2s, plays a crucial role
in the development, activation, and survival of
eosinophils (Lopez et al. 1988; Yamaguchi et al.
1988; Dent et al. 1990; Kopf et al. 1996). Eosin-
ophils are implicated in the pathogenesis of
variable inflammatory processes, including
helminth, bacterial, and viral infections, tissue
injury, tumor immunity, and allergic diseases
(Hogan et al. 2008). IL-13 has both pro- and
anti-inflammatory effects, depending on the tar-
get cells (Wynn 2003), and its role in mucosal
immunology is particularly well appreciated.
For instance, IL-13 induces hyperplasia and mu-
cus production by goblet cells and production of
the eosinophils chemoattractant eotaxin by epi-
thelial cells (Grunig et al. 1998; Zhu et al. 1999;
Pope et al. 2001; Mishra and Rothenberg 2003).
Consistent with these reports, ILC2s derived
IL-13 induce mucus production, helminth ex-
pulsion, eotaxin production, eosinophil recruit-
ment, airway hyperreactivity, and pulmonary
fibrosis (Schmitz et al. 2005; Bhandoola and
Sambandam 2006; Kang et al. 2008; Rochman
et al. 2009; Diefenbach et al. 2014; Roediger et al.
2015).

Activation of ILC2s is regulated by cytokines
produced by ILC2s, including IL-4 and IL-9.
Although ILC2s are able to produce IL-4 in vitro
(Moro et al. 2010; Barlow et al. 2012; Mjosberg
et al. 2012; Salimi et al. 2013), there is little ev-
idence that IL-4 is secreted in vivo during
steady-state or helminth infection (Price et al.
2010; Liang et al. 2011; Roediger et al. 2015),
suggesting that production of IL-4, IL-5, and
IL-13 are regulated differentially. This notion
is consistent with the observations that Leuko-
triene D4 promotes calcium signaling, NFAT
activation, and IL-4 secretion (Doherty et al.
2013), and that prostaglandin D2 (PGD2),
which interacts with CRTH2 and triggers mo-
bilization and enhancement of NFAT, induced a
massive production of IL-4 (Xue et al. 2014).
These findings indicate that IL-4 requires an
additional NFAT-activating signal to be effi-
ciently produced. IL-4 is an autocrine factor
not only produced by ILC2s but also able to

6 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a030304
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coactivate these cells. IL-4 acts in synergy with
IL-33 to induce ILC2 proliferation and produc-
tion of IL-5 and IL-13, although IL-4 by itself
was insufficient to induce production of IL-5
and IL-13. Basophils and eosinophils cross talk
with ILC2s by producing IL-4, which enhances
the activities of ILC2s. Recently, we showed the
existence of a positive feedback loop in the in-
teraction of ILC2s and eosinophils; IL-4 pro-
duced by eosinophils coactivates ILC2s to pro-
duce IL-5, which activates eosinophils (Bal et al.
2016). This positive feedback loop may play a
role in the inflammatory airway disease chronic
rhinosinusitis (CRS). In the inflamed nasal pol-
yps of CRS patients, eosinophils colocalize with
ILC2 (Bal et al. 2016).

ILC2s are predominant producers of IL-9
(Wilhelm et al. 2011; Licona-Limon et al.
2013). IL-9 fate reporter mice infected with
N. brasiliensis displayed a higher IL-9 expression
in lung ILC2s when compared to T cells. Inter-
estingly, IL-9R, a member of the yc receptor
family, is expressed by ILC2s at much higher
levels than by T cells (Price et al. 2010). Turner
et al. (2013) showed that II9r-deficient mice in-
fected with N. brasiliensis showed a reduced
number of ILC2s and impaired production of
IL-13, IL-5, and amphiregulin, resulting in a re-
duction of eosinophil recruitment, delay of
worm expulsion, and diminished tissue repair.
In line with this study, it has been shown that IL-
9 acts in an autocrine fashion on ILC2s, enhanc-
ing the production of IL-5 and IL-13 in papain-
induced airway inflammation (Wilhelm et al.
2011). Furthermore, the IL-9 signal was crucial
for the survival of activated ILC2s, which was
mediated by the antiapoptotic protein BCL2
(Turner et al. 2013). Interestingly, IL-9 produc-
tion seems to be differently regulated than IL-5
and IL-13. In lung ILC2s stimulated with IL-33,
IL-9 was up-regulated in T-bet-deficient mice
without affecting IL-5 and IL-13, suggesting
that T-bet mainly suppresses IL-9 production
(Matsuki et al. 2017). Furthermore, the expres-
sion of IL-9 in ILC2 seems to be transient (Wil-
helm et al. 2011; Licona-Limon et al. 2013),
indicative of a tighter regulated expression. Mul-
tiple other molecules, including IRF4, trans-
forming growth factor (TGF)-, Itk, or STAT6

Innate Lymphoid Cells as Cytokine Hubs

regulate IL-9 expression in T cells (Jabeen and
Kaplan 2012; Yao et al. 2013). Of these, IRF4
modulates IL-9 secretion by ILC2s (Mohapatra
et al. 2016). However, there are also differences
between factors that trigger IL-9 secretion by T
cells and ILCs. For example, IL-25 stimulates IL-
9 production by T cells (Angkasekwinai et al.
2010) but has no effect on IL-9 production by
ILC2s (Wilhelm et al. 2011).

IL-9 produced by mucosal ILC2s enhances
mucus production in goblet cells and activates
mast cells in inflammatory lung diseases (Jabeen
and Kaplan 2012; Ealey et al. 2017). Consistent
with this, blocking IL-9 in chronic models of
lung inflammation inhibits mastocytosis and
airway remodeling (Kearley et al. 2011). Simi-
larly, in cystic fibrosis, a disease characterized by
high levels of IL-9, ILC2s play a key role in pro-
moting lung inflammation (Moretti et al. 2017).
All of these studies highlight the relevance of
IL-9 as autocrine cytokine acting as a promotor
of ILC2 function involved in pathogens removal,
tissue repair in the recovery phase of lung in-
flammation, as well as their key role in chronic
lung inflammatory diseases (Fig. 3).

Cytokines can also negatively regulate cyto-
kine secretion by ILC2. Type I and II IFNs have
been shown to inhibit the secretion of signature
cytokines by ILC2s in a manner dependent on
the ISGF3 complex (STAT1, STAT2, and IRF9)
for type I IFNs or STAT1 activation for type II
IFN-y (Molofsky et al. 2015; Duerr et al. 2016;
Moro et al. 2016). In addition, IL-27, a member
of the IL-12/23 family of cytokines, can inhibit
ILC2 cytokine secretion and ILC2-mediated pa-
thology via STAT1 (Duerr et al. 2016; Moro et al.
2016).

Group 3 ILCs

Group 3 ILCs are dependent on transcription
factor RAR-RORyt and comprise a heteroge-
neous population of ILC3s and LTi cells (Cella
et al. 2009; Cupedo et al. 2009; Artis and Spits
2015). In mouse, three subsets of ILC3s can be
distinguished based on the cell-surface expres-
sion of chemokine receptors NKp46 and CCR6.
CCR6" ILC3s comprise CD4" and CD4~ LTi
cells (Mebius et al. 1997; Eberl et al. 2004;
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Sawa et al. 2010; van de Pavert et al. 2014), and
CCR6™ ILC3s can be divided into two subsets
based on the presence or absence of the natural
cytotoxicity receptor (NCR) NKp46 (Table 1)
(Artis and Spits 2015). Human ILC3s express
CD117 (also known as c-Kit) and two subsets
can be defined by their expression of NKp44
(Hoorweg et al. 2012; Hazenberg and Spits
2014). Almost all human ILC subsets express
CCR6 (Mjosberg et al. 2011; Hazenberg and
Spits 2014; Shikhagaie et al. 2017); therefore,
CCR6 expression does not define human LTi
cells. However, neuropilin 1 (NRP1, also known
as CD304 or BDCA4) was exclusively found on
ILC3s isolated from lymphoid tissues but not
from peripheral blood or skin, and NRP1*
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Figure 3. Innate lymphoid cell (ILC) plasticity is governed by the cytokine milieu. ILCs can switch between fully
polarized subsets to rapidly adapt to changes occurring in their environment. (A) Interleukin (IL)-12 and IL-18
drives the transdifferentiation of ILC3s into ILCls. This process is reversible because ILC1s convert to ILC3s in
the presence of IL-23 and IL-1pB. ILC2s undergo cell plasticity in the presence of IL-1p and IL-12 to convert into
interferon (IFN)-y-secreting ILCls. IL-4 can revert this transdifferentiation process and convert ILCls into
ILC2s. (B) Double hit model of ILC2s plasticity. ILC2s require of two types of signals to undergo transdiffer-
entiation. Signal 1, secreted by epithelial cells on stress or damage conditions, is induced by IL-1 family members
and trigger modifications in the chromatin architecture. DNA reprogramming will be orchestrated by the signal 2
or “driving cytokines.” IL-12 drives ILC2s plasticity toward ILCls to better cope with intracellular bacteria or
virus, whereas IL-4 enhances type 2 immune responses against helminths.

ILC3 had LTi activity in vitro (Shikhagaie et al.
2017). Nrpl transcripts were found on mouse
LTi cells isolated from adult intestine (Robinette
et al. 2015). Together, these findings indicate
that NRP1 is a conserved marker for LTi cells.
Whereas IL-2 and IL-7 maintain cell sur-
vival and proliferation of ILC3 subsets, ILC3s
are activated by IL-1a, IL-1p, and IL-23 to pro-
duce IL-22, IL-17A, IL-17F, and granulocyte
macrophage colony-stimulating factor (GM-
CSF) (Fig. 2). The combination of IL-18 and
IL-23 are particularly efficient in inducing the
cytokine production by ILC3s (Zheng et al.
2008; Cella et al. 2009, 2010; Takatori et al.
2009; Hughes et al. 2010; Kim et al. 2014; Long-
man et al. 2014; Hernandez et al. 2015). IL-1P
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and IL-23 are produced and secreted by DCs and
macrophages in response to exogenous or en-
dogenous signals (Lopez-Castejon and Brough
2011; Teng et al. 2015). In humans, IL-17 is pre-
dominantly produced by NKp44~ILC3s, where-
as [L-22 is produced by NKp44 ILC3s (Cupedo
etal. 2009; Hoorweg et al. 2012). IL-17 and IL-22
are known to have distinct roles in inducing an
innate response in epithelial cells, as IL-17 is
responsible for inflammatory tissue responses
and involved in several autoimmune diseases,
whereas IL-22 is involved in tissue protection
and repair (Ouyang and Valdez 2008; Eyerich
etal. 2010). However, there are also reports sug-
gesting that IL-22 can be involved in inflamma-
tory diseases such as inflammatory bowel disease
and psoriasis (Wolk et al. 2010; Maloy and Pow-
rie 2011).

CYTOKINES THAT MODULATE ILC
PLASTICITY

Th cell subsets often display plasticity, for exam-
ple under certain conditions a Th17 cell can
adopt features of Thl cells (O’Shea and Paul
2010). Although ILCs were initially classified
under stable phenotypes (ILC1/2 and ILC3s),
it is now clear that they also show considerable
plasticity (Fig. 3). Each ILC subset senses induc-
tive cytokines (e.g., IL-25/TSLP/IL-33 activate
ILC2s) that trigger their core transcriptional
program, resulting in the secretion of signature
cytokines (e.g., IL-5 secreted by ILC2s) tailored
to combat specific microbial pathogens. Howev-
er, ILCs are particularly sensitive for cell repro-
graming by certain cytokines (“switching cyto-
kines”), which enable the cell to acquire other
functions to better cope with changes in their
microenvironment that require a different ILC
response (Fig. 3A).

Early studies of Colonna and Cella provided
the first indication of ILC plasticity, showing
that IL-22-secreting-NCR'ILC3 activated with
IL-1B and IL-23 induce the production of IL-
22 or IFN-y, depending on whether these cells
are cultured in IL-7 or IL-2 plus IL-7, respective-
ly (Cella et al. 2010). Moreover, NCR'ILC3s
cultured with IL-2 plus IL-7 became responsive
to IL-12, which might further promote IFN-y

Innate Lymphoid Cells as Cytokine Hubs

secretion and immunopathology. In addition,
human IL-22-producing ILC3s can produce
IL-2, IL-5, and IL-13 and IL-22 after activation
of TLR2 ligands (Crellin et al. 2010). Together,
these studies with human ILCs suggested that
differential activation signals can change the
cytokine-production pattern of ILC3s. Using
mouse models, Vonarbourg et al. (2010) showed
that IL-7 stabilize RORyt expression by IL-22-
producing NCR'ILC3s, whereas IL-12 and IL-
15 accelerate RORyt loss accompanied with an
acquisition of T-bet and the capacity to produce
IFN-y. IL-12 drives NCR'ILC3 into IFN-y-pro-
ducing-ILCls by down-regulating RORyt and
up-regulating T-bet, a process that is enhanced
in the presence of IL-18 and/or IL-1B (Vonar-
bourg et al. 2010). Human ILC3s were shown to
convert into ILC1s under the influence of IL-1
and IL-12. Transdifferentiation of ILC3s into
ILCls is reversible because ILCls convert to
ILC3s in the presence of IL-23 and IL-1p, a pro-
cess accelerated by retinoic acid (Bernink et al.
2013, 2015). IL-12-producing CD14" intestinal
DCs switch ILC3s into IFN-y-producing ILCls,
whereas conversely, retinoic acid and IL-23-pro-
ducing CD14™~ DCs induce the differentiation of
ILCIs into ILC3s. ILC3 into ILC1 conversion
probably occurs in inflammatory conditions in
vivo, because an increased frequency of inflam-
matory ILCls inversely correlates with the fre-
quency of ILC3s in inflamed intestinal resection
specimens from Crohn’s disease patients (Ber-
nink et al. 2013). A study using immunodefi-
cient BALB/c mice with a human immune sys-
tem confirmed that an intestinal inflammation
resulted in a shift of ILC3s into ILC1s. Overall,
these data support the idea that bidirectional
ILC3, ILCI plasticity is involved in the regula-
tion of innate immunity in the gut mucosa.
ILC2s also show plasticity. IL-1P plays a key
role in ILC2 transdifferentiation. IL-1p is a po-
tent activator of ILC2s (Bal et al. 2016; Lim et al.
2016; Ohne et al. 2016; Silver et al. 2016), en-
hancing the expression of the receptors for the
epithelial cytokines IL-33, IL-25, and TSLP and
triggering IL-5 and IL-13 secretion. IL-1p also
induces transcriptome changes, resulting in
an induction of transcription of TBX1 and
IL12RB2 in ILC2s, setting the stage for conver-
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sion into IFN-y-secreting ILCls in response to
IL-12. TL-12RB1 is critical for the transdiffer-
entiation because ILC2s from patients with bial-
lelic mutations in the ILI2RBI gene did not
acquire the capacity to produce IFN-y and lacked
ILC1s (Lim et al. 2016). The combination of IL-
1B and IL-12 favor epigenetic modifications (in-
crease of H3K9ac and a decrease of H3K27me3
at the ILI12RB2 locus) that enhance IL12RB2 ex-
pression in ILC2s and perpetuate the acquisition
of the ILC1 phenotype (Ohne et al. 2016). Inter-
estingly, whereas IL-1P increases accessibility at
the TBX21 and IFNG loci, the IL5 and IL13 loci
remain accessible as well, which suggested that
ILC2-derived ILCl1s could differentiate back to
ILC2s. Indeed, when ILC2-derived ILCls were
cultured with IL-4, these cells revert to ILC2s
(Ohne et al. 2016). ILC2 plasticity might occur
in the inflamed lungs of COPD patients that
show an increase of ILC1 subsets, whereas the
sizes of the ILC3 and ILC2 pools decrease (Bal
et al. 2016). The proportion of ILCls also in-
creases in the peripheral blood of COPD pa-
tients, and the degree of this increase is corre-
lated with disease severity (Silver et al. 2016).
The high degree of ILC plasticity raises the
question as to the physiological relevance of this
phenomenon. As ILCs are mostly tissue resident
with a limited influx of cells from the periphery,
plasticity enables ILC to quickly adapt to
changing environments. For example, IL-22-
producing ILC3s representing most ILCs in a
noninflamed gut can rapidly change into INF-
y-producing ILCls on inflammation to help
neutralize pathogenic bacteria such as Salmonel-
la enterica (Klose et al. 2013). After resolution of
the infection, these ILC1s may revert to IL-22-
producing ILC3, restoring the homeostatic phe-
notype. ILC plasticity might be induced by IL-18
or equivalent factors (signal 1), whereas cyto-
kines such as IL-12 determine the final outcome
(signal 2) (Fig. 3B). This way, ILCs effectively
tailor their immune response against pathogens.

THE ROLE OF ILC-PRODUCED CYTOKINES
IN TUMOR IMMUNITY

Resident ILCs are among the first line of defense
against pathogens and likewise ILCs might also

establish the first cytokine dialog with the na-
scent tumor in the mucosa, promoting or inhib-
iting tumor growth. The tumor microenviron-
ment may trigger tailored immune responses by
ILC1s, ILC2s, and ILC3s. Along these lines, a
novel ILCl-like cell expressing NK1.1, CD49a,
CD103, Granzyme, and TNF-related apoptosis-
inducing ligand (TRAIL) with strong antitumor
potential has been identified in mice. These cells
may play a key role in immune surveillance of
tumors (Dadi et al. 2016).

Colorectal cancer (CRC) tissues show high
levels of IL-17A, IL-17F, and IL-22 as well as the
Th17-polarizing cytokines IL-1f, IL-6, IL-21,
and TGF-B (West et al. 2015). The abundance
of several of these cytokines correlate with the
disease stage (West et al. 2015). Collectively,
these cytokines promote tumor growth and pro-
liferation, resistance to apoptosis, angiogenesis,
gene instability, invasiveness, and metastasis.
Interestingly, ILC3s, the major ILC subset in
the gut, has been shown to promote tumor
growth in a mouse model of bacteria-induced
CRC in an IL-22-dependent manner (Kirch-
berger et al. 2013). Depletion of ILC3s protect
mice from IBD-associated CRC. Blocking IL-17
did not did not prevent tumor formation,
whereas blocking IL-22 decreases tumor bur-
den. Although IL-22 transgenic mice do not dis-
play a clear increase of spontaneous tumors
(Park et al. 2011; Sabat et al. 2014), formation
a carcinogen-induced hepatocellular carcinoma
was enhanced in IL-22 transgenic mice, whereas
tumor formation was reduced in IL-22-deficient
mice (Sabat et al. 2014). In line with these stud-
ies, deficiencies in IL22BP, a natural neutralizing
molecule of IL-22, increase the tumor burden in
IBD-associated CRC (Huber et al. 2012). These
observations suggest that IL-22 acts to accelerate
the development of ongoing inflammation-in-
duced tumors.

IL-12 that mediated the repression of sub-
cutaneous melanoma (transplantation of B16
melanoma cell line into C57BL/6 mice) was in-
dependent of adaptive immunity, NK T cells, or
NK cells. Instead, the crucial antitumor activity
was mediated by NKp46'ILC3, which differen-
tiated into IFN-y-secreting ILC1 apparently in-
duced by IL-12. The mechanism of tumor rejec-
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tion is unclear. Tumor rejection did not involve
IFN-y or other analyzed ILC-secreting cytokines
(Eisenring et al. 2010).

In a mouse model of melanoma, which the
tumor cells (B16F10) metastasize into the lung,
the numbers of innate IL-5-producing cells were
increased in response to tumor invasion. Fur-
thermore, eosinophils, which possess antitumor
activities, were located around the melanoma
clusters set in the capillary vessels of alveolar
walls. The key effect of IL-5 was revealed in anal-
yses of the antitumor response in IL-5- and IL-
5R-deficient mice or following treatment with
blocking anti-IL-5 antibodies. In the absence
of IL-5, increased tumor metastasis and reduced
numbers of eosinophils in the lung were ob-
served, suggesting that in this model eosinophil
recruitment by ILC2s is critical to suppress tu-
mor metastasis (Ikutani et al. 2012).

FUTURE PERSPECTIVES

Over the past decade, ILCs have emerged as im-
portant regulators of tissue homeostasis and in-
nate immune responses. ILCs form a first line of
defense against infectious pathogens, providing
protection before the adaptive immune system is
mobilized. ILCs may also amplify ongoing im-
mune responses. As discussed here, cytokines
play critical roles in mediating the functional
activities of ILCs, serving as activators as well
as effector molecules. ILC responses induced
by cytokines need to be tightly regulated to pre-
vent an uncontrolled cytokine storm. Although
certain cytokines have been identified that in-
hibit ILC activation, the mechanisms of ILC
control are incompletely understood. Some cy-
tokines by themselves do not activate ILCs but
either amplify or inhibit secretion of signature
cytokines; the mechanisms for this are yet to be
elucidated. ILCs also display plasticity, changing
completely their cytokine-production profile on
cues provided by their microenvironment. Plas-
ticity has been observed in various inflammato-
ry and metabolic diseases but it is yet unclear
whether ILC plasticity is involved in causing a
disease or amplifying the pathology or is merely
a consequence of the disease process. Under-
standing the contribution of ILC plasticity to

Innate Lymphoid Cells as Cytokine Hubs

diseases requires relevant mouse models in
which plasticity can be manipulated by genetic
modification specifically in ILCs. This is quite a
challenge because it is difficult to selectively tar-
get ILCs in the presence of an intact adaptive
immune system. Such models may help us to
investigate whether small molecular compounds
or biologicals that modify the functions of ILCs
are efficacious as therapeutics.
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