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Preface

This book covers the current concepts on innate lymphoid cells written by
leading experts in the field. Since the recognition of the family of innate
lymphoid cells over 10 years ago, a wealth of knowledge has accumulated,
and new information continues to emerge. Innate lymphoid cells bridge the
function of innate and adaptive immunity and shape immune responses in a
variety of tissues by sensing environmental cues. The purpose of this book is
to apprise immunologists and biologists in other disciplines and to alert
clinicians as they treat diseases like pulmonary, gastroenterological, and
neurological illnesses, as well as cancers.

Oklahoma City, OK, USA Xiao-Hong Sun
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Overview: Themes in Innate Lymphoid
Cell Biology 1
Marco Colonna

Abstract

Since their initial identification more than
10 years ago, innate lymphoid cells (ILCs)
have emerged as denizens of an immune
realm parallel to that of T cells. Here I high-
light basic similarities shared by all and under-
score features related to development, tissue
residency and regulation that distinguish ILCs
from T cells. I further discuss the potential of
ILCs as promising targets for therapeutic inter-
vention in human diseases.

Keywords

Innate lymphoid cells · Cytokines ·
Regulation · Human · Therapy

1.1 ILCs and T Cells: Identification
of Two Parallel Universes

Until 2009, immunologists knew two types of
innate lymphoid cells (ILCs): natural killer
(NK) cells and lymphoid tissue inducer (LTi)
cells. Extensive characterization of NK cells
demarcated their innate capacity to kill tumor
cells and virally infected cells without previous
exposure [1–4]. Recruitment of LTi cells to

embryonal anlagen was found to be essential for
the development of lymph nodes and Peyer’s
patches [5]. The limited diversity of ILCs was in
stark contrast with that of T cells, which
encompassed cytotoxic CD8 T cells and a variety
of helper CD4 T cells, each with a distinct func-
tional polarization, including TH1, TH2, TH17,
TFH, and Treg. After 2009, a number of groups
began to identify novel subsets of ILCs, each also
defined by a discrete functional polarization, that
are now called ILC1, ILC2, and ILC3. Remark-
ably, this diversity mirrors that of TH1, TH2, and
TH17, respectively [6]. Assuming that cytotoxic
NK cells are the innate counterparts of CD8 T
cells, it became evident that T cells and ILCs
represented two parallel universes of cell types
with the same functional modules: cytotoxic
(perforin and granzymes), type 1 (IFNγ), type
2 (IL-4, IL-5, IL-13), and type 3 (IL-17, IL-22).
T cells differ from ILCs mainly in their capacity
to recognize specific antigens through the T cell
receptor. In retrospect this makes perfect sense:
ILCs serve as tissue “first responders” by sensing
the release of soluble inflammatory mediators
during infections and tissue damage and rapidly
communicating danger via cytokine secretion; in
T cells these host defense modules are further
equipped with the T cell receptor, which provides
specificity and memory for a targeted pathogen.
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1.2 The Importance of Tissue
Residency

Why did immunologists miss ILCs for such a
long time? At least two reasons contribute
to this: first, ILCs comprise very small cell
populations that were difficult to detect with the
available tools years ago; second and perhaps
more importantly, most of these cells reside in
peripheral tissues rather than in blood and lym-
phoid organs. Despite encompassing crucial sites
for immune responses, peripheral tissues fell
below the radar of immunologists before 2009,
especially in humans. Thus, another important
outcome of the discovery of ILCs has been
appreciating the relevance and diversity of
immune cells in peripheral tissues.

ILC diversity in tissues extends far beyond the
strict definitions of NK cells, ILC1, ILC2, and
ILC3. Single-cell RNA sequencing of ILCs in
different tissues has unveiled substantial tran-
scriptional heterogeneity, as each major ILC
group presents distinct tissue-specific features
that reflect the influence of the tissue microenvi-
ronment on phenotype and function [7–
12]. Many tissue factors imprint ILCs: cytokines
produced in steady state, such as TGFβ, or during
tissue damage, particularly pro-inflammatory
cytokines [13–15]; microbiota, bacterial
products, and nutrients to which the tissue is
exposed, such as short-chain fatty acids, ligands
of the aryl hydrocarbon receptor, and vitamin A
[16–20]; oxygen tension [21]; growth factors, like
IGF-1 [22]; lipid mediators, such as
prostaglandins [23, 24]; and neurotransmitters
released by nerve fibers [25–27]. ILCs also
express quorum-sensing molecules and chemo-
kine receptors that further regulate their function
based on cell density and spatial localization
[28]. Overall, these observations emphasize the
impact of tissue microenvironment on controlling
ILC diversity and, conversely, the ability of ILCs
to functionally adapt to local stimuli and tailor
their responses to the tissue niche.

One of the latest developments in this regard is
the recent observation that ILCs, particularly
ILC3 in the gastrointestinal tract, adapt not only

to their location, but also to circadian fluctuations
of the tissue [29, 30]. The gastrointestinal tract, as
many organs, is attuned to a circadian rhythm that
primarily ensues in response to light and dark.
ILC3 in the gastrointestinal tract express clock
genes that undergo circadian oscillations and con-
trol the expression of genes encoding for
cytokines. Moreover, ILC3 circadian oscillations
are coordinated with the central clock in the
suprachiasmatic nucleus of the central nervous
system. As ILC3 expresses receptors for peptide
neurotransmitters, the suprachiasmatic nucleus
can connect long distance with ILC3 through
enteric neurons secreting these peptides. More-
over, the daily cycle of nutrition can further con-
tribute to entrain the ILC3 clock by food-induced
circadian stimulation of enteric neurons [31]. It is
likely that circadian rhythms control ILC
functions in many other tissues to ensure timely
coordination of ILC functions with those of the
tissue.

1.3 ILC Versus T Cell Commitment:
Shared and Unique Pathways

The parallel between ILC and T cell functional
models extends to their development. Similar to T
cells, all ILC subsets and NK cells originate from
common lymphoid progenitors (CLPs). The com-
mitment of CLPs towards ILCs rather than T cells
occurs early on at the level of the common innate
lymphoid progenitor CILP, the foremost progeni-
tor with restricted potential to generate ILCs and
NK cells [32, 33]. CILPs then differentiate into
progenitors with more restricted potential, which
together give rise to NK cells and all ILCs: the
NK progenitor that gives rise to NK cells, the
common helper lymphoid progenitor (CHILP),
and the innate lymphoid cell progenitor (iLCP).
The transcriptional repressor Id2 is a primary
switch that propels the differentiation of CLPs
towards NK cells and ILCs by blocking E2 family
transcription factors that prompt T cell develop-
ment [34–36]. However, the final delineation of
NK cells, ILC1, ILC2, and ILC3 lineages from
innate precursors largely depends on the same
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transcription factors that mediate polarization of
T cells, i.e., Eomes, Tbet, GATA3, and Rorγt.

Epigenetic studies have confirmed the lineage
and functional kinship of ILCs with their T cell
counterparts. Analyses of gene regulatory
circuitries of ILC-T pairs have revealed that
each ILC type shares a circuitry devoted to line-
age commitment and functional polarization with
its Th counterpart [37]. However, epigenetic
differences do exist between ILCs and their T
cell counterparts, which are mainly related to
their activating signals. T cell activation requires
signals from TCR and co-stimulatory receptors,
which drive expansion, differentiation, and cyto-
kine expression. In contrast, ILC effector
responses chiefly depend on tissue stimuli,
endowing them with more rapid response
profiles. Thus, ILCs and T cells employ both
shared and divergent enhancers to express genes
dependent on activating signals. The fundamental
nature of these epigenetic differences in ILCs and
T cells is still not well understood.
Transcriptomic and chromatin accessibility stud-
ies on ILC subsets have been instrumental in
comprehending the complexity of transcriptional
modules in these cells. To build upon these initial
findings, we should begin interrogating the epige-
netic mechanisms that establish these modules,
such as histone modifications, DNA methylation,
and 3D chromatin conformation, as well as
identifying ILC-specific regulatory elements.

Finally, it should be noted that ILCs have been
shown to be rather plastic and can toggle their
functional polarization in order to adapt their
responses to disparate tissues and diverse patho-
genic stimuli [13, 38]. Thus, it is possible that ILC
lineage commitment is somewhat changeable and
that gene regulatory circuitries may be flexible or
reversible in certain contexts. It will be important
to determine whether lineage commitment and
plasticity are governed by distinct epigenetic
modifications.

1.4 Where Do ILCs Develop?

Recent studies on macrophage development have
identified two types of progenitors

[39, 40]. Tissue-resident macrophages derive
mainly from embryonal progenitors, which colo-
nize developing tissues and persist throughout life
by self-renewing. Monocyte-derived
macrophages are generated from bone marrow
progenitors during definitive hematopoiesis and
populate tissues during inflammation and
remodeling. Although ILCs have been exten-
sively shown to develop from bone marrow
progenitors, some ILC subsets are predominantly
present in fetal tissues and tend to decline with
age. Thus, it is possible that ILCs, like
macrophages, develop in part from embryonal or
fetal progenitors and populate peripheral tissues,
generating a subset of cells capable of self-
maintenance [41]. ILC development has also
been observed in the thymus when T cell
progenitors deviate from their developmental tra-
jectory and become ILCs rather than mature T
cells [42]. Human studies have also suggested
the possibility that ILCs and NK cells may
develop in part from fetal liver and thymus.
Thus, it is likely that ILC diversity depends not
only on tissue localization, but also on develop-
mental origin. Future studies should address the
life span of ILCs originating from disparate
origins in both steady state and disease. More-
over, it is important to see whether human ILCs
generated in vitro from various hematopoietic
and/or lymphopoietic sources can be eventually
exploited in cell-based therapies.

1.5 Tregs and TFH: Why in T
Cells Only?

It is of note that the similarity between ILCs and T
cells seems limited to effector modules. In con-
trast to T cells, ILCs have not developed a sepa-
rate lineage, such as Foxp3+ Tregs, dedicated to
limiting the effector subsets. However, some
ILCs can behave as regulatory cells. One subset
of ILC2 can produce IL-10, acting as a regulatory
cell in contexts in which ILC2 is exposed to IL-2
and IL-10 [43, 44]. ILC3 can induce tolerogenic
T cells [45]. Through the expression of MHC
class II, ILC3 can present antigens to T cells in
a modality that induces tolerogenic rather than

1 Overview: Themes in Innate Lymphoid Cell Biology 3



activated T cells, as ILC3 lacks costimulatory
molecules. Additionally, ILC3 produces IL-2,
which sustains Tregs [46]. These observations
open interesting questions: Which mechanisms
mediate antigen endocytosis and processing in
ILC3? How does ILC3 antigen presentation differ
from that of dendritic cells? What is the relative
contribution of each to T cell responses? Do ILC3
and DC directly cooperate in T cell activation?

No direct counterpart of TFH has been
identified in ILCs. However, ILCs can stimulate
B cell responses through multiple mechanisms.
Embryonal LTi cells promote the ontogenesis of
secondary lymphoid organs, which are essential
for B cell responses [5]. Similarly, LTi-like ILC3
promotes the postnatal generation of intestinal
cryptopatches, the antecedents of B cell-rich lym-
phoid follicles that produce IgA [47] and enhance
IgA production in lamina propria and Peyer’s
patches by interacting with DCs [48, 49]. LTi
cells and ILC3 also express lymphotoxins that
promote B cell expansion and differentiation
[50]. Thus, although ILCs have not developed a
unique counterpart of TFH cells, they do provide
help to B cell responses.

1.6 ILCs: A Target for Disease
Treatment?

Since their discovery, ILCs have been implicated
in the defense against intracellular bacteria, extra-
cellular bacteria, fungi, parasites, and viruses
[6]. On the other hand, their uncontrolled activa-
tion has been implicated in various autoimmune
diseases and allergies [51, 52]. More recent stud-
ies have shown that ILCs control lipid absorption
and metabolism in the gut and adipose tissue
[31, 53–55] and can participate in immune
responses to cancer, with either pro-tumorigenic
or anti-tumorigenic effects [56–58]. Beyond
mouse models, ILCs have also been implicated
in human diseases, with beneficial effects in
infections and detrimental effects in autoimmune
and allergic diseases [59]. Given the broad impact
of ILCs in diseases, can we consider ILCs as
suitable targets for immunotherapy? What tools
are available for modulating ILCs? There is a

major barrier that prevents a satisfying answer to
these questions. ILCs share many programs and
molecules with T cells. Because of this original
sin, it is difficult to dissect the role of ILCs from
that of T cells as well as to target ILCs indepen-
dently of T cells. There are only few animal
models in which ILCs can be selectively
investigated. Indeed, to date, the most frequently
used mouse model is the Rag knockout mouse in
which adaptive responses are missing. Better
models should be developed to analyze the
impact of ILCs in the context of intact adaptive
responses. No antibodies have been developed
that can selectively deplete ILCs without
impacting T cells in mice or humans. Available
drugs (antibodies and small molecules) targeting
ILC cell surface molecules [60], cytokines (IFNγ,
IL-5, IL-13, IL-17, IL-22), signaling mediators
(such as JAKs), and transcription factors (such
as Rorγt) equally target T cells. One essential
direction for future studies is the development of
more sophisticated approaches to specifically
modify ILCs in the context of mouse models
and human diseases. Additionally, given the
development of NK cell adoptive therapies for
treating cancer [61] it is important to determine
whether ILCs can also be effectively generated
in vitro and used for adoptive transfer therapies to
enhance innate immune responses [62] or, con-
versely, to modulate adaptive responses,
depending on the context. Nonetheless, ILCs do
have the potential to become the focus of a new
generation of immunotherapies.

Acknowledgements I would like to thank Susan
Gilfillan, Vincent Peng, and Marina Cella for helpful
discussions.
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ILC Differentiation from Progenitors
in the Bone Marrow 2
Arundhoti Das, Christelle Harly, Yi Ding,
and Avinash Bhandoola

Abstract

Innate lymphoid cells (ILCs) are a family of
immune cells that possess similar functions as
T cells. We review steps of central ILC devel-
opment in the bone marrow of adult mice and
discuss recent evidence for peripheral ILC
development suggesting extramedullary sites
of ILC development. We also assess the con-
tribution of development during different
phases of life towards shaping the composition
of the adult ILC pool. Finally, we briefly
review the local cues that lead to heterogeneity
of ILCs between tissues. We propose that
tissue-resident ILC progenitors may economi-
cally allow tissues to elicit rapid expansion of
specific ILC types that are needed based on the
nature of antigenic assaults in tissues.

Keywords

Innate lymphoid cells · Central ILC
progenitors · Local precursors

2.1 Introduction

Innate lymphoid cells (ILCs) are immune cells
that lack specific antigen receptors but possess
similar effector functions as T cells. Concor-
dantly, ILCs express many transcription factors
known to be important for T cell effector
functions. For these reasons, ILCs are considered
innate counterparts of effector T cells.

Based on their functions and their expression
of key transcription factors, ILCs are broadly
classified into group 1 ILCs comprising NK
cells and ILC1s, group 2 ILCs (ILC2s), and
group 3 ILCs that comprise ILC3s and lymphoid
tissue inducer (LTi) cells [1–3]. Another ILC
subset analogous to T regulatory cells, regulatory
ILC (ILCreg), was identified in the mouse and
human intestine based on its ability to secrete
IL-10 and suppress cytokine production by
ILC1s and ILC3s in intestinal inflammation [4];
however, this subset is not observed in all strains
of laboratory mice [5]. Recently, ILC2s were
identified as a major source of IL-10 in the intes-
tine [5]. Additionally, recent evidence indicates
the existence of functionally intermediate states
between the main ILC groups [6–8].

ILCs display a wide array of receptors on their
cell surface that enable responses to local cues
and facilitate interaction with adaptive immune
cells [9–11]. These receptors are distinct from
the clonally expressed TCR on T cells; however,
they trigger ILC immune effector functions that
are similar to T cell effector functions
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[12, 13]. Like CD8+ T cells, NK cells are cyto-
toxic to tumor cells and virus-infected cells. The
canonical cytokines produced by Th1, Th2, and
Th17 cells are secreted by ILC1s, ILC2s, and
ILC3s, respectively [14]. ILCs and T cells share
transcriptional networks that are likely to be
responsible for the similarities of their effector
functions [15]. ILCs are located in various lym-
phoid and nonlymphoid tissues [16]. Despite
many similarities between T cell and ILC, ILCs
possess some key features that distinguish ILCs
from T cells. They do not express antigen-specific
receptors on the cell surface. As they are part of
the innate immune system, ILCs were thought to
lack memory. However, recent studies indicate
that ILC2s as well as NK cells do possess mem-
ory features [17, 18].

Initially, studies on ILC development were
largely focused at primary hematopoietic sites,
which are the liver in fetal mice or the bone
marrow in adult mice [19, 20]. However, many
recent reports identified ILC progenitors in
peripheral tissues in mice and humans, suggesting
the presence of peripheral ILC development [21–
24]. However, the extent to which ILC develop-
ment occurs centrally versus at peripheral sites is
still unclear.

In this chapter, we present an overview of the
steps of central ILC development in the bone
marrow of adult mice, and we also present recent
evidence for peripheral ILC development.

2.2 ILC Subsets and Their Sites
of Abundance

ILC subsets are distributed widely throughout the
body [25]. ILCs are found in primary lymphoid
organs such as bone marrow and thymus, second-
ary lymphoid organs, as well as nonlymphoid
tissues such as skin, liver, lung, small intestine,
colon, uterus, salivary gland, and fat [26–28].

2.2.1 Group 1 ILC

Group 1 ILCs include both ILC1 and conven-
tional NK (cNK) cells. They are found in liver,

spleen, gut, skin, uterus, and salivary glands
[29, 30]. cNK cells recirculate between blood
and tissues, and are cytotoxic effectors that can
kill virus-infected cells [31, 32], whereas ILC1s
are mainly tissue resident and are weakly cyto-
toxic [33]. ILC1s function as a first line of defense
against infections with viruses and certain bacte-
ria such as T. gondii by secreting IFN-γ at the
local sites of infections [34]. Both ILC1s and
cNK cells produce IFN-γ and TNF-α, and both
express the transcription factor T-bet. T-bet is
indispensable for ILC1 development and impor-
tant for terminal maturation of NK cells [35]. In
addition to T-bet, NK cells also require transcrip-
tion factor Eomesodermin (Eomes) for develop-
ment, and Eomes is required for the expression of
perforin and granzymes that promote cytotoxic
functions of NK cells [36]. Thymic NK cells
express IL-7Rα and need GATA-3 for develop-
ment unlike cNK cells, and are less cytotoxic
[37–39]. Tissue-resident NK cells in liver display
distinct markers and transcription factors as com-
pared to thymic and conventional splenic NK
cells [40]. Recently, a comprehensive single-cell
analysis identified the transcriptional programs of
ILC1s and NK cells from multiple tissues, includ-
ing blood, spleen, liver, salivary glands, uterus,
small intestines, and adipose tissues. NK1.1+

NKp46+ cells are classified into ILC1s with
EOMES� TCF-1lo HOBIT+ phenotype and NK
cells with EOMES+ TCF-1lo/hi HOBIT�

phenotype [41, 42]. The study allowed better
discrimination of tissue-specific ILC1s from
tissue-specific and circulating NK cells. How-
ever, there is at present no cell surface marker
that reliably differentiates NK cells from ILC1s in
all tissues.

2.2.2 Group 2 ILC

Group 2 ILCs are dominant in lung, skin, white
adipose tissues, and small intestinal lamina
propria. ILC2s express transcription factor
GATA-3 and retinoic acid receptor (RAR)-
related orphan receptor (RORα) that are indis-
pensable for ILC2 development. They do not
highly express transcription factors Eomes,
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T-bet, and RORγt that are characteristic of other
ILC subsets [43]. ILC2s are stimulated by the
cytokines IL-33, TSLP, and IL-25 [44]. They
produce IL-5 and IL-13 which induce eosino-
philic lung inflammation [45], as well as
amphiregulin [46], IL-2, IL-9, and IL-10 [5, 47,
48]. ILC2s can express KLRG1, GITR/ligand,
and ICOS/ligand that enable ILC2s to interact
with a variety of immune cell types and partici-
pate in a broad range of immune responses
[49]. ILC2s can also produce granulocyte-macro-
phage-colony-stimulating factor (GM-CSF) that
facilitates eosinophil recruitment and enhances
antitumor immunity [50]. ILC2s co-localize with
cholinergic neurons that express the neuropeptide
neuromedin U (NMU). ILC2s express NMU
receptor 1 (NMUR1) and respond to NMU both
in vitro and in vivo. NMU-NMUR1 signaling
triggers type 2 cytokine responses characterized
by ILC2 activation, proliferation, and secretion of
type 2 cytokines including IL-5, IL-9, and IL-13
[51–54].

There are two distinct subsets of ILC2s. One
subset is inflammatory ILC2s that are IL-25
responsive, express high levels of KLRG1, and
produce large amounts of IL-5 and IL-13. The
second subset is termed natural ILC2s that
express ST2 (IL-33 receptor) and are IL-33
responsive. Natural ILC2s produce amphiregulin
in addition to IL-5 and IL-13, and are involved in
tissue repair [22, 55–58].

2.2.3 Group 3 ILC

Group 3 ILCs are abundant in intestinal crypts,
lamina propria, Peyer’s patches (PPs), and lymph
nodes [59, 60]. They provide immunity against
extracellular bacteria and maintain the integrity of
the intestinal barrier [61]. ILC3s are also present
within marginal zone areas of spleen where they
mediate antibody production through secreting B
cell helper factors APRIL and BAFF and by
signaling through CD40L [62]. ILC3s are heter-
ogenous based on the expression of surface

markers (NKp46, CCR6, CD4), and on their
appearance during ontogeny, but all ILC3s
express the transcription factor RORγt
(RAR-related orphan receptor gamma)
[61]. ILC3s are further subdivided into subsets
based on the cell surface expression of NKp46
and CCR6. The subset with NKp46 expression is
termed natural cytotoxicity receptor-positive
(NCR+) ILC3s, the subset expressing CCR6 on
its surface is termed CCR6+ ILC3s, and the subset
lacking NKp46 and CCR6 expression on the cell
surface is called NCR� ILC3s [63, 64]. Further,
CCR6+ ILC3s that are CD4 expressing are called
LTi in fetal life and LTi-like ILC3s in adult life
[65]. CCR6+ RORγt+ ILC3s arise earlier during
ontogeny. Postnatally emerging CCR6� RORγt+

ILCs upregulate the expression of T-bet in
response to cues from microbiota and IL-23
[66, 67]. T-bet expression in CCR6� RORγt+

ILC3s increases from the NCR� to NCR+ ILC3
subset [64].

The predominant cytokine produced by ILC3s
is IL-22 which induces epithelial cells to produce
antimicrobial peptides that kill bacteria [68, 69],
promotes the proliferation of intestinal stem cells
[68–72], and maintains intestinal homeostasis by
inducing T cell tolerance to bacterial antigens
through MHC class II presentation [9, 73]. In
addition to IL-22, NCR+ ILC3s produce IFN-γ,
GM-CSF, and TNF [74–77], whereas CCR6+

ILC3s express IL-17A and IL-17F [64, 78].
LTi cells are considered group 3 ILCs because

they express transcription factor RORγt, a lineage
defining transcription factor for group 3 ILCs
[79]. LTi cells are found in spleen, blood, and
lymph node (LN) analgen by E12.5 and in
Peyer’s patch (PP) analgen by E16. They con-
tinue to be present in very low numbers after birth
in cryptopatches of small intestine, and colon and
cortex of LN and PPs [80]. LTi cells are required
for fetal organogenesis of LN and PP through the
action of lymphotoxin [81]. LTi-like cells in
adults play a role in the restoration of secondary
lymphoid organ architecture including spleen
after acute phase of LCMV infection [82].
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2.3 ILC Progenitors and Steps
of ILC Differentiation
at Central Sites

ILCs differentiate from hematopoietic stem cells
(HSCs) via lymphoid progenitors, to yield diverse
ILC progenitors in fetal liver and adult bone mar-
row. Several transcription factors and signaling
pathways regulate this differentiation process in
mice and humans; however, human ILC develop-
ment is less well characterized.

ILCs develop from lymphoid progenitors that
reside in fetal liver and adult bone marrow (BM)
[83–88]. ILCs, like B cells and T cells, arise from
all lymphoid progenitors (ALP) that contain IL-
7Rα-expressing lymphoid-primed multipotent
progenitors (IL7Rα+ LMPP) and Ly6D� com-
mon lymphoid progenitors (CLP) [85, 89–95].
The differentiation of ILCs from ALPs occurs
via intermediate stages initially identified by cell
surface expression of proteins, and subsequently
by staged expression of transcription factors that
drive ILC development (Table 2.1).

Pioneering studies found that the progenitor
potential for ILCs resides downstream of all lym-
phoid progenitors (ALP) [91, 93, 97]. The earliest
progenitors have been further characterized by the
expression of transcription factors TCF-1, TOX,
NFIL3, and GATA-3, and by the expression of
cell surface integrin α4β7 and Flt3 [83, 96]. One
intermediate called common helper-like innate
lymphoid progenitor (CHILP) defined as

lineage� Id2high IL-7Rα+ Flt3� α4β7high PLZF+/
� was identified that generated ILC subsets in
vitro and in vivo [85, 86]. A more committed
ILC precursor (ILCP) expressing PLZF (encoded
by Zbtb16) was identified that generated all ILCs
except LTi cells [84]. Gene expression analysis
identified PD-1 to be specifically expressed by
ILCP, thus allowing identification of BM ILCP
without requiring PLZF reporter mice [102, 103].
α4β7-expressing lymphoid progenitors (αLPs),
another intermediate of ILC development, are
defined as lineage� IL7Rα+ α4β7+ kitlo Flt3+/�

and are a heterogenous population that contain
CHILP and ILCP. They can generate all ILC
subsets but retain some T cell potential. Among
them, CXCR6+ αLP cells lack T and B cell
potentials but differentiate into all ILC subsets
[97, 104]. However, these progenitors are quite
rare in bone marrow and also this definition
misses key ILC progenitors that are IL7Rαlow.

More recently, early innate lymphoid
progenitors (EILPs) were identified as IL7Rαneg/
low TCF-1-expressing cells that contained progen-
itor potential for all adult ILC subsets [83]. EILPs
are intermediate precursors between ALP and
ILCP that transiently downregulate IL7Rα [96].
Recent work identified transcriptional and func-
tional heterogeneity within EILP in bone marrow
using single-cell approaches and characterized
two successive steps of development within
EILP that were termed “specified EILP” (sEILP)
that generated dendritic cells (DC) along with

Table 2.1 Current definitions for early ILC progenitors

Name Definition References

ALP Lineage� Ly6D� kit+ CD122� Flt3+ IL7Rα+ α4β7� [94]
αLP Lineage� kitlo Sca-1lo Flt3� IL7Rα+ α4β7+ (includes CXCR6+ subset lacking T cell

potential)
[95]

EILP Lineage� kit+ TCF-1+ Thy-1� IL7Rαlo-neg α4β7+ [81]
CHILP Lineage� Id2+ Thy-1+ IL7Rα+ α4β7+ (includes both PLZF+ and PLZF� progenitors) [83]
ILCP Lineage� PLZF+ Thy-1+ IL7Rα+ α4β7+ [82]
NKP Lineage� CD122+ NK1.1� DX5� (heterogenous and refined as rNKP: Lineage�

CD27+ CD244+ CD122+ Flt3�)
[96, 97]

LTiP Lineage� IL7Rα+ α4β7+. Flt3� Rorγt-EGFP+ CXCR5+ [77, 90]
ILC1P (immature
ILC1)

Lineage� RORγt-fm� CD49a+ IL7Rα+ [83, 98]

ILC2P Lineage� Sca1hi CD25+ α4β7+ Flt3� [83, 99]
ILC3P Lineage� Id2+ IL7Rα+ Bcl11b-tdTomato+ GATA-3-hCD2lo Rorγt-kat+ [85]
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ILC subsets and “committed EILP” (cEILP) that
lacked DC potential and only gave rise to ILC
lineages, similar to ILCP. TCF-1 was found to be
dispensable for sEILP development whereas it
was essential for generating cEILP and later
developmental stages of ILCP [105].

Fetal LTi cells are generated from common
lymphoid progenitors (CLPs) via αLP in the
fetal liver [104, 106]. Fetal αLP more efficiently
generated mature LTi compared to their adult
counterparts in bone marrow [91, 107]. In fetal
mice, the Tcf7-expressing EILP population was
discovered to contain a population of Rorc-
expressing LTi progenitors that was much rarer
in adult mice [88]. A novel LTi-specified precur-
sor (Rorc+ αLP) was identified that expressed
Rorc but not Tcf7, and so was distinct from
EILP (Fig. 2.1). Cell fate mapping indicated that

LTi cells belong to a separate lineage from ILC3s
[84].

In humans, Kit+ multipotent ILC progenitors
were identified in peripheral blood [21, 108].
Recently, Lin� CD34+ CD127+ IL3RA+

progenitors were identified in human fetal liver
from 8–12 PCW that generated NK cells, ILC1s,
and ILC2s efficiently but not ILC3s [109].

Lineage-biased precursors are also present in
adult BM in mice. ILC2-restricted progenitors
have been identified in BM [45, 101], and studies
also indicate the existence of immature ILC1s or
putative ILC1P in fetal liver and bone marrow
[85, 100]. A recent study generated “5X
polychromILC” transcription factor reporter
mouse model that allowed examination of previ-
ously unappreciated ILC precursor heterogeneity
in bone marrow and identification of rare Bcl11b+

Fig. 2.1 Model for central ILC development. All lym-
phoid progenitors (ALP) give rise to common lymphoid
innate lymphoid progenitors (CILP) that are not well
identified. Bifurcation into ILC and LTi lineage is
identified by the expression of Rorc and low Id2 expres-
sion. EILPs, identified by Tcf7 expression, arise down-
stream of CILP that can generate all ILC lineages and
myeloid cells. Downstream of EILPs contain precursors
with ILC and LTi lineage potential. ILCP is identified by
PLZF expression and can give rise to ILC1/ILC2/ILC3
and NK cells. RORc+ αLPs are the earliest LTi
progenitors that express RORγt but not TCF-1. LTiPs are

identified by Rorc expression along with high expression
of TCF-1 and ID2 and generate LTi cells. Lineage-biased
ILC progenitors, putative ILC1P, ILC2P, and ILC3P, are
identified in bone marrow that give rise to ILC1, ILC2, and
ILC3, respectively. NK cells arise from different pathways
as shown in the figure via NK-committed progenitors in
bone marrow. The black lines show successive stages of
ILC differentiation and maturation that are supported by
published data. The dashed lines represent proposed steps
of ILC differentiation, but these are not yet established by
published data. Some key transcription factors are shown
where they are expressed
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ILC3 progenitors in bone marrow. Further, sin-
gle-cell analysis confirmed the divergence of
ILC2P from other lineage-committed ILC
precursors [87]. Another study showed that Id2+

Zbtb16� Bcl11b� ILC precursor populations in
BM largely harbored cells with ILC3 potential,
and upregulation of Bcl11b and/or Zbtb16 was
associated with loss of ILC3 potential. These data
suggest that the emergence of ILC3s from Id2+

ILCP may represent a branch point in ILC devel-
opment that separates an ILC3 pathway from
ILC1, ILC2, and/or NK cell pathways via
upregulation of Zbtb16 [86].

Immature NK cells and NK progenitors are
present in BM [110]. NK cell development
progresses from ALP to a heterogeneous popula-
tion of NK progenitors (NKP), defined as Lin�

CD122+ NK1.1� DX5�, to Lin� CD122+

NK1.1+ DX5� immature NK (iNK) cells and
then to Lin� CD122+ NK1.1+ DX5+ mature NK
(mNK) cells [98, 111]. Subsequent studies
identified earlier NK lineage-committed
progenitors, the pre-NKP cells and refined NKP
(rNKP) which gave rise to NK cells, although
their ability to generate other ILC subsets was
not assessed [99, 112]. CHILPs, identified using
Id2-GFP reporter mice, were thought to lack NK
potential [85]; however, recently described Id2-
RFP reporter mice allowed identification of Id2+

progenitors that gave rise to all helper ILCs and
NK cells efficiently in vitro and in vivo [86].
These differences may be explained by the better
discrimination of progenitors in Id2-RFP reporter
mice, allowing the isolation of ILCP and NK cell
progenitors that expressed Id2. Furthermore, fate
mapping data using a Zbtb16-Cre mice showed
that a minor fraction of NK cells are labelled by
the expression of Zbtb16 suggesting that the
majority of NK cells may develop through
another pathway which is upstream of ILCP [84,
100]. It is not fully understood how and when this
split occurs and what are the underlying
mechanisms that dictate the helper versus killer
lineages.

2.4 Transcription Factor
Requirement During Central
ILC Development

BM progenitors differentiating along the ILC
lineages gradually upregulate key transcription
factors NFIL3 (encoded by Nfil3), TCF-1 (Tcf7),
TOX (Tox), ID2 (Id2), GATA-3 (Gata3), and
PLZF [15, 92, 96, 113, 114] (Fig. 2.1). There
are many transcription factors that are important
at early phases of ILC development [96, 114,
115] whereas others are important for the devel-
opment of specific ILC subsets such as RORα and
Bcl11b that are specifically required for ILC2
development [45, 116–118].

2.4.1 NFIL3

NFIL3 (also called E4BP4) is a basic leucine
zipper transcription factor that is indispensable
for conventional NK cell development [119].
Nfil3�/� mice have defects in early ILC develop-
ment and lack mature ILC subsets [97, 120, 121].
Nfil3-null mice have greatly reduced or complete
absence of PLZF� and PLZF+ CHILP [122].
NFIL3 transcriptionally controls Tox expression
[97, 123] as well as EOMES and ID2 by directly
binding to the Eomes and Id2 loci (see ID2 in
Sect. 2.4.4) [122, 123].

2.4.2 TOX

TOX (thymocyte selection-associated HMG bOX
protein) is essential for CD4+ T cell development.
TOX also plays an essential role in ILC develop-
ment. Tox�/� mice have greatly reduced number
of EILP and lack ILCP in bone marrow [96, 124].
Tox�/�mice lacked lymph nodes, and the number
of Peyer’s patches was significantly reduced
[123].
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2.4.3 TCF-1

T cell factor 1 (TCF-1), encoded by gene Tcf7, is
a sequence-specific high-mobility-group tran-
scription factor. TCF-1 is not expressed in
ALPs, but its upregulation occurs at the EILP
stage. It continues to be expressed at the later
ILCP stage and is downregulated in ILC2 in
bone marrow. Tcf7�/� mice lacked cEILP,
ILCP, ILC2P, and NKP but ALP and sEILP
were unaffected [83, 105].

2.4.4 ID2

ID2 (inhibitor of DNA binding) belongs to the
family of helix-loop-helix (HLH) proteins that
form heterodimers with E proteins, thereby
preventing their transcriptional activities [125,
126]. Id2 plays an important role in NK cell
maturation, in part via its effects on TCF-1
[127]. High levels of TCF-1 expression promoted
immature NK cell expansion and inhibited termi-
nal maturation. Id2 inhibited the expression of
TCF-1 during late NK development to support
the terminal differentiation of immature NK
cells [128]. Id2 is required early during ILC
development. Id2�/� mice showed twofold
reduction in EILP, and downstream ILCP and
ILC2P in bone marrow were absent. Also, Id2�/

� EILPs showed increased expression of Id1 and
Id3, suggesting that other Id proteins may com-
pensate for the deficiency of Id2 during ILC
development [83]. The effects of sustained E
protein activity were assessed using mice
expressing ET-2, which prevents ID proteins
from inhibiting E protein function. In this
model, ILC2 development was inhibited [129].
Id2�/� mice also lack LTi cells, and thus lack
lymph nodes and Peyer’s patches [130].

2.4.5 GATA-3

GATA-3 is another transcription factor required
for ILC development. GATA3 is expressed by all
ILC progenitors and mature ILC subsets,

although at different levels. Gata3�/� mice
showed reduction in EILP population whereas
the ILCP subset was completely absent in adult
bone marrow [96]. Recent work showed that
levels of GATA-3 expression controlled the
bifurcation of non-LTi lineages and LTi cells.
GATA3 was dispensable for LTi cells but was
essential for the generation of other ILCs. Further,
a low level of GATA-3 expression mediated by a
transgene was sufficient to restore LTi functions
including lymph node formation, but failed to
rescue the development of ILCP in bone marrow
and mature ILC1s, ILC2s, and NCR+ ILC3s in
peripheral tissues [131].

2.4.6 PLZF

PLZF, encoded by gene Zbtb16, is a zinc finger
protein that is highly expressed in bone marrow
ILC progenitors. PLZF is important for ILC2P
development but is dispensable for EILP and
ILCP development in BM [84, 96]. Competitive
chimeras revealed the requirement of PLZF in
ILC2s’ and liver ILC1s’ development but not
for the development of ILC3s, fetal LTi, and
NK cells [84].

2.5 ILC Development
at Extramedullary Sites

ILCs are relatively abundant in nonlymphoid
tissues such as lung, skin, liver, adipose tissues,
and gut. It is possible that extramedullary matura-
tion may contribute for the abundance and diver-
sity of ILCs at different anatomical locations.
ILCs arise from hematopoietic progenitors in
fetal liver and adult bone marrow. Fetal RORγt+

progenitors seed the intestine at embryonic day
E12.5–13.5, and support the development of lym-
phoid structures via expression of lymphotoxins
[91, 92, 107]. T-bet+, GATA-3+, and RORγt+

ILCs are present in the fetal gut and liver at
E15.5 [104, 132]. BM ILCP expresses homing
molecules suggesting that they may exit the bone
marrow and home to different peripheral sites
[96]. Furthermore, identification of ILCP in
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tissues of mice and humans suggests that some
steps of ILC differentiation and maturation might
happen locally [21–24, 108, 133, 134].

Transcription factors and cytokines that are
required during early central ILC development
are also required for the generation of mature
peripheral ILC subsets, indicating that ILCs in
tissues either originate from central ILC
precursors or rely on similar transcriptional
programs for development. However, there are
some exceptions. One puzzle is that some tran-
scription factors appear essential for the develop-
ment of early ILC progenitors in bone marrow,
but only mild defects are detected in mature ILCs
at peripheral sites. For example, TCF-1 is indis-
pensable for BM ILC precursors, and EILP,
ILCP, and NK progenitors were nearly absent in
Tcf7�/� mice [83, 105], but some mature NCR�

ILC3s, ILC1s, and NK cells were present [135].
However, competitive chimeras with WT and
Tcf7�/� HSCs exhibited a near-complete lack of
Tcf7�/� mature ILCs, suggesting that Tcf7 might
be required at early stages of ILC development
but is dispensable in mature ILCs. Possibly, early
defects in development are obscured by prolifera-
tion at later stages of ILC development.

There are other studies where proliferation
does not easily explain the defects seen in early
progenitors and mature ILC populations. Nfil3�/�

mice lack central ILCs and NK progenitors and
mature NK cells in bone marrow whereas NK
cells remain unaffected in salivary glands [123,
136]. Tissue-resident NK cells are present in
liver, uterus, and skin of Nfil3�/� mice [137].
Additionally, ILC1s and ILC3s are also present
in the uterus of Nfil3�/� pregnant females [138,
139] and ILC1s are intact in the thymus of Nfil3�/

� mice [38]. The presence of these mature cells in
peripheral tissues even in competitive chimeras
hints at the possibility that there may be differen-
tial requirement of transcription factors in central
versus peripheral ILC development [140]. A
related puzzle appears from the study of Tox-
deficient mice where central ILC progenitors as
well as many mature ILC subsets are greatly
reduced or absent; however, populations of
mature ILC3s (NCR+ ILC3s and NCR� ILC3s)

remain numerically intact in the gut [96, 124,
141].

Furthermore, environmental factors can shape
the effector response of ILC progenitors. Lung
ILCP and BM ILCP defined as Zbtb16-
expressing precursors possess very similar
transcriptomes, but they differ in the response to
IGF1 growth factor signaling and chemotaxis
[24]. Another study showed that ILC progenitors
were 20% fate-mapped positive for Il5 in lungs
but not in bone marrow of Il5-Cre lineage-tracing
mice, indicating that ILCP gained Il5 expression
locally and matured towards ILC2s within lung
tissue [23].

These studies suggest that there is a differen-
tial requirement of some transcription factors for
ILC development and maturation in central ver-
sus peripheral sites. Such tissue-resident
progenitors may differentiate into mature ILC
subsets locally in response to specific environ-
mental cues to meet local demand.

2.6 ILC Progenitors in Tissues

Lineage-tracing experiments using PLZFGFPcre+/
� mice carrying a ROSA26-floxstop-YFP fate-
mapping allele showed nearly 70% labelling of
lamina propria ILC2s whereas YFP labelling was
significantly lower in lamina propria ILC3s,
suggesting that distinct progenitors may contrib-
ute to the adult ILC pool in tissues. Furthermore,
different ILC3 subsets from lamina propria were
differentially fate mapped; approximately 40% of
NCR+ ILC3s, 10% of CD4�, and 1–2% of CD4+

LTi populations were fate mapped suggesting that
different pathways in the course of ILC develop-
ment may lead to the generation of different
subsets of ILC3s [84]. Several reports have
identified multipotent ILC progenitors in tissues
in mice and humans indicating that some steps of
ILC maturation may occur locally, at peripheral
sites. ILC progenitors were identified in fetal mice
by E13.5 in proximal gut. These were heteroge-
nous and express varying amounts of Rorγt, T-
bet, and GATA-3. However, these fetal gut
precursors were largely ILC3 lineage-restricted
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in clonal assays [132]. Upstream hematopoietic
progenitors including HSCs were present in lung
and repopulated bone marrow under conditions of
stem cell deficiency [142]. In the thymus,
multipotent progenitors and committed T cell
precursors (DN3) could differentiate into thymic
ILC2s in vitro and in vivo. Furthermore, ablation
of E proteins greatly enhanced the ILC fate while
impairing B and T cell development [143, 144].
Future work should investigate whether ILC
development normally occurs in the thymus.

IL18Rα+ ST2� ILC progenitors were
identified in neonatal lung using RORα lineage
tracer mice that efficiently gave rise to multiple
ILC lineages both in vitro and in vivo [145].
Recent evidence suggests that Igfr1-expressing
ILC progenitors were present in neonatal lung.
Conditional deletion of IGF1 in alveolar
fibroblasts or specific deletion of IGF-1 receptor
from ILC precursors in lungs significantly
reduced ILC3 biogenesis and rendered newborn
mice susceptible to pneumonia despite having
normal ILCP in bone marrow [24]. Adult mouse
liver also contained progenitors, Lin� Sca-1+

Mac-1+ (LSM), that were able to differentiate
into multiple hematopoietic lineages and prefer-
entially generated ILC1s rather than cNK cells in
liver [146].

Several ILC progenitors are also described in
humans. Multipotent Kit+ ILC progenitors were
detected in peripheral blood and different organs
in humans suggesting that circulating Kit+ ILCP
is able to migrate to tissues and differentiate into
mature ILC subsets [21]. This Kit+ population
was shown to be heterogeneous based on the
surface expression of NKp46, CD56, and
KLRG1. The KLRG1+ subset preferentially
differentiated into ILC2s but could also differen-
tiate into ILC3s in appropriate conditions. The
NKp46+ CD56� subset possessed minimal ILC2
lineage potential, and instead gave rise to ILC3s
and also NK cells [108]. Specified ILC3P
identified as RORγt+ CD34+ hematopoietic
progenitors were independently detected in
human tonsils and intestine [133, 134].

These studies show that ILCP or other
multipotent ILC progenitors seed various periph-
eral tissues and support ILC development locally.

ILC progenitors in tissues may contribute to ILC-
poiesis locally in response to infection and
inflammation [147].

2.7 Tissue-Homing Features
of Central ILC Progenitors

Extramedullary sites such as spleen, liver, blood,
and peripheral organs harbor hematopoietic stem
and progenitor cells [148–153]. The abundance of
ILCs in tissues may depend on homing of ILC
progenitors from central sites to tissues based on
their surface expression of homing molecules.
ALP and other downstream progenitors express
chemokine receptors including CCR7, CCR9,
and CXCR4 that can facilitate the migration of
these precursors to different tissues [21, 96]. The
adhesion molecule α4β7 is highly expressed in
EILP and ILCP that can help in homing to intes-
tine and perhaps to other tissues. ILCP highly
expresses many homing molecules such as
CXCR5, CXCR6, CCR2, CD41, CD61, and
CD226, suggesting that ILCP may possess migra-
tory properties towards many different tissues
[96, 102]. CXCR6 plays an important role in the
migration of ILC progenitors as Cxcr6�/� mice
showed accumulation of ILCP in bone marrow
whereas mature ILC numbers were significantly
reduced in the periphery [154].

Various lineage-committed ILC precursors are
generated centrally and may home to specific
tissues. ILC2P expresses CCR9 which supports
migration to small intestine [101]. Additionally,
IL-33 signaling is important for the exit of ILC2s
from bone marrow. IL-33 signaling
downregulates CXCR4 expression, a chemokine
receptor that is essential for retaining ILC2s in the
bone marrow, and thus IL-33 promotes egress of
ILC2s from bone marrow to peripheral tissues
[155]. RORγt+ progenitors are preferentially
enriched in human tonsils and intestinal lamina
propria as compared to bone marrow, and are
capable of differentiating into ILC3s [133, 134].
This suggests that ILC3s may develop in tissues
such as tonsils and intestinal LP rather than cen-
trally [104].
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Much remains to be further investigated
regarding migration of early ILC precursors. It is
unknown whether all ILC progenitors are
generated centrally, and then migrate from bone
marrow to different organs during ILC develop-
ment. Alternatively, some ILC progenitors may
develop from upstream progenitors in tissues.

2.8 Multiple Developmental Waves
Contributing to Adult Tissue
ILC Pool

How the local ILC pool in different tissues is
maintained and renewed is not fully understood.
Parabiotic and shield chimera experiments sug-
gest that mature ILCs are maintained in tissues
during adulthood at steady state and there is min-
imal exchange once ILC populations are
established [23, 156].

It is hypothesized that ILCs in mice arise dur-
ing a wave of fetal liver-derived hematopoiesis
from E13.5 until birth [132], in close concordance
with fetal liver monocyte dissemination, and
these ILCs seed peripheral tissues through
unknown developmental cues [157]. A second
wave of expansion extending from afterbirth
through weaning is presumed to occur by regional
expansion and maturation in response to cues
from the niche [158]. Nevertheless, the
anatomical location of ILC precursors in develop-
ing tissues, the identity of niches that support
local precursors, and the knowledge of specific
factors sustaining the local expansion of tissue
ILCs are largely unknown.

The perinatal period is a critical window for
shaping the distribution of ILCs within develop-
ing organs. Schneider et al. extensively
characterized the contribution of different stages
of life—fetal, postnatal, and adult—in shaping
the adult tissue ILC2 pools using fate-mapping
approaches and reporters for ILC2 activation. The
adult ILC2 pool was mainly established within
the first few weeks of life. The contribution by
fetal and adult BM progenitors to the adult ILC2
pool was minimal in many tissues like lung and
fat. This perinatal period was also important for

ILC2 priming and acquisition of tissue-specific
signature [159].

2.9 Local Niche Instructs Tissue ILC
Development and ILC Subset
Heterogeneity

The external factors that direct commitment to
specific ILC lineages and the stromal cells that
constitute the optimal microenvironment for ILC
development in tissues are not fully understood.
However, there are some studies that identified
the role of stromal cells in instructing the ILC
differentiation process. Insulin growth factor 1
(IGF1), produced by PDGFRα+ alveolar
fibroblasts, is important for the maturation and
expansion of ILC precursors in the neonatal
lung [24]. IGF1 also promoted the development
of human NK cells [160]. Another study
suggested that CD31� CD45� PDGFRα+ gP38+

mesenchymal cells in fetal and adult mesentery
were essential for providing an optimal microen-
vironment for the terminal differentiation of
ILC2s in peripheral tissues [158]. Recently, an
adventitial stromal cell niche was implicated in
the expansion of pulmonary ILC2s [161].

Recent evidence indicates the extensive het-
erogeneity based on tissue origins of ILC2s. The
single-cell profiling for adult ILC2s from differ-
ent tissues revealed that ILC2s isolated from dif-
ferent tissues like lung, fat, bone marrow, gut, and
skin appeared transcriptionally distinct [162].
This transcriptional heterogeneity of tissue-resi-
dent ILC2s allowed the authors to designate tis-
sue-specific transcriptional signature for each
tissue-specific ILC2 [163]. Another analysis of
human ILC2s by mass cytometry showed exten-
sive heterogeneity among individuals and between
different tissues [164]. Heterogeneity based on
tissue origin was also shown in ILC3s by using
bulk RNA sequencing. The bulk RNA sequencing
data for ILC3s isolated from spleen and gut based
on surface markers appeared distinct [165].

The expression of surface molecules and func-
tion of ILCs can be altered by different environ-
mental cues (covered in Chap. 5). Local pools of
ILCs may receive input of ILCs from distant
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cellular sources during inflammation and local
changes in ILC subsets and abundance correlate
with the kind of inflammation setting [166, 167].
Recent studies have established the phenotypic
and functional heterogeneity of ILCs across dif-
ferent tissues in humans and mice [164, 168]. For
example, splenic ILC3s showed distinct
properties when compared to gut ILC3s. Splenic
ILC3s inhibited tumor growth, whereas small
intestinal ILC3s did not. Adoptive transfer
experiments established that transferred ILCs
gained the phenotypic and functional properties
of the particular tissue where they settled,
suggesting a crucial role of tissue microenviron-
ment in shaping specialization of ILCs [169].
Multiple transcriptionally distinct states within
known mature ILC subsets were identified using
single-cell transcriptomics in gut. Under steady-
state conditions, the expression profile of ILC1
and ILC2-specific genes and their chromatin
landscapes showed significant alteration upon

antibiotic treatment [170]. Deficiency of nutrients
also greatly influences ILC composition. Defi-
ciency of vitamin A caused significant reduction
in ILC3s in small intestine and increase in ILC2s.
This suggests that ILCs behave as a sensor for
dietary stress at barrier surfaces [171]. Local tis-
sue signals greatly impact the terminal differenti-
ation of ILC2s and their T cell counterpart, Th2
cells. Indeed, both ILC2s and Th2 cells acquired
similar terminal effector functions when they
were exposed to exogenous cytokine signals like
IL-25, IL-33, and TSLP [172].

These studies indicate that ILC subsets are
more heterogenous than previously thought. The
physiological relevance of ILC heterogeneity
remains largely unknown. These data also sug-
gest that tissue adaption and existence of separate
source of ILCP in tissues and during different
stages of life can lead to distinct transcriptional
profiles of the same ILC subset at distinct sites
(Fig. 2.2).

Fig. 2.2 Factors shaping the composition of adult ILC
pool. The heterogeneity in ILC subsets in tissues can be
due to multiple factors: (1) The developmental origin of
precursors: The adult pool can be established by the
expansion of BM progenitors or from local precursors.
(2) Ontogeny: The adult ILC pool can be continuously

replaced by different waves of ILC during life (fetal and
adult life) across tissues. (3) Local cues like signals from
stromal cells that may differ across the tissues. Other
external factors like dietary factors and infection can also
contribute to the heterogeneity across tissues
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2.10 Conclusion

The origins of ILCs from lymphoid precursors in
the fetal liver and adult BM are relatively well
characterized. It is hypothesized that ILC
precursors seed the peripheral tissues and subse-
quently differentiate and expand at peripheral
sites as needed. Such precursors are identified at
multiple sites including adult human blood, small
intestine in fetal mice, and lung in postnatal mice.
ILCs detected in each tissue may be generated
from different cellular sources and at different
times during ontogeny. The infiltrating cells can
originate from bone marrow ILCP, local
precursors, or mature cells exiting from other
inflamed tissues. Many studies have identified
local progenitors of tissue ILC, highlighting in
situ differentiation as a mechanism of ILC main-
tenance and phenotypic diversification.

Despite extensive characterization of steps and
intermediates of ILC development centrally, tools
for tissue-specific deletion of ILC precursors are
lacking, due to the shared surface molecules and
transcription factors by the ILC precursors at
different sites. Identification of organ-specific
cues that impose tissue-specific signatures in
ILCP at distinct sites needs further validation.

Further studies using appropriate fate-mapping
tools will determine whether tissue-specific
expression profiles of a particular ILC subset are
acquired during fetal or postnatal development,
when ILCs become established in tissues. Such
studies will establish if these programs are
engaged during differentiation of bone marrow
precursors or instead established after migration
to tissues. They will determine whether there are
local precursors that shape the adult pool inde-
pendent of bone marrow precursors that may
meet local demand at steady state and after anti-
genic assault in tissues.
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ILC Differentiation in the Thymus 3
Xiao-Hong Sun and Sandra Bajana

Abstract

The thymus provides a microenvironment con-
ducive to the differentiation of innate lym-
phoid cells (ILCs), supplying IL-7 as well as
Notch ligands. Early T cell precursors also
express a number of obligatory transcription
factors essential for ILC differentiation. There-
fore, the thymus could be a powerhouse for
ILC production. However, coordinated regula-
tion by transcription factors and T cell receptor
signaling events ensure that T cell production
is the dominating output of the thymus. One
group of the key regulators are the basic helix-
loop-helix E protein transcription factors and
their inhibitors, Id proteins. When E protein
activities are downregulated, T cell develop-
ment is blocked and massive ILC2 production
occurs in the thymus. Normally, the thymus
indeed generates a small number of ILCs,
mostly group 2 ILCs (ILC2s). It has been
shown in vitro that ILC2s can be differentiated
from multipotent early T cell progenitors
(ETPs) as well as committed T cell precursors.
Moreover, thymus-derived ILC precursors
have been found in the blood of adult mice.
They then home to peripheral tissues and
undergo differentiation into distinct ILC
subsets. These ILC precursors may replenish

tissue ILC pools in steady state or on demand
in pathophysiological conditions. Collectively,
emerging evidence suggests that the thymus
plays an underappreciated role in ILC
homeostasis.

Keywords

Thymus · Innate lymphoid cells · ILC2s · E
proteins · Id proteins

3.1 Introduction

Innate lymphoid cells (ILCs) originate from
hematopoietic stem cells, which reside in fetal
liver or adult bone marrow and give rise to all
hematopoietic lineages of cells. An array of
progenitors with different capacities to produce
various subsets of ILCs have been identified in
the bone marrow and studied extensively [1–
7]. These ILC progenitors are derived from com-
mon lymphoid progenitors (CLPs) and lymphoid
primed progenitors, which are primarily respon-
sible for generating B cells in the bone marrow
[8–10]. However, these lymphoid-biased
progenitors also travel through blood circulation
to the thymus, where they largely differentiate
into T cells [11]. It is known that these
thymus-seeding progenitors, though with great T
cell-producing capacity, retain multipotency and
differentiate into other lineage cells such as den-
dritic and myeloid cells [12]. Therefore, it is
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plausible that they can also generate ILCs in the
thymus. It is however not anticipated that
committed T cell precursors can also differentiate
into ILCs, at least ILC2s. This chapter intends to
summarize available data that illustrate the ability
of T cell precursors to differentiate into ILCs and
the thymic environment supportive of ILC differ-
entiation, as well as the contribution of the thy-
mus to peripheral ILC pools. The transcriptional
regulation of the T cell versus ILC fates has also
begun to be elucidated and is best demonstrated
in mouse models where the function of E protein
transcription factors is specifically ablated in the
thymus [13, 14].

3.2 The Requirements for ILC
Differentiation

ILC differentiation depends on the cell-extrinsic
and -intrinsic properties and conditions. Much of
the data accumulated are from studies of ILC
progenitors in the bone marrow and fetal liver
but they are highly relevant to ILC differentiation
in the thymus. ILCs are derived from multipotent
lymphoid primed progenitors or common lym-
phoid progenitors through a series of intermediate
progenitors with progressively restricted differen-
tiation potential towards ILC subsets. It is well
known that ILC differentiation depends on
cytokines like IL-7 and IL-2 [1, 15–18], whose
receptors belong to the IL-2 receptor family that
utilizes the common γ chain [19, 20]. Consistently,
mice lacking the IL-2Rγ gene, IL2rg, are deficient
of not only B and T lymphocytes but also ILCs
[21]. These cytokines are thought to support the
proliferation and survival of developing and
mature ILCs.

Notch signaling is also important for ILC dif-
ferentiation even though its impact on different
ILC subsets may be divergent [22]. Notch signal-
ing is not necessary for the generation of ILC
progenitors such as αLP because ablation of
RBPJκ, the DNA-binding partner of Notch intra-
cellular domain (NICD), using IL-7R-Cre did not
affect the levels of these progenitors [23]. Con-
versely, constitutive activation of Notch signaling
in IL7R-Cre; Rosa26-NICD transgenic mice

drives T cell differentiation at the expense of
ILC fates [23, 24]. By titrating the strength and
duration of Notch signaling, it has been shown
that strong Notch signaling favors T cell develop-
ment over ILCs in in vitro cultures [25]. However,
the differentiation of ILC2 and ILC3 depends on
intermediate levels of Notch signaling. ILC3 dif-
ferentiation requires a longer duration of exposure
to Notch ligands such as Delta-like 4, relative to
ILC2 production. In contrast, the differentiation
of NKs and ILC1s is inhibited by Notch signaling
when CLPs are cultured on OP9-DL1
stroma [25].

The cell-intrinsic drivers of ILC differentiation
include an array of transcription factors which are
responsible for either the generation of ILC
progenitors or the specification of different ILC
subsets. TCF1, encoded by Tcf7, is expressed in
early ILC progenitors (EILP) and plays a pivotal
role in the generation of downstream progenitors
for ILC subsets (CHILPs) and NK progenitors
(NKP) [26, 27]. In addition, TCF1 promotes
ILC2 differentiation by upregulating GATA3,
another important transcription factor in ILC
development [28, 29].Gata3 is expressed at vary-
ing levels in ILC progenitors and ILC subsets and
activates the transcription of Il7r, encoding an
obligatory cytokine receptor [30–32]. GATA3 is
necessary for the differentiation of ILC1s, ILC2s,
and non-LTi ILC3s but not for NKs [33]. In par-
ticular, GATA3, highly expressed in ILC2s, is
instrumental for the maturation of ILC2s and
responsible for the expression of type 2 cytokines
including IL-4, IL-5, and IL-13 [32, 34]. It also
stimulates the transcription of other genes
involved in ILC2 function such as Il1rl1 and
Il17rb, which code for receptors of ILC2-
activating cytokines, IL-33 and IL-25,
respectively.

PLZF, encoded by Zbtb16, is expressed in ILC
progenitors (ILCPs) which give rise to ILC1 to
ILC3 but not NK cells [2]. It is thus thought to
promote the differentiation into ILCs but limit the
NK and LTi fates. Whether it plays a role in the
specification of any ILC subsets is not clear.
Additional transcription factors important for
ILC progenitors include NFIL3 and TOX
whereas T-BET and RORγt help dictate the
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ILC1 and ILC3 fates, respectively [28, 35]. Lastly,
Id2, an inhibitor of basic helix-loop-helix E pro-
tein transcription factors [36], is expressed in ILC
progenitors downstream of CLP and is essential
for the generation of all ILC subsets [7, 37]. The
crucial role of Id2 highlights the importance of
this family of transcription factors and their
inhibitors, which will be discussed in-depth in
subsequent sessions.

3.3 The Ability of the Thymus
to Support ILC Differentiation

The primary known function of the thymus is to
produce T lymphocytes. Multipotent progenitors
from the bone marrow, namely lymphoid-primed
multipotent progenitors (LMPPs) and common
lymphoid progenitors (CLPs), seed the thymus,
where they become early T cell progenitors
(ETPs, included in the CD4 and CD8 double-
negative stage 1 (DN1) population) [8, 10, 38–
40]. Through separate but parallel differentiation
programs, ETPs give rise to αβ and γδ T cells,
respectively [41]. The developmental cascade for
αβ T cells can be characterized by the expression
of CD4 and CD8 surface markers. ETPs progress
through four DN stages (DN1–4) to the double-
positive stage before maturing into CD4 or CD8
single-positive αβ T cells [42, 43]. The massive
expansion of DN3 or DN4 T cells makes αβ T
cells the major T cell population in the thymus
and periphery [44]. γδ T cells are also derived
from ETPs and they are largely CD4 and CD8
double negative [45, 46]. The divergence between
αβ and γδ T lineages is thought to be governed by
either stochastic events or instructive TCR signal-
ing strengths [47, 48]. DN T cells with higher
levels of IL-7R and SOX13 are biased towards
the γδ T cell fate. Likewise, TCRγδ delivers
stronger signals compared to pre-TCR on imma-
ture αβ T cells.

Thymic epithelial cells are known to secrete
IL-7 and express Notch ligands, Delta-like 4, thus
providing a favorable condition for the develop-
ment of both T cells and innate lymphoid cells
[49–51]. Moreover, T cells can produce IL-2,
which helps in the survival of ILC2s [52]. In

terms of cell-intrinsic factors, early T cell
precursors express essential transcription factors
for ILC differentiation, including TCF1, GATA3,
and Bcl11b [26, 28, 32, 53, 54]. Since ETPs have
been shown to retain the multipotent capacity to
differentiate into dendritic cells and myeloid cells
[12], it is not surprising that they can generate
ILCs given the nourishing environment the thy-
mus provides. However, in vivo and in vitro data
also illustrate that committed T cell precursors
such as DN3 cells can also differentiate into
ILC2s [14]. What controls the lineage decision
between T cells and ILCs remains to be fully
understood but modulating the function of basic
helix-loop-helix E protein transcription factors
has been shown to play a critical role as detailed
below.

3.4 Regulation of T Cell Versus ILC
Fates by E Protein
Transcription Factors

3.4.1 E Proteins and Their Inhibitors

E proteins are a group of four basic helix-loop-
helix transcription factors encoded by the E2A
(Tcf3), HEB (Tcf12), and E2–2 (Tcf4) genes
[55, 56]. They share extensive sequence
homologies in their DNA-binding and transcrip-
tion activation domains but the expression
patterns are different in different cell types and
at different developmental stages. They all bind to
“E box” sequences and activate transcription of
their target genes as homodimers or heterodimers
between two E proteins. In addition, there exist
four inhibitors of E proteins, called Id1 to Id4,
which contain the helix-loop-helix dimerization
domain but not the region containing basic amino
acids necessary for DNA binding [57]. Id proteins
bind all E proteins to form heterodimers which
cannot bind to DNA. Therefore, the net E protein
activity in a given cell depends on the ratio
between E and Id proteins. While expression
levels of E protein genes are relatively stable, Id
gene transcription is often regulated dynamically,
thus controlling the net E protein activity.
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3.4.2 E Proteins Are Essential for T
Cell Development

E and Id proteins are known to be crucial for T
cell development at multiple checkpoints but their
roles at early stages are most relevant to ILC
differentiation [58–61]. Because both the E2A
and HEB genes are expressed in T lineage cells,
disrupting either of them did not reveal severe
developmental block [58, 62]. However, when
the Id1 inhibitor was expressed in early T cell
progenitors under the control of the proximal
promoter of the lck gene, T cell development
was completely abrogated in the transgenic mice
[63–65]. Likewise, with inducible deletion of
both E2A and HEB genes using the plck-Cre
transgene, which starts to express at the DN3
stage (later than the plck-Id1 transgene), T cell
development, particularly αβ T cells, was dramat-
ically blocked [66]. These data indicate that E
proteins are critical for T cell commitment.

Consistent with the function of E proteins,
gene expression analyses have shown that E
proteins are instrumental for the transcription of
Notch1 [67]. E proteins also activate the tran-
scription of Ptcra, Rag1, Rag2, and some of the
Cd3 genes, which encode molecules crucial for
the formation of pre-TCRs involved in the β
selection of developing T cells that leads to their
massive expansion [68]. Interestingly, pre-TCR
signaling, and TCR signaling at a later stage,
triggers the activation Ras-MAP kinase pathway,
which in turn upregulates the Egr transcription
factors that stimulate Id3 transcription [69]. The
transient upregulation of Id3 and more sustained
Id2 expression are important for T cell selection
and NKT cell differentiation [61, 70–75]. In γδ T
cells, TCRγδ signaling also leads to high levels of
Id3 expression, and thus a downregulation of E
protein activities [45, 76].

3.4.3 Suppression of ILC2 Fates by E
Proteins

The impact of E proteins on ILC2 differentiation
was discovered unexpectedly in Id1 transgenic

mice, as well as in E protein-deficient mice
[13, 68]. As mentioned in the previous section,
ectopic Id1 expression at the ETP stage
completely blocks T cell development
[63, 65]. However, a large number (about 3x105

per thymus) of lineage-negative cells
accumulated in the thymus, which fit the descrip-
tion of ILC2, namely Lin�Thy1+ST2+ [13]. In
contrast, such cells in wild-type thymus only
amount to fewer than 10,000. In addition, these
ILC2s exit the thymus, leading to the accumula-
tion of massive amounts of ILC2s in peripheral
tissues throughout the body. Functional studies
show that these ILC2s made in the thymus elicit
type 2 immune responses upon stimulation with
papain or helminths [13]. Because the lung and
small intestine of Id1 transgenic mice harbor
more than ten times ILC2s compared to wild-
type mice, they are much more efficient at expuls-
ing worms from the small intestine after infection
with Nippostrongylus brasiliensis. Besides the
cell-intrinsic ability of ETPs to differentiate into
ILC2s, this mouse model also illustrated the enor-
mous capacity of the thymus in supporting ILC2
differentiation.

Furthermore, when the E2A and HEB genes
were ablated using plck-Cre, large numbers of
ILC2s were also found in the thymus, as well as
in peripheral tissues [13, 14]. Using reporter
assays, it has been shown that plck-Cre expres-
sion begins at the DN3 stage [13], when T cell
commitment already takes place. Although plck-
Cre employs the same promoter as the plck-Id1
transgene, the different integration sites dictate
the different timing of gene expression. The fact
that knocking out the E protein genes after T cell
commitment can promote ILC2 differentiation
suggests that ILC2s can be generated from
committed T cell precursors in addition to
multipotent progenitors [14]. Moreover, the two
E protein genes were also deleted using Il7r-Cre,
which expresses at the CLP stage in the bone
marrow, and increased ILC2 production was
also observed [68]. Fetal thymic organ culture
studies showed that ILC2s could be generated in
the thymus of these mice. Likewise, inducible
deletion of the E2A and HEB genes with
Rosa26-CreERT2 after administration of
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tamoxifen boosted ILC2 production in both the
bone marrow and thymus [14]. Conversely, when
a gain-of-function mutant of E proteins, called
ET2 [77], was expressed after induction with
Il7r-Cre, ILC2 but not ILC1 or ILC3 differentia-
tion was diminished in the bone marrow
[78]. Finally, using the in vitro OP9-DL1 stromal
culture system, ILC2 differentiation from CLP,
ETP, and DN3 progenitors was all enhanced by
20–40-fold upon ablation of these two E protein
genes [14].

Taken together, several lines of evidence
strongly suggest that E proteins play crucial
roles in suppressing ILC2 differentiation either
in the bone marrow or in the thymus. This occurs
not only in multipotent progenitors but also in
committed T cell precursors.

3.4.4 Molecular Mechanisms
Underlying E Protein-Mediated
Suppression of ILC2
Differentiation

E proteins are powerful drivers of B and T cell
development in the bone marrow and thymus,
respectively. One might imagine that the failure
of B or T cell differentiation in the absence of E
proteins would automatically allow the ILC fate.
However, the massive production of ILC2s seen
in either Id1 transgenic mice or E protein-
deficient mice has not been mirrored in any
other mouse models where B or T cell develop-
ment is arrested at early stages, for example,
Rag1�/� or Rag2�/� mice. Comparison of gene
expression between ETPs isolated from control
and E protein-deficient mice revealed the
downregulation of T cell-specific genes and
upregulation of ILC2-specific genes [68]. These
results could be complicated by the potential
differences in the compositions of the ETP
fractions in the wild-type and E protein-deficient
mice because any contamination of the ETP prep-
aration with ILC2s in the E protein knockout mice
would skew the transcription profile towards
ILC2. Therefore, the data obtained could not
fully explain how E proteins suppress the
ILC2 fate.

To identify the root causes of accelerated ILC2
differentiation upon E protein ablation, gene
expression changes at the onset of ILC2 differen-
tiation have to be determined. To this end, Qian
et al. plated ETP and DN3 cells isolated from
E2AFf/f;HEBf/f;Rosa26-CreERT2;Rosa26-Stop-
tdTomato or Rosa26-CreERT2;Rosa26-Stop-
tdTomato control mice onto OP9-DL1 stromal
cells [14]. Four days later, tamoxifen was added
to the cultures and tdTomato-positive cells were
collected after 24 or 72 h. At these time points,
phenotypic ILC2s had not been made but gene
expression already changed. Differentially
expressed genes comparing the control and
knockout cells at these early stages may be key
to the ILC2 differentiation program. Indeed, a
network of genes critical for ILC2 differentiation,
such as Gata3, Rora, Lmo4, and Zbtb16, were
upregulated within 24 h. This was accompanied
with the downregulation of T cell differentiating
genes like Ptcra, Rag1, Rag2, Dntt, Cd3g, and
Notch1 [14, 79].

Perhaps, a 24-h period is still too long to
ascertain if these genes are direct targets of E
proteins. The Sun lab next attempted to express
an inducible form of E protein, E47ER, in ILC2s
isolated from Id1 transgenic mice using retroviral
transduction [79]. When tamoxifen was added to
the cells, changes in gene expression and chroma-
tin accessibility within 4 and 16 h were examined
using RNA sequencing and ATAC (assay for
transposase-accessible chromatin)-seq assays.
Consistent with the notion that E proteins are
transcriptional activators, the majority of the
changes in mRNA levels are upregulated. How-
ever, ATAC-seq revealed the dynamic changes in
chromatin accessibility. At 4 h, induction of
E47ER led to increases in accessibilities but by
16 h, a major decrease in open chromatin
occurred and the accessible regions lost due to
increased E47ER activity contained binding sites
for leucine zipper proteins and GATA transcrip-
tion factors. These results suggested that the sup-
pression of chromatin is a secondary consequence
of genes initially upregulated by E47. Cbfa2t3
and Jdp2, encoding MTG16 (also called ETO2)
and JDP2 transcription repressors, respectively
[80–83], were indeed found to be activated by
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E47 [79]. Based data from loss of E protein func-
tion in ETPs and DN3s and gain of function in
ILC2s, a consensus was obtained with regard to
genes activated by E proteins, which include
Cbfa2t3, Bach2, Gfi1, Tcf7, Jdp2, and Btg2.
Genes directly or indirectly repressed by E
proteins include Tox, Maf, Irf4, Icos, Ikzf2, Klf6,
Gata3, and Lmo4, which are known to be
involved in ILC2 differentiation [79]. Whether
these findings can be verified in vivo using
genetic rescuing experiments would depend on
how many genes are simultaneously involved in
influencing the ILC2 fate and how these genes
impact the differentiation of other lineages of
cells.

3.5 ILCs Made in the Thymus

Despite the observation of massive ILC2 produc-
tion in the thymus upon E protein ablation
[13, 14], the critical question to be answered is
whether the thymus normally contributes to the
pools of ILC2 or other ILCs in peripheral tissues.
To address this issue, one major challenge is to be
able to distinguish thymus-derived ILCs from
those generated in the bone marrow or from
tissue-resident ILC precursors. Fortunately, sev-
eral unique properties of thymocytes allow the
development of useful genetic tools even though
none of them is perfect. These tools include the
athymic nude mice, thymus-specific T cell recep-
tor gene rearrangement events that permanently
mark the descendant cells, and reporter gene
expression induced by a thymus-specifically
expressedCre recombinase [84–88].Additionally,
the single-cell RNA sequencing technology
(scRNA-seq) is also a powerful approach, espe-
cially when used in combination with the tools
mentioned above. These tools have been
exploited to vigorously interrogate the impact of
the thymus in supplying ILCs to peripheral
tissues.

3.5.1 ILCs Within the Thymus

Because of the shared properties between T cells
and ILCs, it has been difficult to definitively

separate these two cell types with surface markers
or transcription factor signatures. Much of the
characterization relied on scRNA-seq and infer-
ence from in vitro single-cell cultures. Moreover,
a majority of the studies were conducted using
fetal thymi, which provide advantage in monitor-
ing the developmental progression of ILC pro-
duction. While analyzing total thymocytes at
different embryonic stages using scRNA-seq,
Kernfeld et al. found that ILC1-like cells
appeared at E12.5–E14.5 whereas ILC2-like
cells were predominantly detected at E15.5–
E16.5 [89]. In another study, Elsaid et al. used
single-cell cultures on OP9 stroma or in fetal
organ cultures to show that ETPs from E13.5
thymi had a greater propensity to generate LTi
cells but more restricted potential to differentiate
into all other ILC subsets [90]. In contrast, the
majority of ETPs from E18.5 thymi can give rise
to ILCs but have no capacity of generating LTis.

Recently, the McKenzie group has further
characterized ILC differentiation in embryonic
thymus by using scRNA-seq in conjunction with
a five-color polychromILC TF reporter strain of
mice, where expression of ID2, BCL11B, GATA-
3, RORα, and RORγt was indicated by different
fluorescent proteins [91]. ILC2s were found to be
more abundant in E19.5 thymi compared to E15.5
thymi. These cells were defined as
ID2+BCL11B+GATA3+RORα+ by flow
cytometry and considered ILC2Ps in the thymus.
These cells were shown to be able to seed small
intestine when the fetal thymi were implanted into
recipient mice [91]. Curiously, a subset of cells
characterized as ID2�BCL11B+GATA3+ also
existed in E19.5 thymi but their identity was not
clear. ID2+BCL11B� cells have the potential to
differentiate into NK cells, and thus are
designated NKPs. The reporter mice also
facilitated the localization of ILC2s to the
medulla of the thymus, and the illustration of
their close proximity to IL-33-producing thymic
epithelial cells. The authors also concluded that
ILC differentiation precedes the formation of
CD4+CD8+ T cells, thus indicating a faster kinet-
ics of ILC ontogeny from ETPs compared to T
cell development. Mechanistically, the authors
concluded that RORα is a critical transcription
factor for ILC2 differentiation and suppression
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of the T cell fate. RORα coordinates binding with
GATA3 transcription, which leads to the
upregulation of Bcl11b, Id2, and Nfil3 [91].

In postnatal thymi, Jones et al. took advantage
of the Id2 reporter mice and analyzed the Lin�IL-
7R+CD3 (intracellular)� population for the
expression of signature transcription factors,
T-bet, GATA3, and RORγt, which are enriched
in ILC1s, ILC2s, and ILC3s, respectively
[92]. Up to the first 7 days after birth, comparable
levels of ILC2 and ILC3 were detected but ILC3s
disappeared from the thymus by day 14. Of the
ILC3s detected on day 7, the CCR6+ subset was
the predominant form. ILC1s were very rare at all
ages. Like in the fetal stage, ILC2 also resides in
the medulla.

In human postnatal thymi, ILCs were
characterized in the Lin�CD127+CD161+ popu-
lation, within which all three ILC subsets were
detected [93]. While CRTH2+ cells are consid-
ered ILC2s, the CRTH2� cells were further
fractionated into ILC1s (c-kit�NP44�) and two
subsets of ILC3s (c-kit+NP44� and NP44+).
Interestingly, CD5 expression marked immature
ILCs in the thymus as well as umbilical cord
blood. Upon differentiation of the immature
ILCs, CD5 expression is downregulated. In
human fetal thymi, all three ILC subsets have
been described based on scRNA-seq data
[94]. Like in mice, ILC2s appeared to be the
predominant subset in the thymus and were
more abundant at 12 weeks of gestation compared
to 8 weeks. Because of the distinct transcriptomes
within each ILC subset, the three ILC subsets
were deemed heterogenous and subdivided into
multiple groups.

Regardless of the ages of the pre- or postnatal
thymi, ILC2s are found to be the prominent group
among all ILCs. This is consistent with the thy-
mic microenvironment conducive to ILC2 differ-
entiation. The remaining question concerns their
physiological function in the thymus. At early
embryonic stages, the production of LTis may
facilitate thymic organogenesis [90]. During
later embryonic stage and postnatal stages, the
presence of ILC2s may contribute to the cytokine
milieu [92]. However, whether these functions

are essential or redundant remains to be fully
understood.

3.5.2 Detection of TCR
Rearrangement in ILC2s
in the Lung

One of the unique events occurring during T cell
development in the thymus is the rearrangement
of T cell receptor genes including Tcrb, Tcrg,
Tcrd, and Tcra. Recombination in Tcrg and
Tcrd takes place at the CD4 and CD8 double-
negative (DN2) stage, and leads to the formation
of TCRγδ complexes and the development of γδ
T cells [95]. Productive rearrangement of Tcrb at
the DN3 stage allows the assembly of pre-TCR
complexes consisting of the TCR β chain paired
with the pre-TCRα chain, which is the prerequi-
site for αβ T cells to progress to the double-
positive stage (DP) [44]. It is at the DP stage
where Tcra rearrangement occurs, which enables
the generation of a diverse array of functional αβ
TCRs [96]. Because Tcrd is imbedded in the Tcra
locus, Tcra rearrangement results in the loss
of Tcrd.

If ILCs are derived from committed T cell
precursors, one would expect that the ILCs in
the periphery carry rearranged TCR genes.
Indeed, lung ILC2s from wild-type mice but not
nude mice harbor rearranged Tcrb and Tcrg
detected by using PCR primer pairs that amplifies
Dβ2-Jβ2, Vβ3-DJβ2, and Vγ1-Jγ4 [14]. By com-
paring to a standard curve made using total
thymocytes, these events were estimated to
occur in about 10% of mature ILC2s. However,
in knockout mice where E proteins are deleted at
the DN3 stage, nearly all ILC2s in the lung car-
ried arranged TCRs. By contrast, lung ILC2s
from Id1 transgenic mice did not exhibit such
rearrangement because these cells were generated
at the DN1 stage.

Shin et al. also measured Tcr gene recombina-
tion in lung ILC2s and detected only rearrange-
ment in the Tcrg locus [97]. The failure of
detecting Tcrb rearrangement may be due to the
limited sensitivity of the detection by agarose gel
electrophoresis compared to Southern blotting of
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the PCR products used by Qian et al. Tcrd rear-
rangement was also not found. Additionally, a
lower frequency of productive Tcrg rearrange-
ment in ILC2s was observed compared to γδ T
cells, even though a fraction of the rearranged
genes in ILC2s did have open reading frames,
which suggests no strong selection against
in-frame recombination. Furthermore, the
transcripts from the rearranged Tcrg genes were
not present in ILC2s.

A major challenge in the interpretation of these
data is that the studies were carried out with bulk
cell preparations. Given the complexity of TCR
rearrangement events and the presence of two
alleles of each gene, it is difficult to ascertain if
the predecessor of individual ILC2s ever had
functional TCR genes prior to its conversion to
an ILC2. This information would help understand
how T cell precursors diverge to the ILC path but
it awaits the advancement of the single-cell DNA
sequencing technology.

3.5.3 Reporter Expression in ILCs
in a Thymus-Dependent
Manner

Fate mapping using Cre-mediated recombination
is a powerful approach for determining the devel-
opmental history of a cell. To monitor thymus-
derived ILCs, the Cre recombinase has to be
expressed specifically in the thymus and during
earlier stages of T cell development. Two such
Cre transgenes may be of use. The first one,
designated pTαiCre, has the Cre gene knocked
into Ptcra and begins to express at the later part
of DN1 stage. It labels about 40% of the
DN2/DN3 cells [98]. The second one, called
plck-Cre, expresses the Cre transgene from the
proximal promoter of the lck gene [87]. This gene
labels few DN1 and DN2 cells but marks about
20% of DN3 cells [13]. When crossed to
R26-Stop-tdTomato mice, about 30% of
ILC-containing Lin�Thy1+ cells in the blood
expressed tdTomato [14]. Transplantation of
bone marrow cells from plck-Cre:R26-Stop-
tdTomato mice into athymic nude mice did not
lead to production of tdTomato+Lin�Thy1+ cells

in the blood, suggesting a thymus dependency. In
the peripheral tissues such as lung, small fractions
of conventional ILC2s were found to be
tdTomato+, which suggested that these cells
came from the thymus. In the small intestine,
while the Lin�Thy1+KLRG1+ ILC2s expressed
little tdTomato, their KLRG1� counterparts had
high frequencies of tdTomato+ cells. These cells
have recently been shown to contain immature
forms of ILCs [99].

Intriguingly, the frequencies of tdTomato+

mature ILC2s in the lung or small intestine are
not as high as those seen in the immature forms or
in the blood [14]. Since the immature forms of
ILCs are permanently labeled by tdTomato, these
cells should have been detected after they mature.
Although this might mean that thymus-derived
ILCs do not contribute significantly to the pools,
one possible explanation is that the expression of
tdTomato causes some disadvantage in cell
growth or survival such that the small fraction of
tdTomato+ cells cannot compete with the majority
of tdTomato� cells. We indeed found this to be
the case in OP9 stromal cultures where
tdTomato+ progenitors generate two- to threefold
fewer ILC2s compared to cells not expressing
tdTomato (Qian and Sun, unpublished). There-
fore, this drawback combined with a low effi-
ciency of tdTomato expression before the DN3
stage makes plck-Cre;R26-Stop-tdTomato mice
less than ideal reporters for tracing thymus-
derived ILCs.

3.5.4 In Vitro Differentiation of ILC2s
from T Cell Precursors

To directly assess the potentials of wild-type
thymocytes to differentiate into ILC2s, Qian
et al. compared such abilities of purified DN1
(ETP) and DN3 thymocytes to those of CLPs
from the bone marrow by using in vitro cultures
on OP9-DL1 stromal cells in the presence of IL-2,
IL-7, and stem cell factor [14]. CLPs and DN1
cells displayed similar kinetics and proliferative
potential during differentiation. By day 17, they
yielded 4–7 � 104 ILC2s per progenitor. This
result indicates that earliest T cell progenitors
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have similar capacity in producing ILC2s as the
lymphoid-biased bone marrow
progenitors, CLPs.

In contrast, DN3 cells differentiated into
ILC2s faster and ILC2s were detectable on day
7. However, the cell number increased at a slower
pace and plateaued by day 14, thus yielding about
ten times fewer ILC2s on a per cell basis. This
may be due to the lower intrinsic proliferative
ability of the committed T cell precursors com-
pared to multipotent progenitors such as CLPs
and DN1s. Nevertheless, this finding is of great
significance because it suggests that committed T
cell precursors can differentiate into ILC2s. Con-
sidering the vast excess in the number of DN3s
over DN1s, differentiation from DN3 cells could
amount a significant output of ILCs.

3.5.5 Identification
of Thymus-Derived ILC
Precursors in the Blood

Given the limitations of using reporter mice and
TCR arrangement events as handles to examine
thymus-derived ILCs, the Sun laboratory has
taken advantage of the scRNA-seq technology
and the availability of different mouse strains to
examine the ILC populations in the blood of
2-month-old mice and assess the contribution of
the thymus to circulating ILCs [99]. By compar-
ing the abundance of different subsets in wild-
type and athymic nude mice, we found that sev-
eral clusters, collectively called td-ILC,
accounted for about 50% of the Lin�Thy1+ pop-
ulation in the blood and about 0.025% of the total
peripheral blood mononuclear cells (PBMCs).
They were suspected to be derived from the thy-
mus because the athymic nude mice had dramati-
cally reduced frequencies of these cells. On the
contrary, mice with two of the E protein genes
specifically deleted at the DN3 stage possess over
1000 times more of the td-ILCss. Transcriptome
analyses of td-ILCs showed expression of genes
commonly found in ILCs such as Il7r and Tcf7.

They also expressed Sell and S1pr1, which
encode proteins necessary for cells to exit the
thymus. Genes coding for different CD3 chains
were also detected but other T cell-specific genes
were not, which suggested that td-ILCs may be
generated from committed T cell precursors.
Based on the scRNA-seq data, a flow cytometric
staining scheme (Lin�CD127+CD62L+ intracel-
lular (ic) CD3ε+) was designed to detect td-ILCs
in the blood of wild-type mice but not nude mice.
CD127 and CD62L are encoded by Il7r and Sell,
respectively [99].

However, signature genes for transcription
factors dictating ILC1, ILC2, and ILC3 fates,
Tbx21, Gata3, and Rorc, were not found in
td-ILCs, which raised the possibility that these
cells are the precursors of ILCs. To further inves-
tigate the nature of td-ILCs, the scRNA-seq data
was interrogated by performing trajectory infer-
ence of WT Lin�Thy1+ cells using the
pseudotime progression method in the Monocle2
program. This study placed clusters containing
td-ILCs in between immature T cells and
differentiated ILC subsets which may or may
not be made in the thymus. Analyses of
pseudotime-dependent genes along the trajectory
confirmed such an assessment in that T cell-
specific genes are highly expressed at the begin-
ning of the trajectory whereas ILC-specific genes
are enriched at the other end of the spectrum [99].

The observation that substantial fractions of
Lin�Thy1+ population in mouse blood represent
ILC precursors is reminiscent of that found in
human blood, where Lin�CD127+CRTH2�c-kit+

cells have been shown to be ILC precursors
[99, 100]. These human ILCs were further
demonstrated to be heterogeneous with distinct
biases towards different ILC subsets [100, 101].
Likewise, the mouse ILC precursors are likely to
have diverse differential potentials and tissue
preferences. It would be interesting to ascertain
if any of the human ILCPs at the adult stage are
made in the thymus.
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3.5.6 Identification of Immature
Thymus-Derived ILCs
in Peripheral Tissues and Their
Differentiation

To trace the thymus-derived ILC precursors in the
blood to peripheral tissues, intracellular CD3ε
(icCD3ε) was used as a marker [99]. This marker
was first validated by analyzing the lung and
small intestine of wild-type, nude, and E
protein-deficient mice. The numbers of
Lin�CD127+ST2�icCD3ε+ cells in the lung and
Lin�CD127+KLRG1�icCD3ε+ cells in the small
intestine were dramatically reduced in the
athymic nude mice and greatly increased in E
protein-deficient mice, thus suggesting that
icCD3ε marks thymus-derived immature ILCs,
which are likely from the blood. Furthermore,
these cells could only be labeled by intracellular
but not surface staining for CD3ε, which excludes
the possibility that these cells are T cell
contaminants [99].

Since the icCD3ε+ cells were mainly found in
the immature forms in the lung and small intes-
tine, their ability to differentiate into different ILC
subsets in these peripheral tissues was examined
by analyzing the expression of T-BET, GATA3,
and RORγt transcription factors [99]. Interest-
ingly, an inverse relationship between the levels
of the transcription factors and icCD3ε was
found, which suggests that as the ILC precursors
differentiate into different ILC subsets, they
downregulate CD3ε expression. Additionally,
the icCD3ε+ ILC precursors bias towards differ-
ent ILC subsets in different tissues. For example,
they differentiated primarily into ILC2s in the
lung whereas in the small intestine, the majority
of the cells expressed T-BET, suggesting an
NK/ILC1 cell fate. There are also icCD3ε+

mature ILC2s and ILC3s but they constitute
very small fractions, which is consistent with the
notion that CD3 expression is downregulated as
ILCs mature.

When mice were infected with helminths,
Nippostrongylus brasiliensis, there was an initial
increase of Lin�CD127+ST2�icCD3ε+ cells in
the lung, which could be due to recruitment of

ILC precursors from the blood or the local expan-
sion of these cells [99]. This was then followed by
marked elevation of mature ILC2 counts and
secretion of type 2 cytokines, IL-5 and IL-13.
Similarly, IL-5 and IL-13 production can also be
induced by helminth infection in the mesenteric
lymph nodes. These results suggest that a known
stimulus of ILC2s promotes the differentiation of
the thymus-derived ILC precursors. Considering
that these icCD3ε+ ILC precursors are constantly
circulating in the blood, they may replenish ILC
pools in tissues, particularly under
nonphysiological conditions such as parasite
infections.

3.6 Conclusions and Future
Directions

The thymus provides a nurturing environment for
ILC differentiation. Thymocytes, either
multipotent progenitors (e.g., ETPs/DN1 cells)
or committed T cell precursors (e.g., DN3 cells),
have the potential to differentiate into ILCs, at
least ILC2s (Fig. 3.1). A key question is whether
the thymus is one of the major sources of ILC
pools prenatally or postnatally. Recent data from
our laboratory showed that in the blood of
2-month-old wild-type mice, a substantial frac-
tion of PBMCs represents thymus-derived ILC
precursors (Fig. 3.2). These cells were shown to
home to peripheral tissues and differentiate into
diverse ILC subsets. Infection with helminth
parasites initially increased the level of immature
ILCs in the lung and their subsequent maturation
into functional ILC2s, which suggests that
thymus-derived ILC precursors in the blood
could replenish tissue ILCs on demand. Further
studies are necessary to understand the participa-
tion of circulating ILC precursors in a variety of
immunological responses involving all three ILC
subsets.

The recognition of the thymus as a source of
ILCs helps establish a new paradigm in ILC
ontogeny (Fig. 3.1). The fact that committed T
cell precursors can differentiate into ILC2s
suggests that not all ILC differentiations have to
go through the route involving specialized ILC
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progenitors as defined in the bone marrow. This
then leads to interesting questions as to how the T
and ILC cell fates are determined and what
molecular switches are involved. Considering
the dynamics of thymus maintenance through
lifetime, the contribution of thymus in ILC
homeostasis is of great significance in

age-related immunological functions in physio-
logical and pathophysiological conditions.
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Abstract

Natural killer (NK) cells are cytotoxic innate
lymphocytes that can kill tumor cells. While a
majority of the early studies on the role of NK
cells in cancer focused on hematopoietic
tumors, there has been a growing interest in
the role of NK cells in solid tumors. NK cells
are grouped with innate lymphoid cells (ILCs)
that include ILC1, a closely related but distinct
cell whose role in antitumor immunity is
incompletely understood. In this review we
focus primarily on the role of NK cells in
solid tumors and review the limited data avail-
able on the role of ILC1s in cancer.
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Abbreviations used in this chapter:

cDC1 Conventional type I dendritic cells
CLP Common lymphoid progenitor
cNK
cell

Conventional natural killer cell

DC Dendritic cell
Eomes Eomesodermin

FBP1 Fructose-1,6-bisphosphatase
Flt3-L Fms-like tyrosine kinase 3-ligand
GM-
CSF

Granulocyte-macrophage-colony-
stimulating factor

IBD Inflammatory bowel disease
ILC1s Innate lymphoid cells group 1
Lag3 Lymphocyte activation gene 3
MCA Methylchoanthrene
MCMV Murine cytomegalovirus
MHC Major histocompatibility complex
NETs Neutrophil extracellular traps
NK cell Natural killer cell
PD1 Programmed death protein 1
PMA Phorbol 12-myristate 13-acetate
SMAD4 Smad family member 4
T-bet T-box transcription factor
Tim3 T cell immunoglobulin domain and

mucin domain 3
TGCA The Cancer Genome Atlas
TGFβ Transforming growth factor β
TIGIT T cell immunoreceptor with Ig and

ITIM domains
trNK Tissue-resident NK cells

4.1 Introduction

Natural killer (NK) cells and innate lymphoid
cells group 1 (ILC1s) are closely related innate
lymphocytes that have been described in mice
and humans under homeostatic conditions and in
cancer [1–3]. The antitumor functions of NK cells
were recognized at the time of their discovery
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[3]. In mouse models, NK cell depletion and
perturbations of NK cell effector functions such
as cytotoxicity and cytokine production result in
significantly increased tumor burdens [4–8]. In
humans, a large, long-term study found that
decreased cytotoxic potential of NK cells was
associated with increased risk of cancer develop-
ment [9], highlighting the critical role NK cells
play in antitumor immunity. With the more recent
identification of ILC1s, there has been an intense
focus on understanding how these two cell types
can be differentiated and function in the develop-
ment or control of cancer. In this review we focus
primarily on NK cells in solid non-hematological
tumors, as the role of NK cells in hematological
malignancies has been extensively reviewed
[3, 10–12], and discuss the limited data regarding
the role of ILC1s in antitumor immunity.

4.2 NK Cells and ILC1s

Most early discoveries regarding NK cell func-
tion in both mice and humans were derived pri-
marily from what we now know to be
conventional NK cells (cNK) that circulate in
the blood vasculature and are readily found in
the mouse spleen and human peripheral blood.
In this review, we will refer to cNK cells when-
ever NK cells are discussed, unless otherwise
stated. However, ILC1s are now known to
express many markers originally thought to be
selectively expressed on NK cells, such as
NK1.1 and NKp46 in mice [13, 14]. One of the
early challenges following the identification of
ILC1s was finding markers that could consis-
tently differentiate the two, such as CD49a and
CD49b that are selectively found on NK cells and
ILC1s in the naïve mouse, respectively [13]. Yet
CD49a expression can be induced on NK cells
during infection and CD49b can be
downregulated on activated NK cells
[15, 16]. Similar issues were uncovered with
other markers and molecules, such that it remains
challenging to determine if functions attributed to
one cell type could be due to the other, and vice
versa, or due to both innate lymphocyte
populations.

While NK cells and ILC1s develop from the
common lymphoid progenitor (CLP), there are
key differences in their developmental
requirements that help discriminate the two cell
types [2, 17]. NK cells differentiate from the CLP
at a point proximal to when ILC commitment
occurs [18]. In addition, NK cells require the
T-box transcription factor Eomesodermin
(Eomes) for their development while ILC1s can
develop in the absence of Eomes but are critically
dependent on a related T-box transcription factor
(T-bet) for their development [19–21]. By con-
trast, NK cells only require T-bet for their matu-
ration [22]. There is significant overlap in the
tissue distribution between cNK cells and
ILC1s; both can be found in the liver, kidney,
uterus, salivary glands, skin, and lungs which
also contain tissue-resident NK (trNK) cells that
are often thought to be ILC1s, in part because
ILC1s are primarily tissue resident and generally
do not circulate and trNK cells also require T-bet
[13, 23–26]. However, during inflammation, ILC
progenitors can circulate and seed other organs
[27]. Moreover, during Toxoplasma gondii infec-
tion, cNK cells appear to be converted to ILC1-
like cells that circulate [28]. Thus, while NK cells
and ILC1s can be discriminated through their
developmental programs, recent discovery of
their plasticity has further made it difficult to
distinguish them unequivocally, particularly dur-
ing immune responses.

4.3 NK Cell Functions

NK cells express a wide variety of germline-
encoded receptors that allow NK cells to recog-
nize self-MHC class I, pathogen-derived, and
stress-induced/damage molecules that have been
extensively reviewed [29, 30] and will be briefly
discussed here. NK cells classically use inhibitory
receptors to ignore cells with normal MHC class I
(MHC-I) expression, whereas NK cells kill
targets lacking MHC-I expression, as in “miss-
ing-self.” Tumors may express molecules that are
recognized by NK cell activation receptors, but
when MHC-I is normally expressed, NK cells are
generally inhibited. Under certain circumstances,
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tumors can activate NK cells via NKG2D which
recognizes stress-induced ligands, even in the
presence of normal MHC-I [31, 32]. Once
activated, NK cells kill targets via the release of
cytolytic granules containing perforin and
granzymes that induce target apoptosis [5, 33,
34] though activated NK cells can also kill targets
via death receptor pathways [35–37]. However,
chronic stimulation of NK cells through their
activation receptors can lead to NK cell dysfunc-
tion [38], akin to T cell anergy. Nonetheless, in
addition to direct cytotoxicity, NK cells can shape
the immune response to the tumors (and other
inflammatory situations) via cytokine and chemo-
kine production that can be triggered via their
activation receptors or through direct
pro-inflammatory cytokine stimulation [39–
43]. This in turn can drive activation and infiltra-
tion of other immune cells into the tumor and
antagonize the development of an immunosup-
pressive tumor microenvironment. Thus, NK
cells can modulate the immune response to targets
either directly through cytotoxicity or indirectly
via cytokine or chemokine production.

4.4 NK Cells and Other
Tumor-Infiltrating
Immune Cells

The tumor microenvironment is a complex struc-
ture composed of malignant cells as well as non-
malignant stromal and immune cells [44, 45], all
of which can impact tumor growth and immune
response. In addition, soluble factors in the tumor
microenvironment can affect tumor-infiltrating
NK cells, like other infiltrating immune cells
[46]. Recently published studies have highlighted
how these complex relationships can affect NK
cells and tip the balance between tumor progres-
sion and tumor control (Fig. 4.1).

A well-recognized relationship between NK
cells and dendritic cells (DCs) in cancer was
established by early studies in mice indicating
that DC-derived cytokines such as type I
interferons and IL-2 were critical for NK cell
activation and enhanced NK cell-mediated
antitumor immunity [47–49]. Other studies

revealed that NK cell immunoediting contributes
to improved antitumor immunity through NK cell
killing of immature DCs while sparing mature
DCs which prevents the induction of a
tolerogenic tumor microenvironment and
supports a strong CD8+ T cell response to the
tumor [50, 51]. Moreover, NK cell-derived
CCL5 and XCL1 are critical for the recruitment
of conventional type I DCs (cDC1s) into the
tumor microenvironment [52]. More importantly,
disruption of this signaling axis led to a cascade
effect of poor tumor infiltration by cDC1s,
resulting in a weakened CD8+ T cell response
and a significantly higher tumor burden. In addi-
tion to supporting the adaptive response to the
tumor, cDC1 migration and infiltration into the
tumor provide support to NK cells through cell-
cell contact and production of cytokines such as
IL-12, driving NK cell activation and promoting
continued NK cell infiltration into the tumor
[51, 53, 54]. Data from The Cancer Genome
Atlas (TCGA) provide evidence for a similar
NK cell/cDC1 signaling axis in human mela-
noma, breast cancer, lung cancer, and head and
neck squamous cell carcinoma that is associated
with improved patient survival, demonstrating
that this signaling axis is relevant not only in
mice but in humans as well [52]. Other studies
reported similar findings but identified NK cells
as a critical source of fms-like tyrosine kinase
3-ligand (Flt3-L), the formative cytokine for
cDC1s [55]. Moreover, an in-depth analysis of
human patient samples revealed increased NK
cell and cDC1 infiltration to be associated with
elevated Flt3-L expression and improved mela-
noma patient survival [56]. Though some of the
details differ which could be tumor specific, these
findings nonetheless highlight a signaling axis
between NK cells and cDC1s that potentially
could be targeted for new NK cell
immunotherapies or improving the existing ones.

While the relationship between NK cells and
DCs has been well established, emerging studies
also indicate that NK cells are affected by and in
turn influence a wide variety of other tumor-
infiltrating immune cells including ILC2s,
eosinophils [57], neutrophils [58], T cells, and
myeloid cells (Fig. 4.1, [59]). With respect to
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ILC2s and eosinophils, pretreatment with Asper-
gillus protease allergen to induce type 2 inflam-
mation in the airways prior to tumor challenge
resulted in significantly higher tumor burdens
compared to untreated controls [57]. More specif-
ically, ILC2-derived IL-33 triggered an influx of
IL-5-producing eosinophils into the lungs that led
to metabolic changes in the lung microenviron-
ment. The altered lung tissue microenvironment
resulted in decreased NK cell interferon-γ (IFNγ)
production and cytotoxicity, leading to increased
tumor metastasis. Moreover, inhibition of this
signaling axis with blocking antibodies against
IL-5 and IL-33 was sufficient to restore NK cell
function, highlighting potential novel targets

affecting NK cells, ILC2s, and eosinophils for
immunotherapy [57].

Regarding neutrophils and NK cells, high
levels of tumor-infiltrating neutrophils are
associated with poor patient outcomes [60]. One
way that neutrophils contribute to host defense is
through NETosis, a unique form of cell death
specific to neutrophils occurring when their
DNA is extruded and released into the
surrounding tissues, resulting in structures, the
so-called neutrophil extracellular traps (NETs).
These structures trap and neutralize bacteria,
fungi, parasites, and other pathogens; however if
this process is dysregulated they can contribute to
disease pathology and progression [61]. While

Fig. 4.1 In the tumor microenvironment NK cells engage
in complex interactions with other tumor-infiltrating
immune cells which have the potential to tip the balance
between tumor progression and tumor control. cDC1

conventional type I dendritic cell, IFNγ interferon γ, NK
cell natural killer cell, ILC2 innate lymphoid cell
2. Generated with BioRender.com
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NETs have been identified in cancer, in many
cases the contribution of NETs to disease out-
come remains elusive. Recently published stud-
ies, using an in vitro co-culture model, revealed
that the formation of NETs around tumor cells
significantly inhibited NK cell- and CD8+ T cell-
mediated cytotoxicity against the tumor cells
[58]. Interestingly, pretreatment of tumor cell
cultures with DNaseI and NETosis inhibitors
was sufficient to restore NK cell and CD8+ T
cell cytotoxicity. Moreover, the combination of
DNase I and checkpoint blockade synergized,
resulting in significantly smaller tumors in a pre-
clinical mouse model of breast cancer [58]. These
findings illustrate a unique mechanism by which
tumors evade NK cell killing but it is unclear if
evasion is mediated primarily by preventing the
NK cells from physically interacting with the
tumor cells or if there are additional suppressive
effects on NK cell function following exposure to
tumors coated in NETs. Nonetheless, neutrophils
appear to be able to create a shield around the
tumor cells, at least physically and perhaps func-
tionally, protecting them from NK cell and CD8+

T cell cytotoxicity, suggesting that resistance to
checkpoint blockade may be related to this barrier
between the cytotoxic cells and the tumor
cells [58].

In terms of T cells and myeloid cells
interacting with NK cells, the temporal relation-
ship of NK cell to control of tumors is relevant.
Depletion of NK cells at the time of tumor chal-
lenge significantly impacted tumor outgrowth
whereas NK cell depletion after tumors had been
established made no difference for tumor rejec-
tion, highlighting how the NK cell response early
after tumor challenge is essential for controlling
tumor growth [59]. Moreover, disruption of NK
cell responsiveness shortly after tumor challenge
significantly impaired the resulting CD8+ T cell
response [52, 59]. Interestingly, stimulation of
NK cells via NKG2D ligands on tumor cells can
prime tumor-specific CD8+ CTL responses that
are protective [32]. NK cell-derived IFNγ is criti-
cal for tumor-associated macrophage polarization
to a phenotype conducive to adaptive immunity
and tumor control. If NK cells are unable to
produce IFNγ, this reprogramming of the myeloid

compartment does not occur [59], leading to the
development of an immunosuppressive microen-
vironment and uncontrolled tumor growth. These
findings emphasize how myeloid cells can influ-
ence both NK cell cytotoxicity and cytokine pro-
duction that work in concert to coordinate the
immune response, including T cells, and create a
tumor microenvironment more conducive to a
strong antitumor response and tumor control.
Thus, a greater understanding of how NK cells
interact with other tumor-infiltrating immune
cells is essential for a deeper understanding of
the role of NK cells in solid tumors.

4.5 NK Cell Exhaustion in Cancer

NK cell exposure to the tumor microenvironment
can induce significant dysfunction, characterized
by decreased IFNγ production, cytotoxicity, and
proliferative capacity [62]. Studies have exam-
ined if this dysfunction is related to “exhaustion,”
a broad term used in immunology to describe a
progressive and hierarchal loss of effector
functions that develops due to persistent exposure
to antigen or chronic inflammation [63, 64]. In
extensive studies of T cells, the hallmark
characteristics of exhaustion include loss of key
effector functions (cytotoxicity, cytokine produc-
tion, and proliferation) and sustained
upregulation of multiple inhibitory receptors.
However, it remains unknown if the NK cell
dysfunction in the tumor microenvironment is
equivalent to T cell exhaustion because definitive
states of NK cell dysfunction (anergy, exhaustion,
or senescence) have not been as extensively stud-
ied and characterized [65].

Nonetheless, chronic stimulation of mouse NK
cells through their activation receptors, such as
Ly49H and NKG2D, can lead to NK cells
displaying an anergy-like state [38, 66, 67]. This
phenomenon has been better described for
NKG2D whose ligands are rapidly upregulated
on proliferating infected or tumor cells but are not
normally expressed [68, 69]. Chronic stimulation
of NK cells via NKG2D ligands in vitro resulted
in significantly decreased NK cell cytotoxicity
and impaired missing self-rejection
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[70]. Moreover, similar NK cell defects were
obtained through chronic NKG2D stimulation
in vivo using transgenic mice expressing its
ligands [66, 67]. These defects in turn resulted
in increased tumor burden in Rae1-transgenic
mice [67]. In humans, it was observed that many
tumors express NKG2D ligands which are then
cleaved and can be found in blood [71]. The
soluble NKG2D ligands induced NKG2D
downregulation and receptor dysfunction, touted
as a mechanism for tumor evasion of NK cells.
While these studies highlight the negative impact
of chronic NK cell activation receptor stimulation
on effector functions essential for NK cell-
mediated antitumor immunity, it remains unclear
if this represents a state of exhaustion equivalent
to T cell anergy or exhaustion.

Regardless, similar observations have been
made for other activating NK cell receptors
including NKp30 in humans, suggesting that the
expression of NK cell ligands is a conserved
strategy used by the tumor to evade NK cell
activation and killing [72, 73]. In a recent exten-
sive phenotypic characterization, mouse NK cells
chronically activated by a wide variety of
activating stimuli {cytokines, receptor activation,
and chronic murine cytomegalovirus (MCMV)
infection} resulted in significantly impaired cyto-
toxicity, proliferation, and cytokine secretion
[74]. Moreover, following chronic stimulation,
human NK cells have impaired function and
upregulation of classic T cell exhaustion markers
and show signs of epigenetic changes as well, the
latter an additional characteristic of exhausted T
cells that has yet to be extensively examined in
NK cells [75].

Downregulation of MHC-I by tumor cells is
also relevant to NK cell dysfunction, as it appears
to be a ploy to avoid recognition and killing by
cytotoxic CD8+ T cells. Although MHC-I
downregulation should make the tumors vulnera-
ble to NK cell killing, MHC-I-deficient tumors
can persist in human patients and mouse models,
suggesting that these tumors are able to avoid
killing by NK cells as well [76]. Recognition of
self-MHC-I molecules is integral for fully func-
tional NK cells in a process termed licensing or
education that ironically requires an inhibitory

MHC-I-specific receptor that binds self-MHC-I
[77]. NK cells that develop in MHC-I-deficient
hosts are hyporesponsive and cannot reject MHC-
I-deficient cells [78, 79]. Moreover, NK cells that
develop in an MHC-I-sufficient environment and
are subsequently exposed to an MHC-I-deficient
environment take on a hyporesponsive or dys-
functional phenotype [80–83]. In addition, NK
cells isolated from RMA (MHC-I-sufficient)
tumors were more responsive to activating stimuli
than those isolated from RMA-S (MHC-I-defi-
cient) tumors [62]. This effect appeared to be
restricted to NK cells isolated from the tumors
as compared to NK cells isolated from non-tumor
draining lymph nodes or spleen. However, it
remains unclear if these NK cells are exhausted
or display a phenotype more related to that
associated with chronic activation receptor stimu-
lation, and how well this phenotype applies to
MHC-I-deficient, non-hematopoietic tumors that
have been less well studied.

Nevertheless, cytokine therapy can reverse NK
cell hyporesponsiveness in MHC-I-deficient
hosts, and also tumors [77]. In a study of RMA
(MHC-I-sufficient) or RMA-S (MHC-I-deficient)
tumor-bearing mice treated with IL-12/IL-18 or
H9 (IL-2 mutant superkine), RMA tumor-bearing
mice were refractory to treatment while RMA-S
tumor-bearing mice showed significantly
improved survival compared to untreated controls
[62]. Moreover, cytokine treatment of RMA-S
tumor-bearing mice was able to significantly
improve tumor-infiltrating NK cell
responsiveness to activating stimuli compared to
untreated controls. These results indicate that dys-
function induced by MHC-I deficiency in the
tumor microenvironment is reversible. However,
one caveat of this study was the focus on tumors
of hematopoietic origin leaving open the question
of the efficacy of this therapy in solid tumors. In a
more recent study, IL-21 was also found to
reverse MHC-I deficiency-induced NK cell dys-
function in mice and in humans [84]. Specifically,
treatment of tumor-infiltrating NK cells in vitro or
in vivo with IL-21 was sufficient to increase NK
cell cytotoxicity and IFNγ secretion. Importantly,
this treatment was effective in improving NK
cell-mediated antitumor immunity against
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multiple solid tumors including TC1 (lung can-
cer), CT26 (colon cancer), and MC38 (colon can-
cer). Taken together, these findings indicate that
in both hematological malignancies and solid
tumors NK cell dysfunction induced by MHC-I
deficiency is reversible by cytokine therapy.

Tumor-infiltrating NK cells can express inhib-
itory receptors associated with T cell exhaustion
such as programmed death protein 1 (PD1,
[84, 85]), lymphocyte activation gene 3 (Lag3,
[75, 86]), T cell immunoglobulin domain and
mucin domain 3 (Tim3, 86), and T cell
immunoreceptor with Ig and ITIM domains
(TIGIT) [86]. However, there are little data on
the impact of these receptors on NK cell intracel-
lular signaling and the downstream effects on NK
cell effector functions in tumors. The expression
of PD1 on NK cells remains controversial in both
mice and humans. Two studies found high levels
of PD1 expression on tumor-infiltrating NK cells
in multiple murine tumors such as RMA/RMA-S
(lymphoma), CT26 (colon cancer), B16 (mela-
noma), and MC38 (colon cancer) [84, 85]. A
functional analysis of PD1+ versus PD1� NK
cells isolated from MC38 tumors by one group
revealed that PD1+ NK cells showed a signifi-
cantly lower level of IFNγ production, degranula-
tion, and expression of granzyme B and perforin
in response to restimulation with anti-NK1.1,
suggestive of an “exhausted” phenotype. They
also found Tim3, 2B4 (CD244), and CD160 to
be co-expressed with PD1, another potential hall-
mark of exhaustion [84]. Conversely, the other
study indicated that PD1+ NK cells isolated from
RMA-S and CT26 tumors were more functional
compared to their PD1� counterparts following
restimulation ex vivo with phorbol 12-myristate
13-acetate (PMA) and ionomycin, suggesting that
PD1 expression on tumor-infiltrating NK cells is
associated with more NK cell activity [85]. Inter-
estingly, both groups indicated that prolonged
exposure to MHC-I-deficient tumors (RMA-S-
and MHC-I-deficient MC38 tumors, respectively)
potently induced PD1 expression on tumor-
infiltrating NK cells. In direct contrast to both
studies, a recent paper found no PD1 expression
on tumor-infiltrating NK cells in any of the
tumors analyzed, including CT26, 4T1 (breast

cancer), B16, and methylcholanthrene (MCA)-
induced sarcomas. However, there were high
levels of CD96, Lag3, Tim3, and TIGIT on
tumor-infiltrating NK cells in all tumors, consis-
tent with some of the aforementioned findings
[86]. While it is still unclear why the expression
of PD1 on NK cells varies so greatly between
studies and experimental models, these studies
highlight the need for more work to be done to
fully understand the role of PD1 as well as other
receptors and markers associated with T cell
exhaustion on NK cell signaling and effector
function. The findings highlighted here empha-
size that NK cells can take on a phenotype that
can mirror T cell exhaustion, but many aspects of
this phenotype in NK cells remain to be fully
understood and characterized.

4.6 NK Cell Metabolism and Cancer

In addition to NK cell changes in the tumor
microenvironment from chronic stimulation, a
growing body of literature indicates that changes
in cellular metabolism are tightly linked to key
NK cell effector functions [87]. Classic NK cell
functions such as cytokine secretion and cytotox-
icity rely on NK cell metabolic fitness and ability
to meet increased energy demands under inflam-
matory conditions [88–91]. One hallmark of can-
cer is the dysregulation of cellular proliferation,
accompanied by significantly dysregulated cellu-
lar metabolism, that in turn can affect tumor-
infiltrating immune cells, including NK cells
[44]. Indeed, emerging data from multiple groups
have shown that NK cells are sensitive to meta-
bolic stresses in the tumor microenvironment.

In a recent study of lung cancer, it was discov-
ered that dysregulation of a metabolic enzyme,
fructose-1,6-bisphosphatase (FBP1), in NK cells
significantly impaired their function [92]. NK
cells isolated from tumor-bearing lungs at multi-
ple stages of disease had decreased cytolytic
capacity and IFNγ production compared to wild-
type controls. Moreover, the glycolytic capacity
of NK cells isolated from tumor-bearing lungs
was significantly impaired. Inhibition of FBP1
early during disease development was sufficient
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to reverse the defects in NK cell glycolysis, cyto-
toxicity, and cytokine secretion, leading to
improved control of tumor growth. These
findings highlight the importance of glycolysis
for NK cell-mediated antitumor function.

In other studies, impaired metabolic fitness of
NK cells caused by obesity resulted in impaired
NK cell cytotoxicity, cytokine production, and
tumor control [93]. This appeared to be a direct
result of lipid accumulation within the NK cells
which significantly impaired their ability to
undergo degranulation after forming a synapse
with the tumor target. Moreover, culturing NK
cells from lean mice with lipids was sufficient to
induce defects in cytotoxicity, cytokine secretion,
and glycolytic capacity. Finally, these functional
impairments induced by obesity resulted in sig-
nificantly larger tumors in mice fed a high-fat diet
[93]. Whether these disturbances in lipid metabo-
lism are related to NK cell defects in the tumor
microenvironment remains to be investigated.

In addition, multiple groups showed that the
accumulation of lactic acid leading to low pH in
the tumor microenvironment has an inhibitory
effect on NK cell effector functions [94, 95]. It
was been widely held that tumor cells preferen-
tially consume glucose and produce lactate; how-
ever, a recent study found tumor-infiltrating
myeloid cells, followed by T cells, to be the
primary consumers of intra-tumoral glucose com-
pared to tumor cells [96]. Interestingly, tumor
cells preferentially utilized large quantities of glu-
tamine to subsidize their proliferation. These
findings are consistent with the abovementioned
study on eosinophil effects on NK cells in that
eosinophils disrupt NK cell metabolic fitness
through glucose deprivation and increased lactate
levels in the lung, leading to dysfunctional NK
cells and increased tumor burdens [57]. While the
latter study did not specifically rule out the tumor
cells as contributing to these results, their findings
highlight the potential negative effect of other
tumor-infiltrating immune cells on NK cell meta-
bolic function.

Thus, these findings suggest the sensitivity of
NK cells to different types of metabolic stress
encountered in the tumor microenvironment, and
the therapeutic potential of restoring NK cell

metabolic fitness may be a novel NK cell-based
immunotherapy strategy for solid tumors. More-
over, these findings also indicate that altered
nutrient uptake in the tumor microenvironment
is not dictated solely by the tumor cells as previ-
ously thought. Instead, it appears that nutrient
utilization within the tumor microenvironment
can be altered by the tumor-infiltrating immune
cells with the potential to negatively impact
tumor-infiltrating NK cells.

4.7 ILC1s and Cancer

The role of ILC1s in cancer is controversial in that
a recent study showed that early tumor control in
mice is dependent on CD49a+ NK1.1+ cells
(ILC1 phenotype) while other studies have
demonstrated that the ILC1 and ILC1-like cells
were unable to protect the host from tumor
growth [97, 98]. Similarly in human patients,
some studies suggest a protective role of ILC1s
in cancers while others suggest a pathogenic role
[99, 100]. Inflammatory bowel disease (IBD)
patients who have elevated numbers of ILC1s
have increased pathology associated with IBD
and increased rates of colorectal carcinoma
[101, 102]. However, a definite link between
increased numbers of ILC1s, autoimmunity, and
cancer incidence has yet to be demonstrated.

Given that ILC1s are tissue resident, they are
ideally located to respond to tissue-specific cues;
however in many cases the impact of tissue-
specific cues on ILC1 function and their role in
tumor immunosurveillance are incompletely
understood [103, 104]. As previously mentioned,
solid tumors are infiltrated by many different
types of immune cells, but for the most part, the
interactions between tumor-associated ILC1s and
other tumor-infiltrating immune cells remain
uninvestigated. Such studies will be crucial for
understanding the role of ILC1s in solid tumors
because ILC1s, as tissue-resident, cytokine-pro-
ducing helper cells, may potentially act early dur-
ing the tumor immune response and significantly
impact disease outcome. To again emphasize a
point made earlier, one of the caveats to many of
the studies reviewed here is a lack of
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differentiation between cNK cells and ILC1s.
While this is understandable given the difficulty
in distinguishing cNK cells from ILC1s, espe-
cially during inflammation and immune
responses, it is quite possible that a role for
ILC1s may have been overlooked in many of
these studies that instead attributed tumor
responses to cNK cells.

4.8 NK Cell Plasticity in Cancer

One reason that ILCs in cancer may have been
overlooked is that ILCs are heterogenous, plastic
populations that can undergo phenotypic and
functional changes in response to alterations in
their microenvironment. Indeed, ILCs have the
capacity to transdifferentiate into other ILC
subsets during diseases, including cancer
[105]. Until recently, it was thought that there
was only minimal plasticity between NK cells
and ILC1s that was limited to a short period
during development. However, it was recently
shown by two groups that transforming growth
factor β (TGFβ) signaling facilitates plasticity
between NK cells and ILC1s (Fig. 4.2). TGFβ is
an immunosuppressive cytokine associated with
the development of a tolerogenic tumor microen-
vironment that is not conducive to antitumor
immunity [106]. Moreover, TGFβ can directly
inhibit the antitumor activity of NK cells through
direct suppression of NK cell cytotoxicity, as well
as the frequency and anti-metastatic function of
tumor-infiltrating NK cells [107, 108]. While the
impact of TGFβ signaling on ILC1s is incom-
pletely understood, TGFβ signaling was shown
to be critical for the development and mainte-
nance of salivary gland ILC1s; however the
exact function of these cells remains poorly
understood as they have features of both ILC1s
and NK cells [109]. While TGFβ signaling was
sufficient to convert NK cells into ILC1-like cells
in the salivary gland, a noncanonical pathway is
involved. SMAD family member 4 (SMAD4) is a
critical negative regulator of noncanonical TGFβ
signaling in NK cells [110]. SMAD4-deficient
NK cells were readily converted into ILC1s
whereas SMAD4 expression was sufficient to

prevent NK cell conversion into ILC1-like cells
and SMAD4-deficient NK cells had decreased
cytotoxicity and IFNγ production compared to
wild-type controls [110]. This is biologically rel-
evant as the SMAD4-deficient mice are signifi-
cantly more susceptible to viral infection and
tumor outgrowth but the mechanism is incom-
pletely understood [110].

In studies of an MCA-induced fibrosarcoma,
TGFβ signaling drove conversion of tumor-
infiltrating NK cells into an ILC1-like
characterized by a decrease in Eomes expression
and upregulation of CD49a (and other markers),
both hallmarks of ILC1s [98]. NK cells outside
the tumor did not undergo this conversion. As
demonstrated with a series of TGFβ receptor
transgenic mice, TGFβ signaling was required
for the conversion of NK cells into ILC1
intermediates in vitro and in the tumor microen-
vironment. Moreover, in mice whose NK cells
were unresponsive to TGFβ signaling, the ILC1-
like intermediate population did not develop in
the tumors, demonstrating a TGFβ-dependent
process. Mice whose NK cells were unresponsive
to TGFβ signaling were significantly protected
from MCA tumor outgrowth and B16 melanoma
metastases as compared to mice that constitu-
tively expressed the TGFβ receptor on NK cells.
While NK cells typically produce large amounts
of IFNγ in the tumor microenvironment which is
critical for a strong antitumor response [6, 111],
converted NK cells showed a significant decrease
in IFNγ production and an increase in granulo-
cyte-macrophage-colony-stimulating factor
(GM-CSF) production [98]. While it has been
shown by many groups that NK cells and ILC1s
both produce GM-CSF, it is unclear as to what
effect GM-CSF has on tumor outgrowth as the
function of GM-CSF signaling in cancer remains
controversial [112, 113].

Taken together these findings indicated that
there is potential for conversion between NK
cells and ILC1s in the tumor microenvironment
and that this process is detrimental to antitumor
immunity. However, the studies highlighted here
did not use the same markers to differentiate NK
cells and ILC1s, thus making it difficult to ascer-
tain the similarity between the subsets of the two

4 NK Cells and ILC1s in Cancer Biology 49



groups studied. Despite these differences, these
studies suggest that conversion between NK cells
and ILC1s may be limited to specific inflamma-
tory stimuli, including conditions found in the
tumor microenvironment. While these papers
identified a novel mechanism by which tumors
can evade NK cell-mediated killing, it is unclear
if this phenomenon is specific to TGFβ-rich
tumors or if this can be mediated by other soluble
mediators produced in the tumor microenviron-
ment. NK cell conversion to ILC1s has been
observed in Toxoplasma gondii infection,
indicating that conversion of NK cells can be
mediated in other inflammatory settings, indepen-
dent of the tumor microenvironment [28]. How-
ever, other studies indicate that NK cells do not
undergo conversion into ILC1s during MCMV
infection, suggesting that NK cell conversion
into ILC1-like cells does not occur uniformly in
infections. Interestingly, NK cells in the livers of
MCMV-infected mice did upregulate CD49a, a
marker typically associated with ILC1s, but
maintained Eomes expression and other pheno-
typic hallmarks of NK cells [114]. These findings

highlight the need for continued study of the
impact inflammation within the tumor microenvi-
ronment has on shaping NK cells and ILC1
functionality.

4.9 Concluding Remarks

In both mice and humans, NK cells are important
for initiating and coordinating antitumor immu-
nity. In solid tumors, NK cells engage in complex
interactions with other tumor-infiltrating immune
cells, which can impact NK cell function and
tumor growth. NK cells are also affected by
other elements found in the tumor microenviron-
ment such as NK cell activation receptor ligands,
immunosuppressive cytokines, and nutrient dep-
rivation. The role of ILC1s in tumors remains to
be completely elucidated as they are difficult to
distinguish from NK cells, and NK cells can be
converted to ILC1-like cells. As the field moves
forward and continues to unravel the role of NK
cells and ILC1s in antitumor immunity, we will
gain improved understanding of how NK cells

Fig. 4.2 NK cell plasticity in cancer. NK cells can be
converted into ILC1-like cells in solid tumors by TGFβ
signaling. The conversion of NK cells into ILC1-like cells
is accompanied by decreased cytotoxicity and altered

cytokine secretion profiles and impaired control of tumor
growth. ILC1 innate lymphoid cell 1, TGFβ transforming
growth factor β, NK cell natural killer cell. Generated with
BioRender.com
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and ILC1s contribute to antitumor immunity that
will be critical for the development of novel
immunotherapies targeting these innate immune
cells.
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Abstract

The immune system plays essential roles in
maintaining homeostasis in mammalian
tissues that extend beyond pathogen clearance
and host defense. Recently, several homeo-
static circuits comprised of paired
hematopoietic and non-hematopoietic cells
have been described to influence tissue com-
position and turnover in development and after
perturbation. Crucial circuit components
include innate lymphoid cells (ILCs), which
seed developing organs and shape their resi-
dent tissues by influencing progenitor fate
decisions, microbial interactions, and neuronal
activity. As they develop in tissues, ILCs
undergo transcriptional imprinting that
encodes receptivity to corresponding signals
derived from their resident tissues but ILCs
can also shift their transcriptional profiles to
adapt to specific types of tissue perturbation.
Thus, ILC functions are embedded within their
resident tissues, where they constitute key
regulators of homeostatic responses that can
lead to both beneficial and pathogenic
outcomes. Here, we examine the interactions
between ILCs and various non-hematopoietic

tissue cells, and discuss how specific
ILC-tissue cell circuits form essential elements
of tissue immunity.

Keywords

Innate lymphoid cells · Cytokines ·
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5.1 Introduction

Innate lymphoid cells (ILCs) are a diverse group
of lymphocytes that resemble T cells and mainly
reside in peripheral organs. ILCs are broadly
grouped by signature transcription factor
(TF) and cytokine expression, mirroring their
adaptive T cell counterparts, such that ILC1s,
ILC2s, and ILC3s correspond to CD4+ T helper
(Th)1, Th2, and Th17 cell subsets, respectively,
while NK cells closely resemble cytotoxic CD8+
T cells [1]. In contrast to T cells, however, ILCs
do not rely on specific antigen receptors for
priming or effector function, but rather integrate
signals emanating from surrounding cells to sense
and respond to various tissue perturbations. This
tissue responsiveness is a defining feature of
ILCs, and is established initially during embryo-
genesis, as ILC precursors develop prenatally and
seed the peripheral organs in which they reside
and mature in situ throughout adulthood. Some
ILCs, known as lymphoid tissue-inducer (LTi)
cells, also directly contribute to the formation of
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secondary lymphoid tissues through close com-
munication with stromal mesenchymal cells. In
adult tissues, most ILCs are long-lived, exhibiting
relatively low turnover rates and minimal replace-
ment by circulating or tissue-resident precursors
in the steady state.

Such ontogeny intimates that ILC develop-
ment and function are integrated with the
surrounding tissue microenvironment. Indeed,
ILCs exhibit tissue-specific transcriptional
imprinting that enables networking with neigh-
boring epithelial, neural, and stromal cells in
addition to other hematopoietic cells [2–7]. Corre-
spondingly, tissue cells also exhibit organ-
specific epigenomic profiles that encode immune
signal responsiveness, providing a framework for
immune-structural cell communication [8, 9]. In
response to tissue perturbation or inflammation,
ILCs engage various ligand–receptor pairs to pro-
liferate, differentiate, and redistribute to adapt to
local stimuli. This sentinel function of ILCs has
emerged as a key feature of tissue-based immu-
nity that is also comprised of tissue-resident
memory T cells (Trm) and innate-like T cells
that similarly mature and reside in mucosal
tissues while relying on tissue signals for their
function. In this chapter, we discuss recent studies
that have connected tissue signals and cell types
comprising peripheral organs with the maturation
and function of ILCs. We focus primarily on
recent characterizations of ILC2-tissue cell
circuits in mucosal barriers and other tissues
involved in mammalian metabolic homeostasis.
These connections fuel ILC form and function in
the steady state and in response to tissue
perturbations, subsequently shaping organ-
specific immune composition.

5.2 Respiratory Tract

The lungs perform vital gas exchange functions
and undergo constant mechanical stress and envi-
ronmental exposures that shape the resident ILC
populations (Fig. 5.1). In mice, ILC2s populate
lung tissue prenatally, and then expand robustly
during the first week after birth, coinciding with
alveolar development and mechanical distension

associated with ventilation [10, 11]. Similar ILC2
expansion can be recapitulated in adult mouse
lungs after surgical lung lobe removal (pneumo-
nectomy), which triggers compensatory growth in
remaining lobes and rapid epithelial proliferation
to generate new alveoli [12]. These studies indi-
cate that ILC2 homeostasis is synchronized with
signals emanating from cells comprising the
developing and regenerating lung tissue. Key
lung cells in this regard include alveolar type II
epithelial cells (ATII), along with several other
lung epithelial and perivascular stromal cell types
that comprise the developing lung and respond to
perturbation. These cell types are sources of inter-
leukin (IL)-33, a widely expressed nuclear factor
and IL-1 family member that is a major activating
signal for lung ILC2s [3, 13–16]. IL-33 influences
basal ILC2 cytokine expression during lung
development [3, 15], and also functions as an
alarmin released by damaged lung epithelial
cells to further activate ILC2s in response to
inhaled environmental stimuli such as viruses,
allergens, toxicants, and particulate matter [17–
20]. IL-33 drives ILC2 lung responses in synergy
with additional signals like leukotrienes [21],
neuropeptides [22, 23], and other cytokines, par-
ticularly thymic stromal lymphopoietin (TSLP), a
signal transducer and activator of transcription
5 (STAT5)-activating cytokine associated with
allergic lung inflammation [14, 20, 24,
25]. TSLP and IL-33 are co-expressed by
platelet-derived growth factor receptor
(PDGFR)α + Sca-1+ adventitial stromal cells
comprising collagen-rich areas surrounding
airways and vasculature, where ILC2s are prefer-
entially localized [10, 16]. ILC2s are also
strategically positioned near airway branch points
and rare pulmonary neuroendocrine cells
(PNECs), which coordinate ILC2 responses to
environmental cues via neuropeptide and neuro-
transmitter signaling [23].

Lung epithelial cells can also provide signals
that influence ILC2 trafficking in response to
environmental exposures. For example, after
house dust mite (HDM) allergen inhalation,
mice lacking lung epithelial transforming growth
factor β (TGF-β1) exhibit impaired ILC2 migra-
tion into airways and reduced allergic airway
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disease while retaining normal T cell and NK cell
responses to HDM [26]. Epithelial TGF-β1-defi-
cient mice also show normal HDM-induced
alarmin production and ILC2 proliferation,
implicating TGF-β1 in regulating the specific
migration of TGFβRII-expressing ILC2s into
inflamed airways, likely by heightening
responsiveness to other chemotactic stimuli
[26]. Such stimuli may include prostaglandin D2

(PGD2), which mediates ILC2 chemotaxis
in vitro and lung migration in vivo via
chemoattractant receptor-homologous molecule
expressed on Th2 cells (CRTH2), a cell surface
receptor for PGD2 expressed on human and
mouse ILC2s [27–29]. Interestingly, PGD2

increases the expression of the IL-33 receptor
ST2 on ILC2s [28], suggesting that ILC2s acquire
enhanced receptiveness to other lung tissue-
derived signals as they transit into the tissue.
Under some circumstances, ILC2s can also
migrate out of tissues; for example, in response
to helminth-induced type 2 immune activation
and tissue damage, ILC2s are extruded from
infected lung and intestinal tissues into the circu-
lation [30, 31], thereby disseminating type
2 immune responses systemically.

ILC2 responses in the lung are also regulated
by neuroimmune interactions. For example, cho-
linergic neurons express neuromedin U (NMU), a
neuropeptide that activates NMU receptor
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Fig. 5.1 ILC2-tissue cell interactions in the lung. Lung
epithelial stress or damage leads to release of IL-33, which
activates resident ILC2s to produce type 2 cytokines and
amphiregulin that contribute to type 2 inflammation as
well as epithelial repair and remodeling responses. Epithe-
lial cells also provide TGFβ that recruits ILC2s into the
airways, while pulmonary neuroendocrine cells (PNECs)

influence ILC2s via neuropeptide and neurotransmitter
signaling. Most mature lung ILC2s express the IL-33
receptor (IL-33R; ST2), but a smaller progenitor-like sub-
set expresses IL-18R and can give rise to multiple ILC
lineages, including the mature ST2-expressing ILC2
population
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(NMUR1)-expressing ILC2s to proliferate and
produce type 2 cytokines, particularly in the pres-
ence of co-stimulatory IL-25; mice deficient in
NMUR1 displayed reduced ILC2 frequency and
cytokine production after intranasal HDM chal-
lenge [22]. Adrenergic neurons, on the other
hand, produce norepinephrine, a neurotransmitter
that binds to β2 adrenergic receptor (β2AR)
expressed on ILC2s to inhibit allergic inflamma-
tion. Correspondingly, mice lacking β2AR show
exaggerated lung ILC2 responses after helminth
infection or in response to Alternaria extract
[32]. Another neuropeptide, calcitonin gene-
related peptide (CGRP), can similarly antagonize
ILC2 function in the lung via its receptor
components Calcr/Ramp1 expressed on ILC2s
[33]; however, PNEC-derived CGRP has also
been reported to promote allergic inflammation
[23], suggesting that the effects of this neuropep-
tide are context and microenvironment depen-
dent. Adding to this complexity, both CGRP
and acetylcholine can be produced by ILC2s
after allergic stimulation and exposure to IL-25
and IL-33 [33–35], implying that neuronal
derived and ILC2-intrinsic factors cross-regulate
each other. The presence of other systemically
distributed signals, such as sex hormones, can
further modulate lung ILC2 activity. For exam-
ple, testosterone and androgen receptor signaling
suppresses ILC2 responses to allergen and IL-33
challenges [36, 37], by a mechanism that perhaps
also underlies sex-based disparities in ILC2s in
human allergic diseases such as asthma [37].

In response to local and systemic activating
signals, ILC2s produce cytokines and growth
factors that in turn influence surrounding lung
tissue cells. A defining feature of ILC2 activation,
for example, is production of the canonical type
2 cytokine IL-13, which can act directly on respi-
ratory epithelial and smooth muscle cells to influ-
ence their differentiation and function in the
context of allergic airway inflammation and rhi-
nitis [38–41]. Activated ILC2s also increase their
expression of amphiregulin (Areg), a member of
the epidermal growth factor family that mediates
remodeling and repair following epithelial injury,
which occurs after severe respiratory viral infec-
tion. In response to influenza A (IAV) infection,

for instance, ILC2s contribute to acute airway
hyperresponsiveness but also contribute to Areg-
mediated epithelial repair during the later recov-
ery phase [17, 42]. During the initial stages of
infection, ILC2 repair functions are tempered by
vigorous antiviral responses characterized by
interferons and the IL-12 cytokine family member
IL-27, which suppress ILC2s and restrain type
2 immune-mediated epithelial repair and
remodeling processes that develop later in post-
viral lung lesions [43–45]. Intriguingly, these
chronic lesions contain stemlike precursor and
epithelial cell types not typically found in distal
alveolar regions of the lung, including tuft cell-
like chemosensory cells that are normally
distributed throughout upper airway epithelia
[46]. Such chemosensory cells closely resemble
small intestinal tuft cells that produce IL-25 to
activate ILC2s and mediate intestinal responses to
helminth infection (discussed below). In the nasal
and tracheal epithelium, tuft-like chemosensory
cells regulate breathing, mucociliary clearance,
and responses to airborne allergens and bacteria
[47–50], highlighting the tissue context-
dependent manner in which specialized epithelial
cells coordinate responses to environmental
stimuli.

Correspondingly, the ILC landscape in the
lung is shaped by distinct environmental stimuli.
Although prominent in acute respiratory viral
infection, interferons and IL-27 also counteract
ILC2 function in the context of allergic inflam-
mation. In particular, interferon-γ (IFN-γ)
dampens IL-33-stimulated ILC2 responses, and
mice genetically lacking receptors for IFN-γ or
IL-27 displayed exacerbated ILC2 responses after
type 2 immune stimulation and infection with the
migratory helminth Nippostrongylus brasiliensis
[51–53], suggesting that an ability to respond
quickly to life-threatening viral or bacterial
infections is paramount to type 2 immune-driven
tissue remodeling and regenerative mechanisms.
After helminth infection, subsets of multifunc-
tional ILCs also emerge that enable responses to
separate infectious agents. Specifically, IL-25
drives the expansion of GATA-3/Rorγt-
expressing ILC2s that produce IL-17 and IL-13
upon stimulation with TGFβ and IL-6, and also
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contribute to lower morbidity and fungal burden
after adoptive transfer into mice infected with
Candida albicans [54]. In addition, chronic ciga-
rette smoke inhalation drives lung ILC2s to
acquire characteristics of ILC1 and ILC3-like
cells, particularly expression of IL12Rβ2,
IL18Rα, and reduced GATA3 [55]. These
toxicant-induced ILC2s also shift their production
of IL-5 and IL-13 to IFN-γ, suggesting that ILCs
can exhibit multifunctional cytokine capacity like
their effector T cell counterparts. Recently, a sim-
ilar subset of ILC1-like ILC2s expressing IL18Rα
and low levels of GATA3, ST2, and IL-5 has
been described to promote protection against
Mycobacterium tuberculosis lung infection in
mice [56], contrasting with a detrimental role
attributed to similar cells in mice infected with
influenza virus [55]. ILC2 subsets thus mediate
distinct effects that may be adapted to different
types of infections.

Recently, single-cell RNA-sequencing
(scRNA-seq) and lineage-tracing studies have
revealed that rare, systemically distributed ILC
progenitor populations may underlie heterogene-
ity and adaptability observed among lung tissue
ILC populations. For instance, although most
mouse lung ILC2s express the IL-33 receptor,
ST2, a smaller subset bearing resemblance to
ILC precursors in the bone marrow (BM), was
identified to express IL-18Rα and produce type
2 cytokines in response to IL-18 stimulation,
independently of TSLP, IL-33, and IL-25 signal-
ing [3], similar to subsets of human ILC2s
[57]. Subsequent studies confirmed that mouse
lung IL-18Rα+ ILC2s are enriched in progenitor
markers, particularly the Notch target Tcf7, and
can give rise to multiple ILC lineages in vitro and
in vivo, including more mature ST2+ ILC2
populations [58, 59]. The presence of similar
precursor-like ILCs in human blood and lung
tissue [60] supports a model by which ILCs at
various stages of maturation are systemically
distributed and can differentially contribute to
the total ILC population in each tissue. Although
the role of IL-18 in directing distinct ILC fates in
the lung and other tissues remains unresolved,
these findings suggest that in situ “ILC-poiesis”
underlies phenotypic shifts in resident ILC

populations, enabling local renewal of the ILC
niche and dynamic adaptation to specific
perturbations.

5.3 Gastrointestinal Tract

The gastrointestinal tract is densely innervated
and populated with immune cells that integrate
signals and metabolites derived from diet, com-
mensal microbes, and pathogens. ILC precursors
seed the developing mouse intestinal tract prena-
tally [61], and subsequently adapt to dietary and
microbial cues that shape the maturing ILC
populations within the small intestinal lamina
propria [62–68]. Many of these cues also influ-
ence intestinal epithelial cells, which comprise
the tissue interface between the luminal environ-
ment and underlying ILC populations. In contrast
with relatively quiescent mucosal tissues like the
lung, the intestinal epithelium is highly active,
undergoing rapid and continuous renewal fueled
by a dynamic stem cell niche that regenerates the
epithelial barrier every 3–5 days in mice
[69]. This enables an enhanced ability to
promptly shift epithelial cell composition, thereby
modulating absorptive, sensory, and secretory
capacity to adapt to constantly changing luminal
contents. These dynamics are closely linked with
ILC functions, which establish bidirectional
circuits with epithelial cells to influence gut phys-
iology in response to the various dietary and
microbial constituents.

ILC2-epithelial cell communication underlies
the characteristic “weep-and-sweep” type
2 immune responses to parasitic helminth infec-
tion. This coordinated tissue reaction to gastroin-
testinal parasites like N. brasiliensis enables
expulsion by boosting intestinal mucus produc-
tion, fluid secretion, inflammatory cell recruit-
ment, and smooth muscle contraction. Crucial to
this response is IL-13, which is mainly produced
by ILC2s and Th2 cells in the small intestine in
response to IL-25 and other tissue-derived
factors. Initial studies on IL-25 connected its
function with ILC2s, which were observed to
robustly increase IL-13 expression after IL-25
administration, together with tissue eosinophilia,
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mucous cell expansion, and epithelial hyperpla-
sia, all in the absence of adaptive immunity [70–
72]. Later studies more thoroughly characterized
ILC2 function [73–75], and the source of IL-25
was identified to be tuft cells, rare chemosensory
cells that increase in frequency along with mucus-
producing goblet cells in the intestinal epithelium
after helminth or protist infection [76–78]. Tuft
cells, like ILC2s, exhibit tissue-specific transcrip-
tional differences that may underlie functional
divergence in various organs; for instance, in
addition to IL-25, subpopulations of tuft cells
express ILC2-activating factors such as cysteinyl
leukotrienes and TSLP [67, 79], possibly
reflecting tissue niche-specific ILC2-tuft cell
relationships. In this regard, ILC2s in the small
intestine highly express the IL-25 receptor
IL17RB, contrasting with other tissue ILC2s that
predominantly express the IL-33 receptor ST2;
this divergence forms the basis of tissue-specific
differences in basal ILC2 activation that is
influenced by IL-33 in lung and adipose tissue
and IL-25 in small intestine [3, 15, 51, 65]. In
response to gastrointestinal helminths or protists,
intestinal tuft cells upregulate IL-25, which
triggers resident ILC2s to produce IL-13, which
in turn promotes increased tuft and goblet cell
differentiation from epithelial progenitors [76–
78], thereby forming an ILC2-tuft cell feedback
circuit (Fig. 5.2).

Although ILC2s populate tissues and are
basally activated in the absence of commensal
microbiota [3], alterations to the intestinal
microbiome also disrupt ILCs and can trigger
the tuft cell–ILC2 circuit. For example, the intes-
tinal protozoan Tritrichomonas ferments dietary
fiber to generate the metabolite succinate, which
is sensed by tuft cells expressing the succinate
receptor GPR91 (Sucnr1) to produce IL-25 that
activates ILC2s [65–67]. Perturbing the mouse
microbiome with antibiotics alters transcriptional
and epigenetic states in small intestinal ILC
populations [64], and induces Sucnr1-dependent
tuft cell expansion [66], implying that commensal
bacteria normally suppress succinate-mediated
tuft cell triggering. Sustained activation of the
tuft cell-ILC2 circuit leads to small intestinal
lengthening, an adaptation that retains absorptive

enterocyte capacity and increases secretory epi-
thelial cell frequency to enable systemic energy
balance and immunity to helminths [65]. These
dual effects reinforce a model in which tissue and
metabolic homeostasis are interconnected with
ILC2 function, hinting at broader physiologic
roles for mammalian type 2 immunity. At the
same time, certain pathogens exploit the tuft
cell-ILC2 axis to invade host tissues, as in the
case of murine norovirus, which gains entry via
the CD300lf receptor expressed on tuft cells
[80]. In the stomach, Helicobacter pylori infec-
tion induces ILC2 activation and IL-5 production,
which reciprocally contributes to B cell and IgA
responses that curtail infection [81]. Similar stom-
ach ILC2 activation occurs in response to acute
chemical injury, which drives IL-33-mediated
ILC2 activation that influences subsequent epi-
thelial reprogramming and tuft cell hyperplasia
[82]. This type of tuft cell expansion can be
detrimental in the context of carcinogenesis, par-
ticularly gastric cancer, in which aberrant tuft
cell-neuron interactions contribute to tumor pro-
gression [83]. Accordingly, tuft-ILC2 circuit fir-
ing appears to be tightly controlled under normal
circumstances. In the small intestine, for example,
ILC2-intrinsic expression of the ubiquitin-editing
enzyme A20 constrains IL-25-mediated signaling
and ILC2 activation, thereby preventing sponta-
neous induction of type 2 immune responses and
intestinal remodeling [65].

In addition to the microbiome, dietary
constituents also play a major role in shaping
epithelial and ILC function in the small intestine.
For example, several ILC subsets express the
ligand-inducible aryl hydrocarbon receptor (Ahr)
TF which directs gene transcription in response to
exogenous ligands, including dietary metabolites.
In the small intestine, Ahr ligation induces diver-
gent cell-intrinsic responses in ILC2s and ILC3s
to modulate immune output; in ILC2s, Ahr sig-
naling interferes with Gfi1-mediated ST2 expres-
sion to suppress ILC2 and anti-helminth
responses, whereas in ILC3s Ahr expression
enhances immune responses to Citrobacter
rodentium infection [68]. In this regard, ILC3
function, particularly production of IL-22, is crit-
ical to forming feedback loops with intestinal
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epithelial cells to maintain regenerative capacity,
mucous barrier composition, and interactions
with microbial constituents [84–86]. Epithelial
cells correspondingly adapt their ability to digest
and absorb macronutrients, such as
carbohydrates, a response that can be modulated
by innate-like lymphocytes, particularly γδ T
cells, that suppress IL-22 production from ILC3s
[87]. Gut ILC3s are also sensitive to dietary
micronutrient availability; for instance, vitamin

A deficiency leads to a loss of small intestinal
ILC3s and a compensatory increase in ILC2s
that enhances anti-helminth immunity, perhaps
representing an adaptation that preserves host
survival when food is scarce [63]. In human
intestinal tissue, ILC spatial distribution, subset
composition, and transcriptomic profiles are het-
erogeneous and vary with age and BMI,
suggesting that dietary and environmental factors
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Fig. 5.2 Tuft cell-ILC2 circuit in the small intestine. In
response to triggering by helminth infection or increased
luminal succinate derived from intestinal protozoans, epi-
thelial tuft cells release IL-25, which activates IL-17RB-
expressing ILC2s in the lamina propria. Activated ILC2s

produce IL-13, which promotes smooth muscle hypercon-
tractility, immune cell recruitment, and increased goblet
and tuft cell frequencies from epithelial progenitors,
thereby comprising a feed-forward circuit
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also shape the human intestinal ILC
landscape [5].

Like in the respiratory tract, ILCs in the small
intestine network extensively with neurons to
coordinate tissue-wide responses to food intake
and other external cues. ILCs co-localize with
enteric neurons that express several
ILC-modulating neuropeptides, including vaso-
active intestinal peptide (VIP), NMU, and
CGRP. VIP receptors expressed on ILC2s and
ILC3s are engaged to induce cytokine production
[10, 88], although VIP suppresses IL-22 produc-
tion from ILC3s in some contexts [89], possibly
reflecting the differential impact of multiple
microbiota and homeostatic inputs, including
light-entrained circadian cues. Intestinal ILC2s
also highly express the NMU receptor Nmur1
and respond to NMU, which promotes nuclear
factor of activated T cell (NFAT) activity and
synergizes with IL-25 to drive ILC2 cytokine
production and type 2 inflammation [22, 90,
91]. NMU also triggers IL-10 production from
intestinal ILC2s, which comprise a major source
of IL-10 in mouse intestine [92]; however, the
contribution of ILC2-derived IL-10 in physio-
logic settings remains unclear. Cholinergic
enteric neurons also express CGRP, which
dampens intestinal ILC2 proliferation but
promotes IL-5 expression; genetic absence of
CGRP receptor leads to greater tuft cell
frequencies and an enhanced ability to expel
helminths from infected mice [33, 93],
highlighting the dynamic interplay between epi-
thelial cells, neurons, and ILC2s that coordinates
intestinal responses to infection. As in the lung,
ILC2s induce ChAT expression in response to
alarmins and helminth infection [34, 35], and
enteric neurons also express cytokines, particu-
larly IL-18, which is required for antimicrobial
peptide production from intestinal goblet cells
[94] and may further shape intestinal ILC differ-
entiation and function. Thus, future studies
employing cell-specific deletion strategies are
needed to clarify the precise mechanistic details
of how these neuroimmune interactions control
in vivo gastrointestinal function.

5.4 Skin

In contrast to the single-layer intestinal epithe-
lium, skin consists of multiple layers (epidermis,
dermis, subcutis), providing a substantial physical
barrier that resists external stressors and microbial
incursion. In mammals, hair grows from hair
follicles, specialized regenerative structures
consisting of epithelial and stem cells that are
also reservoirs of oily sebum secreted by contigu-
ous sebaceous glands (Fig. 5.3). Mechanosensory
neurons innervate hair follicles, which also serve
as immune hubs that attract T cells, dendritic
cells, macrophages, and ILCs. In this regard,
skin ILCs rely on CCR6-CCL20 signaling as
well as CCR10 expression for migration and posi-
tioning along the hair follicles [95–97], which
additionally produce cytokines required for lym-
phocyte growth and maintenance [98]. These
cytokines further differentially influence the
microanatomic distribution of ILCs in the skin;
whereas subcutaneous ILC2s require IL-7 for
development, epidermal and dermal ILCs are par-
tially retained in the absence of IL-7 in a TSLP-
dependent manner [97, 99].

Skin ILCs are marked by distinct
transcriptomic profiles that diverge from other
organs and among ILCs distributed in different
layers of skin. Subcutaneous ILCs, for example,
resemble other fat-associated ILC2s that highly
express Il1rl1 (encoding the IL-33 receptor ST2),
Il5, Il1rl1, Gata3, and Klrg1, whereas dermal and
epidermal ILCs exhibit hybrid profiles enriched
in both ILC3/LTi-related (Rorc and Lta) and
ILC2 signature genes (Il13), as well as Tcf7 and
Il18r1, that mark progenitor-like ILCs in other
tissues [3, 97]. Consistent with this profile, the
turnover rate of skin ILC2s is relatively higher
compared with other tissues [11], and cytokine
production from IL18Rα-expressing skin ILC2s
is influenced by IL-18 in the steady state and in
response to allergic inflammatory stimuli [3],
likely in synergy with other activating cytokines
including TSLP and IL-33 [100, 101]. Similar to
the inflammatory ILC2s that emerge after hel-
minth infection, skin ILC2s adapt their transcrip-
tional trajectories to acquire ILC3-like
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characteristics including Rorγt and IL-17 expres-
sion after exposure to IL-1β or IL-23, in models
of psoriasis, and in human dermal samples
stimulated with C. albicans [102, 103].

Skin barrier function is modulated by ILCs in
the steady state and after mechanical perturbation.
Loss of skin ILCs in Rag2/common γ chain DKO
or IL7/TSLP DKOmice decreases tumor necrosis
factor (TNF) and lymphotoxin (LT) signals that
suppress sebocyte growth and sebaceous gland
size, leading to overproduction of antimicrobial
lipids and a corresponding shift in the composi-
tion of the commensal skin microbiome in these
mice [102]. After cutaneous injury, healing
responses including reepithelialization and
wound closure are impaired in mice that lack
ILCs [104], suggesting similarities with the respi-
ratory tract, where ILCs produce factors such as
amphiregulin that promote epithelial repair and
regeneration but may also contribute to persistent
pathogenic inflammation. In the skin, triggering

mechanisms for ILC2 activation after barrier
breach often involve mechanical disruption.
Keratinocytes, for example, express the cell adhe-
sion glycoprotein E-cadherin, which is rapidly
downregulated in response to epithelial perturba-
tion in several skin diseases including atopic der-
matitis (AD), characterized by allergic
inflammation, itch, and impaired skin barrier
function. Skin ILC2s express killer cell lectin-
like receptor subfamily G member 1 (KLRG1),
which acts as an inhibitory receptor when bound
to E-cadherin; this interaction is lost upon physi-
cal disruption, resulting in increased ILC2 prolif-
eration and cytokine production [100], providing
one mechanism for how ILC2s in AD skin may
be persistently triggered. Mechanical disruption
of skin also induces keratinocyte release of the
alarmin IL-33 that is sufficient to systemically
trigger ILC2s in distal tissues such as the small
intestine [105]. Such dissemination of local
perturbations may underlie the “atopic march,” a
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Fig. 5.3 ILC2-neuron
interactions in the skin.
ILC2s in skin respond to
barrier disruption, which
promotes release of tissue
signals such as IL-18,
TSLP, and IL-33 that
initiate allergic
inflammation. Whereas
subcutaneous ILC2s
resemble IL-33R/ST2-
expressing adipose tissue
ILC2s, epidermal and
dermal ILC2s express
IL-18R, and are closely
associated with hair
follicles. Sensory neurons
in the skin express IL-4Rα
and directly respond to type
2 cytokines IL-4 and IL-13,
which sensitize them to
pruritogens like histamine
that instigate and perpetuate
the itch-scratch cycle
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frequently observed temporal progression of skin,
respiratory tissue, and intestinal involvement in
human allergic disease.

Type 2 immune-mediated activation of neural
circuits in the skin influences both inflammatory
responses and complex mammalian behaviors
related to skin disease. For example, allergic
skin inflammation in AD is often accompanied
by recurrent bouts of the itch-scratch cycle, a
reflex-like response triggered by the sensation of
itch followed by self-perpetuating scratching
behavior. In this context, type 2 cytokines IL-4
and IL-13 can act directly on sensory neurons
expressing both IL-4Rα and its downstream sig-
naling component JAK1 in dorsal root ganglia,
sensitizing them to pruritogens like histamine and
IL-31; deletion of neuronal IL-4Rα attenuates
both itch and skin inflammation, highlighting
the dual role for type 2 cytokine signaling in
mediating immune and behavioral responses
[105]. This type of coordinated response is also
promoted by TSLP produced by keratinocytes,
which not only activates ILC2s, but can also act
directly on TSLPR-expressing sensory neurons in
the skin to promote itch behavior [106]. Such
neuroimmune effects reflect the broader integra-
tion of ILC2s and type 2 immune signaling within
the peripheral and central nervous systems, the
effects of which have been linked to learning and
memory formation [107], age-related cognitive
decline [108], autoimmune disease [109], and
responses to traumatic brain injury
[110, 111]. Thus, ILC2-neuronal circuits coordi-
nate both local skin responses and system-wide
effects to influence tissue immunity.

5.5 Metabolically Active Tissues

Reciprocal interactions between ILC2s and resi-
dent tissue cells also underlie immune mainte-
nance of metabolic homeostasis. Adipose tissue,
for instance, is a dynamic endocrine organ that
serves as an energy depot integrating both local
and system-wide effects to mediate metabolic
homeostasis. Whereas excessive accumulation
of fatty acids in white adipose tissue (WAT)
reflects overnutrition linked to obesity, brown

adipose tissue (BAT) promotes healthy metabolic
responses by converting dietary nutrients into
heat via adaptive thermogenesis mediated by
mitochondrial uncoupling protein 1 (UCP1) acti-
vation. Resident ILC2s are present in both mouse
and human adipose tissue, and can produce IL-5
and IL-13 to recruit eosinophils that enhance glu-
cose tolerance and promote a lean body state
[112, 113]. Activated adipose ILC2s also produce
methionine-enkephalin peptides, which induce
UCP1 activation and “beiging” of adipocytes in
WAT that is associated with a metabolically
healthy state [114]. Cytokine production from
adipose tissue ILC2s is primarily mediated by
IL-33, which can be derived from adipose stromal
cells and, along with IL-33-responsive T regu-
latory cells (Tregs), is also correlated with meta-
bolic health [3, 51, 114] (Fig. 5.4). In particular,
stem and progenitor stromal cells as well as
PDGFRα+Sca-1 + podoplanin+ stromal cells in
the WAT express IL-33, which is decreased in
response to high-fat diet [16, 115–117]. In the
lean state, PDGFRα+ multipotent stromal cells
promote ICAM-1-mediated proliferation and acti-
vation of LFA-1-expressing ILC2s, which in turn
induce eotaxin secretion from stromal cells via
IL-13 signaling to enhance subsequent eosinophil

Met-enkephalin 

IL-5 IL-33 
ST2+ 
ILC2 

IL-13 

Eotaxin 

UUCP1 

Fig. 5.4 Metabolic functions of ILC2s in the adipose
tissue. In adipose tissue, resident ILC2s respond to stromal
IL-33 by producing type 2 cytokines that increase eotaxin
expression and recruit eosinophils that are associated with
improved glucose homeostasis and a lean body state. Adi-
pose tissue ILC2s are also activated by IL-33 to produce
methionine-enkephalin (Met-enkephalin) peptides that
activate UCP1-mediated “beiging” of adipocytes and
adaptive thermogenesis to promote metabolic health
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recruitment [116]. The positive correlation
between IL-33-expressing stromal cells and
ILC2s/Treg cells is lost during high-fat-induced
obesity, however, indicating that metabolic
dysregulation overrides the basal immune feed-
back circuit. This dysregulation may be further
enhanced by increased expression of the soluble
form of the IL-33 receptor, sST2, which is
induced in adipocytes during high-fat feeding
and exacerbates obesity-induced insulin resis-
tance by dampening the effects of IL-33-driven
ILC2/Treg function in WAT [118].

Additional metabolically active tissues such as
liver and skeletal muscle engage similar ILC2-
stromal circuits in response to homeostatic cues.
For example, humans with muscular dystrophy
accumulate eosinophils in muscle tissue, and a
corresponding mouse model indicated that
increased IL-33 production from fibro/adipogenic
progenitor cells activated ILC2s to recruit
eosinophils and drive the expression of genes
associated with muscle fibrosis [119]. ILC2 acti-
vation in muscle tissue also contributes to muscle-
intrinsic metabolic adaptations to increased
whole-body activity, as IL-13 conditions skeletal
muscle during endurance exercise; mice with
muscle cell-intrinsic deletion of IL13Rα1 show
a reduction in endurance running capacity and
muscle fatty acid oxidation [120], highlighting
the broad metabolic impact of type 2 cytokine
signaling in different tissues. Additional elegant
studies have parsed the role of type 2 cytokine
signaling on diverse cellular targets within the
same organ, ascribing specific roles to IL-13-
responsive cell lineages in different aspects of
organ pathology. In mouse models of liver fibro-
sis, for example, fibrosis is due to direct IL-13
signaling in PDGFRβ+ fibroblasts, whereas
IL-4Rα-mediated signaling in hepatocytes and
biliary cells controls the ductal reaction and
microvesicular steatosis, thereby dissociating the
pro-fibrotic effects of type 2 cytokine signaling
from epithelial cell changes associated with
regeneration [121]. Although the role of ILC2s
in these processes remains to be determined, as
with other tissue circuits, type 2 cytokine signal-
ing in liver fibrosis contributes to repair and

regeneration of damaged tissue but can contribute
to pathologic outcomes if unresolved.

5.6 Conclusions

ILCs are integrated with tissue function through-
out development and adult life, forming circuits
with tissue cells to coordinate homeostatic
responses to perturbation. This is evident from
the earliest stages of ILC development, where
ILC precursors in the fetal liver rely initially on
local IL-7 and Notch signaling, and then
PDGFRα+ mesenchymal cell support to acquire
tissue responsiveness [122]. As they mature, ILCs
become imprinted with corresponding tissue
signatures by mechanisms not yet fully resolved,
but which establish receptiveness to signals pro-
duced later in life from differentiated tissue cells.
The tuft cell-ILC2 axis in the small intestine
exemplifies this type of interaction, which is
fueled primarily by tuft cell-derived IL-25 and
ILC2-derived IL-13, but the circuit can be
amplified and modulated by additional inputs
from a host of other neighboring cells that con-
verge to generate tissue-wide effects. Key to fur-
ther decoding the cell types and signals in this
regard will be advanced genomic, proteomic, and
computational approaches that enable high-
resolution and systems-level analysis of in vivo
perturbations. In addition, new and highly spe-
cific conditional deletion strategies will help to
clarify the precise roles of neurons, muscle cells,
and additional epithelial and stromal progenitor
cells that reciprocally shape ILC responses and
differentiation. For type 2 immune tissue
responses, a recurring pattern in which IL-13 is
the primary means to direct resident tissue cell
responses has emerged; future work may further
discern the identity and roles of diverse immune-
responsive tissue cells, enabling tailored
approaches that promote beneficial versus detri-
mental outcomes in various organ niches.

On a broader scale, ILC-tissue interactions
represent a paradigm for understanding how
immunity is embedded or “trained” within
tissues, and may be particularly relevant to tissue
T cells that correspond to tissue ILC subsets. For
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example, tissue Th2 cells share epigenetic and
transcriptomic profiles with mature ILC2s in the
same tissue, and rely on similar tissue-derived
factors such as IL-25, IL-33, and TSLP for their
terminal effector function [123–125]. After viral
infection, antigen-experienced Trm cells acquire
ILC-like characteristics and persist in tissues for
over a year, poised for rapid effector function
even in the absence of T cell receptor signaling,
continuously accruing with other immune cells in
peripheral tissues, which act as expandable
immune reservoirs [126]. These ILC-like features
of tissue T cells reinforce a model in which adap-
tive immune cells compete with, or are layered
upon, innate cells in tissues that respond to com-
mon niche factors, and similarly shape the local
tissue composition. Future studies aimed at
understanding how innate and adaptive immunity
is integrated within tissue development and spec-
ification will enable tissue-specific therapeutic
approaches based on specific immune-tissue cell
circuits.
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Abstract

The recent discovery of new innate lymphoid
cells (ILCs) has revolutionized the field of

allergies. Since most allergic diseases induce
a type 2 immune response, Th2 cells, which
produce IL-4, IL-5, and IL-13 in an antigen-
dependent manner, in addition to basophils
and mast cells which are activated by
antigen-specific IgE, are thought to play a
major role in the pathogenesis. However,
since group 2 innate lymphoid cells (ILC2s)
produce type 2 cytokines (i.e., IL-2, IL-4, IL-5,
IL-6, IL-9, IL-13, GM-CSF, and
amphiregulin) in response to various
cytokines, including IL-33 in the surrounding
environment, the possibility has emerged that
there are two types of allergies: allergies
induced in an antigen-dependent manner by
Th2 cells and allergies induced in an antigen-
independent manner by ILC2s. In order to
make an impact on the increasing incidence
of allergic diseases in the world, it is essential
to research and develop new treatments that
focus not only on Th2 cells but also on ILC2s.
In this chapter, the role of ILCs in allergic
diseases, which has rapidly changed with the
discovery of ILCs, is discussed, focusing
mainly on ILC2s.
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6.1 Introduction

The word “allergy” is coined from the Greek
words “allos” (changed) and “ergon” (reaction),
meaning that the immune response which evolved
to prevent disease turns into a harmful reaction. It
also means that since the distant past, people have
been aware that an allergy is a strange reaction
different from the common immune response, but
they had no way of knowing how it had changed.
One of the most beneficial roles of the type
2 immune response in organisms is in eliminating
helminths. Most helminths are much larger than
bacteria and viruses, and are beyond the range of
phagocytosis. Therefore, our body has evolved its
own defense mechanisms against helminths. IL-5
induces eosinophils to weaken the parasite, and
IL-13 induces mucus production from goblet cells
to flush helminths out of the body. In this case,
since it is difficult for dendritic cells (DCs) to
phagocytose a target that is too large, Th2 cells,
which are activated based on antigen presentation
by DCs, are unable to exert their full power. On
the other hand, the larger the target, the more the
tissue that will be physically destroyed, and the
necrotic epithelial cells will release large amounts
of IL-33. In addition to destroying tissue,
proteases, which are a component of helminth
shells, contribute significantly to IL-33 produc-
tion by directly inducing cell death in epithelial
cells. ILC2s are cells that highly express ST2/IL-
1RL1 (the IL-33 receptor) and are located near
IL-33-producing cells. ILC2s can quickly
respond to IL-33 and produce type 2 cytokines
such as IL-5 and IL-13 to flush helminths out of
the mouth by sputum or out of the anus by diar-
rhea in cases of pulmonary or intestinal infection,
respectively. This mechanism is primitive com-
pared to the antigen-specific response of acquired
immunity, but it is indispensable for humans who
coexist with helminths in an uneasy balance.
However, our living environment has changed
drastically in the last half century, and parasitic
infections have decreased dramatically in devel-
oped countries.

In countries that are no longer infected with
parasites, strange reactions are beginning to

occur, just like “allos” plus “ergon.” According
to the World Allergy Organization (WAO),
30–40% of the world’s population suffers from
one or more allergy symptoms, making it a seri-
ous health problem. The reason for the increase in
allergic diseases is not only the decrease in para-
sitic infections, but also that improved sanitation
decreases bacterial and viral infections, which
leads to a decrease in the type 1 immune response
used to suppress the type 2 immune response.
However, if we focus on the fact that parasite
infections have decreased, then type 2 immune
responses, which are the main cause of allergies,
should have also decreased along with the
decrease in infections. What needs to be consid-
ered here is the mechanism common to both
parasitic infections and allergies, whereby ILC2s
recognize IL-33 and produces type 2 cytokines.
Unlike Th2 cells, ILC2s cannot specifically rec-
ognize antigens or distinguish whether IL-33 is
produced by a parasite or an allergen that is harm-
less to the body. As well as parasites, various
allergenic antigens such as dust mites, pollen,
fungi, and fruits contain proteases which directly
induce necrosis of the epithelium, and stimulate it
to release IL-33. The days when ILC2s maintain
an exquisite coexistence with parasites are long
gone, but ILC2s deep inside the body may still be
unaware of the changing times and are needlessly
initiating type 2 immune responses, relying on
IL-33 as an alarm signal (Fig. 6.1).

6.2 Innate Lymphoid Cells
in the Lungs

Since the lungs are vital organs for the gas
exchange of oxygen and carbon dioxide, they
are constantly exposed to various allergens and
viruses through breathing. The airway epithelial
cells are covered with a layer of mucus to capture
allergens and viruses, and ciliated cells eliminate
them by ciliary movement. However, when the
allergens and viruses are not eliminated and reach
airway epithelial cells, cell-derived cytokines are
rapidly released and directly activate ILCs and
trigger innate immune responses. Among ILCs
in the lungs, ILC2s in particular have been

76 H. Kabata et al.



reported to be involved in allergic diseases by
inducing type 2 inflammation through the produc-
tion of IL-5 and IL-13.

The proportion of lung ILCs is small, account-
ing for only about 0.4–1% of lung cells in naïve
mice [1]. Among ILCs, ILC2s are the most abun-
dant (>60%), followed by ILC1s (<20%) and
ILC3s (<20%) [2]. On the other hand, the fre-
quency of ILCs in the human lung is only about
0–0.1% of CD45+ cells, and conventional NK
(cNK) cells are the major ILCs, followed by
ILC1s and ILC3s, while ILC2s are rare
[2, 3]. However, the proportion of ILCs has
been reported to change dynamically due to plas-
ticity, and the presence of inflammatory cytokines
such as IL-1β in the lung due to smoking and
obesity increases the frequency of ILC1s and
ILC3s [4, 5]. Thus, although human lung ILC2s
are relatively rare cell populations, they express
high levels of IL13 as well as epithelial

cell-derived cytokine receptors IL1RL1 and
IL17RB, compared to blood and tonsil ILC2s
[6], and are suggested to have a significant impact
on the induction of type 2 inflammation.

6.2.1 Mechanism of IL-33-Induced
Asthma

Various allergens and pathogens, such as
helminths, house dust mites [7], Alternaria
alternata [8], papain [9], chitin [10], α-GalCer
[11], rhinovirus [12], and influenza virus [13],
induce epithelial cell-derived cytokines such as
IL-33 via cytotoxicity and ATP release [14]
(Fig. 6.2). The mechanism by which IL-33 is
released is ingenious considering that allergen-
derived proteases not only damage epithelial
cells to release IL-33, but also play a role in
cleaving full-length IL-33 into an activated form

Fig. 6.1 Mechanism of allergy induced by Th2 cells and
ILC2s. In antigen-dependent allergy, DCs that have
phagocytosed the antigen migrate to lymph nodes and
present the antigen to Th0 cells via MHC class II and
TCR. Th0 cells differentiate into Th2 cells over a period
of about 5 days, and mature Th2 cells migrate to peripheral
tissues and produce type 2 cytokines. In contrast, in

antigen-independent allergy, the protease activity of the
allergen directly causes necrosis in epithelial cells. Since
ILC2s are tissue-resident cells, they immediately respond
to IL-33 and produce type 2 cytokines. IL-25 secreted by
tuft cells and TSLP produced by epithelial cells, stromal
cells, and DCs are also involved in the activation of ILC2s
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[15]. IL-33 stimulates NF-κB and MAPK signal-
ing pathways in ILC2s, and activates the tran-
scription factor GATA3 via p38 MAPK, which
strongly induces cell proliferation and production
of type 2 cytokines such as IL-5 and IL-13
[16, 17]. IL-5 promotes eosinophil activation,
migration, and survival, and IL-13 promotes gob-
let cell hyperplasia and mucus hypersecretion in
the lungs [18]. This IL-33/ILC2-mediated
immune response is referred to as “nonallergic
eosinophilic inflammation” since it occurs in an
antigen-independent manner without acquired
immunity [19].

Asthma is a chronic respiratory disease
characterized by chronic airway inflammation
and reversible airway obstruction, and is consid-
ered to be a heterogeneous syndrome consisting
of a variety of pathologies. Most people with
asthma, except for those with neutrophilic
asthma, have type 2 inflammation, and Th2 cells
have been considered to play a vital role in

inflammation. However, accumulating evidence
suggests that IL-33 and ILC2s are also involved
in the pathophysiology of asthma. Genome-wide
association studies (GWAS) have reported that
single-nucleotide polymorphisms (SNPs) in
IL33 and its receptor, IL1RL1, are associated
with asthma [20], and IL-33 expression is
increased in the airways and bronchoalveolar
lavage (BAL) fluid in patients with asthma, and
is correlated with disease severity and lung func-
tion [21–23]. Similarly, the number of ILC2s is
increased in the sputum and BAL of patients with
asthma, especially in those with severe asthma
[22, 24]. However, there are no definitive results
on the number of ILC2s in the peripheral blood of
patients with asthma [24, 25], which suggests that
it is difficult to use the blood to monitor the status
of ILC2s in the lungs. Furthermore, house dust
mites and rhinoviruses induced IL-33 and
increased the number of ILC2s in sputum and
BAL, but decreased the number of ILC2s in the

Fig. 6.2 IL-33 induces activation of ILC2s in diverse
pathological conditions. In helminth infection, IL-33
induces IL-5 and IL-13 production from ILC2s, which
work to expel helminths from the body via worm attack
by eosinophils and mucus production by goblet cells,
respectively. In viral infections, ILC2s activated by IL-33
play a protective role by producing IL-13 and
amphiregulin. IL-13 acts to promote epithelial cell

regeneration and amphiregulin promotes tissue repair. In
allergy, IL-33 activates ILC2s to produce a variety of
cytokines, including IL-4, IL-5, IL-13, and amphiregulin.
IL-5 induces eosinophilic inflammation, and IL-13
promotes mucus production by goblet cells, resulting in
runny nose and sputum. It has been suggested that IL-4
induces IgE production from B cells, and IL-4, IL-13, and
amphiregulin may be involved in fibrosis
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blood [26–28]. These findings suggest that even
though ILC2s are recognized as tissue-resident
cells in mice, a portion of ILC2s are transferred
from the peripheral blood to the airways in
humans [29, 30]. Until the discovery of ILC2,
asthma was thought to be an antigen-specific
disease, but it is now clear that IL-33/ILC2-
mediated immune responses play an important
role, especially in the pathogenesis of virus-
induced asthma exacerbation, uncontrolled
asthma, and severe asthma [24, 27, 31].

6.2.2 Cytokines and Lipid Mediators
that Regulate the Function
of ILC2s

IL-33 rapidly and potently activates ILC2s and
induces type 2 inflammation, but other epithelial
cell-derived cytokines also activate ILC2s in the
lungs. For example, IL-25 is an epithelial cell-
derived cytokine that activates murine and human
ILC2s in combination with IL-2 in vitro [32, 33],
and tuft cells in the intestinal tract and bronchi
have been reported as IL-25-producing cells
[34]. However, IL-25 is less potent than IL-33
in inducing type 2 inflammation and airway con-
traction in mice [35]. Thymic stromal
lymphopoietin (TSLP) is also an epithelial cell-
derived cytokine that has modest effects on the
activation of ILC2s, but it is rather important in
altering the properties of ILC2s; TSLP induces
corticosteroid resistance via phosphorylation of
STAT5 and expression of Bcl-xL in ILC2s, lead-
ing to corticosteroid-resistant type 2 inflammation
in mice [36] (Fig. 6.3). Indeed, TSLP expression
is increased in the airways of patients with severe
asthma [37], and TSLP concentration in BAL
correlated with corticosteroid resistance in
ILC2s in humans [31]. Although IL-33, IL-25,
and TSLP are often described in parallel in
reviews as epithelial cell-derived cytokines,
more research on the cytokine production mecha-
nism for IL-25 and TSLP is required to under-
stand the regulation of ILC2 by these three
cytokines.

ILC2s do not express antigen-specific
receptors such as Th2 cells, but ILC2s express

various receptors for cytokines and lipid
mediators, which are influenced by the
surrounding environment. For example, proteases
in house dust mites and papain induce basophils
to produce IL-4, which increases the
responsiveness of ILC2s to IL-33 in mice
[38]. TNF-like ligand 1A (TL1A, TNFSF15),
glucocorticoid-induced TNF receptor ligand
(GITRL, TNFSF18), leukotriene, and prostaglan-
din D2 (PGD2) have been reported to activate
ILC2s synergistically with IL-33 in mice and
humans [25, 39–47]. Cysteinyl leukotrienes and
PGD2 bind to G protein-coupled receptors, which
increase the intracellular Ca2+ concentrations of
ILC2s and promote nuclear transfer of NFAT
[48]. Since this signaling pathway is different

Fig. 6.3 IL-33 and TSLP cooperatively induce steroid
resistance in ILC2. Under steady-state and IL-33 stimula-
tion, ILC2s are sensitive to steroids, but under simulta-
neous stimulation of IL-33 and TSLP, they become
resistant to steroid. TSLP induces Bcl-xL expression by
phosphorylation of STAT5, resulting in steroid resistance
in ILC2s
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from that induced by IL-33 or IL-25, lipid
mediators can activate ILC2s synergistically
with IL-33 and induce IL-4 production from
ILC2s [43]. Some patients with asthma have
aspirin-exacerbated respiratory disease (AERD),
which is characterized by swelling of the mucous
membranes of the sinuses, nasal passages, and
airways; these symptoms are exacerbated by the
ingestion of cyclooxygenase-1 (COX-1)
inhibitors, including aspirin and other nonsteroi-
dal anti-inflammatory drugs (NSAIDs) [49]. In
patients with AERD, the administration of
COX-1 inhibitors increases the production of
lipid mediators, such as leukotriene and PGD2,
and induces the accumulation of ILC2s in the
nasal mucosa, whereas the number of ILC2s is
decreased in the blood of patients with AERD
[50]. These findings suggest that ILC2s contrib-
ute to the pathogenesis of AERD through the
production of lipid mediators.

In contrast, some cytokines and lipid
mediators inhibit the activation of murine and
human ILC2s and suppress type 2 inflammation.
Interferons (IFNs) and IL-27 produced by NK
cells, T cells, plasmacytoid dendritic cells, and
interstitial macrophages suppress ILC2 activation
in a STAT1-dependent manner [30, 51–
54]. These cytokines are involved in the resolu-
tion of ILC2-mediated type 2 inflammation, and
without these cytokines, type 2 inflammation
would persist for a long time. The bronchial epi-
thelium in patients with asthma has been reported
to produce less IFN-β when infected with
rhinoviruses [55]. Therefore, replenishment of
IFN-β and other suppressive cytokines may be a
treatment option for virus-induced exacerbation
of asthma [56, 57]. In addition, other lipid
mediators such as PGE2, PGI2, and lipoxin A4
have been reported to inhibit the production of
IL-5 and IL-13 from ILC2s via cAMP activation
[58–61].

Finally, since ILC2s have plasticity, the type
of cytokines they produce changes dynamically
depending on the surrounding cytokine environ-
ment. IL-1β, IL-18, and IL-12 induce IFN-γ pro-
duction, and retinoic acid induces IL-10
production in murine and human ILC2s [4, 62–
64]. Viral infection and smoking provoke

inflammatory cytokines, including IL-12, and
the frequency of IFN-γ-producing ILC2s is
increased in patients with chronic obstructive pul-
monary disease [4]. Thus, various regulatory
mechanisms exist for ILC2-mediated type
2 inflammation, and a disruption of these regu-
latory mechanisms results in the exacerbation and
progression of allergen-independent type
2 inflammation in vivo.

6.2.3 Neuroimmune Interaction
in ILC2s

Neuronal and immune systems have close bidi-
rectional interactions. Neuron-derived
neuropeptides and neurotransmitters regulate
immune cell functions, whereas inflammatory
mediators produced by immune cells enhance
neuronal activation [65]. In recent years, several
neuropeptides have been shown to directly affect
ILC2s. Pulmonary neuroendocrine cells (PNECs)
are rare airway epithelial cells that sense various
stimulations, including oxygen, stretch, and
chemicals, and release neuropeptides, such as
calcitonin gene-related peptide (CGRP). ILC2s
have been reported to express CGRP receptors
and co-localize with PNECs in the lungs of mice
[66]. However, the effect of CGRP on ILC2s is
complicated; CGRP has induced IL-5 production
in murine ILC2s, but constrained IL-13 produc-
tion and proliferation [67]. ILC2s have also
expressed neuromedin U receptor 1 (NmUR1),
while neuromedin U (NMU) had a potent effect
on inducing the proliferation and cytokine pro-
duction of IL-5, IL-9, IL-13, and amphiregulin
from ILC2s in mice [68–70]. In addition, pulmo-
nary sensory nerve-derived vasoactive intestinal
peptide (VIP) activated ILC2s and CD4 T cells to
enhance type 2 inflammation in ovalbumin
(OVA)- and house dust mite (HDM)-induced
asthma mouse models [71]. Therefore, genetic
ablation of Nav1.8-positive sensory nerves
reduces immune cell infiltration and airway
hyperreactivity in OVA-induced asthma mouse
models [71].

In contrast, cholinergic neurons produce ace-
tylcholine and α7nAChR, an acetylcholine

80 H. Kabata et al.



receptor, which suppresses type 2 cytokine pro-
duction from murine ILC2s [72]. Furthermore,
sympathetic nerves release noradrenalin while
β-adrenoceptor stimulations suppress ILC2 pro-
liferation and ILC2-mediated inflammation in
mice [73]. These data suggest that the neural
system, in addition to the interactions with epithe-
lial cells and other immune cells, may regulate
ILC2-induced type 2 inflammation. At this stage,
it is not clear how these neural factors are
involved in the pathogenesis of asthma, but they
may be important factors in understanding the full
picture of ILC2-dependent asthma.

6.2.4 The Role of ILC2s in Trained
Immunity and Acquired
Immunity

ILC2s have been implicated not only in innate
immune responses, but also in trained and
acquired immunity. The increased number of
ILC2s in the lungs and mediastinal lymph nodes
of mice treated with IL-33 or papain was
maintained even after 4 weeks, indicating that
ILC2s are long-lived cells. Furthermore, ILC2s
responded more strongly to restimulation and
induced more severe type 2 inflammation,
suggesting that ILC2s have a memory mechanism
[74]. Experiments with Rag1�/� mice treated
with Alternaria allergen extract have shown that
ICOS+ST2+ ILC2 generates memory in asthma
through epigenetic changes [75].

ILC2s also enhance acquired immune
responses. This effect is limited to localized
reactions in the lungs and is dispensable in sys-
temic reactions. ILC2s enhance Th2 cell
responses but has no effect on Th1 or Th17 cells
[76]. Murine ILC2s express MHC class
2, OX40L, CD80, and CD86 and can directly
activate CD4+ T cells, which may promote the
induction of acquired immunity [77–80]. ILC2-
derived IL-13 promotes the migration of dendritic
cells in the lung to the lymph node, where they
promote naïve T cells to differentiate into Th2
cells during allergic lung inflammation
[81]. ILC2-derived IL-13 promotes the expres-
sion of IL-33 in airway epithelial cells, creating

a positive feedback loop and disrupting tight
junctions between the cells [82], thereby increas-
ing the penetration of allergens into the epithe-
lium, which may allow for higher penetration of
allergens across the epithelium. In summary,
ILC2s, which induce innate immune responses,
may enhance acquired immune responses and
exacerbate asthma.

6.2.5 Treatment of ILC2-Mediated
Type 2 Inflammation
in the Lungs

Although new asthma therapies targeting ILC2s
are expected, few drugs have proven inhibitory
effects on ILC2s in patients with asthma.
Corticosteroids and leukotriene receptor
antagonists, generally used to treat asthma,
appear to be somewhat effective against ILC2-
mediated type 2 inflammation. Indeed, inhaled
corticosteroid treatment (i.e., budesonide)
decreased the number of ILC2s in peripheral
blood and suppressed type 2 cytokine production
from ILC2s [83]. However, other studies have
demonstrated that ILC2s in the BAL are resistant
to corticosteroids, and continue to produce type
2 cytokines even in the presence of dexametha-
sone [31]. Importantly, TSLP induces corticoste-
roid resistance of ILC2s and promotes innate type
2 inflammation, and also induces acquired immu-
nity via DCs and CD4+ T cells in asthma model
mice [84]. Suppression of TSLP is important for
resolving ILC2-induced steroid resistance, while
tezepelumab, an anti-TSLP human monoclonal
antibody, has been reported to effectively sup-
press a wide range of inflammation [85–
87]. IL-33 is the most potent cytokine that
activates ILC2s, and antibodies against IL-33 or
its receptor, ST2/IL-1RL1, are currently under
development [88]. In addition, among the
biologics currently in use, dupilumab, an anti-
IL-4/13R antibody, has been suggested to sup-
press ILC2s in humans [89]. Since ILC2s have a
major impact on type 2 inflammation in the lungs,
the development of drugs targeting ILC2-
mediated inflammation is expected to progress
in the future (Fig. 6.4).

6 ILCs and Allergy 81



6.3 Innate Lymphoid Cells
in the Skin

The skin is the largest organ and provides a bar-
rier to protect the body from bacterial and viral
invasion, UV, and external stress damage.
Immune cells are strategically placed in the skin
to create efficient protective immunity through
cellular communication. Similarly to the respira-
tory and intestinal tracts, the skin also harbors
tissue-resident ILCs. Skin ILCs not only have
essential functions in maintaining tissue homeo-
stasis, but also play an important role in the path-
ogenesis of skin diseases, including allergies. The
skin consists of three layers: epidermis composed
of four different keratinocytes, collagen-rich der-
mis, and adipocyte-rich subcutaneous tissue.
ILCs, which account for 5% of immune cells in
murine skin, are present in all three skin layers,
but in different proportions. Transcriptome anal-
ysis revealed layer-specific heterogeneity of skin
ILC subsets (Fig. 6.5) [90]. The subcutaneous
tissue is rich in typical GATA3+ ILC2s, which
express Sca-1 and IL-33R and produce IL-5 and
IL-13, while the epidermal and dermal tissues
contain ILCs with mixed phenotypes of ILC3s
and ILC2s. Epidermal and dermal ILCs express
ICOS and CCR6, but do not express Sca-1 and
IL-33R. They express both GATA3 and RORγt
and produce IL-13, IL-22, TNF, and
lymphotoxins [90]. Skin ILCs exhibit distinct
tissue-resident patterns, with ILC1s continuously
migrating between the circulation and peripheral

lymph nodes in a CD62L- and CCR7-dependent
manner, while ILC2s and ILC3s remain in the
tissue [91]. With regard to allergic diseases of
the skin, ILC2s are thought to play an important
role in atopic dermatitis, while ILC1s are thought
to cause contact dermatitis together with NK
cells.

6.3.1 ILC2s in Atopic Dermatitis

Atopic dermatitis is a chronic inflammatory skin
disease in which the patient’s quality of life is
severely impaired due to endless itching. Since
atopic dermatitis is associated with high levels of
antigen-specific IgE in the serum and high T cell
infiltration in the skin lesions, acquired immunity
is thought to be important in the pathogenesis of
this disease. In recent years, however, attention
has begun to focus on the important role of innate
immunity in initiating and promoting atopic
inflammation, considering that patients often do
not exhibit antigen-specific reactions that are seen
in antigen-restricted allergic disorders such as
pollen and food allergies. Repeated scratching is
known to aggravate symptoms of atopic dermati-
tis. Tissue damage caused by scratching
stimulates the production of cytokines and
chemokines in the epidermis, which in turn
recruits and activates immune cells, thereby
aggravating the condition. From this perspective,
alarmins such as IL-33, TSLP, and IL-25 pro-
duced by epithelium upon tissue damage that
directly activate ILC2s may be deeply involved
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Fig. 6.4 Biologics targeting type 2 immunity. Approved indications vary by country. EGPA eosinophilic
granulomatosis with polyangiitis, HES hypereosinophilic syndrome
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in the pathogenesis of atopic dermatitis. GWAS
have identified susceptibility genes for atopic der-
matitis, including genes encoding IL-33R,
IL-18R, IL-7R, IL-2R, TSLP, IL-4, and IL-13
[92, 93], all of which are associated with ILC2
activation and effector functions. Studies on
patients with atopic dermatitis have reported that

ILC2s, both in the lesional skin and peripheral
blood, are increased compared to ILC2
populations in healthy subjects [94, 95].

To understand the mechanism by which ILC2s
are activated and involved in the pathogenesis of
atopic dermatitis, an atopic-like dermatitis mouse
model with topical application of calcipotriol
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Fig. 6.5 Skin ILCs with distinct transcriptome
landscapes. (a) Single RNA-seq analysis revealed
transcriptome heterogeneity of skin ILC subsets. The sub-
cutaneous ILCs are GATA3+ ILC2s, while the epidermal
and dermal tissues contain ILCs with mixed phenotypes of
ILC3s and ILC2s. (b) Bulk RNA-seq analysis further

showed layer-specific identities of skin ILCs. IL-5 is
mainly produced by subcutaneous and Sca1+ dermal
ILCs, while epidermal ILCs highly express IL-13. (c)
Distribution of ILCs in the skin. (Fig. 5a and b are adapted
from Kobayashi et al., Cell 2019, with permission from
Elsevier)
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(MC903), a vitamin D3 analog, has been used.
Although dermatitis is known to occur in T cell-
deficient mice, depletion of T cells and ILCs by
intraperitoneal administration of anti-CD25 or
anti-CD90.2 antibodies alleviates dermatitis. On
the other hand, dermatitis was not alleviated in
mice lacking IL-33(Il33�/�) or IL-25R (Il17rb�/

�), whereas TSLP receptor-deficient mice
(Tslpr�/�) showed impaired responsiveness to
ILC2s and improved dermatitis, suggesting that
TSLP is important for the activation of skin
ILC2s [94]. In addition, IL-13-producing ILC2s
interact with mast cells in the dermis of mouse
skin and are involved in eosinophil infiltration in
response to IL-2 [96].

On the other hand, the importance of IL-33
and IL-25 has also been reported. While the
above studies used mice of the C57BL/6 strain
background, studies using the BALB/c strain
showed that MC903 induced atopic-like dermati-
tis was reduced in mice lacking IL-25R (Il17rb�/

�) and IL-33R (Il1rl1�/�) [95]. It has been shown
that transgenic mice with forced expression of
IL-33, specifically in epidermal keratinocytes,
have increased IL-33R+ ILC2s and spontaneous
development of atopic-like dermatitis [97]. In
these mice, depletion of ILC2s or basophils
resulted in an improvement of dermatitis,
suggesting that ILC2s and basophils activated
by IL-33 are involved in the pathogenesis of
atopic inflammation [98]. In the abovementioned
study, IL-33R+ ILC2s were enriched in skin
lesions of patients with atopic dermatitis, and
in vitro stimulation of IL-33 induced the produc-
tion of type 2 cytokines from human skin-derived
ILC2s, further highlighting the role of IL-33 in
skin ILC2 activation [95]. The role of IL-25 in
ILC2 activation has been shown in an
OVA-induced atopic-like dermatitis model.
Either IL-25 deficiency, IL-13 deficiency, or
ILC2-specific IL-25R deficiency (Rora-Cre
Il17rbflox/flox) suppressed dermatitis, suggesting
a mechanism by which epidermal derived IL-25
promotes ILC2s to produce IL-13, which leads to
chemokine production such as CCL17 and
CCL22 from the epidermis and recruits T cells
and further promotes dermatitis [99].

It is difficult to conclude which cytokines are
most important for the activation of skin ILC2s,
because different mouse models of atopic derma-
titis and different strains of mice can affect the
results. Nonetheless, there is no doubt that type
2 cytokines are central to the pathogenesis of
atopic dermatitis, as monoclonal antibodies that
block IL-4 and IL-13 signaling markedly improve
clinical symptoms of atopic dermatitis
[100, 101]. If atopic dermatitis is a more
antigen-dependent disease, Th2 cells are likely
to be the source of these type 2 cytokines; how-
ever, patients often demonstrate increased pruri-
tus by sweating, stress, and diurnal rhythms, but
not when exposed to specific antigens, suggesting
that ILC2s are a possible source of type
2 cytokines. New therapeutic targets may be
identified by studying the pathogenesis of atopic
dermatitis from the perspective of ILC2s, which
are activated by cytokines produced in response
to tissue damage such as scratching.

6.3.2 NK and ILC1 in Contact
Hypersensitivity

Allergic contact dermatitis is an inflammatory
skin disease caused by the penetration of low-
molecular-weight chemicals and metals. In
hapten-induced contact hypersensitivity (CHS)
in mice [102], antigen-specific or nonspecific
innate immune memory may contribute to the
induced response. Tissue-resident NK cells in
the liver, currently referred to as ILC1s, induce
hapten-specific memory responses independent
of T and B lymphocytes in the CHS model,
suggesting memory-like properties of NK cells
or ILC1 [103, 104]. In contrast to the tissue resi-
dency of ILC2s and ILC3s, IL-7R+ ILC1s acquire
hapten-specific memory in skin-draining lymph
nodes, and are recruited to the liver via CXCR6
and maintained by IL-7R signaling
[105]. Although hapten-specific memory
responses have not been demonstrated in human
ILC1s or NK cells, NK cells accumulate in the
skin of patients with allergic contact dermatitis,
and NK cells release IFN-γ in the presence of T
lymphocytes that produce IL-2 in vitro
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[106]. These studies suggest the existence of an
innate memory response (or trained immunity);
however, the underlying mechanism for the long-
term persistence of the immune response by ILCs
requires further investigation.

6.4 Innate Lymphoid Cells
in the Nasal Mucosa

The olfactory system is not only a chemosensory
organ, but also a sophisticated immune system
that acts as the first line of defense against
infections, due to its constant exposure to the
open air containing abundant immunogens. ILCs
are known to be present in the nasal mucosa, but
in healthy individuals, ILC1s and ILC2s are
found in less than 0.1% of CD45-positive cells,
and considerably less than 0.01% that of ILC3s.
However, in inflammatory conditions such as
chronic sinusitis, ILC2s are increased by more
than 100-fold. Since the nasal mucosa is con-
stantly invaded by antigens from the outside
world, it is prone to various allergic symptoms;
hence, allergic rhinitis and chronic sinusitis are
well-known allergic inflammations of the nose.
The discovery of ILC2s has accelerated our
understanding of the pathogenesis of these
diseases, which is thought to be mainly caused
by Th2 cells. Since the nasal polyps, which form
in the paranasal sinuses, were one of the first
tissues in which human ILC2s were discovered,
research on the pathogenesis of nasal allergies,
with a focus on ILC2s, has been conducted
mainly in humans.

6.4.1 Allergic Rhinitis and ILC2s

Allergic rhinitis is classified as an IgE-mediated
type 1 allergy, in which allergen exposure causes
a runny nose, sneezing, and nasal congestion.
Within 30 min of exposure to an allergen, the
cross-linking of IgE and allergen induces hista-
mine release from mast cells, triggering the initial
allergic reaction. Subsequently, 6–24 h after aller-
gen exposure, eosinophilic infiltration occurs and
triggers tissue destruction and remodeling.

Patients with allergic rhinitis have elevated levels
of IL-25, IL-33, and TSLP in the serum or nasal
lavage fluid [107–109]. GWAS revealed that
SNPs in the IL33 gene are associated with Japa-
nese cedar pollinosis, suggesting that IL-33 is
strongly involved in the pathogenesis of allergic
rhinitis [109]. IL-33-deficient mice display
reduced symptoms of allergic rhinitis
[110, 111]. In addition to IL-33, a number of
GWAS analyses have demonstrated that SNPs
in the TSLP gene are also correlated with allergic
rhinitis [112–116], and the expression of TSLP in
the nasal cavity is associated with the severity of
the symptoms [117, 118]. In a mouse model of
allergic rhinitis, the roles of TSLP and IL-33 were
different between acute and chronic models. In
the acute allergic rhinitis model, both TSLP and
IL-33 contributed to the initial sneeze, and the
subsequent eosinophilic infiltration depended on
IL-33, whereas in the chronic model, the sneeze
response or eosinophilic infiltration depended on
TSLP or TSLP and IL-33, respectively. Further-
more, IL-25 was also detected in the nasal lavage
fluid of allergic rhinitis patients, and the expres-
sion of Il25 was enhanced in the nasal mucosa of
OVA-induced allergic rhinitis model mice
[119]. However, in a mouse model of
HDM-induced allergic rhinitis, IL-25 deficiency
had no effect on the symptoms [111]. Since IL-25
enhances the expression of TSLP in nasal epithe-
lial cells, further analysis of the possible involve-
ment of IL-25 in the pathogenesis of allergic
rhinitis is needed [107].

Recently, ILC2s were analyzed in patients
with allergic rhinitis. The frequency of ILC2s in
peripheral blood was significantly higher in
patients with allergic rhinitis than that in healthy
subjects [120, 121]. Interestingly, there seems to
be a difference in the reactivity of ILC2s
depending on the type of allergen: patients with
allergic rhinitis to HDM had the highest fre-
quency of ILC2s in the peripheral blood, while
patients with allergic rhinitis to other allergens,
such as wormwood, had higher ILC2s than those
of healthy subjects, but predominantly lower than
those of patients with allergic rhinitis to HDM
[121, 122]. However, in all patients, there was a
correlation between the severity of symptoms and
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the percentage of ILC2s in the peripheral blood
[121], suggesting that ILC2s play an important
role in the pathogenesis of allergic rhinitis. Since
allergic rhinitis is one of the most antigen-
dependent allergic diseases, it is necessary to
clarify how ILC2s contribute to its pathogenesis
via IL-25, IL-33, and TSLP.

6.4.2 Chronic Rhinosinusitis
and ILC2s

Chronic rhinosinusitis (CRS) is an inflammatory
disease of the nasal mucosa triggered by upper
respiratory tract inflammation, such as from the
common cold that spreads to the mucosa and
persists for more than 3 months. It has been
demonstrated that in CRS with nasal polyps
(CRSwNPs), type 2 inflammation, including
IgE, IL-5, and IL-13 production, and eosinophil
infiltration occur, suggesting that Th2 cells are
strongly involved in the pathogenesis. Human
ILC2s were first isolated from the nasal polyps
of CRSwNP patients in Netherlands, along with
the lungs and gut, and ILC2s were found to accu-
mulate in polyps [33]. Subsequently, the accumu-
lation of ILC2s in nasal polyps was confirmed in
the United States [123]. It has been proposed that
CRSwNPs can be divided into eosinophilic
(ECRS) and non-eosinophilic (NECRS)
subgroups [124], and ILC2s have been shown to
accumulate in nasal polyps in ECRS but not in
NECRS in various countries [125–127],
suggesting that the mechanism of ILC2-induced
ECRS is common worldwide. Despite the accu-
mulation of ILC2s in nasal polyps, there was no
difference in ILC2s in peripheral blood in all
studies, consistent with the view that ECRS is a
local inflammatory disease. Other ILC subsets,
including ILC1s and ILC3s, were also analyzed
in polyps of CRS; however, while ILC2s were
selectively accumulated in polyps and increased
100-fold compared to the ILC2s in the sinus
mucosa of healthy subjects, other ILC subsets
were unchanged in the polyps [128], suggesting
that ILC2s predominantly contribute to polyp
development in CRS.

Polyp-derived ILC2s respond to IL-25, IL-33,
and TSLP and produce IL-4, IL-5, IL-9, IL-13,

and GM-CSF. Many studies have shown that the
expression of IL-33 is comparable between the
sinus mucosa of CRSwNPs, CRS without nasal
polyps (CRSsNPs), and healthy subjects [33, 123,
129]. However, the expression of IL-33 was
increased in epithelial cells derived from recur-
rent CRSwNPs compared with that from first-
onset CRSwNP, suggesting that alteration of
IL-33 expression in nasal epithelial cells may
contribute to the pathogenesis [130]. In contrast,
TSLP was shown to be upregulated in the nasal
mucosa of CRSwNPs and ECRS [131–
134]. Since the expression of TSLP in the nasal
mucosa correlated with polyp scores, and GWAS
analysis showed that SNPs in the TSLP gene
were associated with CRSwNPs, TSLP may
play an important role in the pathogenesis of
CRSwNPs [135]. The increased expression of
IL-25 in CRSwNPs is controversial and therefore
inconclusive. However, it has been reported that
polyp-derived ILC2s respond to IL-25 [33] and
that IL-25 induces differentiation of fibroblasts
into myofibroblasts and contributes to polyp
remodeling [136], suggesting that IL-25 expres-
sion may change with disease progression, or that
ECRS pathogenesis is a heterogeneous disease
that can be further divided by endotypes.

Recently, the dramatic effect of dupilumab on
ECRS has revealed that IL-4 and IL-13 are key
factors in the pathogenesis of the disease [137]. It
is well known that IgE expression in nasal polyps
is high in patients with CRS, regardless of sys-
temic IgE levels [138], suggesting that, unlike
allergic rhinitis, inflammation in CRS is not aller-
gen specific. Therefore, in addition to Th2 cells,
ILC2s may contribute to the pathogenesis of
ECRS through type 2 cytokines in response to
IL-33, TSLP, and IL-25. The discovery of ILC2s
is expected to accelerate our understanding of
CRS pathogenesis and lead to the development
of new therapies.

6.4.3 Nasal Allergy and ILC1s, ILC3s

ILC1s, including NK cells, suppress ILC2 func-
tion through the production of IFNγ. ILC1s in
allergic rhinitis patients produce less IFNγ upon
in vitro stimulation than that produced in
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nonallergic rhinitis patients [139], suggesting that
ILC2s may be activated in these patients. In fact,
in a study of patients who responded to allergen
immunotherapy (AIT), a treatment for allergic
rhinitis showed a reduced response of ILC2s to
allergen stimulation compared to ILC2s in
healthy subjects [140]. In addition, the ratio of
ILC2 to ILC1 in patients who responded to AIT
was similar to that in healthy controls, suggesting
that ILC1s suppress allergic rhinitis by inhibiting
the function of ILC2s. The frequency of ILC3s,
along with ILC2s, significantly increased only
during the grass pollen season in grass-allergic
patients, while the frequency of ILC1s did not
change. Therefore, ILC3s may have a different
function from ILC1s in this condition, but the role
of ILC3s in allergic rhinitis requires further anal-
ysis. Although ILC2s selectively accumulate in
polyps in CRSwNPs, the increased production of
IFNγ and IL-17A in the nasal mucosa in CRSsNP
supports the possibility that ILC3s may have a
different function than ILC1s under these
conditions. Although there are reports that
increased ILC1s and ILC3s are observed in the
nasal mucosa in CRSsNP pathologies, there is no
significant difference in the frequency of ILC1s
and ILC3s in the nasal mucosa compared to
differences in CRSwNPs or healthy individuals,
although there is an increasing trend [128]. There-
fore, the involvement of ILC1s and ILC3s in the
pathogenesis of the disease is still unclear and
requires further analysis.

6.5 Food Allergy, Including
Anaphylaxis, and ILC2s

Food allergy (FA) is an allergic disease that is
increasing worldwide, affecting one in ten people
in developed countries. FA is defined as an
antigen-specific biological response resulting
from exposure to orally ingested food or food-
derived components. Most of the symptoms of
FA depend on the production of antigen-specific
IgE, while anaphylaxis, caused by IgE-mediated
mast cell degranulation, is a serious reaction that
can lead to death. Various forms of food immu-
notherapy including oral, sublingual, and
epicutaneous delivery routes have been used for

the treatment of FA; clinical trials of anti-IgE
therapy have also been initiated. Although anti-
IgE therapy has not yet been approved for the
treatment of FA, the combination of anti-IgE
therapy and oral immunotherapy (OIT) is
expected to be useful in peanut, milk, and multi-
ple FAs, because anti-IgE treatment decreases the
adverse events during OIT and shortens the treat-
ment duration [141, 142].

Various types of ILCs reside in the intestine
and contribute to homeostasis. In particular, the
intestinal lamina propria (LP) has a high fre-
quency of ILCs compared to that in the intestinal
epithelium (IE). In mice, ILCs account for
approximately 2.5% of all lymphocytes in the
small intestinal LP fraction and 1.8% in the
large intestinal LP fraction, which is more than
20 times higher than that in the IE fraction
[143]. In the LP fraction of the small intestine,
ILC3s are the most abundant, accounting for
approximately 60% of all ILCs, while ILC2s
and ILC1/NK cells account for approximately
20% each. On the other hand, in the LP fraction
of the large intestine, ILC2s are the most abun-
dant, accounting for approximately 50% of all
ILCs, while ILC1/NK cells and ILC3s account
for approximately 30% and 20%, respectively,
which is opposite to the composition of the
small intestine. Since FA is a type 2 immune
response similar to other allergies, ILC2s among
ILCs are thought to be involved in the pathogen-
esis of FA.

In studies of FA, models in which OVA/alum
or peanuts/cholera toxin (PN/CT) are
administered orally or peritoneally to mice to
induce antigen-specific IgE production are often
used. In these FA models, subsequent oral admin-
istration of OVA or peanuts to mice can induce
type 2 inflammation, gastrointestinal symptoms
such as diarrhea, and anaphylactic symptoms
such as body temperature decrease through mast
cell degranulation. The cytokines involved in the
activation of ILC2s, such as IL-25, IL-33, and
TSLP, are elevated, and the number of intestinal
ILC2s is increased in an IL-33-dependent manner
in the FA model mice. Consistent with these data,
eosinophil infiltration, IgE production, and ana-
phylactic symptoms are reduced in IL-33 recep-
tor-deficient mice, suggesting that ILC2s are
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involved in the pathogenesis of FA [144]. It has
been reported that in the OVA/alum-induced FA
model, IL-25 production is enhanced and elicits
IL-13 production from ILC2s by direct stimula-
tion or indirect activation via IL-25 receptor-pos-
itive Th2 cells, resulting in mastocytosis and
diarrhea symptoms [145]. Furthermore, in the
PN/CT-induced FA model using IL4RαF709
mice, in which the unrestrained form of the
IL-4Rα chain lacking the immunoreceptor
tyrosine-based inhibitory motif (ITIM) motif is
knocked out, ILC2s contribute to the disruption
of immune tolerance by suppressing antigen-
specific Tregs via IL-4 production and further
enhancing IgE reactivity of mast cells via IL-4/
IL-13 production, leading to the exacerbation of
anaphylaxis [146, 147]. Interestingly, disruption
of the skin barrier induces the activation of intes-
tinal ILC2s via IL-33, which enhances
mastocytosis and anaphylaxis in OVA-induced
FA models [148]. This study indicates that
improper activation of ILC2s is involved in the
development of allergic marches. On the other
hand, Chu et al. reported that ILC2s contribute
to type 2 inflammation in the abdominal cavity
induced by FA, but not to IgE production, gastro-
intestinal symptoms, and anaphylaxis, based on
the result of ILC2 depletion using Thy1-
neutralizing antibody in a PN/CT-induced FA
model [149]. These differences may be due to
the varying FA models and mouse strains used,
or due to the effects of the gut microbiota.
Although ILC2s are abundant in the intestinal
tracts and can be involved in the pathogenesis of
FA as a source of type 2 cytokines, FA studies
focusing on ILC2s have not been widely reported,
especially in humans, compared to other allergic
diseases such as asthma and CRS. Further
research in both humans and mice will help to
understand the role of ILC2s in the development
of FA.

6.6 Allergic Conjunctivitis
and ILC2s

Allergic conjunctivitis is an allergic inflammatory
disease caused by foreign substances in the eyes,
such as pollen, house dust, and contact lenses.

The main symptoms of allergic conjunctivitis
are itching, redness, and increased tear produc-
tion, which are thought to be caused by the
acquired immune system triggered by foreign
substances. However, the involvement of the
innate immune system in allergic conjunctivitis
has recently attracted attention because of the
elevated levels of epithelial cell-derived type
2 initiating cytokines such as IL-33 and TSLP
[150, 151]. The mouse line hK14mIL33Tg is a
keratin 14-driven transgenic mouse, which
overexpresses IL-33 in an epithelial cell-specific
manner and spontaneously develops allergic der-
matitis and conjunctivitis. In these mice, ILC2s in
the conjunctiva were increased by more than
20 times compared to ILC2s in naïve mice, and
ILC2-derived IL-5 and IL-13 production was
enhanced [152]. It was also reported that ILC2s
increased with eosinophils in conjunctivitis
induced by papain contact lenses [153]. Interest-
ingly, a similar level of inflammation was induced
in Rag2-/- mice lacking the acquired immune sys-
tem, suggesting that ILC2-mediated allergic
inflammation plays an essential role in the patho-
genesis of allergic conjunctivitis. It is expected
that understanding the mechanism by which
ILC2s contribute to the maintenance of homeo-
stasis and the induction of allergic inflammation
in the conjunctiva, a barrier tissue in contact with
the outside world similar to the skin, nasal
mucosa, and bronchi would aid in the develop-
ment of novel therapeutic approaches.

6.7 Conclusion

The word “allergy” is a concept, and the actual
diseases, such as asthma, atopic dermatitis, and
food allergy, are differentiated according to the
organ in which the allergy occurs and are treated
by the respective clinical departments. As a result,
patients are referred to the Department of Respi-
ratory Medicine for asthma, the Department of
Dermatology for atopic dermatitis, and the
Department of Gastroenterology for FA, with
limited coordination between doctors in each
department. On the other hand, in the field of
basic research, the existence of ILCs has been
recently revealed, and the role of ILC2s in allergic
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diseases has been rapidly elucidated. As a result,
allergies, regardless of the organ, can now be
roughly divided into antigen-specific mediated
by Th2 cells and antigen-nonspecific mediated
by ILC2s, mainly IL-33. Therefore, future
research, drug development, and medical treat-
ment for allergies must emphasize antigen and
organ specificity to comprehensively understand
the diseases. In the face of the explosive increase
in allergies worldwide, it is necessary to establish
methods that accurately determine whether each
patient’s allergy is dependent on Th2 cells or
ILC2s, and to identify targets that can completely
suppress each of these cell types.

References

1. Monticelli LA, Sonnenberg GF, Abt MC,
Alenghat T, Ziegler CG, Doering TA, et al. Innate
lymphoid cells promote lung-tissue homeostasis after
infection with influenza virus. Nat Immunol. 2011;12
(11):1045–54.

2. Yudanin NA, Schmitz F, Flamar AL, Thome JJC,
Tait Wojno E, Moeller JB, et al. Spatial and temporal
mapping of human innate lymphoid cells reveals
elements of tissue specificity. Immunity. 2019;50
(2):505–19.

3. Marquardt N, Kekalainen E, Chen P, Kvedaraite E,
Wilson JN, Ivarsson MA, et al. Human lung natural
killer cells are predominantly comprised of highly
differentiated hypofunctional CD69(�)CD56(dim)
cells. J Allergy Clin Immunol. 2017;139(4):1321–30.

4. Silver JS, Kearley J, Copenhaver AM, Sanden C,
Mori M, Yu L, et al. Inflammatory triggers associated
with exacerbations of COPD orchestrate plasticity of
group 2 innate lymphoid cells in the lungs. Nat
Immunol. 2016;17(6):626–35.

5. Kim HY, Lee HJ, Chang YJ, Pichavant M, Shore SA,
Fitzgerald KA, et al. Interleukin-17-producing innate
lymphoid cells and the NLRP3 inflammasome facili-
tate obesity-associated airway hyperreactivity. Nat
Med. 2014;20(1):54–61.

6. Mazzurana L, Czarnewski P, Jonsson V, Wigge L,
Ringnér M, Williams TC, et al. Tissue-specific tran-
scriptional imprinting and heterogeneity in human
innate lymphoid cells revealed by full-length single-
cell RNA-sequencing. Cell Res. 2021;31(5):554–68.

7. Klein Wolterink RG, Kleinjan A, van Nimwegen M,
Bergen I, de Bruijn M, Levani Y, et al. Pulmonary
innate lymphoid cells are major producers of IL-5 and
IL-13 in murine models of allergic asthma. Eur J
Immunol. 2012;42(5):1106–16.

8. Bartemes KR, Iijima K, Kobayashi T, Kephart GM,
McKenzie AN, Kita H. IL-33-responsive lineage-
CD25+ CD44(hi) lymphoid cells mediate innate

type 2 immunity and allergic inflammation in the
lungs. J Immunol. 2012;188(3):1503–13.

9. Halim TY, Krauss RH, Sun AC, Takei F. Lung natu-
ral helper cells are a critical source of Th2 cell-type
cytokines in protease allergen-induced airway inflam-
mation. Immunity. 2012;36(3):451–63.

10. Arae K, Ikutani M, Horiguchi K, Yamaguchi S,
Okada Y, Sugiyama H, et al. Interleukin-33 and
thymic stromal lymphopoietin, but not interleukin-
25, are crucial for development of airway eosino-
philia induced by chitin. Sci Rep. 2021;11(1):5913.

11. Kim HY, Chang YJ, Subramanian S, Lee HH,
Albacker LA, Matangkasombut P, et al. Innate lym-
phoid cells responding to IL-33 mediate airway
hyperreactivity independently of adaptive immunity.
J Allergy Clin Immunol. 2012;129(1):216–27.

12. Han M, Rajput C, Hong JY, Lei J, Hinde JL, Wu Q,
et al. The innate cytokines IL-25, IL-33, and TSLP
cooperate in the induction of type 2 innate lymphoid
cell expansion and mucous metaplasia in rhinovirus-
infected immature mice. J Immunol. 2017;199(4):
1308–18.

13. Chang YJ, Kim HY, Albacker LA, Baumgarth N,
McKenzie AN, Smith DE, et al. Innate lymphoid
cells mediate influenza-induced airway hyper-
reactivity independently of adaptive immunity. Nat
Immunol. 2011;12(7):631–8.

14. Kouzaki H, Iijima K, Kobayashi T, O'Grady SM,
Kita H. The danger signal, extracellular ATP, is a
sensor for an airborne allergen and triggers IL-33
release and innate Th2-type responses. J Immunol.
2011;186(7):4375–87.

15. Cayrol C, Duval A, Schmitt P, Roga S, Camus M,
Stella A, et al. Environmental allergens induce aller-
gic inflammation through proteolytic maturation of
IL-33. Nat Immunol. 2018;19(4):375–85.

16. Furusawa J, Moro K, Motomura Y, Okamoto K,
Zhu J, Takayanagi H, et al. Critical role of p38 and
GATA3 in natural helper cell function. J Immunol.
2013;191(4):1818–26.

17. Kabata H, Moro K, Koyasu S. The group 2 innate
lymphoid cell (ILC2) regulatory network and its
underlying mechanisms. Immunol Rev. 2018;286
(1):37–52.

18. Hammad H, Lambrecht BN. The basic immunology
of asthma. Cell. 2021;184(6):1469–85.

19. Lambrecht BN, Hammad H. The immunology of
asthma. Nat Immunol. 2015;16(1):45–56.

20. Torgerson DG, Ampleford EJ, Chiu GY, Gauderman
WJ, Gignoux CR, Graves PE, et al. Meta-analysis of
genome-wide association studies of asthma in ethni-
cally diverse North American populations. Nat
Genet. 2011;43(9):887–92.

21. Prefontaine D, Lajoie-Kadoch S, Foley S,
Audusseau S, Olivenstein R, Halayko AJ, et al.
Increased expression of IL-33 in severe asthma: evi-
dence of expression by airway smooth muscle cells. J
Immunol. 2009;183(8):5094–103.

22. Christianson CA, Goplen NP, Zafar I, Irvin C, Good
JT Jr, Rollins DR, et al. Persistence of asthma
requires multiple feedback circuits involving type

6 ILCs and Allergy 89



2 innate lymphoid cells and IL-33. J Allergy Clin
Immunol. 2015;136(1):59–68.

23. Prefontaine D, Nadigel J, Chouiali F, Audusseau S,
Semlali A, Chakir J, et al. Increased IL-33 expression
by epithelial cells in bronchial asthma. J Allergy Clin
Immunol. 2010;125(3):752–4.

24. Smith SG, Chen R, Kjarsgaard M, Huang C, Oliveria
JP, O'Byrne PM, et al. Increased numbers of activated
group 2 innate lymphoid cells in the airways of
patients with severe asthma and persistent airway
eosinophilia. J Allergy Clin Immunol. 2016;137(1):
75–86.

25. Bartemes KR, Kephart GM, Fox SJ, Kita
H. Enhanced innate type 2 immune response in
peripheral blood from patients with asthma. J Allergy
Clin Immunol. 2014;134(3):671–8.

26. Al-Sajee D, Sehmi R, Hawke TJ, El-Gammal A,
Howie KJ, Watson RM, et al. Expression of IL-33
and TSLP and their receptors in asthmatic airways
after inhaled allergen challenge. Am J Respir Crit
Care Med. 2018;198(6):805–7.

27. Jackson DJ, Makrinioti H, Rana BM, Shamji BW,
Trujillo-Torralbo MB, Footitt J, et al. IL-33-depen-
dent type 2 inflammation during rhinovirus-induced
asthma exacerbations in vivo. Am J Respir Crit Care
Med. 2014;190(12):1373–82.

28. Winkler C, Hochdorfer T, Israelsson E,
Hasselberg A, Cavallin A, Thorn K, et al. Activation
of group 2 innate lymphoid cells after allergen chal-
lenge in asthmatic patients. J Allergy Clin Immunol.
2019;144(1):61–9.

29. Mazzurana L, Czarnewski P, Jonsson V, Wigge L,
Ringner M, Williams TC, et al. Tissue-specific tran-
scriptional imprinting and heterogeneity in human
innate lymphoid cells revealed by full-length single-
cell RNA-sequencing. Cell Res. 2021;31(5):554–68.

30. Moro K, Kabata H, Tanabe M, Koga S, Takeno N,
Mochizuki M, et al. Interferon and IL-27 antagonize
the function of group 2 innate lymphoid cells and
type 2 innate immune responses. Nat Immunol.
2016;17(1):76–86.

31. Liu S, Verma M, Michalec L, Liu W, Sripada A,
Rollins D, et al. Steroid resistance of airway type
2 innate lymphoid cells from patients with severe
asthma: the role of thymic stromal lymphopoietin. J
Allergy Clin Immunol. 2018;141(1):257–68 e6.

32. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T,
Kawamoto H, et al. Innate production of T(H)
2 cytokines by adipose tissue-associated c-Kit(+)
Sca-1(+) lymphoid cells. Nature. 2010;463(7280):
540–4.

33. Mjosberg JM, Trifari S, Crellin NK, Peters CP, van
Drunen CM, Piet B, et al. Human IL-25- and IL-33-
responsive type 2 innate lymphoid cells are defined
by expression of CRTH2 and CD161. Nat Immunol.
2011;12(11):1055–62.

34. Howitt MR, Lavoie S, Michaud M, Blum AM, Tran
SV, Weinstock JV, et al. Tuft cells, taste-

chemosensory cells, orchestrate parasite type 2 immu-
nity in the gut. Science. 2016;351(6279):1329–33.

35. Barlow JL, Peel S, Fox J, Panova V, Hardman CS,
Camelo A, et al. IL-33 is more potent than IL-25 in
provoking IL-13-producing nuocytes (type 2 innate
lymphoid cells) and airway contraction. J Allergy
Clin Immunol. 2013;132(4):933–41.

36. Kabata H, Moro K, Fukunaga K, Suzuki Y, Miyata J,
Masaki K, et al. Thymic stromal lymphopoietin
induces corticosteroid resistance in natural helper
cells during airway inflammation. Nat Commun.
2013;4:2675.

37. Shikotra A, Choy DF, Ohri CM, Doran E, Butler C,
Hargadon B, et al. Increased expression of immuno-
reactive thymic stromal lymphopoietin in patients
with severe asthma. J Allergy Clin Immunol.
2012;129(1):104–11.

38. Motomura Y, Morita H, Moro K, Nakae S, Artis D,
Endo TA, et al. Basophil-derived interleukin-4
controls the function of natural helper cells, a member
of ILC2s, in lung inflammation. Immunity. 2014;40
(5):758–71.

39. Yu X, Pappu R, Ramirez-Carrozzi V, Ota N,
Caplazi P, Zhang J, et al. TNF superfamily member
TL1A elicits type 2 innate lymphoid cells at mucosal
barriers. Mucosal Immunol. 2014;7(3):730–40.

40. Meylan F, Hawley ET, Barron L, Barlow JL,
Penumetcha P, Pelletier M, et al. The TNF-family
cytokine TL1A promotes allergic immunopathology
through group 2 innate lymphoid cells. Mucosal
Immunol. 2014;7(4):958–68.

41. Machida K, AwM, Salter BMA, Ju X, Mukherjee M,
Gauvreau GM, et al. The role of the TL1A/DR3 axis
in the activation of group 2 innate lymphoid cells in
subjects with eosinophilic asthma. Am J Respir Crit
Care Med. 2020;202(8):1105–14.

42. Nagashima H, Okuyama Y, Fujita T, Takeda T,
Motomura Y, Moro K, et al. GITR cosignal in
ILC2s controls allergic lung inflammation. J Allergy
Clin Immunol. 2018;141(5):1939–43.

43. Doherty TA, Khorram N, Lund S, Mehta AK,
Croft M, Broide DH. Lung type 2 innate lymphoid
cells express cysteinyl leukotriene receptor 1, which
regulates TH2 cytokine production. J Allergy Clin
Immunol. 2013;132(1):205–13.

44. Xue L, Salimi M, Panse I, Mjosberg JM, McKenzie
AN, Spits H, et al. Prostaglandin D2 activates group
2 innate lymphoid cells through chemoattractant
receptor-homologous molecule expressed on TH2
cells. J Allergy Clin Immunol. 2014;133(4):1184–94.

45. Lund SJ, Portillo A, Cavagnero K, Baum RE, Naji
LH, Badrani JH, et al. Leukotriene C4 potentiates
IL-33-induced group 2 innate lymphoid cell activa-
tion and lung inflammation. J Immunol. 2017;199(3):
1096–104.

46. Wojno ED, Monticelli LA, Tran SV, Alenghat T,
Osborne LC, Thome JJ, et al. The prostaglandin D
(2) receptor CRTH2 regulates accumulation of group

90 H. Kabata et al.



2 innate lymphoid cells in the inflamed lung. Mucosal
Immunol. 2015;8(6):1313–23.

47. Salimi M, Stoger L, Liu W, Go S, Pavord I,
Klenerman P, et al. Cysteinyl leukotriene E4
activates human group 2 innate lymphoid cells and
enhances the effect of prostaglandin D2 and epithelial
cytokines. J Allergy Clin Immunol. 2017;140(4):
1090–100.

48. von Moltke J, O'Leary CE, Barrett NA, Kanaoka Y,
Austen KF, Locksley RM. Leukotrienes provide an
NFAT-dependent signal that synergizes with IL-33 to
activate ILC2s. J Exp Med. 2017;214(1):27–37.

49. White AA, Stevenson DD. Aspirin-exacerbated
respiratory disease. N Engl J Med. 2018;379(11):
1060–70.

50. Eastman JJ, Cavagnero KJ, Deconde AS, Kim AS,
Karta MR, Broide DH, et al. Group 2 innate lym-
phoid cells are recruited to the nasal mucosa in
patients with aspirin-exacerbated respiratory disease.
J Allergy Clin Immunol. 2017;140(1):101–8.

51. Duerr CU, McCarthy CD, Mindt BC, Rubio M, Meli
AP, Pothlichet J, et al. Type I interferon restricts type
2 immunopathology through the regulation of group
2 innate lymphoid cells. Nat Immunol. 2016;17(1):
65–75.

52. Molofsky AB, Van Gool F, Liang HE, Van Dyken
SJ, Nussbaum JC, Lee J, et al. Interleukin-33 and
interferon-gamma counter-regulate group 2 innate
lymphoid cell activation during immune perturbation.
Immunity. 2015;43(1):161–74.

53. McHedlidze T, Kindermann M, Neves AT,
Voehringer D, Neurath MF, Wirtz S. IL-27
suppresses type 2 immune responses in vivo via
direct effects on group 2 innate lymphoid cells.
Mucosal Immunol. 2016;9(6):1384–94.

54. Okuzumi S, Miyata J, Kabata H, Mochimaru T,
Kagawa S, Masaki K, et al. TLR7 agonist suppresses
ILC2-mediated inflammation via IL-27-producing
interstitial macrophages. Am J Respir Cell Mol
Biol. 2021;65(3):309–18.

55. Wark PA, Johnston SL, Bucchieri F, Powell R,
Puddicombe S, Laza-Stanca V, et al. Asthmatic bron-
chial epithelial cells have a deficient innate immune
response to infection with rhinovirus. J Exp Med.
2005;201(6):937–47.

56. Djukanovic R, Harrison T, Johnston SL, Gabbay F,
Wark P, Thomson NC, et al. The effect of inhaled
IFN-beta on worsening of asthma symptoms caused
by viral infections. A randomized trial. Am J Respir
Crit Care Med. 2014;190(2):145–54.

57. Psallidas I, Backer V, Kuna P, Palmer R, Necander S,
Aurell M, et al. A phase 2a, double-blind, placebo-
controlled randomized trial of inhaled TLR9 agonist
AZD1419 in asthma. Am J Respir Crit Care Med.
2021;203(3):296–306.

58. Maric J, Ravindran A, Mazzurana L, Bjorklund AK,
Van Acker A, Rao A, et al. Prostaglandin E2
suppresses human group 2 innate lymphoid cell func-
tion. J Allergy Clin Immunol. 2018;141(5):1761–73.

59. Zhou Y, Wang W, Zhao C, Wang Y, Wu H, Sun X,
et al. Prostaglandin E2 inhibits group 2 innate lym-
phoid cell activation and allergic airway inflamma-
tion through E-prostanoid 4-cyclic adenosine
monophosphate signaling. Front Immunol. 2018;9:
501.

60. ZhouW, Toki S, Zhang J, Goleniewksa K, Newcomb
DC, Cephus JY, et al. Prostaglandin I2 signaling and
inhibition of group 2 innate lymphoid cell responses.
Am J Respir Crit Care Med. 2016;193(1):31–42.

61. Barnig C, Cernadas M, Dutile S, Liu X, Perrella MA,
Kazani S, et al. Lipoxin A4 regulates natural killer
cell and type 2 innate lymphoid cell activation in
asthma. Sci Transl Med. 2013;5(174):174ra26.

62. Ohne Y, Silver JS, Thompson-Snipes L, Collet MA,
Blanck JP, Cantarel BL, et al. IL-1 is a critical regu-
lator of group 2 innate lymphoid cell function and
plasticity. Nat Immunol. 2016;17(6):646–55.

63. Lim AI, Menegatti S, Bustamante J, Le Bourhis L,
Allez M, Rogge L, et al. IL-12 drives functional
plasticity of human group 2 innate lymphoid cells. J
Exp Med. 2016;213(4):569–83.

64. Morita H, Kubo T, Ruckert B, Ravindran A, Soyka
MB, Rinaldi AO, et al. Induction of human regu-
latory innate lymphoid cells from group 2 innate
lymphoid cells by retinoic acid. J Allergy Clin
Immunol. 2019;143(6):2190–201.

65. Kabata H, Artis D. Neuro-immune crosstalk and
allergic inflammation. J Clin Investig. 2019;129(4):
1475–82.

66. Sui P, Wiesner DL, Xu J, Zhang Y, Lee J, Van
Dyken S, et al. Pulmonary neuroendocrine cells
amplify allergic asthma responses. Science.
2018;360(6393):8546.

67. Nagashima H, Mahlakoiv T, Shih HY, Davis FP,
Meylan F, Huang Y, et al. Neuropeptide CGRP limits
group 2 innate lymphoid cell responses and
constrains type 2 inflammation. Immunity. 2019;51
(4):682–95.

68. Klose CSN, Mahlakoiv T, Moeller JB, Rankin LC,
Flamar AL, Kabata H, et al. The neuropeptide
neuromedin U stimulates innate lymphoid cells and
type 2 inflammation. Nature. 2017;549(7671):282–6.

69. Wallrapp A, Riesenfeld SJ, Burkett PR, Abdulnour
RE, Nyman J, Dionne D, et al. The neuropeptide
NMU amplifies ILC2-driven allergic lung inflamma-
tion. Nature. 2017;549(7672):351–6.

70. Cardoso V, Chesne J, Ribeiro H, Garcia-Cassani B,
Carvalho T, Bouchery T, et al. Neuronal regulation of
type 2 innate lymphoid cells via neuromedin
U. Nature. 2017;549(7671):277–81.

71. Talbot S, Abdulnour RE, Burkett PR, Lee S, Cronin
SJ, Pascal MA, et al. Silencing nociceptor neurons
reduces allergic airway inflammation. Neuron.
2015;87(2):341–54.

72. Galle-Treger L, Suzuki Y, Patel N,
Sankaranarayanan I, Aron JL, Maazi H, et al. Nico-
tinic acetylcholine receptor agonist attenuates ILC2-

6 ILCs and Allergy 91



dependent airway hyperreactivity. Nat Commun.
2016;7:13202.

73. Moriyama S, Brestoff JR, Flamar AL, Moeller JB,
Klose CSN, Rankin LC, et al. β2-adrenergic receptor-
mediated negative regulation of group 2 innate lym-
phoid cell responses. Science. 2018;359(6379):
1056–61.

74. Martinez-Gonzalez I, Matha L, Steer CA, Ghaedi M,
Poon GF, Takei F. Allergen-experienced group
2 innate lymphoid cells acquire memory-like
properties and enhance allergic lung inflammation.
Immunity. 2016;45(1):198–208.

75. Verma M, Michalec L, Sripada A, McKay J,
Sirohi K, Verma D, et al. The molecular and epige-
netic mechanisms of innate lymphoid cell (ILC)
memory and its relevance for asthma. J Exp Med.
2021;218(7):e20201354.

76. Gold MJ, Antignano F, Halim TY, Hirota JA,
Blanchet MR, Zaph C, et al. Group 2 innate lymphoid
cells facilitate sensitization to local, but not systemic,
TH2-inducing allergen exposures. J Allergy Clin
Immunol. 2014;133(4):1142–8.

77. Mirchandani AS, Besnard AG, Yip E, Scott C, Bain
CC, Cerovic V, et al. Type 2 innate lymphoid cells
drive CD4+ Th2 cell responses. J Immunol. 2014;192
(5):2442–8.

78. Oliphant CJ, Hwang YY, Walker JA, Salimi M,
Wong SH, Brewer JM, et al. MHCII-mediated dialog
between group 2 innate lymphoid cells and CD4(+) T
cells potentiates type 2 immunity and promotes para-
sitic helminth expulsion. Immunity. 2014;41(2):
283–95.

79. Drake LY, Iijima K, Kita H. Group 2 innate lymphoid
cells and CD4+ T cells cooperate to mediate type
2 immune response in mice. Allergy. 2014;69(10):
1300–7.

80. Halim TYF, Rana BMJ, Walker JA, Kerscher B,
Knolle MD, Jolin HE, et al. Tissue-restricted adaptive
type 2 immunity is orchestrated by expression of the
costimulatory molecule OX40L on group 2 innate
lymphoid cells. Immunity. 2018;48(6):1195–207.

81. Halim TY, Steer CA, Matha L, Gold MJ, Martinez-
Gonzalez I, McNagny KM, et al. Group 2 innate
lymphoid cells are critical for the initiation of adap-
tive T helper 2 cell-mediated allergic lung inflamma-
tion. Immunity. 2014;40(3):425–35.

82. Sugita K, Steer CA, Martinez-Gonzalez I,
Altunbulakli C, Morita H, Castro-Giner F, et al.
Type 2 innate lymphoid cells disrupt bronchial epi-
thelial barrier integrity by targeting tight junctions
through IL-13 in asthmatic patients. J Allergy Clin
Immunol. 2018;141(1):300–10.

83. Yu QN, Guo YB, Li X, Li CL, Tan WP, Fan XL,
et al. ILC2 frequency and activity are inhibited by
glucocorticoid treatment via STAT pathway in
patients with asthma. Allergy. 2018;73(9):1860–70.

84. Kabata H, Flamar AL, Mahlakoiv T, Moriyama S,
Rodewald HR, Ziegler SF, et al. Targeted deletion of
the TSLP receptor reveals cellular mechanisms that

promote type 2 airway inflammation. Mucosal
Immunol. 2020;13(4):626–36.

85. Gauvreau GM, O'Byrne PM, Boulet LP, Wang Y,
Cockcroft D, Bigler J, et al. Effects of an anti-TSLP
antibody on allergen-induced asthmatic responses. N
Engl J Med. 2014;370(22):2102–10.

86. Corren J, Parnes JR, Wang L, Mo M, Roseti SL,
Griffiths JM, et al. Tezepelumab in adults with
uncontrolled asthma. N Engl J Med. 2017;377(10):
936–46.

87. Menzies-Gow A, Corren J, Bourdin A, Chupp G,
Israel E, Wechsler ME, et al. Tezepelumab in adults
and adolescents with severe, uncontrolled asthma. N
Engl J Med. 2021;384(19):1800–9.

88. Porsbjerg CM, Sverrild A, Lloyd CM, Menzies-Gow
AN, Bel EH. Anti-alarmins in asthma: targeting the
airway epithelium with next-generation biologics.
Eur Respir J. 2020;56(5):2000260.

89. Patel G, Pan J, Ye L, Shen X, Rosloff D, D'Souza SS,
et al. Blockade of IL-4Rα inhibits group 2 innate
lymphoid cell responses in asthma patients. Clin
Exp Allergy. 2020;50(2):267–70.

90. Kobayashi T, Voisin B, Kim DY, Kennedy EA, Jo
JH, Shih HY, et al. Homeostatic control of sebaceous
glands by innate lymphoid cells regulates commensal
bacteria equilibrium. Cell. 2019;176(5):982–97.

91. Dutton EE, Gajdasik DW, Willis C, Fiancette R,
Bishop EL, Camelo A, et al. Peripheral lymph
nodes contain migratory and resident innate lym-
phoid cell populations. Sci Immunol. 2019;4(35):
8082.

92. Paternoster L, Standl M, Waage J, Baurecht H,
Hotze M, Strachan DP, et al. Multi-ancestry
genome-wide association study of 21,000 cases and
95,000 controls identifies new risk loci for atopic
dermatitis. Nat Genet. 2015;47(12):1449–56.

93. Tamari M, Hirota T. Genome-wide association stud-
ies of atopic dermatitis. J Dermatol. 2014;41(3):
213–20.

94. Kim BS, Siracusa MC, Saenz SA, Noti M, Monticelli
LA, Sonnenberg GF, et al. TSLP elicits IL-33-inde-
pendent innate lymphoid cell responses to promote
skin inflammation. Sci Transl Med. 2013;5(170):
170ra16.

95. Salimi M, Barlow JL, Saunders SP, Xue L,
Gutowska-Owsiak D, Wang X, et al. A role for
IL-25 and IL-33-driven type-2 innate lymphoid cells
in atopic dermatitis. J Exp Med. 2013;210(13):
2939–50.

96. Roediger B, Kyle R, Yip KH, Sumaria N, Guy TV,
Kim BS, et al. Cutaneous immunosurveillance and
regulation of inflammation by group 2 innate lym-
phoid cells. Nat Immunol. 2013;14(6):564–73.

97. Imai Y, Yasuda K, Sakaguchi Y, Haneda T,
Mizutani H, Yoshimoto T, et al. Skin-specific expres-
sion of IL-33 activates group 2 innate lymphoid cells
and elicits atopic dermatitis-like inflammation in
mice. Proc Natl Acad Sci USA. 2013;110(34):
13921–6.

92 H. Kabata et al.



98. Imai Y, Yasuda K, Nagai M, Kusakabe M, Kubo M,
Nakanishi K, et al. IL-33-induced atopic dermatitis-
like inflammation in mice is mediated by group
2 innate lymphoid cells in concert with basophils. J
Investig Dermatol. 2019;139(10):2185–94.

99. Leyva-Castillo JM, Galand C, Mashiko S,
Bissonnette R, McGurk A, Ziegler SF, et al. ILC2
activation by keratinocyte-derived IL-25 drives IL-13
production at sites of allergic skin inflammation. J
Allergy Clin Immunol. 2020;145(6):1606–14.

100. Beck LA, Thaçi D, Hamilton JD, Graham NM,
Bieber T, Rocklin R, et al. Dupilumab treatment in
adults with moderate-to-severe atopic dermatitis. N
Engl J Med. 2014;371(2):130–9.

101. Simpson EL, Bieber T, Guttman-Yassky E, Beck LA,
Blauvelt A, Cork MJ, et al. Two phase 3 trials of
dupilumab versus placebo in atopic dermatitis. N
Engl J Med. 2016;375(24):2335–48.

102. Honda T, Egawa G, Grabbe S, Kabashima K. Update
of immune events in the murine contact hypersensi-
tivity model: toward the understanding of allergic
contact dermatitis. J Investig Dermatol. 2013;133
(2):303–15.

103. O'Leary JG, Goodarzi M, Drayton DL, von Andrian
UH. T cell- and B cell-independent adaptive immu-
nity mediated by natural killer cells. Nat Immunol.
2006;7(5):507–16.

104. Peng H, Jiang X, Chen Y, Sojka DK, Wei H, Gao X,
et al. Liver-resident NK cells confer adaptive immu-
nity in skin-contact inflammation. J Clin Investig.
2013;123(4):1444–56.

105. Wang X, Peng H, Cong J, Wang X, Lian Z, Wei H,
et al. Memory formation and long-term maintenance
of IL-7Rα(+) ILC1s via a lymph node-liver axis. Nat
Commun. 2018;9(1):4854.

106. Carbone T, Nasorri F, Pennino D, Eyerich K,
Foerster S, Cifaldi L, et al. CD56highCD16-
CD62L-NK cells accumulate in allergic contact der-
matitis and contribute to the expression of allergic
responses. J Immunol. 2010;184(2):1102–10.

107. Xu G, Zhang L, Wang DY, Xu R, Liu Z, Han DM,
et al. Opposing roles of IL-17A and IL-25 in the
regulation of TSLP production in human nasal epi-
thelial cells. Allergy. 2010;65(5):581–9.

108. Asaka D, Yoshikawa M, Nakayama T, Yoshimura T,
Moriyama H, Otori N. Elevated levels of interleukin-
33 in the nasal secretions of patients with allergic
rhinitis. Int Arch Allergy Immunol. 2012;158(Suppl
1):47–50.

109. Sakashita M, Yoshimoto T, Hirota T, Harada M,
Okubo K, Osawa Y, et al. Association of serum
interleukin-33 level and the interleukin-33 genetic
variant with Japanese cedar pollinosis. Clin Exp
Allergy. 2008;38(12):1875–81.

110. Haenuki Y, Matsushita K, Futatsugi-Yumikura S,
Ishii KJ, Kawagoe T, Imoto Y, et al. A critical role
of IL-33 in experimental allergic rhinitis. J Allergy
Clin Immunol. 2012;130(1):184–94.

111. Nakanishi W, Yamaguchi S, Matsuda A,
Suzukawa M, Shibui A, Nambu A, et al. IL-33, but
not IL-25, is crucial for the development of house
dust mite antigen-induced allergic rhinitis. PLoS
One. 2013;8(10):e78099.

112. Ramasamy A, Curjuric I, Coin LJ, Kumar A,
McArdle WL, Imboden M, et al. A genome-wide
meta-analysis of genetic variants associated with
allergic rhinitis and grass sensitization and their inter-
action with birth order. J Allergy Clin Immunol.
2011;128(5):996–1005.

113. Andiappan AK, Wang de Y, Anantharaman R, Suri
BK, Lee BT, Rotzschke O, et al. Replication of
genome-wide association study loci for allergic rhini-
tis and house dust mite sensitization in an Asian
population of ethnic Chinese in Singapore. J Allergy
Clin Immunol. 2013;131(5):1431–3.

114. Birben E, Sahiner UM, Karaaslan C, Yavuz TS,
Cosgun E, Kalayci O, et al. The genetic variants of
thymic stromal lymphopoietin protein in children
with asthma and allergic rhinitis. Int Arch Allergy
Immunol. 2014;163(3):185–92.

115. Nilsson D, Henmyr V, Hallden C, Sall T, Kull I,
Wickman M, et al. Replication of genome-wide
associations with allergic sensitization and allergic
rhinitis. Allergy. 2014;69(11):1506–14.

116. Sun Q, Liu Y, Zhang S, Liu K, Zhu X, Liu J, et al.
Thymic stromal lymphopoietin polymorphisms and
allergic rhinitis risk: a systematic review and meta-
analysis with 6351 cases and 11,472 controls. Int J
Clin Exp Med. 2015;8(9):15752–8.

117. Zhu DD, Zhu XW, Jiang XD, Dong Z. Thymic stro-
mal lymphopoietin expression is increased in nasal
epithelial cells of patients with mugwort pollen
sensitive-seasonal allergic rhinitis. Chin Med
J. 2009;122(19):2303–7.

118. Mou Z, Xia J, Tan Y, Wang X, Zhang Y, Zhou B,
et al. Overexpression of thymic stromal
lymphopoietin in allergic rhinitis. Acta Otolaryngol.
2009;129(3):297–301.

119. Li Z, Wang H, Liu L. Interleukin-25 enhances aller-
gic inflammation through p38MAPK and NF-kappaB
pathways in mouse models of allergic rhinitis. Iran J
Allergy Asthma Immunol. 2014;13(6):412–9.

120. Zhong H, Fan XL, Yu QN, Qin ZL, Chen D, Xu R,
et al. Increased innate type 2 immune response in
house dust mite-allergic patients with allergic rhinitis.
Clin Immunol. 2017;183:293–9.

121. Sun R, Yang Y, Huo Q, Gu Z, Wei P, Tang
X. Increased expression of type 2 innate lymphoid
cells in pediatric patients with allergic rhinitis. Exp
Ther Med. 2020;19(1):735–40.

122. Fan D, Wang X, Wang M, Wang Y, Zhang L, Li Y,
et al. Allergen-dependent differences in ILC2s
frequencies in patients with allergic rhinitis. Allergy
Asthma Immunol Res. 2016;8(3):216–22.

123. Shaw JL, Fakhri S, Citardi MJ, Porter PC, Corry DB,
Kheradmand F, et al. IL-33-responsive innate lym-
phoid cells are an important source of IL-13 in

6 ILCs and Allergy 93



chronic rhinosinusitis with nasal polyps. Am J Respir
Crit Care Med. 2013;188(4):432–9.

124. Payne SC, Early SB, Huyett P, Han JK, Borish L,
Steinke JW. Evidence for distinct histologic profile of
nasal polyps with and without eosinophilia. Laryngo-
scope. 2011;121(10):2262–7.

125. Miljkovic D, Bassiouni A, Cooksley C, Ou J,
Hauben E, Wormald PJ, et al. Association between
group 2 innate lymphoid cells enrichment, nasal
polyps and allergy in chronic rhinosinusitis. Allergy.
2014;69(9):1154–61.

126. Ho J, Bailey M, Zaunders J, Mrad N, Sacks R,
Sewell W, et al. Group 2 innate lymphoid cells
(ILC2s) are increased in chronic rhinosinusitis with
nasal polyps or eosinophilia. Clin Exp Allergy.
2015;45(2):394–403.

127. Tojima I, Kouzaki H, Shimizu S, Ogawa T,
Arikata M, Kita H, et al. Group 2 innate lymphoid
cells are increased in nasal polyps in patients with
eosinophilic chronic rhinosinusitis. Clin Immunol.
2016;170:1–8.

128. Poposki JA, Klingler AI, Tan BK, Soroosh P,
Banie H, Lewis G, et al. Group 2 innate lymphoid
cells are elevated and activated in chronic
rhinosinusitis with nasal polyps. Immun Inflamm
Dis. 2017;5(3):233–43.

129. Baba S, Kondo K, Kanaya K, Suzukawa K, Ushio M,
Urata S, et al. Expression of IL-33 and its receptor
ST2 in chronic rhinosinusitis with nasal polyps.
Laryngoscope. 2014;124(4):E115–22.

130. Reh DD, Wang Y, Ramanathan M Jr, Lane
AP. Treatment-recalcitrant chronic rhinosinusitis
with polyps is associated with altered epithelial cell
expression of interleukin-33. Am J Rhinol Allergy.
2010;24(2):105–9.

131. Kimura S, Pawankar R, Mori S, Nonaka M,
Masuno S, Yagi T, et al. Increased expression and
role of thymic stromal lymphopoietin in nasal
polyposis. Allergy Asthma Immunol Res. 2011;3
(3):186–93.

132. Mjosberg J, Bernink J, Golebski K, Karrich JJ, Peters
CP, Blom B, et al. The transcription factor GATA3 is
essential for the function of human type 2 innate
lymphoid cells. Immunity. 2012;37(4):649–59.

133. Liu T, Li TL, Zhao F, Xie C, Liu AM, Chen X, et al.
Role of thymic stromal lymphopoietin in the patho-
genesis of nasal polyposis. Am J Med Sci. 2011;341
(1):40–7.

134. Ouyang Y, Fan E, Li Y, Wang X, Zhang L. Clinical
characteristics and expression of thymic stromal
lymphopoietin in eosinophilic and non-eosinophilic
chronic rhinosinusitis. ORL J Otorhinolaryngol Relat
Spec. 2013;75(1):37–45.

135. Nakayama T, Hirota T, Asaka D, Sakashita M,
Ninomiya T, Morikawa T, et al. A genetic variant
near TSLP is associated with chronic rhinosinusitis
with nasal polyps and aspirin-exacerbated respiratory
disease in Japanese populations. Allergol Int.
2020;69(1):138–40.

136. Park SK, Jin YD, Park YK, Yeon SH, Xu J, Han RN,
et al. IL-25-induced activation of nasal fibroblast and
its association with the remodeling of chronic
rhinosinusitis with nasal polyposis. PLoS One.
2017;12(8):e0181806.

137. Bachert C, Han JK, Desrosiers M, Hellings PW,
Amin N, Lee SE, et al. Efficacy and safety of
dupilumab in patients with severe chronic
rhinosinusitis with nasal polyps (LIBERTY NP
SINUS-24 and LIBERTY NP SINUS-52): results
from two multicentre, randomised, double-blind, pla-
cebo-controlled, parallel-group phase 3 trials. Lancet.
2019;394(10209):1638–50.

138. Gevaert P, Holtappels G, Johansson SG, Cuvelier C,
Cauwenberge P, Bachert C. Organization of second-
ary lymphoid tissue and local IgE formation to Staph-
ylococcus aureus enterotoxins in nasal polyp tissue.
Allergy. 2005;60(1):71–9.

139. Lombardi V, Beuraud C, Neukirch C, Moussu H,
Morizur L, Horiot S, et al. Circulating innate lym-
phoid cells are differentially regulated in allergic and
nonallergic subjects. J Allergy Clin Immunol.
2016;138(1):305–8.

140. Mitthamsiri W, Pradubpongsa P, Sangasapaviliya A,
Boonpiyathad T. Decreased CRTH2 expression and
response to allergen re-stimulation on innate lym-
phoid cells in patients with allergen-specific immu-
notherapy. Allergy Asthma Immunol Res. 2018;10
(6):662–74.

141. Burks AW, Sampson HA, Plaut M, Lack G, Akdis
CA. Treatment for food allergy. J Allergy Clin
Immunol. 2018;141(1):1–9.

142. Sampath V, Sindher SB, Alvarez Pinzon AM,
Nadeau KC. Can food allergy be cured? What are
the future prospects? Allergy. 2019;75(6):1316–26.

143. Kim CH, Hashimoto-Hill S, Kim M. Migration and
tissue tropism of innate lymphoid cells. Trends
Immunol. 2016;37(1):68–79.

144. Chu DK, Llop-Guevara A, Walker TD, Flader K,
Goncharova S, Boudreau JE, et al. IL-33, but not
thymic stromal lymphopoietin or IL-25, is central to
mite and peanut allergic sensitization. J Allergy Clin
Immunol. 2013;131(1):187–200.

145. Lee J-B, Chen C-Y, Liu B, Mugge L,
Angkasekwinai P, Facchinetti V, et al. IL-25 and
CD4+ TH2 cells enhance type 2 innate lymphoid
cell-derived IL-13 production, which promotes
IgE-mediated experimental food allergy. J Allergy
Clin Immunol. 2016;137(4):1216–25.

146. Burton OT, Medina Tamayo J, Stranks AJ, Miller S,
Koleoglou KJ, Weinberg EO, et al. IgE promotes
type 2 innate lymphoid cells in murine food allergy.
Clin Exp Allergy. 2018;48(3):288–96.

147. Noval Rivas M, Burton OT, Oettgen HC, Chatila
T. IL-4 production by group 2 innate lymphoid cells
promotes food allergy by blocking regulatory T-cell
function. J Allergy Clin Immunol. 2016;138(3):
801–11.

94 H. Kabata et al.



148. Leyva-Castillo J-M, Galand C, Kam C, Burton O,
Gurish M, Musser MA, et al. Mechanical skin injury
promotes food anaphylaxis by driving intestinal mast
cell expansion. Immunity. 2019;50(5):1262–75.

149. Chu DK, Mohammed-Ali Z, Jiménez-Saiz R, Walker
TD, Goncharova S, Llop-Guevara A, et al. T helper
cell IL-4 drives intestinal Th2 priming to oral peanut
antigen, under the control of OX40L and independent
of innate-like lymphocytes. Mucosal Immunol.
2014;7(6):1395–404.

150. Matsuda A, Ebihara N, Yokoi N, Kawasaki S,
Tanioka H, Inatomi T, et al. Functional role of thymic
stromal lymphopoietin in chronic allergic keratocon-
junctivitis. Investig Opthalmol Visual Sci. 2010;51
(1):151.

151. Matsuda A, Okayama Y, Terai N, Yokoi N,
Ebihara N, Tanioka H, et al. The role of interleukin-
33 in chronic allergic conjunctivitis. Investig
Opthalmol Vis Sci. 2009;50(10):4646.

152. Imai Y, Hosotani Y, Ishikawa H, Yasuda K,
Nagai M, Jitsukawa O, et al. Expression of IL-33 in
ocular surface epithelium induces atopic keratocon-
junctivitis with activation of group 2 innate lymphoid
cells in mice. Sci Rep. 2017;7(1):10053.

153. Sugita J, Asada Y, Ishida W, Iwamoto S, Sudo K,
Suto H, et al. Contributions of interleukin-33 and
TSLP in a papain-soaked contact lens-induced
mouse conjunctival inflammation model. Immun
Inflamm Dis. 2017;5(4):515–25.

6 ILCs and Allergy 95



Innate Lymphoid Cells
and Inflammatory Bowel Disease 7
Vincent Peng, Natalia Jaeger, and Marco Colonna

Abstract

The signature hallmark of adaptive immunity
is the evolution of somatically rearranged anti-
gen receptors, which confer both diversity and
specificity to T and B lymphocytes. For
decades, immunologists have observed cells
which possess lymphoid characteristics yet
lack such antigen-specific receptors. Collec-
tively, these populations are referred to as
innate lymphoid cells (ILCs) (Vivier et al. in
Cell 174(5):1054–1066, 2018). Cytotoxic nat-
ural killer (NK) cells and lymphoid tissue-
inducing cells (LTi), which contribute to the
formation of lymphoid organs during embryo-
genesis, are the earliest described ILCs. Sub-
sequently, diverse populations of ILCs have
been described based on the signature
cytokines they produce. Group 1 ILCs (ILC1)
produce IFNγ, group 2 ILCs (ILC2) produce
IL-5 and IL-13, and group 3 ILCs (ILC3)
produce IL-22 and IL-17. In contrast to adap-
tive lymphocytes which take several days to
undergo clonal expansion and acquire effector
functions, ILCs secrete cytokines rapidly in
response to activating signals in their tissue
of residence. ILCs may also directly regulate

adaptive lymphocytes and myeloid cells
through co-stimulatory molecules and soluble
factors. Thus, ILCs play important roles in
both the initiation and amplification of the
immune response. When properly regulated,
ILCs maintain intestinal homeostasis and pro-
tect the host from infection by various
pathogens. However, dysregulation of muco-
sal immunity drives intestinal inflammation
and contributes to pathology, such as inflam-
matory bowel disease (IBD). In this review,
we outline the roles that ILCs play in
amplifying or regulating intestinal inflamma-
tion as well as ongoing efforts to target these
disease mechanisms for IBD therapy.

Keywords

Innate lymphoid cells · ILC · Inflammatory
bowel disease · IBD · Mucosal immunity

7.1 Intestinal ILCs During
Homeostasis

In both mice and humans, ILCs exhibit a diverse
array of surface markers and transcription factors
which facilitate their identification and classifica-
tion (Table 7.1). With the exception of NK cells,
ILCs are largely tissue resident and are especially
enriched at mucosal tissues [2]. The gastrointesti-
nal (GI) tract contains the full diversity of ILCs,
where they are highly represented within the
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Table 7.1 Phenotypic identity of ILC in mice and humans. Adapted from Vivier et al. [1]

Mouse Marker NK ILC1 ILC2 LTi-like ILC3 NKp46+ ILC3

Cell-surface molecules CD45 + + + int int
CD127 (Il-7Ra) +/� +/� + + int
CD161 (NK1.1) + + � � +/�
ST2 (IL-33R) � nd +/� nd nd
CD278 (ICOS) Int nd + int int
IL-17RB (IL25R) � nd + � �
KLRG1 +/� � +/� � �
CD117 (c-kit) � +/� +/� int int
CD69 � + nd nd nd
CD254 (RANKL) nd nd nd + +
CD196 (CCR6) � nd � + �
CD4 � � � +/� �
CD335 (NKp46) + + � � +
CD25 (IL-2Ra) � + +/� +/�
MHC-II � � + + �
IL23R � � nd + +
IL-1R � + nd + +
CD122 + + � � �
CD314 (NKG2D) + nd � � +
Ly49 +/� +/� � � �
CD94 +/� nd +/� � +/�
CD253 (TRAIL) � + nd nd nd
Sca-1 (Ly-6a) � + + nd +
CD49d (integrin a4b7) nd nd � + +
CD49a (integrin a1B1) � + nd nd nd
CD90 (Thy1) +/� + +/� + +
CD160 + + nd nd nd
CD103 � � nd nd nd
CD200R � + nd nd nd
CD304 (NRP-1) nd nd nd + �

Transcription factors T-BET + + � � +
EOMES + +/� � � �
RORyT � � � + +
GATA3 int int + int int
AhR � + + + +
RORα nd nd + nd +

Human Marker NK ILC1 ILC2 NKp44+ ILC3

Cell-surface molecules CD45 + + + +
CD127 (Il-7Ra) +/� +/� + +
CD161 + + + +
CD278 (ICOS) � nd + +
IL-17RB (IL25R) � � + �
CD294 (CRTH2) � � + �
KLRG1 +/� +/� + �
CD117 (c-kit) +/� � +/� +
CD69 int +/� nd nd
CD254 (RANKL) � nd nd +
CD196 (CCR6) � +/� � +
CD4 + +/� � �

(continued)
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intestinal lamina propria (LP). Along the murine
GI tract, ILC2 and ILC3 are the most prevalent
groups of ILC in the small intestine LP with ILC3
in greater abundance, whereas ILC2 are more
enriched in the stomach and colon LP [3]. Com-
pared to the LP, NK cells and ILC1 are the most
abundant population of ILCs in the intraepithelial
lymphocyte (IEL) compartment of the small
intestine [4]. In humans, ILC3 are the most abun-
dant type of ILC in the ileum and colon with the
lowest frequency in the esophagus, stomach, and
duodenum [5]. In contrast, ILC1 are most
enriched in these areas, potentially reflecting a
difference in tissue-specific signaling which
biases ILC differentiation or recruitment. Com-
pared with ILC1 and ILC3, ILC2 are much less
abundant across the entire GI tract.

ILC1 were first characterized as TRAIL+

NK1.1+ NK cells in the liver of adult mice and
were thought to be immature precursors to con-
ventional NK cells based on their CD127+ CD27+

CD11b� phenotype and lack of expression of
most Ly49 receptors, CD49b (DX5), and
EOMES [6]. However, adoptive transfer studies
using ILC progenitors have established that ILC1
and NK emerge from distinct committed
precursors [7–9]. These developmental studies
also established that ILC1 share a universal
requirement for the transcription factor T-BET,
but, unlike NK cells, develop independently of
EOMES. In humans and mice, ILC1 can be found
in both the LP and the intraepithelial lymphocyte
(IEL) layer of the small intestine. The surface
phenotype of these ILC1 is largely overlapping

Table 7.1 (continued)

Human Marker NK ILC1 ILC2 NKp44+ ILC3

CD335 (NKp46) + +/� � +
CD25 (IL-2Ra) +/� int + +/�
IL-23R +/� +/� � +
IL-1R +/� +/� int +
CD122 + nd nd int
CD314 (NKG2D) + + nd �
CD94 +/� +/� � �
IL-12RB + + � �
CD56 + +/� � +/�
CD183 (CXCR3) +/� + nd �
CD337 (NKp30) + + +/� +/�
CD336 (NKp44) � +/� � +
CD103 � +/� nd �
CD16 +/� � � �
NKp80 + � nd nd
CD300LF +/� +/� nd +
CD160 +/� +/� � �
CD39 � +/� � +/�
CXCR6 � +/� � +/�
TIGIT +/� +/� � �

Transcription factors T-BET + + � �
EOMES + +/� � �
RORγT � int/� int/� +
GATA3 int int + int
AhR + + + +
IKAROS + + + +
AIOLOS +/� +/� � �
HELIOS � � � +/�

+ positive expression, int intermediate or low expression, +/� heterogeneous expression, � negative expression, nd
expression not determined
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with NK cells; both cell types express classical
NK lineage markers NK1.1 and NKp46 and pro-
duce the signature cytokine IFNγ. The identifica-
tion of ILC1 is performed using integrin α1
(CD49a) and CD200R1, which are preferentially
expressed by ILC1, and EOMES, which is
expressed in NK cells but not ILC1 [10, 11]. A
recent study using single-cell RNA-sequencing of
ILC1 from multiple murine tissues has
demonstrated several tissue-imprinting signatures
among ILC1 [12]. Specifically, intestinal ILC1
from the IEL or LP expressed higher amounts of
the transcription factors Nfkbiz, Nfkbia, Rora,
Ahr, and Hic1 when compared to ILC1 from
other tissues in the body. Rora and Hic1 are
significantly involved in retinoic acid signaling,
and Ahr, which is important for the generation of
ILC3, regulates multiple transcriptional programs
in response to metabolites produced from the diet
and intestinal microflora [13–15]. Thus, the phe-
notype and function of ILC1 are sculpted by the
intestinal environment, especially by the
metabolites that are abundant in this
compartment.

Human ILC1 encompass two major
phenotypes depending on the intestinal compart-
ment from which they originate. Intraepithelial
ILC1s (IEL-ILC1) are the most abundant ILC
subset in the IEL compartment of the small intes-
tine. In addition to CD49a, IEL-ILC1 are
identified based on the positive expression of
CD56, NKp44, and CD103 [16]. CD103,
encoded by ITGAE, forms a heterodimer with β7
integrin to bind to E-cadherin, a cellular adhesion
molecule expressed by intestinal epithelial cells,
thus establishing IEL-ILC1 residence in the IEL
compartment. Both human and mouse IEL-ILC1
express the activating receptor CD160, which
recognizes HVEM on IECs and mediates defense
against acute bacterial infections [17]. LP ILC1
express IL-7Rα (CD127) and the C-type lectin
CD161 but are negative for CD56, NKp44,
c-Kit, and CD160 [16, 18]. IEL-ILC1 express
IL-15 receptor and IL-18 receptor whereas LP
ILC1 express receptors for IL-12 and IL-1β
[18, 19]. The expression of different chemokine
and interleukin receptors reveals that each popu-
lation may rely on different factors to migrate to

each layer of the intestines, survive, and execute
their effector functions.

ILC2 are identified as lineage-negative
lymphocytes which express high levels of the
transcription factor GATA-3 and possess the
capacity to produce IL-4, IL-5, and IL-13 [20–
22]. Along the murine GI tract, ILC2 are highly
abundant with pronounced enrichment in the
stomach and small intestine. The surface pheno-
type of ILC2 is highly heterogenous based on the
tissue of residence [23]. In the intestine, ILC2 are
KLRG1+ IL-25R+ and express lower levels of
ST2 and CD25 than their counterparts in other
tissues. ILC2 can also be identified by high con-
stitutive expression of IL-5 and IL-13, and
reporter mice for these cytokines have been valu-
able for studying this cell type [24, 25]. ILC2
homeostasis and activation are significantly
regulated by cytokines IL-25, IL-33, and TSLP,
which are largely produced by epithelial cells
[26]. In the small intestine, tuft cells, a rare popu-
lation of chemosensory epithelial cells, constitu-
tively produce IL-25 and promote ILC2
expansion during helminth infection
[27, 28]. Emerging work has demonstrated an
unanticipated role for neuro-immune cross talk
in regulating ILC2 function—these interactions
have been thoroughly reviewed by others
[29]. The primary effector function of ILC2 is
the rapid and robust production of type
2 cytokines such as IL-4, IL-5, IL-9, and IL-13.
In the intestine, these cytokines are highly rele-
vant in promoting the classical “weep and sweep”
response to intestinal parasites [30]. This
response involves massive eosinophil recruit-
ment, goblet cell hyperplasia resulting in
increased mucus secretion, and rapid smooth
muscle contractions leading to heightened intesti-
nal motility. In animal models of helminth infec-
tion, ILC2 have been definitively shown to play a
significant and nonredundant role in mediating
this response and expulsion of parasites [31, 32].

In humans, ILC2 also lack T, B, and NK
lineage markers and express CD127. ILC2 can
be distinguished from other human ILC subsets
by surface expression of the chemoattractant
receptor-homologous molecule expressed on
Th2 lymphocytes (CRTH2, also known as
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prostaglandin D2 receptor 2), encoded by
PTGDR2 [33, 34]. Human ILC2 also express
CD7, c-Kit (CD117), ICOS, CD161, and IL-2
high-affinity receptor (IL-2Rα or CD25)
[33]. Like their mouse counterparts, ILC2 express
the highest levels of GATA-3 compared to other
ILCs. Human ILC2, when activated with IL-25
and IL-33, produce robust amounts of IL-5 and
IL-13 [35]. In addition to type 2 cytokines,
murine and human ILC2 are both capable of
producing the epidermal growth factor receptor
ligand amphiregulin (AREG), which promotes
wound healing and epithelial remodeling
[36]. Interestingly, it has been shown that T regu-
latory cells (Tregs) express EGFR and that AREG
enhances their effector regulatory functions
[37]. Collectively, these findings suggest an
important role for ILC2 in epithelial regeneration
and resolution of tissue inflammation.

ILC3 are the most abundant ILC type in the GI
tract, which is their central tissue of residence.
Murine ILC3 can be identified as lineage-
negative CD45low Thy1+ lymphocytes which
express the lineage-defining transcription factor
RORγT [38, 39]. ILC3 have been classified into
three subsets based on the expression of the NK
cell receptor NKp46 and the chemokine receptor
CCR6: NKp46+ ILC3, CCR6+ ILC3, and double-
negative (DN) ILC3. CCR6+ ILC3 are also
referred to as adult LTi-like ILC3 based on their
phenotypic similarity to fetal LTi, which are
found during embryogenesis. Despite being con-
sidered as part of the same family, NKp46+ ILC3
and CCR6+ ILC3 develop from distinct
precursors and exhibit differences in effector
function, spatial distribution, and regulation
[9]. NKp46+ ILC3 predominantly produce IL-22
and GM-CSF, whereas adult LTi-like ILC3 are
capable of producing IL-22, IL-17A/F, and
lymphotoxins [38, 40–42]. Both IL-22 and
IL-17 play important roles in intestinal epithelial
barrier function. IL-22 promotes intestinal barrier
function through multiple mechanisms such as
(1) promoting antimicrobial peptide production;
(2) inducing tight junction proteins, such as
claudins; and (3) promoting fucosylation and gly-
cosylation of the intestinal epithelium, which
nurtures the development of symbiotic

commensal microbes [43–46]. In addition to
preventing the intrusion of intestinal microbiota,
IL-22 is also involved in promoting intestinal
epithelial proliferation and survival which is ben-
eficial for the host during intestinal injury but
deleterious in the context of malignancy [47–
49]. NKp46+ ILC3 are dispersed throughout the
LP and intestinal villi whereas CCR6+ ILC3 are
localized in clusters, or solitary isolated lymphoid
tissue (SILT), near the base of intestinal crypts
[50]. Production of IL-22 and IL-17 is markedly
enhanced by IL-23 and IL-1β. In addition to reg-
ulation by cytokines, ILC3 are also under
dynamic control by metabolites such as AHR
ligands and short-chain fatty acids (SCFA) as
well as neuronal signals such as vasoactive intes-
tinal peptide (VIP)—these interactions have been
comprehensively reviewed by others [29, 51,
52]. Lastly, the activity of CCR6+ ILC3 is
modulated by the location and density of SILT
which are controlled by homotypic RANK–
RANKL interactions, the chemokine receptor
CXCR5, and the oxysterol sensor GPR183 [53–
55].

Human ILC3 were first identified in the tonsil
and the small intestine as CD56+ NKp44+ IL-22-
producing cells [56]. Despite the expression of
some NK markers, these ILC3 can be distin-
guished from NK cells by their restricted expres-
sion of the transcription factor RORγt. These
ILC3 express IL-23R and IL-1Rα and are capable
of producing IL-22, IL-26, leukemia inhibitory
factor (LIF), GM-CSF, B cell-activating factor
(BAFF), and TNFα. Like their murine
counterparts, human ILC3 are significantly
activated by IL-23 and IL-1β, but they are also
positively regulated by IL-2 and IL-7
[57]. NKp44+ ILC3 in the gut can express
CD96, CD103, CD69, and CD39, reminiscent of
the tissue-residency phenotype of IEL-ILC1
[56]. NKp44+ ILC3 also express the chemokine
CCL20 and its cognate receptor CCR6, indicating
that they can regulate the recruitment and spatial
distribution of other immune cells, as well as their
own. Another subset of NKp44� ILC3 has also
been described in the small intestine LP
[58, 59]. Unlike NKp44+ ILC, NKp44� ILC3
are capable of producing IL-17A/F. While the
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relationship between these two subsets remains
unclear, this NKp44� subset may be analogous to
the murine DN ILC3 as it can differentiate into
NKp44+ ILC3 in vitro [58, 59].

A special attribute of ILC3 with particular
relevance to intestinal inflammation is the capac-
ity to undergo plasticity toward ILC1
[60]. NKp46+ ILC3 were observed to express
the ILC1-defining transcription factor T-BET,
and this factor was shown to be required for
their development [61, 62]. It has been
demonstrated that graded acquisition of T-BET
expression is an essential feature for the develop-
ment of NKp46+ ILC3 from DN ILC3 in vitro and
in vivo [63]. Fate-mapping studies using the Rorc
locus have determined that ~30% of intestinal
ILC1 are derived from ILC3 [8]. ILC3 ! ILC1
plasticity is accompanied by profound functional
changes. Commensurate with the acquisition of
T-BET, NKp46+ ILC3 gain the capacity to pro-
duce IFNγ in response to stimulation with IL-12.
Studies in mice have found ILC3 ! ILC1 plas-
ticity to be positively regulated by microbiota,
TLR signaling, and IL-23, but IL-12 signaling
was found to be dispensable [63–65]. Subsequent
studies have identified the transcription factor
c-MAF to be a negative regulator of ILC3! ILC1
plasticity [65, 66].

The first evidence that human ILCs can inter-
convert to different subsets was shown in vitro by
long-term culture of tonsil NKp44+ ILC3 in
media supplemented with IL-7, IL-2, and/or
IL-1β [57]. Under these conditions, ILC3 show
reduced production of IL-22 and IL-17A and
increased production of IFNγ and LIF.
Subsequent studies found that the plasticity of
NKp44+ ILC3 is driven by coordinated expres-
sion of the transcription factors T-BET and
AIOLOS, where the former works to drive tran-
scription of IFNG and the latter represses the
ILC3 transcriptional program [67, 68]. The same
study found that IL-23 and TGF-β promote the
expression of both these factors and also reduce
the level of RORγT. Another study has described
CD117+ NKp44� ILC3 to be plastic toward
CD127+ NKp44� ILC1, which is mediated by
IL-12 and IL-18 [69]. Recently, evidence has
shown that the plasticity of human NKp44+

ILC3 exists in vivo. High-dimensional single-
cell analyses have shown that NKp44+ ILC3 and
CD103+ ILC1 exist on opposite sides of a spec-
trum with multiple distinct intermediates which
can be distinguished by different levels of
CD103, CCR6, and CD300LF expression
[67]. RNA velocity analysis has demonstrated a
cellular trajectory which originates from NKp44+

ILC3 and passes through these intermediates to
terminate in CD103+ ILC1. Taken together,
ILC3 ! ILC1 plasticity is a conserved biological
process that occurs during homeostasis, but the
rate and equilibrium of this process can be
modulated by several environmental signals.
The selective pressure behind the evolution of
plasticity is unknown; since ILCs are tissue resi-
dent, plasticity may allow a given subset of ILCs
to adapt the immune response to simultaneously
counter diverse pathogens without having to rely
on de novo differentiation of naïve cells from the
bone marrow. Whatever the reason, in our mod-
ern world, this mechanism of plasticity may now
be a consequential source of ILC pathogenicity in
intestinal inflammation.

7.2 Roles of ILCs in Inflammatory
Bowel Disease

Inflammatory bowel disease (IBD) is comprised
of two chronic intestinal inflammatory disorders:
Crohn’s disease (CD) and ulcerative colitis (UC).
CD frequently affects the terminal ileum but can
involve the entire GI tract, whereas UC is
restricted to the colon and rectum [70]. Further-
more, inflammation in CD is typically transmural
and occurs in discontinuous “skip lesions” while
inflammation in UC is restricted to the mucosa
and often spans the colon in an uninterrupted
pattern. CD is associated with additional features
not typically observed in UC, such as intestinal
granulomas, strictures, fistulas, and fibrofatty
infiltration known as “creeping fat.” Current evi-
dence suggests that the pathogenesis of these
diseases involves the interaction of host genetics
with gut microbiota and their associated products
[71]. Since ILCs are highly enriched in the GI
mucosa, they are likely to affect IBD
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pathogenesis through the modulation of ongoing
inflammation or through the provision of critical
barrier functions that, when lost, lead to disease
flares (Fig. 7.1). As the comprehensive identifica-
tion of human ILCs can be challenging with tra-
ditional flow cytometry, recent studies have
utilized high-dimensional mass cytometry or
single-cell RNA sequencing to track how the
intestinal immune compartment changes in IBD
[19, 72–77]. Collectively, these studies have
examined the lamina propria and intraepithelial
layer of the small intestine and colon as well as
how these compartments change during disease
and response to therapy.

IEL-ILC1 are strategically located at the inter-
phase between the luminal side and the intestinal
barrier, where they play an essential role in
maintaining intestinal homeostasis and act as the
first line of defense against pathogens. The obser-
vation that all different populations of IEL,
including IEL-ILC1, share similar effector
programs suggests an evolutionary pressure to
generate lymphocytes capable of protecting the
intestinal epithelial layer through cytolytic func-
tion. IEL-ILC1 are key players in the IEL as they
are constantly poised to respond in case of danger
and can produce a copious amount of IFNγ, and
in certain cases TNFα. However, in the context of
IBD, these effector functions may exacerbate

Fig. 7.1 ILCs in intestinal homeostasis and inflamma-
tion. All major subsets of ILCs are present in mouse and
human intestine and contribute toward intestinal homeo-
stasis. In IBD, ILCs undergo distinct biological changes
including an increased ILC1–ILC3 ratio. Several candi-
date therapies for IBD act on ILC-associated pathways,

either to dampen inflammatory signaling or to restore
ILC-derived homeostatic functions. Adapted from “Intes-
tinal Immune System (Small Intestine)” and “Immune
Response in IBD,” by BioRender.com (2021). Retrieved
from https://app.biorender.com/biorender-templates
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disease. Innate producers of these
pro-inflammatory cytokines, such as ILC1, have
been shown by several different studies to accu-
mulate in the LP of the inflamed ileum and colon
of patients with inflammatory bowel disease
(IBD) [18, 69, 78, 79]. Furthermore, a study in
mice has shown that depletion of IEL-ILC1 can
ameliorate intestinal histopathology in an experi-
mental model of innate colitis [16]. Taken
together, these studies suggest a pathologic role
for ILC1 in the context of IBD.

The role of ILC3 in intestinal inflammatory
diseases is more ambiguous than ILC1.
Genome-wide association studies have identified
several Th17/ILC3-associated genes (e.g., RORC,
NFIL3, IL22, IL23R, IL17A, IL26, CCR6, STAT3)
that predispose individuals to IBD [80–82]. In
support of a pro-inflammatory role, ILC3 were
shown to be pathogenic in models of innate colitis
through the production of pro-inflammatory
cytokines such as GM-CSF [83–85]. However,
while the frequency of Th17 cells is increased in
IBD, NKp44+ ILC3 are decreased in the LP of the
inflamed gut of CD and UC patients [18, 69, 86,
87]. Compared to Th17, ILC3 produce larger
amounts of cytokine at baseline, including IL-22
and IL-26, that act on epithelial cells, to maintain
intestinal homeostasis [38]. Furthermore, ILC3
can regulate T cell responses directly through
MHC-II and IL-2 and indirectly through mainte-
nance of tolerogenic DC via GM-CSF [42, 88–
90]. A major theory on the disappearance of
NKp44+ ILC3 is based on the increased conver-
sion of ILC3–ILC1. This theory is consistent with
the increased numbers of ILC1, decreased num-
bers of ILC3, and high levels of IL-12 present in
the LP during inflammation. As there are no
methods to fate-map cells in humans, the possi-
bility cannot be ruled out that increased ILC1
differentiation and loss of ILC3 are biologically
separate events. An additional question that
remains is whether the altered ILC1–ILC3 ratio
is a pathogenic cause underlying IBD or a conse-
quence of the hyper-inflammatory milieu. One
future approach to address this question is by
examining ILC1 and ILC3 in patients in the
early stages of disease where there is relatively
decreased inflammation. Thus, ILC3 may play

opposing contextual roles in IBD; aberrant regu-
lation of ILC3 may promote the development of
the disease, but the ensuing loss of ILC3-derived
effector functions may prevent the restoration of
intestinal homeostasis as inflammation
progresses.

Due to their relatively low abundance in the
intestinal mucosa, ILC2 have not been
investigated in IBD to the same extent as ILC1
and ILC3. However, several studies have
elucidated a potential role for ILC2 in the patho-
genesis of IBD. A pathologic role for ILC2 has
been suggested by studies using an oxazolone-
induced model of colitis in mice, which has his-
tologic resemblance to human UC [91]. Colonic
histopathology in this model was dependent on
IL-25 produced by intestinal epithelial cells and
associated with IL-13 produced by colonic ILC2
and NKT cells [92]. A recent study also
postulated a role for ILC2 in the pathogenesis of
CD [93]. Using a genetically inbred mouse strain
SAMP1/YitFc, which develops spontaneous ilei-
tis with similar features to human CD, it
was found that the onset of inflammation was
associated with a large accumulation of ILC2,
whereas ILC1 and ILC3 were minimally affected.
Treatment with anti-ST2-blocking antibodies
inhibited ILC2 expansion and protected against
spontaneous ileitis. While these studies show a
pathologic role for ILC2, ILC2 may also be bene-
ficial during the resolution of intestinal inflamma-
tion. As discussed earlier, ILC2 also produce the
tissue regenerative factor AREG. A study showed
that AREG protected against acute dextran sulfate
sodium (DSS)-induced colitis and that recombi-
nant IL-33 was protective in this model
[94]. Thus, in certain settings, ILC2 may be
important for the repair and homeostasis of the
intestinal tissue following inflammation. Studies
regarding human ILC2 and IBD have been
conducted in the context of both CD and
UC. The frequency of ILC2 is increased in
newly diagnosed UC patients [86]. Whether
ILC2 are numerically altered in CD is unclear as
some studies show an increase whereas others
show no change [69, 79, 86, 93, 95, 96]. Like
ILC3, human ILC2 were demonstrated to
undergo plasticity toward ILC1 in the context of
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IBD. A group recently identified a subset of
IL-13+ IFNγ+ ILC2 present in the lamina propria
of CD patients [96]. Moreover, they analyzed
peripheral blood ILC2 from patients with a loss-
of-function IL12RB1 mutation and showed that
ILC2 ! ILC1 plasticity only occurs when
IL12RB1 is expressed. Together, these in vivo
results suggest a role for IL-12 in ILC2 ! ILC1
plasticity and a general mechanism for ILC1-
directed plasticity in IBD pathogenesis.

7.3 Current and Future Therapies
Targeting ILCs in IBD

The clinical translation of biologic agents
targeting key immunologic molecules has
revolutionized the treatment of IBD [97, 98]. His-
torically, an anti-TNF-α monoclonal antibody
(mAb) was the first biologic approved for IBD
management, followed by other mAbs targeting
the IL-12/IL-23 signaling pathways and α4β7
integrin. Both IL-12 and IL-23 have been
associated with the pathogenesis of several auto-
immune diseases; thus, concurrent inhibition of
these cytokines has become a promising thera-
peutic target [99]. Recently, ustekinumab, a
mAb that targets the p40 subunit of IL-12 and
IL-23, has been approved by the FDA to treat CD
and UC [100, 101]. Moreover, multiple mAbs
specifically targeting the p19 subunit of IL-23
are in advance phase trials for CD [102]. A clini-
cal study has found a restored ILC subset ratio in
the mucosa of CD patients treated with anti-TNF
or anti-p40. Interestingly, treatment with these
biologics resulted in an increase of NKp44+

ILC3 in the circulation over time [95].
Conversely, the use of mAbs against IL-17A

was ineffective for IBD in humans [103], despite
IL-17A being implicated in the pathogenesis of
IBD and its blockage having become a successful
treatment for other conditions [103, 104]. This
failure in IBD therapeutic development remains
a mystery, but it has been hypothesized that
blockade of IL-17A may lead to impaired barrier
function and integrity. Corroborating this,
patients with other inflammatory conditions
have reported developing CD while on treatment

with anti-IL-17A mAbs [105]. These data indi-
cate a context-specific role for IL-17A in mucosal
homeostasis and autoimmunity, and agents
targeting upstream regulators such as
ustekinumab may be more therapeutically
effective.

The development and function of ILCs are
tightly controlled by cytokine signaling through
the JAK-STAT pathway [106]. JAK3 is required
for the efficient differentiation of all ILCs and
chemical inhibition of JAK3 in human ILC
block proliferation in vitro [107]. The receptors
for IL-12 and IL-23 signal through the same
combination of JAK (JAK2/Tyk2) proteins.
JAK inhibitors are currently being investigated
for the treatment of other inflammatory diseases,
such as atopic dermatitis, and represent a
promisingapproachfor IBD[108,109].Tofacitinib,
an inhibitor of JAK1/3 with minor inhibition of
JAK2, is approved for moderate to severe UC but
was unsuccessful in showing clinical efficacy
against CD [109, 110]. Intriguingly, filgotinib, a
selective JAK1 inhibitor, appears to be efficacious
for the treatment of both UC and CD
[111, 112]. Lastly, selective inhibition of JAK2 or
TYK2 may be an attractive target to blunt IL-12
and IL-23 signaling while minimizing side effects
[113]. As these cytokines are critical for
ILC3 ! ILC1 plasticity, this class of JAK
inhibitors may be an exciting approach to specifi-
cally target this process in IBD.

As discussed earlier, the transcription factor
AIOLOS plays a critical role in promoting
ILC3 ! ILC1 plasticity in humans. Since ILC1
accumulation has been associated with CD, inhi-
bition of AIOLOS may block ILC3 ! ILC1
trans-differentiation and reduce the number of
pathogenic ILC1. Based on this concept,
lenalidomide, a small-molecule inhibitor
targeting AIOLOS and IKAROS, is currently a
therapeutic candidate for CD treatment. Indeed,
treatment with lenalidomide was shown to sup-
press ILC1 differentiation and promote the tran-
scription factor HELIOS, which is typically
associated with ILC3 identity [68].

Treatments targeting the homing, recruitment,
and tissue residency of intestinal lymphocytes are
also being explored. The anti-α4β7 mAb
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vedolizumab is approved for use in UC and CD
therapy and has shown remarkable clinical benefit
for patients with these conditions
[114, 115]. Vedolizumab works by blocking
interaction between α4β7 integrin and the mucosal
vascular addressin cell adhesion molecule
(MAdCAM-1) which is highly expressed by
intestinal venules, thereby blocking the traffick-
ing of circulating immune cells into intestinal
tissues. In addition to gut-homing adaptive
lymphocytes, circulating ILC progenitors have
been shown to highly express α4β7 integrin. Fur-
thermore, treatment with vedolizumab has been
associated with a decrease in intestinal ILC1 and
increase in NKp44+ ILC3, thus restoring the
ILC1–ILC3 ratio observed in healthy controls
[86]. Whether blocking of α4β7 achieves this
effect through direct inhibition of ILC differenti-
ation or whether these observations are due to
reduced intestinal inflammation remains
unknown.

Given the reproducible and robust reduction of
ILC3 in IBD, it has been proposed that crucial
homeostatic functions provided by ILC3 are lost,
leading to the exacerbation of intestinal inflam-
mation. Several studies are focusing on restoring
this balance, for instance, by developing an
IL-22-Fc fusion protein [116]. Additionally, the
role of IL-26, an IL-10 family member cytokine,
has been understudied in IBD due to its lack of
expression in mice. However, IL-26 is highly
expressed by human Th17 and ILC3
[117]. IL-26 binds to IL10R2/IL20R1 expressed
by epithelial cells and signals via the canonical
STAT3/JAK1/TYK2 pathway that induces the
secretion of pro-inflammatory cytokines, such as
TNFα and IL-6, and antimicrobial proteins. Pecu-
liarly, IL-26 has been shown to have DNA carrier
capacity that induces the release of type I inter-
feron and IL-1β [118], and UC patients have
detectable cell-free DNA that is correlated with
disease severity [119, 120]. GWAS studies
identified a single-nucleotide polymorphism in
the IL-26 gene associated with increased severity
in IBD [82, 121], and IL-26 is elevated in the
serum of CD patients. However, there is an indi-
cation that this polymorphism leads to reduced

function of the protein, so perhaps the increase
seen in patients is a compensatory response.

GWAS IBD studies identified another gene,
TNFSF15, that has recently been associated with
ILC3 biology [71, 122]. TNFSF15, which
encodes the protein TL1A, is a TNF superfamily
member which is expressed by antigen-presenting
cells upon stimulation and intestinal CX3CR1

+

mononuclear phagocytes [123]. TL1A binds to
its receptor DR3, which is expressed by ILC2
and ILC3 as well as Tregs. The exact role of
TL1A in intestinal inflammation is unclear.
Mice lacking DR3 or TL1A are more susceptible
to DSS-induced colitis through either decreased
Tregs or loss of IL-22-producing ILC3
[124, 125]. Furthermore, mice overexpressing
TL1A display spontaneous small intestinal
inflammation attributed to IL-5 and IL-13 from
over-activated ILC2 independent of T cells,
implicating a central role for ILC2 regulation in
these models [126, 127]. TL1A was also shown to
inhibit ILC2 production of the immunosuppres-
sive cytokine IL-10 in vitro, which may also
explain the spontaneous inflammatory phenotype
[128]. Lastly, a study found that agonistic
antibodies directed against DR3 exacerbated
experimental innate colitis in an ILC3-dependent
manner [129]. This effect was attributed to
increased production of GM-CSF by ILC3
which promotes the recruitment of neutrophils
and eosinophils. In humans, treatment with
TL1A or agonistic anti-DR3 antibodies elicits
increased GM-CSF production from tonsil ILC3
in vitro. Taken together, it is likely that TL1A
plays a context-specific role, where it positively
regulates ILC3-derived IL-22 to promote barrier
function during homeostasis but also amplifies
ongoing inflammation through ILC3-derived
GM-CSF. Because of its pro-inflammatory
effects, DR3 is an attractive therapeutic target to
dampen the inflammatory response in CD [130].

While the advent of IBD biologic agents has
produced substantial and meaningful benefits in
patient outcomes, the majority of IBD patients are
refractory to complete remission by any single
therapy. This likely reflects the heterogeneous
nature of IBD and advocates for the development
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of meaningful biomarkers which can accurately
predict response to therapy and expansion of the
current arsenal of therapeutics to comprehen-
sively target the diverse array of disease
pathways. ILCs occupy a critical juncture at
these two goals and better understanding of their
biology will instruct new paradigms in our com-
prehension and treatment of IBD (Fig. 7.1).

References

1. Vivier E, Artis D, Colonna M, Diefenbach A, Di
Santo JP, Eberl G, et al. Innate lymphoid cells:
10 years on. Cell. 2018;174(5):1054–66.

2. Gasteiger G, Fan X, Dikiy S, Lee SY, Rudensky
AY. Tissue residency of innate lymphoid cells in
lymphoid and nonlymphoid organs. Science.
2015;350(6263):981–5.

3. Kim CH, Hashimoto-Hill S, Kim M. Migration and
tissue tropism of innate lymphoid cells. Trends
Immunol. 2016;37(1):68–79.

4. Cortez VS, Colonna M. Diversity and function of
group 1 innate lymphoid cells. Immunol Lett.
2016;179:19–24.

5. Krämer B, Goeser F, Lutz P, Glässner A,
Boesecke C, Schwarze-Zander C, et al.
Compartment-specific distribution of human intesti-
nal innate lymphoid cells is altered in HIV patients
under effective therapy. PLoS Pathog. 2017;13(5):
e1006373.

6. Takeda K, Cretney E, Hayakawa Y, Ota T, Akiba H,
Ogasawara K, et al. TRAIL identifies immature natu-
ral killer cells in newborn mice and adult mouse liver.
Blood. 2005;105(5):2082–9.

7. Daussy C, Faure F, Mayol K, Viel S, Gasteiger G,
Charrier E, et al. T-bet and Eomes instruct the devel-
opment of two distinct natural killer cell lineages in
the liver and in the bone marrow. J Exp Med.
2014;211(3):563–77.

8. Klose CSN, Flach M, Möhle L, Rogell L, Hoyler T,
Ebert K, et al. Differentiation of type 1 ILCs from a
common progenitor to all helper-like innate lymphoid
cell lineages. Cell. 2014;157(2):340–56.

9. Constantinides MG, McDonald BD, Verhoef PA,
Bendelac A. A committed precursor to innate lym-
phoid cells. Nature. 2014;508(7496):397–401.

10. Weizman O-E, Adams NM, Schuster IS, Krishna C,
Pritykin Y, Lau C, et al. ILC1 confer early host
protection at initial sites of viral infection. Cell.
2017;171(4):795–808.

11. Peng H, Jiang X, Chen Y, Sojka DK, Wei H, Gao X,
et al. Liver-resident NK cells confer adaptive immu-
nity in skin-contact inflammation. J Clin Investig.
2013;123(4):1444–56.

12. McFarland AP, Yalin A, Wang S-Y, Cortez VS,
Landsberger T, Sudan R, et al. Multi-tissue single-

cell analysis deconstructs the complex programs of
mouse natural killer and type 1 innate lymphoid cells
in tissues and circulation. Immunity. 2021;54(6):
1320–37.

13. Burrows K, Antignano F, Chenery A, Bramhall M,
Korinek V, Underhill TM, et al. HIC1 links retinoic
acid signalling to group 3 innate lymphoid cell-
dependent regulation of intestinal immunity and
homeostasis. PLoS Pathog. 2018;14(2):e1006869.

14. Larange A, Cheroutre H. Retinoic acid and retinoic
acid receptors as pleiotropic modulators of the
immune system. Annu Rev Immunol. 2016;34(1):
369–94.

15. Lee JS, Cella M, McDonald KG, Garlanda C,
Kennedy GD, Nukaya M, et al. AHR drives the
development of gut ILC22 cells and postnatal lym-
phoid tissues via pathways dependent on and inde-
pendent of Notch. Nat Immunol. 2012;13(2):144–51.

16. Fuchs A, Vermi W, Lee JS, Lonardi S, Gilfillan S,
Newberry RD, et al. Intraepithelial type 1 innate lym-
phoid cells are a unique subset of cytokine responsive
interferon-γ-producing cells. Immunity. 2013;38(4):
769–81.

17. Shui J-W, Larange A, Kim G, Vela JL, Zahner S,
Cheroutre H, et al. HVEM signalling at mucosal
barriers provides host defence against pathogenic
bacteria. Nature. 2012;488(7410):222–5.

18. Bernink JH, Peters CP, Munneke M, te Velde AA,
Meijer SL, Weijer K, et al. Human type 1 innate
lymphoid cells accumulate in inflamed mucosal
tissues. Nat Immunol. 2013;14(3):221–9.

19. Simoni Y, Fehlings M, Kløverpris HN, McGovern N,
Koo S-L, Loh CY, et al. Human innate lymphoid cell
subsets possess tissue-type based heterogeneity in
phenotype and frequency. Immunity. 2017;46(1):
148–61.

20. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T,
Kawamoto H, et al. Innate production of T(H)
2 cytokines by adipose tissue-associated c-Kit(+)
Sca-1(+) lymphoid cells. Nature. 2010;463(7280):
540–4.

21. Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M,
Langford TKA, et al. Nuocytes represent a new
innate effector leukocyte that mediates type-2-
immunity. Nature. 2010;464(7293):1367–70.

22. Price AE, Liang H-E, Sullivan BM, Reinhardt RL,
Eisley CJ, Erle DJ, et al. Systemically dispersed
innate IL-13-expressing cells in type 2 immunity.
PNAS. 2010;107(25):11489–94.

23. Ricardo-Gonzalez RR, Van Dyken SJ, Schneider C,
Lee J, Nussbaum JC, Liang H-E, et al. Tissue signals
imprint ILC2 identity with anticipatory function. Nat
Immunol. 2018;19(10):1093–9.

24. Liang H-E, Reinhardt RL, Bando JK, Sullivan BM,
Ho I-C, Locksley RM. Divergent expression patterns
of IL-4 and IL-13 define unique functions in allergic
immunity. Nat Immunol. 2012;13(1):58–66.

25. Nussbaum JC, Van Dyken SJ, von Moltke J, Cheng
LE, Mohapatra A, Molofsky AB, et al. Type 2 innate

7 Innate Lymphoid Cells and Inflammatory Bowel Disease 107



lymphoid cells control eosinophil homeostasis.
Nature. 2013;502(7470):245–8.

26. Roan F, Obata-Ninomiya K, Ziegler SF. Epithelial
cell-derived cytokines: more than just signaling the
alarm. J Clin Investig. 2019;129(4):1441–51.

27. Gerbe F, Sidot E, Smyth DJ, Ohmoto M,
Matsumoto I, Dardalhon V, et al. Intestinal epithelial
tuft cells initiate type 2 mucosal immunity to hel-
minth parasites. Nature. 2016;529(7585):226–30.

28. Howitt MR, Lavoie S, Michaud M, Blum AM, Tran
SV, Weinstock JV, et al. Tuft cells, taste-
chemosensory cells, orchestrate parasite type 2 immu-
nity in the gut. Science. 2016;351(6279):1329–33.

29. Godinho-Silva C, Cardoso F, Veiga-Fernandes
H. Neuro-immune cell units: a new paradigm in
physiology. Annu Rev Immunol. 2019;37(1):19–46.

30. Douglas B, Oyesola O, Cooper MM, Posey A, Tait
Wojno E, Giacomin PR, et al. Immune system inves-
tigation using parasitic helminths. Annu Rev
Immunol. 2021;39(1):639–65.

31. Fallon PG, Ballantyne SJ, Mangan NE, Barlow JL,
Dasvarma A, Hewett DR, et al. Identification of an
interleukin (IL)-25-dependent cell population that
provides IL-4, IL-5, and IL-13 at the onset of hel-
minth expulsion. J Exp Med. 2006;203(4):1105–16.

32. Oeser K, Schwartz C, Voehringer D. Conditional
IL-4/IL-13-deficient mice reveal a critical role of
innate immune cells for protective immunity against
gastrointestinal helminths. Mucosal Immunol. 2015;8
(3):672–82.

33. Mjösberg JM, Trifari S, Crellin NK, Peters CP, van
Drunen CM, Piet B, et al. Human IL-25- and IL-33-
responsive type 2 innate lymphoid cells are defined
by expression of CRTH2 and CD161. Nat Immunol.
2011;12(11):1055–62.

34. Xue L, Salimi M, Panse I, Mjösberg JM, McKenzie
ANJ, Spits H, et al. Prostaglandin D2 activates group
2 innate lymphoid cells through chemoattractant
receptor-homologous molecule expressed on TH2
cells. J Allergy Clin Immunol. 2014;133(4):1184–94.

35. Mjösberg J, Bernink J, Golebski K, Karrich JJ, Peters
CP, Blom B, et al. The transcription factor GATA3 is
essential for the function of human type 2 innate
lymphoid cells. Immunity. 2012;37(4):649–59.

36. Monticelli LA, Sonnenberg GF, Abt MC,
Alenghat T, Ziegler CGK, Doering TA, et al. Innate
lymphoid cells promote lung-tissue homeostasis after
infection with influenza virus. Nat Immunol. 2011;12
(11):1045–54.

37. Zaiss DMW, van Loosdregt J, Gorlani A, Bekker
CPJ, Gröne A, Sibilia M, et al. Amphiregulin
enhances regulatory T cell-suppressive function via
the epidermal growth factor receptor. Immunity.
2013;38(2):275–84.

38. Satoh-Takayama N, Vosshenrich CAJ, Lesjean-
Pottier S, Sawa S, Lochner M, Rattis F, et al. Micro-
bial flora drives interleukin 22 production in intesti-
nal NKp46+ cells that provide innate mucosal
immune defense. Immunity. 2008;29(6):958–70.

39. Satoh-Takayama N, Lesjean-Pottier S, Vieira P,
Sawa S, Eberl G, Vosshenrich CAJ, et al. IL-7 and
IL-15 independently program the differentiation of
intestinal CD3-NKp46+ cell subsets from
Id2-dependent precursors. J Exp Med. 2010;207(2):
273–80.

40. Takatori H, Kanno Y, Watford WT, Tato CM,
Weiss G, Ivanov II, et al. Lymphoid tissue inducer-
like cells are an innate source of IL-17 and IL-22. J
Exp Med. 2009;206(1):35–41.

41. Tumanov AV, Koroleva EP, Guo X, Wang Y,
Kruglov A, Nedospasov S, et al. Lymphotoxin
controls the IL-22 protection pathway in gut innate
lymphoid cells during mucosal pathogen challenge.
Cell Host Microbe. 2011;10(1):44–53.

42. Mortha A, Chudnovskiy A, Hashimoto D,
Bogunovic M, Spencer SP, Belkaid Y, et al.
Microbiota-dependent crosstalk between
macrophages and ILC3 promotes intestinal homeo-
stasis. Science. 2014;343(6178):1249288.

43. Goto Y, Obata T, Kunisawa J, Sato S, Ivanov II,
Lamichhane A, et al. Innate lymphoid cells regulate
intestinal epithelial cell glycosylation. Science.
2014;345(6202):1254009.

44. Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM,
Gong Q, et al. Interleukin-22 mediates early host
defense against attaching and effacing bacterial
pathogens. Nat Med. 2008;14(3):282–9.

45. Tsai P-Y, Zhang B, He W-Q, Zha J-M, Odenwald
MA, Singh G, et al. IL-22 upregulates epithelial
claudin-2 to drive diarrhea and enteric pathogen
clearance. Cell Host Microbe. 2017;21(6):671–81.

46. Pickard JM, Maurice CF, Kinnebrew MA, Abt MC,
Schenten D, Golovkina T, et al. Rapid fucosylation of
intestinal epithelium sustains host-commensal symbi-
osis in sickness. Nature. 2014;514(7524):638–41.

47. Grivennikov S, Karin E, Terzic J, Mucida D, Yu
G-Y, Vallabhapurapu S, et al. IL-6 and Stat3 are
required for survival of intestinal epithelial cells and
development of colitis-associated cancer. Cancer
Cell. 2009;15(2):103–13.

48. Kirchberger S, Royston DJ, Boulard O, Thornton E,
Franchini F, Szabady RL, et al. Innate lymphoid cells
sustain colon cancer through production of
interleukin-22 in a mouse model. J Exp Med.
2013;210(5):917–31.

49. Lindemans CA, Calafiore M, Mertelsmann AM,
O’Connor MH, Dudakov JA, Jenq RR, et al.
Interleukin-22 promotes intestinal-stem-cell-mediated
epithelial regeneration. Nature. 2015;528(7583):
560–4.

50. Satoh-Takayama N, Serafini N, Verrier T, Rekiki A,
Renauld J-C, Frankel G, et al. The chemokine recep-
tor CXCR6 controls the functional topography of
interleukin-22 producing intestinal innate lymphoid
cells. Immunity. 2014;41(5):776–88.

51. Withers DR, Hepworth MR. Group 3 innate lym-
phoid cells: communications hubs of the intestinal
immune system. Front Immunol. 2017;8:1298.

108 V. Peng et al.



52. Willinger T. Metabolic control of innate lymphoid
cell migration. Front Immunol. 2019;10:2010.

53. Emgård J, Kammoun H, García-Cassani B, Chesné J,
Parigi SM, Jacob J-M, et al. Oxysterol sensing
through the receptor GPR183 promotes the
lymphoid-tissue-inducing function of innate lym-
phoid cells and colonic inflammation. Immunity.
2018;48(1):120–32.

54. Bando JK, Gilfillan S, Song C, McDonald KG,
Huang SC-C, Newberry RD, et al. The tumor necro-
sis factor superfamily member RANKL suppresses
effector cytokine production in group 3 innate lym-
phoid cells. Immunity. 2018;48(6):1208–19.

55. Sécca C, Bando JK, Fachi JL, Gilfillan S, Peng V,
Luccia BD, et al. Spatial distribution of LTi-like cells
in intestinal mucosa regulates type 3 innate immu-
nity. PNAS. 2021;118(23):e2101668118.

56. Cella M, Fuchs A, Vermi W, Facchetti F, Otero K,
Lennerz JKM, et al. A human NK cell subset
provides an innate source of IL-22 for mucosal
immunity. Nature. 2009;457(7230):722–5.

57. Cella M, Otero K, Colonna M. Expansion of human
NK-22 cells with IL-7, IL-2, and IL-1β reveals intrin-
sic functional plasticity. PNAS. 2010;107(24):
10961–6.

58. Cupedo T, Crellin NK, Papazian N, Rombouts EJ,
Weijer K, Grogan JL, et al. Human fetal lymphoid
tissue–inducer cells are interleukin 17-producing
precursors to RORC + CD127 + natural killer-like
cells. Nat Immunol. 2009;10(1):66–74.

59. Crellin NK, Trifari S, Kaplan CD, Satoh-Takayama-
N, Di Santo JP, Spits H. Regulation of cytokine
secretion in human CD127+ LTi-like innate lym-
phoid cells by Toll-like receptor 2. Immunity.
2010;33(5):752–64.

60. Bal SM, Golebski K, Spits H. Plasticity of innate
lymphoid cell subsets. Nat Rev Immunol. 2020;27:
1–14.

61. Sciumé G, Hirahara K, Takahashi H, Laurence A,
Villarino AV, Singleton KL, et al. Distinct
requirements for T-bet in gut innate lymphoid cells.
J Exp Med. 2012;209(13):2331–8.

62. Rankin LC, Groom JR, Chopin M, Herold MJ,
Walker JA, Mielke LA, et al. The transcription factor
T-bet is essential for the development of NKp46 +
innate lymphocytes via the Notch pathway. Nat
Immunol. 2013;14(4):389–95.

63. Klose CSN, Kiss EA, Schwierzeck V, Ebert K,
Hoyler T, d’Hargues Y, et al. A T-bet gradient
controls the fate and function of CCR6-RORγt+
innate lymphoid cells. Nature. 2013;494(7436):
261–5.

64. Vonarbourg C, Mortha A, Bui VL, Hernandez PP,
Kiss EA, Hoyler T, et al. Regulated expression of
nuclear receptor RORγt confers distinct functional
fates to NK cell receptor-expressing RORγt(+) innate
lymphocytes. Immunity. 2010;33(5):736–51.

65. Tizian C, Lahmann A, Hölsken O, Cosovanu C,
Kofoed-Branzk M, Heinrich F, et al. c-Maf restrains

T-bet-driven programming of CCR6-negative group
3 innate lymphoid cells. eLife. 2020;9:e52549.

66. Parker ME, Barrera A, Wheaton JD, Zuberbuehler
MK, Allan DSJ, Carlyle JR, et al. c-Maf regulates the
plasticity of group 3 innate lymphoid cells by
restraining the type 1 program. J Exp Med.
2019;217(1):e20191030. https://doi.org/10.1084/
jem.20191030.

67. Cella M, Gamini R, Sécca C, Collins PL, Zhao S,
Peng V, et al. Subsets of ILC3–ILC1-like cells gen-
erate a diversity spectrum of innate lymphoid cells in
human mucosal tissues. Nat Immunol. 2019;20(8):
980–91.

68. Mazzurana L, Forkel M, Rao A, Acker AV,
Kokkinou E, Ichiya T, et al. Suppression of Aiolos
and Ikaros expression by lenalidomide reduces
human ILC3�ILC1/NK cell transdifferentiation.
Eur J Immunol. 2019;49(9):1344–55.

69. Bernink JH, Krabbendam L, Germar K, de Jong E,
Gronke K, Kofoed-Nielsen M, et al. Interleukin-12
and -23 control plasticity of CD127(+) group 1 and
group 3 innate lymphoid cells in the intestinal lamina
propria. Immunity. 2015;43(1):146–60.

70. Abraham C, Cho JH. Inflammatory bowel disease. N
Engl J Med. 2009;361(21):2066–78.

71. Jostins L, Ripke S, Weersma RK, Duerr RH,
McGovern DP, Hui KY, et al. Host–microbe
interactions have shaped the genetic architecture of
inflammatory bowel disease. Nature. 2012;491(7422):
119–24.

72. Smillie CS, Biton M, Ordovas-Montanes J, Sullivan
KM, Burgin G, Graham DB, et al. Intra- and inter-
cellular rewiring of the human colon during ulcera-
tive colitis. Cell. 2019;178(3):714–30.

73. Martin JC, Chang C, Boschetti G, Ungaro R, Giri M,
Grout JA, et al. Single-cell analysis of Crohn’s dis-
ease lesions identifies a pathogenic cellular module
associated with resistance to anti-TNF therapy. Cell.
2019;178(6):1493–508.

74. Huang B, Chen Z, Geng L, Wang J, Liang H, Cao Y,
et al. Mucosal profiling of pediatric-onset colitis and
IBD reveals common pathogenics and therapeutic
pathways. Cell. 2019;179(5):1160–76.

75. Corridoni D, Antanaviciute A, Gupta T, Fawkner-
Corbett D, Aulicino A, Jagielowicz M, et al. Single-
cell atlas of colonic CD8 + T cells in ulcerative
colitis. Nat Med. 2020;26:1480–90.

76. West NR, Hegazy AN, Owens BMJ, Bullers SJ,
Linggi B, Buonocore S, et al. Oncostatin M drives
intestinal inflammation and predicts response to
tumor necrosis factor-neutralizing therapy in patients
with inflammatory bowel disease. Nat Med. 2017;23
(5):579–89.

77. Jaeger N, Gamini R, Cella M, Schettini JL,
Bugatti M, Zhao S, et al. Single-cell analyses of
Crohn’s disease tissues reveal intestinal
intraepithelial T cells heterogeneity and altered subset
distributions. Nat Commun. 2021;12(1):1921.

7 Innate Lymphoid Cells and Inflammatory Bowel Disease 109

https://doi.org/10.1084/jem.20191030
https://doi.org/10.1084/jem.20191030


78. Geremia A, Arancibia-Cárcamo CV, Fleming MPP,
Rust N, Singh B, Mortensen NJ, et al. IL-23-respon-
sive innate lymphoid cells are increased in inflamma-
tory bowel disease. J Exp Med. 2011;208(6):1127–33.

79. Gwela A, Siddhanathi P, Chapman RW, Travis S,
Powrie F, Arancibia-Cárcamo CV, et al. Th1 and
innate lymphoid cells accumulate in primary sclerosing
cholangitis-associated inflammatory bowel disease. J
Crohns Colitis. 2017;11(9):1124–34.

80. Barrett JC, Hansoul S, Nicolae DL, Cho JH, Duerr
RH, Rioux JD, et al. Genome-wide association
defines more than 30 distinct susceptibility loci for
Crohn’s disease. Nat Genet. 2008;40(8):955–62.

81. Khor B, Gardet A, Xavier RJ. Genetics and patho-
genesis of inflammatory bowel disease. Nature.
2011;474(7351):307–17.

82. Wang K, Baldassano R, Zhang H, Qu H-Q,
Imielinski M, Kugathasan S, et al. Comparative
genetic analysis of inflammatory bowel disease and
type 1 diabetes implicates multiple loci with opposite
effects. Hum Mol Genet. 2010;19(10):2059–67.

83. Buonocore S, Ahern PP, Uhlig HH, Ivanov II,
Littman DR, Maloy KJ, et al. Innate lymphoid cells
drive interleukin-23-dependent innate intestinal
pathology. Nature. 2010;464(7293):1371–5.

84. Song C, Lee JS, Gilfillan S, Robinette ML, Newberry
RD, Stappenbeck TS, et al. Unique and redundant
functions of NKp46+ ILC3s in models of intestinal
inflammation. J Exp Med. 2015;212(11):1869–82.

85. Pearson C, Thornton EE, McKenzie B, Schaupp A-L,
Huskens N, Griseri T, et al. ILC3 GM-CSF produc-
tion and mobilisation orchestrate acute intestinal
inflammation. Elife. 2016;5:e10066.

86. Forkel M, van Tol S, Höög C, Michaëlsson J,
Almer S, Mjösberg J. Distinct alterations in the com-
position of mucosal innate lymphoid cells in newly
diagnosed and established Crohn’s disease and ulcer-
ative colitis. J Crohns Colitis. 2019;13(1):67–78.

87. Takayama T, Kamada N, Chinen H, Okamoto S,
Kitazume MT, Chang J, et al. Imbalance of NKp44+-
NKp46� and NKp44�NKp46+ natural killer cells in
the intestinal mucosa of patients with Crohn’s dis-
ease. Gastroenterology. 2010;139(3):882–92.

88. Hepworth MR, Monticelli LA, Fung TC, Ziegler
CGK, Grunberg S, Sinha R, et al. Innate lymphoid
cells regulate CD4+ T cell responses to intestinal
commensal bacteria. Nature. 2013;498(7452):113–7.

89. Hepworth MR, Fung TC, Masur SH, Kelsen JR,
McConnell FM, Dubrot J, et al. Group 3 innate lym-
phoid cells mediate intestinal selection of commensal
bacteria-specific CD4+ T cells. Science. 2015;348
(6238):1031–5.

90. Zhou L, Chu C, Teng F, Bessman NJ, Goc J, Santosa
EK, et al. Innate lymphoid cells support regulatory T
cells in the intestine through interleukin-2. Nature.
2019;568(7752):405–9.

91. Heller F, Fuss IJ, Nieuwenhuis EE, Blumberg RS,
Strober W. Oxazolone colitis, a Th2 colitis model

resembling ulcerative colitis, is mediated by IL-13-
producing NK-T cells. Immunity. 2002;17(5):629–38.

92. Camelo A, Barlow JL, Drynan LF, Neill DR,
Ballantyne SJ, Wong SH, et al. Blocking IL-25 sig-
nalling protects against gut inflammation in a type-
2 model of colitis by suppressing nuocyte and NKT
derived IL-13. J Gastroenterol. 2012;47(11):
1198–211.

93. Salvo CD, Buela K-A, Creyns B, Corridoni D,
Rana N, Wargo HL, et al. NOD2 drives early
IL-33-dependent expansion of group 2 innate lym-
phoid cells during Crohn’s disease-like ileitis. J Clin
Investig. 2021;131(5):e140624.

94. Monticelli LA, Osborne LC, Noti M, Tran SV, Zaiss
DMW, Artis D. IL-33 promotes an innate immune
pathway of intestinal tissue protection dependent on
amphiregulin–EGFR interactions. Proc Natl Acad Sci
USA. 2015;112(34):10762–7.

95. Creyns B, Jacobs I, Verstockt B, Cremer J, Ballet V,
Vandecasteele R, et al. Biological therapy in inflam-
matory bowel disease patients partly restores intesti-
nal innate lymphoid cell subtype equilibrium. Front
Immunol. 2020;11:1847.

96. Lim AI, Menegatti S, Bustamante J, Le Bourhis L,
Allez M, Rogge L, et al. IL-12 drives functional
plasticity of human group 2 innate lymphoid cells. J
Exp Med. 2016;213(4):569–83.

97. Uhlig HH, Powrie F. Translating immunology into
therapeutic concepts for inflammatory bowel disease.
Annu Rev Immunol. 2018;36(1):755–81.

98. Cobb LM, Verneris MR. Therapeutic manipulation
of innate lymphoid cells. JCI Insight. 2021;6(6):
e146006.

99. Leppkes M, Neurath MF. Cytokines in inflammatory
bowel diseases—update 2020. Pharmacol Res.
2020;158:104835.

100. Feagan BG, Sandborn WJ, Gasink C, Jacobstein D,
Lang Y, Friedman JR, et al. Ustekinumab as induc-
tion and maintenance therapy for Crohn’s disease. N
Engl J Med. 2016;375(20):1946–60.

101. Sands BE, Sandborn WJ, Panaccione R, O’Brien CD,
Zhang H, Johanns J, et al. Ustekinumab as induction
and maintenance therapy for ulcerative colitis. N
Engl J Med. 2019;381(13):1201–14.

102. Schmidt C, Grunert PC, Stallmach A. An update for
pharmacologists on new treatment options for inflam-
matory bowel disease: the clinicians’ perspective.
Front Pharmacol. 2021;12:655054. https://doi.org/
10.3389/fphar.2021.655054.

103. Hueber W, Sands BE, Lewitzky S,
Vandemeulebroecke M, Reinisch W, Higgins PDR,
et al. Secukinumab, a human anti-IL-17A monoclo-
nal antibody, for moderate to severe Crohn’s dis-
ease: unexpected results of a randomised, double-
blind placebo-controlled trial. Gut. 2012;61(12):
1693–700.

104. Blanco FJ, Möricke R, Dokoupilova E, Codding C,
Neal J, Andersson M, et al. Secukinumab in active
rheumatoid arthritis: a phase III randomized, double-

110 V. Peng et al.

https://doi.org/10.3389/fphar.2021.655054
https://doi.org/10.3389/fphar.2021.655054


blind, active comparator- and placebo-controlled
study. Arthritis Rheumatol. 2017;69(6):1144–53.

105. Fauny M, Moulin D, D’Amico F, Netter P,
Petitpain N, Arnone D, et al. Paradoxical gastrointes-
tinal effects of interleukin-17 blockers. Ann Rheum
Dis. 2020;79(9):1132–8.

106. Stabile H, Scarno G, Fionda C, Gismondi A,
Santoni A, Gadina M, et al. JAK/STAT signaling in
regulation of innate lymphoid cells: the gods before
the guardians. Immunol Rev. 2018;286(1):148–59.

107. Robinette ML, Cella M, Telliez JB, Ulland TK, Bar-
row AD, Capuder K, et al. Jak3 deficiency blocks
innate lymphoid cell development. Mucosal
Immunol. 2018;11(1):50–60.

108. Rogler G. Efficacy of JAK inhibitors in Crohn’s
disease. J Crohns Colitis. 2020;14(Supplement_2):
S746–54.

109. Panés J, Sandborn WJ, Schreiber S, Sands BE,
Vermeire S, D’Haens G, et al. Tofacitinib for induc-
tion and maintenance therapy of Crohn’s disease:
results of two phase IIb randomised placebo-
controlled trials. Gut. 2017;66(6):1049–59.

110. Sandborn WJ, Su C, Sands BE, D’Haens GR,
Vermeire S, Schreiber S, et al. Tofacitinib as induc-
tion and maintenance therapy for ulcerative colitis. N
Engl J Med. 2017;376(18):1723–36.

111. Feagan BG, Danese S, Loftus EV, Vermeire S,
Schreiber S, Ritter T, et al. Filgotinib as induction
and maintenance therapy for ulcerative colitis
(SELECTION): a phase 2b/3 double-blind,
randomised, placebo-controlled trial. Lancet.
2021;397(10292):2372–84.

112. Vermeire S, Schreiber S, Petryka R, Kuehbacher T,
Hebuterne X, Roblin X, et al. Clinical remission in
patients with moderate-to-severe Crohn’s disease
treated with filgotinib (the FITZROY study): results
from a phase 2, double-blind, randomised, placebo-
controlled trial. Lancet. 2017;389(10066):266–75.

113. Danese S, Peyrin-Biroulet L. Selective tyrosine
kinase 2 inhibition for treatment of inflammatory
bowel disease: new hope on the rise. Inflamm
Bowel Dis. 2021;27(12):2023–30. https://doi.org/
10.1093/ibd/izab135.

114. Feagan BG, Rutgeerts P, Sands BE, Hanauer S,
Colombel J-F, Sandborn WJ, et al. Vedolizumab as
induction and maintenance therapy for ulcerative
colitis. N Engl J Med. 2013;369(8):699–710.

115. Sandborn WJ, Feagan BG, Rutgeerts P, Hanauer S,
Colombel J-F, Sands BE, et al. Vedolizumab as
induction and maintenance therapy for Crohn’s dis-
ease. N Engl J Med. 2013;369(8):711–21.

116. Rothenberg ME, Wang Y, Lekkerkerker A,
Danilenko DM, Maciuca R, Erickson R, et al.
Randomized phase I healthy volunteer study of
UTTR1147A (IL-22Fc): a potential therapy for epi-
thelial injury. Clin Pharmacol Ther. 2019;105(1):
177–89.

117. Stephen-Victor E, Fickenscher H, Bayry J. IL-26: an
emerging proinflammatory member of the IL-10

cytokine family with multifaceted actions in antiviral,
antimicrobial, and autoimmune responses. PLoS
Pathog. 2016;12(6):e1005624.

118. Larochette V, Miot C, Poli C, Beaumont E,
Roingeard P, Fickenscher H, et al. IL-26, a cytokine
with roles in extracellular DNA-induced inflamma-
tion and microbial defense. Front Immunol. 2021;10:
204. https://doi.org/10.3389/fimmu.2019.00204.

119. Koike Y, Uchida K, Tanaka K, Ide S, Otake K,
Okita Y, et al. Dynamic pathology for circulating
free DNA in a dextran sodium sulfate colitis mouse
model. Pediatr Surg Int. 2014;30(12):1199–206.

120. Rauh P, Rickes S, Fleischhacker M. Microsatellite
alterations in free-circulating serum DNA in patients
with ulcerative colitis. Digest Dis. 2003;21(4):363–6.

121. Silverberg MS, Cho JH, Rioux JD, McGovern DPB,
Wu J, Annese V, et al. Ulcerative colitis-risk loci on
chromosomes 1p36 and 12q15 found by genome-
wide association study. Nat Genet. 2009;41(2):
216–20.

122. Yamazaki K, McGovern D, Ragoussis J, Paolucci M,
Butler H, Jewell D, et al. Single nucleotide
polymorphisms in TNFSF15 confer susceptibility to
Crohn’s disease. Hum Mol Genet. 2005;14(22):
3499–506.

123. Meylan F, Richard AC, Siegel RM. TL1A and DR3,
a TNF family ligand-receptor pair that promotes lym-
phocyte costimulation, mucosal hyperplasia, and
autoimmune inflammation. Immunol Rev. 2011;244
(1):188–96.

124. Longman RS, Diehl GE, Victorio DA, Huh JR,
Galan C, Miraldi ER, et al. CX3CR1+ mononuclear
phagocytes support colitis-associated innate lym-
phoid cell production of IL-22. J Exp Med.
2014;211(8):1571–83.

125. Castellanos JG, Woo V, Viladomiu M, Putzel G,
Lima S, Diehl GE, et al. Microbiota-induced
TNF-like ligand 1A drives group 3 innate lymphoid
cell-mediated barrier protection and intestinal T cell
activation during colitis. Immunity. 2018;49(6):
1077–89.

126. Yu X, Pappu R, Ramirez-Carrozzi V, Ota N,
Caplazi P, Zhang J, et al. TNF superfamily member
TL1A elicits type 2 innate lymphoid cells at mucosal
barriers. Mucosal Immunol. 2014;7(3):730–40.

127. Meylan F, Hawley ET, Barron L, Barlow JL,
Penumetcha P, Pelletier M, et al. The TNF-family
cytokine TL1A promotes allergic immunopathology
through group 2 innate lymphoid cells. Mucosal
Immunol. 2014;7(4):958–68.

128. Bando JK, Gilfillan S, Di Luccia B, Fachi JL,
Sécca C, Cella M, et al. ILC2s are the predominant
source of intestinal ILC-derived IL-10. J Exp Med.
2019;217:e20191520. https://doi.org/10.1084/jem.
20191520.

129. Li J, Shi W, Sun H, Ji Y, Chen Y, Guo X, et al.
Activation of DR3 signaling causes loss of ILC3s and
exacerbates intestinal inflammation. Nat Commun.
2019;10(1):3371.

7 Innate Lymphoid Cells and Inflammatory Bowel Disease 111

https://doi.org/10.1093/ibd/izab135
https://doi.org/10.1093/ibd/izab135
https://doi.org/10.3389/fimmu.2019.00204
https://doi.org/10.1084/jem.20191520
https://doi.org/10.1084/jem.20191520


130. Li Z, Buttó LF, Buela K-A, Jia L-G, Lam M, Ward
JD, et al. Death receptor 3 signaling controls the
balance between regulatory and effector lymphocytes

in SAMP1/YitFc mice with Crohn’s disease-like ilei-
tis. Front Immunol. 2021;9:362. https://doi.org/10.
3389/fimmu.2018.00362.

112 V. Peng et al.

https://doi.org/10.3389/fimmu.2018.00362
https://doi.org/10.3389/fimmu.2018.00362


Coordination of Mucosal Immunity by
Innate Lymphoid Cells 8
Jordan Z. Zhou and Gregory F. Sonnenberg

Abstract

Mucosal barrier surfaces of the mammalian
body are frequent sites of pathogen coloniza-
tion or entry and are also densely colonized
with trillions of normally beneficial microbes,
termed the microbiota. Therefore, it is para-
mount that the host immune system recognizes
these microbes and is capable of
differentiating between them. To this end, a
multitude of mechanisms have evolved to
carefully balance the need for immune activa-
tion in the face of infections while maintaining
an appropriate level of tolerance to protect
both the host and the beneficial microbes
from hyperactivation. These mechanisms
include the deployment of an emerging class
of tissue-resident innate immune cells, innate
lymphoid cells (ILCs), that are enriched at
mucosal barriers such as the lungs and
intestines, and are critical mediators of tissue
homeostasis, tolerance, repair, and innate

immunity. Recent findings have provided
insight into the regulation of these cells and
their interactions, not only with microbes, both
commensal and foreign, but also with other
systems of the body to prevent disease and
promote tissue health. Here, we discuss recent
findings in the regulation and function of ILCs,
including a focus on their interactions with
bodily systems, such as the nervous system,
and how these interactions affect their func-
tionality in states of health, infection, and
disease.

Keywords

Innate lymphoid cells · Neuro-immune
interactions · Cytokine biology · Mucosal
immunity

8.1 Introduction

Mucosal barrier tissues such as the lungs and
intestines are colonized by trillions of symbiotic
microbes, termed the microbiota [1], which are
essential for maintaining homeostasis, assisting in
nutrient absorption, and metabolism [2, 3] as well
as coordinating immunomodulation by working
cooperatively with the host immune system to
protect against invading pathogens [4, 5]. These
functions are particularly important due to the
continuous exposure of these tissues to the out-
side environment. As the microbiota is critical for
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maintaining homeostasis, tolerogenic
mechanisms must be employed to prevent over-
active immune responses against these beneficial
microbes; however, the immune system must still
be poised to act in the case of pathogenic infec-
tion. Therefore, the immune system must main-
tain a delicate balance between tolerance and
activation to maintain the beneficial interactions
with the microbiota while also responding appro-
priately to invading pathogens. Critical to
maintaining this balance are the interactions
between the microbiota, pathogenic microbes,
and mucosal immunity, particularly the innate
immune system, which rapidly senses changes
in the environment to subsequently calibrate an
adaptive immune response.

One of the more recently appreciated members
of the innate immune system, which have been
shown to be essential for both the establishment
and maintenance of tolerance to the microbiome
as well as robust responses against pathogens, is
the family of innate lymphoid cells (ILCs). ILCs
are predominantly tissue-resident lymphocytes
that are abundant at mucosal surfaces, where,
during development, they make up a significant
portion of the total immune cells [6]. While ILCs
exhibit phenotypic and functional similarities to T
cells, they lack the diversified antigen-specific T
cell receptor (TCR) and rather respond rapidly to
cytokines expressed by other immune cells or
other environmental signals [7–10]. Additionally
ILCs are dependent on the common gamma chain
(γc), otherwise known as IL-2Rγ, the transcrip-
tional repressor, inhibitor of DNA binding
2 (ID2) [11, 12], GATA3 [13], and, in some
cases, zinc finger and BTB domain-containing
protein 16 (PLZF) for their development
[14]. Furthermore, ILCs commit to an effector
state upon differentiation and are genetically
poised to rapidly respond to environmental
signals [15, 16], whereas T cells develop into a
naïve state and later differentiate after antigen-
presenting cell-mediated activation, generally in
the secondary lymphoid organs.

The family of ILCs includes not only cytotoxic
natural killer (NK) cells and lymphoid tissue
inducer (LTi) cells, which were discovered in
1975 in the context of anticancer immunity [17]

and 1997 in the context of lymphoid organ devel-
opment during embryogenesis [18], respectively,
but also several subsets of more recently defined
noncytotoxic helper-like ILC subsets, including
group 1 ILCs (ILC1s), group 2 ILCs (ILC2s), and
group 3 ILCs (ILC3s). These helper-like ILC
subsets, similar to their CD4+ T cell counterparts,
can be characterized by the expression of signa-
ture transcription factors and effector cytokines.

ILC1s are defined by their expression of the
Th1 cell-associated transcription factor, T-box
21 (T-bet), and the production of interferon-γ.
This group includes both the classical NK cells,
which express high levels of IFN-γ,
eomesodermin, and cytotoxic molecules such as
granzyme and perforin after activation, and
another subset of noncytotoxic or weakly cyto-
toxic IFN-γ and tumor necrosis factor (TNF)-
producing ILC1s, which develop from an innate
lymphoid cell precursor rather than an NK cell
precursor in both humans and mice [7, 12, 14, 19,
20]. Functionally, ILC1s respond to IL-12, IL-15,
and IL-18 [21, 22] and assist in antiviral
responses [23] as well as protection against intra-
cellular pathogens such as Salmonella enterica
and Toxoplasma gondii [12, 24]. ILC2s are the
innate counterparts to Th2 cells which are
characterized by the high expression of transcrip-
tion factors, GATA3 and, in mice, the retinoic
acid receptor-related orphan receptor α (RORα)
[25–27]. These cells respond to cytokine signals
such as IL-25, IL-33, and thymic stromal
lymphopoietin (TSLP) [28, 29] and produce clas-
sical Th2 cell cytokines in both humans and mice
including IL-4, IL-5, IL-9, and IL-13 [30–
32]. Additionally, mouse studies have shown
that ILC2s express amphiregulin (AREG) to pro-
mote tissue recovery after viral infection [31] as
well as IL-10 after stimulation with cytokines
such as IL-2, IL-4, IL-10, IL-27, IL-33, the neu-
ropeptide, neuromodulin (NMU), or the allergen,
papain [33, 34]. Due to their production of Th2
cell-associated cytokines and ability to promote
eosinophilia at sites of infection, ILC2s are criti-
cal for defense against helminth pathogens [35];
however, dysregulation of these cells has also
been associated with chronic respiratory diseases
such as asthma [36]. ILC3s, similar to Th17 cells,
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are defined by their expression of the transcription
factor, RAR-related orphan receptor gamma
(RORγt), and cytokines IL-17 and IL-22. ILC3s
are abundant at mucosal surfaces, particularly the
intestines, and are involved in responses to extra-
cellular bacteria and regulation of the microbiome
[10]. ILC3s can be segregated into a NKp46+

population, which produce granulocyte-mono-
cyte-colony-stimulating factor (GM-CSF) and,
in a T-bet dependent manner, IFN-γ, as well as a
NKp46� population, which are largely CCR6+

LTi-like cells, that develop very early on and are
necessary for the formation of lymphoid organs
[18]. Clinically, due to their abundance in the
intestinal tract, dysregulation of multiple ILC3
subsets has been associated with inflammatory
bowel disease (IBD) and colorectal cancer
(CRC).

Mouse models and studies in human samples
indicate an essential role for ILCs in coordinating
mucosal immunity. ILCs sense and interact with
microbes, both commensal and pathogenic, to
direct immunological responses, including direct
cytokine-dependent immunity to pathogens, or
more complex pathways of tolerance, repair,
or inflammation, which involves dynamic
interactions with multiple other hematopoietic or
non-hematopoietic cell types. In this chapter, we
discuss these host–microbe interactions and how
they impact the regulation of the major ILC
subsets in the context of mucosal immunity. We
also review recent literature and discuss emerging
avenues of research regarding the interaction
between ILCs, microbes, and other physiological
systems, such as the nervous system and cellular
metabolism, which control the outcome of muco-
sal infections. Finally, we identify current gaps in
knowledge among these areas and propose that
additional research on these sophisticated cellular
interactions could yield novel opportunities for
therapeutic intervention.

8.2 ILCs and Microbes

ILCs exhibit robust and context-dependent
interactions with different classes of microbes.
For example, some subsets of ILCs require the

microbiota for development, others only become
activated following infection, and each subset
differentially interacts with other cell types or
receives direct signals from microbes in order to
coordinate their effector functions. Below, we
discuss the complex interactions between ILC
subsets and microbes during mucosal immunity.

8.2.1 Infectious Microbes and ILC
Function

Due to the localization of ILCs at barrier tissues, it
is inevitable that they come in contact with
infecting microbes from the outside environment
and it is critical that these cell types are capable
of contributing to host defense against these
pathogens to prevent disease. However, this
antimicrobial, protective function of ILCs
must be tightly regulated to prevent aberrant
inflammation.

ILC1s respond to infectious microbes in the
intestine in a process typically driven by myeloid
cell-derived IL-12, to subsequently induce
IFN-γ-dependent mucosal immunity (Fig. 8.1).
Additionally, follicular reticular cells (FRCs) in
the mesenteric lymph nodes (mLN) and Peyer’s
patches secrete IL-15 to maintain ILC1
populations, though the production of this cyto-
kine is limited in a MyD88-dependent manner to
prevent overactivation of ILCs during infection
[37]. Indeed, deletion of MyD88, increased IL-15
expression, and subsequent ILC1 expansion
result in more severe disease pathology after
viral infection. Importantly, ILC1 function cannot
be completely inhibited since they are an essential
source of IFN-γ in the tissues during the early
stages of antiviral response to mouse cytomega-
lovirus (MCMV) infection [23]. However, this
production of IFN-γ could become pathogenic
as a recent study has shown that, during MCMV
infection, microglia in the brain increase the
expression of chemokines, C–X–C chemokine
ligand (CXCL)9 and CXCL10, which engage
CXCR3 on ILC1s and NK cells, targeting them
to the brain, causing neuroinflammation in an
IFN-γ-dependent manner [38]. Further, in the
intestines, intraepithelial ILC1s were shown to
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be dysregulated in IBD patients and increased
IFN-γ production was associated with an anti-
CD40 mouse model of colitis [22]. In addition
to viral infections, ILC1s have also been
implicated in protection against the intracellular

parasite, Toxoplasma gondii [12]. In this study,
Rag1�/–Il2rg�/� mice, which lack T cells , B
cells, and ILCs, reconstituted with purified
ILC1s were found to initiate a significantly stron-
ger inflammatory response after challenge with
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Fig. 8.1 Microbial- and cytokine-dependent circuits that
orchestrate ILC-dependent mucosal immunity. ILCs are
enriched at mucosal barriers and poised to respond to
environmental signals. These signals are derived from
microbes, diet, or host-derived factors that form distinct

tissue circuits and promote ILC1, ILC2, or ILC3
responses. These ILCs interpret environmental signals to
subsequently coordinate numerous other cell types and
orchestrate diverse outcomes of tissue immunity, inflam-
mation, repair, tolerance, and homeostasis
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T. gondii and were able to better control the
infection when compared with mice that did not
receive any donor ILCs. Interestingly, a separate
study suggested that infection with T. gondii
induces the conversion of NK cells to ILC1-like
cells in a mechanism involving IL-12, which
persists even after pathogen clearance [39],
though whether this transition leads to
pathologies, similar to what has been observed
in the case of MCMV, remains unclear.

ILC2s are critical for host defense against
parasitic infections, most commonly being
associated with reaction to helminths, or worms
(Fig. 8.1). Previous work had shown that IL-25,
an IL-17 family member cytokine, is upregulated
in mouse models of Aspergillus fumigatus and
Nippostrongylus brasiliensis infection and subse-
quently induced eosinophilia in an IL-5- and
IL-13-dependent manner [40, 41], although, it
was not until several years later that IL-25 was
found to be an activating signal for ILC2s [42]
and that transfer of ILCs into IL-25R-deficient
mice was able to partially restore IL-25-depen-
dent innate immunity to N. brasiliensis infection
through the production of IL-13 [35]. More
recently, it was discovered that tuft cells uniquely
secrete IL-25 in response to N. brasiliensis infec-
tion in mice and that tuft cell-derived IL-25
initiates intestinal ILC2 circuit of activation,
which subsequently amplifies further tuft cell
expansion [43–46]. The mechanisms by which
IL-25 expression is induced in these cells are
unclear, though the succinate receptor has been
implicated as an activator of tuft cells that triggers
type 2 immunity [47, 48]. Moreover, the cells that
produce IL-25 in other parts of the body, such as
the respiratory tract, to activate ILC2s are still
uncertain, though tuft cells in the thymus have
also been shown to produce IL-25 to promote
ILC2 residency and function [49]. In addition to
IL-25, infection with N. brasiliensis as well as the
nematode, Strongyloides venezuelensis, also
induces ILC2 production of IL-13 by promoting
a strong IL-33 response, which is necessary for
the accumulation of ILC2s during early phases of
infection. Deficiency in IL-33 showed significant
reductions in eosinophil infiltration and pathogen
clearance [50, 51]. The activation of ILC2s by

these alarmin molecules is not exclusive to para-
sitic infections, however, as a recent report
showed that IL-33 is upregulated in response to
C. difficile and that this induction of IL-33 can
drive ILC2 activation and protection against dis-
ease in mouse models. Additionally, in patients
with C. difficile infection, survival seems to be
correlated with the expression of the IL-33 recep-
tor, ST2 [52]. The reduction in the survival of
mice deficient in ST2 seems somewhat modest in
comparison to mice deficient in IFN-γ, a classical
ILC1 cytokine that can also be produced by
ILC3s [53], indicating a potentially greater role
for these cell types [54]. Interestingly, ILC2s have
also been associated with induction of adaptive
immunity, specifically Th2 cells, through the
expression of major histocompatibility complex
class II (MHC-II) in mouse models of parasitic
infections [55, 56], as well as through the expan-
sion of DCs in response to allergens [57], making
them critical mediators of both adaptive and
innate immunity.

In the context of ILCs, much of the research
regarding response to bacterial infections has
been primarily focused on the functions of
RORγt+ ILC3s and their ability to produce
cytokines such as IL-17, which promotes neutro-
phil infiltration, as well as IL-22, which can
induce the expression of antimicrobial peptides
from epithelial cells or reconstruction of the epi-
thelium after infection (Fig. 8.1). This permits
ILC3s to execute incredibly diverse responses
and serve as potent mediators of barrier immu-
nity. The expression of these cytokines, particu-
larly IL-17 has been found to be crucial for the
clearance of respiratory pathogens such as Myco-
bacterium tuberculosis, Klebsiella pneumoniae,
and Pseudomonas aeruginosa [58–60] and,
although IL-17 is also expressed by T cell
subsets, it has been observed that production of
IL-17A by ILC3s is essential for clearance of
K. pneumoniae in mice by promoting antimicro-
bial functions of Ly6Chi inflammatory
monocytes, enhancing their phagocytic and bac-
tericidal capabilities [61]. Importantly, Rag2-
deficient mice, which lack B and T cells, did not
show any significant difference in bacterial clear-
ance relative to wild-type mice when infected
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with K. pneumoniae whereas mice with both
Rag2 and γc deficiency had a significantly
reduced antimicrobial response and survival.
This phenomenon is consistent in mouse models
of M. tuberculosis infection wherein reconstitu-
tion of Rag2�/� Il2rg�/� mice with lung RORγt+

ILC3s could rescue the wild-type phenotype [60],
highlighting the importance of ILC3s in these
models. In addition to promoting antimicrobial
immunity in the respiratory tract, ILC3s have
also been shown to promote immunity to
pathogens in the intestine. Citrobacter rodentium
is a well-studied mouse model of enterohe-
morrhagic infections and it has been shown that
ILC3s are critical mediators of IL-22-dependent
innate immunity [62–64]. Many original studies
focused on the role of the NKp46+ ILC3 subset in
promoting immunity to C. rodentium and their
dependence on the microbiota [63, 64]. However,
it was subsequently demonstrated that the
NKp46+ subset is dispensable for innate immu-
nity to this pathogen, and that the CCR6+ LTi-like
subset is critical for IL-22-dependent innate
immunity [65, 66]. Further studies showed that
this process is dependent on IL-23 [62, 65, 67],
likely generated by intestinal macrophages [68–
70], and promotes antimicrobial response in epi-
thelial cells. However, several fundamental
questions remain regarding the role of ILC
subsets in the context of mucosal infection,
including a differential role for IL-23 in mucosal
immunity that has been shown to be dependent
upon pathogen dose [71], as well as potential
redundancy with T cells in humans and mice
[72–74].

Finally, ILC3s may impact many other aspects
of mucosal immunity to pathogens that extend
beyond IL-22 and IL-17. For example, LTi-like
ILC3s are critical for the development and resto-
ration of lymphoid tissues, which impact primary
and secondary immune responses to viral
infections [75, 76]. These cells can potentially
also influence diverse functions like T cell selec-
tion in the thymus through the expression of
receptor activator of nuclear factor kappa-Β
ligand (RANKL), which promotes the expression
of autoimmune regulator (AIRE) in thymic epi-
thelial cells [77]. NKp46+ ILC3s are also a potent

source of IL-2 to support Tregs in the small intes-
tine [78], which could also be a mechanism for
contracting the immune response after clearance
of the infectious microbes. Therefore, there is a
complex array of pathways by which ILCs
respond to and orchestrate an effective immune
response against invading pathogens at mucosal
barrier sites.

8.2.2 Direct Microbiota-Dependent
Regulation of ILC Development
and Function

Although several functions of ILCs are similar to
those of T cells, they undergo a unique develop-
mental path. In adults, these cells arise from com-
mon lymphoid progenitors (CLPs) in the bone
marrow that differentiate into common helper
ILC precursors [12], whereas, during fetal devel-
opment, ILCs can differentiate from progenitors
in the fetal liver [14, 79]. Due to their shared
occupation of mucosal barrier tissues with the
microbiota, many groups sought to describe the
impact of these microbes on the development of
ILCs. Studies utilizing germ-free (GF) mice
revealed that both NK cells and ILC2s are able
to develop in the absence of a microbiome
[31, 80]. The importance of microbial coloniza-
tion for ILC3 development has been subject to
some debate as some reports have shown no
significant changes in ILC3 numbers in the
small intestines of either GF or antibiotic-treated
mice [81], while others have shown a selective
reduction in IL-22-producing NKp46+ ILC3s in
the intestine of GF mice [64, 81, 82]. This is
consistent with the dependence of this ILC3 sub-
set on the aryl hydrocarbon receptor (Ahr), a
transcription factor that is activated by a number
of ligands produced in part by microbiota-derived
metabolites [83–85]. However, this may be more
nuanced and not necessarily dependent only on
postnatal exposure to microbiota. A study using
mice transiently colonized during pregnancy has
implicated microbial colonization of the mother
in the development of NKp46+ ILC3s [86]. In
contrast to NKp46+ ILC3s, the presence of sec-
ondary lymphoid structures in mouse fetuses was
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thought to suggest normal development of LTi
cells in the absence of a microbiome since the
fetal environment was considered to be sterile
[18]. However, maternal colonization also
increased the number of LTi cell progenitors
but had little impact on ILC1s and ILC2s.
Furthermore, recent studies have provided evi-
dence to suggest that the fetal environment may
not be sterile, and that microbial colonization can
occur as early as the second trimester in human
fetuses, leading to priming of the fetal immune
system [87]. This provides some clarification as
Ahr has been shown to promote the development
of isolated lymphoid follicles (ILFs) and
cryptopatches (CPs) [84, 85], and microbiota-
augmented retinoic acid [88] has been shown to
be critical for maintaining LTi cells during fetal
development [75]. Finally, following birth, Nod1-
dependent signals from commensal bacteria can
also promote the functional maturation of CPs
and ILFs, indicating a critical role in supporting
the functions of LTi-like ILC3s [89]. Based on
these more recent studies, the importance of the
microbiome in promoting the development of
ILC3s is becoming less controversial.

Unlike their development, the functions of vir-
tually all ILC subsets depend heavily on the status
of the microbiome. Single-cell transcriptional
profiling of mouse small intestines revealed a
number of distinct ILC clusters featuring unique
transcriptional signatures that are significantly
altered upon ablation of the microbiome, particu-
larly in ILC1s and ILC3s [90]. With these data
having been generated, future research will work
to describe the mechanisms by which the
microbiome regulates ILC function and stability.
One such mechanism may be the direct engage-
ment of microbial products with pattern recogni-
tion receptors (PRRs) such as toll-like receptors
(TLRs). Previous work has described the expres-
sion of TLRs on human peripheral blood NK cells
[91], and activation of TLR3 and TLR9 promotes
cytotoxic activity [92] while activation of TLR2
promotes antiviral immunity [93]. Furthermore,
human circulating ILC2s have been shown to
express several TLRs that, when activated, lead
to the expression of IL-5 and IL-13 as well as
CD40L, which promotes IgE production from B

cells [94]. Conversely, TLR9 activation of murine
ILC2s by CpG suppresses IL-33-mediated airway
inflammation through the stimulation of NK cells
and subsequent production of IFN-γ [95]. Finally,
TLR transcripts have also been observed in ILC3s
from human tonsils with TLR2 being the domi-
nantly expressed receptor and little to no expres-
sion of TLR3 or TLR4 [96]; however, another
study showed increased apoptosis of ILC3s after
in vitro stimulation of total small intestine
lymphocytes from rhesus macaques with LPS
[97], although, as these experiments did not use
purified ILC3s, it is uncertain whether this is a
direct or indirect effect. Additionally, the sensing
of microbial products via TLRs may be somewhat
specific for human ILC3s since stimulation of
purified mouse LTi-like cells and NKp46+

ILC3s, which did not express TLRs, could not
reproduce the increase in cytokine production,
mainly IL-22, as was observed in human
ILCs [96].

Other than TLRs, both NK cells and ILC3s
express natural cytotoxicity receptors (NCRs),
such as NKp30, NKp44, and NKp46, that are
capable of recognizing microbial components
and activating pro-inflammatory responses upon
engagement [98, 99]. Moreover, microbiome-
derived metabolites can signal directly to ILCs
to regulate their function. For example, as previ-
ously mentioned, Ahr produced by the
microbiome is essential for postnatal develop-
ment of ILFs and CPs by ILC3s in mice
[84, 85]. Additionally, Ahr signaling is critical
for the production of cytokines by ILC3s, as
it binds directly to the mouse Il22 locus
together with RORγt to promote gene expression,
while also inhibiting the function of intestinal
ILC2s by modifying the chromatin landscape
to suppress the IL-33-ST2 signaling pathway
[83, 100]. Importantly, these metabolites can
have an endocrine effect and do not necessarily
act only on cells in the local environment since
alterations in Ahr ligands produced by the gut
microbiota have been shown to alter the expres-
sion of IL-22 in pancreatic ILCs, which has been
associated with protection against autoimmune
diabetes in mouse models [101]. Furthermore,
the microbiome is a key producer of short-chain
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fatty acids (SCFA), bile acids, and tryptophan
metabolites. By feeding mice a high-fiber diet, it
was observed that the microbiome fermented the
dietary fibers into SCFAs, such as butyrate, which
inhibited ILC2 function and suppressed ILC2-
mediated airway hypersensitivity [102]. In the
intestines, microbiome-derived SCFAs were
found to promote ILC expansion for ILC1s,
ILC2s, and ILC3s [103], which express the recep-
tor, Ffar2, and produce increased IL-22 in the
presence of butyrate via AKT and STAT3 activa-
tion [104]. Consistently, Ffar2 deficiency in
ILC3s led to decreased expression of effector
cytokines and reduced protection against
C. rodentium infection as well as increased sensi-
tivity to dextran sodium sulfate (DSS)-induced
colitis, highlighting another key mechanism by
which the microbiome can influence ILC3 func-
tion. Over the last decade, many pathways for
direct interaction between the microbiome and
ILCs have been described; however, our under-
standing of these interactions is still incomplete as
novel, high-throughput technologies reveal addi-
tional, unexplored mechanisms.

8.2.3 Indirect Interactions Between
the Microbiota and ILCs

In contrast to the direct activation of ILCs, the
microbiome can also indirectly regulate ILC func-
tion by modifying cytokine production from other
cells in the environment such as macrophages
[105, 106]. Conversely, ILC functions can alter
antimicrobial responses by other cells to promote
either tolerance or activation against commensal
and environmental microbes [107]. In the case of
ILC1s, previous reports have shown that, in mice,
NK cell function, but not development, is depen-
dent on the microbiome even in non-mucosal
tissues [80], likely through the production of
metabolites that are released into circulation.
Alterations in the microbiome have also been
associated with colitis in mouse models, which
was driven by the MyD88-dependent production
of IL-12 [18], a key activating cytokine for
ILC1s. Consistently, accumulation of ILC1s was
observed in inflamed tissue from patients

suffering from Crohn’s disease [21]; however, in
mouse models of bacteria-induced colitis, T-bet
expression in ILCs seems to be protective against
dysbiosis-associated intestinal inflammation by
preventing the expression of IL-17A in response
to TNF produced by colonic DCs, which drives
the production of IL-23, similar to what other
groups observed in patients with Crohn’s disease
[108–111].

GATA3+ ILC2s have been associated with
protection of intestinal tissues and containment
of the microbiome as signaling via the alarmin,
IL-33, which signals through its receptor, IL1RL1
(ST2), and is released upon tissue damage and
can be regulated by the microbiota, ameliorates
DSS-induced colitis in mice through the produc-
tion of the growth factor, AREG [52, 110]. In
addition to IL-33, ILC2s are also activated by
TSLP expressed by epithelial cells downstream
of NF-κB and induce the expression of Th2 cell-
associated cytokines such as IL-4 and IL-13
[112–114]. Due to the regulation of TSLP by
NF-κB, and the expression of TLRs on epithelial
cells in both the intestine and airway [115, 116],
induction of TSLP expression by microbial
components that signal through PRRs can poten-
tially act as an activating signal for ILC2s while
limiting ILC3-dependent cytokine production
[117]. However, these signals must be carefully
balanced as dysregulation of ILC2s is associated
with exacerbated allergic inflammation and
asthma [36] and, similar to ILC1s, expansion of
ILC2s has been associated with intestinal inflam-
mation in both humans and mice [18].

RORγt+ ILC3s have been the most extensively
studied in the context of intestinal homeostasis
and inflammation. In the intestines, microbiota
indirectly influence ILC3 function through the
activation of local myeloid cells that produce
IL-1β and IL-23 [118, 119]. Additionally, in
mice, the microbiome enhances the expression
of IL-7, which is critical for the stabilization of
RORγt expression in adoptively transferred
ILC3s as well as secretion of effector cytokines
such as IL-22 [82], which bind to IL-22R
expressed by intestinal epithelial cells (IECs)
and promote gut homeostasis through wound
healing via STAT3 activation after DSS-induced
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intestinal damage and inflammation [120]. This
can also occur in other barrier tissues at which
ILCs are likely to be present such as the skin
[121]. Signaling of IL-22 in epithelial cells has
the added effect of promoting fucosylation of
IECs through the fucosyltransferase, Fut2 [122–
124]. These fucosylated proteins can then be shed
and taken up by the microbiome to help prevent
dysbiosis and opportunistic infections in mouse
models. Alternatively, IL-22 signaling in epithe-
lial cells induces the expression of antimicrobial
peptides such as Reg3γ and Reg3β [62], expres-
sion of which is necessary to limit microbial
association with the intestinal surface and prevent
dysregulation of IFN-γ production in CD4 T cells
[125]. ILC3s also express other factors that
directly protect the intestinal barrier from dam-
age, including the HB-EGF, which is important in
limiting TNF-mediated cell death in the epithelial
(Zhou et al. PMID: 35102343).

Interestingly, this indirect regulation of T cells
is not the only mechanism by which ILC3s exert
their influence over the adaptive immune system.
Previous studies have shown that CCR6+ ILC3s
are a major subset in the mLN and express
MHCII in both mice and humans, leading to the
deletion of microbiome-specific CD4+ T cells,
and that this expression of MHCII is altered in
Crohn’s disease patients, which correlates with
aberrant activation of Th17 cells [126–
128]. Within the mLN and colon, expression of
MHCII in ILC3s is constitutive, regulated in a
manner that is comparable to thymic epithelial
cells, and is independent of microbiota or inflam-
matory stimulus [128]. However, in the small
intestine or spleen, ILC3s appear to upregulate
MHCII and co-stimulatory molecules in response
to inflammatory stimuli and could promote T cell
responses, but the biological significance of these
findings and whether these represent the same or
distinct ILC3 subsets remain unclear. In addition,
T cell selection does not seem to be the only
mechanism by which MHCII expression on
ILCs can regulate homeostasis with the
microbiome. A recent study showed that disrup-
tion of MHCII expression on ILC3s leads to
increased T follicular helper cell activity and
promotes B cell class switch recombination to

IgA, which is associated with alterations in
microbial populations and metabolites
[129]. This ILC3 control over microbiota-specific
T cells critically supports homeostasis with a
diverse microbiota and this can have important
consequences in other contexts. For example, it
was recently demonstrated that these interactions
support microbiota colonization that is poised to
elicit type 1 immunity, which subsequently
supports antitumor immunity and responsiveness
to immunotherapies in CRC [130]. ILC3s can
also sense the microbiota to become a dominant
source of IL-2 in the small intestine of mice
[78]. This production of IL-2 is essential for the
maintenance of intestinal Tregs and tolerance to
dietary antigens. Furthermore, the dysregulation
of IL-2 expression in ILC3s was shown to be
associated with Crohn’s disease, further
highlighting the importance of ILC3 functions in
themaintenance of intestinal homeostasis. Finally,
ILC3s also express MHCII in the airway-draining
lymph nodes and limit inflammatory Th17 and
Th2 cell responses to allergens (Teng
et al. PMID: 34818549), suggesting that these
regulatory properties extend to other mucosal
barrier surfaces.

8.3 Regulation of ILC Metabolism
by Microbes

Of late, the field of immunometabolism has
shown to hold exciting insight into the inner
workings of immunity. Over the last several
years, there has been a growing appreciation for
the role of cellular metabolic states and the ability
of cellular metabolism to regulate immune cell
functions. This is particularly important during
infection as proper activation of immune cells
such as ILCs is critical for the clearance of a
number of pathogens; however, the literature
surrounding the mechanisms by which ILC
metabolism is controlled during infection is
incomplete and little is known about how these
cells interact with pathogens to alter their metab-
olism in support of protective immunity. Current
understanding of T cells may provide some clues
to the role of metabolism in ILCs during
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infection, though, due to the functional
differences between T cells and ILCs, there are
likely many differences between the two cell
types. The relationship between the metabolism
of T cells and ILCs has been nicely reviewed
elsewhere [131]. More recently, in ILC2s,
programmed cell death protein-1 (PD-1) has
been shown to be upregulated after IL-33 stimu-
lation in mice. In PD-1-deficient models, ILC2s
have increased glycolysis and catabolism of
methionine and glutamine, which enhances
ILC2 proliferation and expression of cytokines
such as IL-5 and IL-13 [132], suggesting a
reduced capacity to clear helminth infections;
however, the mechanism by which the expression
of PD-1 in ILC2s is controlled during infection is
still unclear. Additionally, in ILC3s, hypoxia-
induced stabilization of HIF-1α was critical for
clearing C. difficile infection in mice as HIF-1α
ablation in Rorc-expressing cells led to impaired
IL-22, IL-17, CSF2, and TNF expression in
ILC3s [133]. Previous studies have also shown
the importance of HIF-1α stabilization, though in
an mTORC1-dependent manner, which was
associated with an increase in the production of
reactive oxygen species (ROS) and metabolic
reprograming [134]. This dependence on
mTORC1 was critical for the production of
IL-22 and IL-17A in mouse models of
C. rodentium infection, highlighting the impor-
tance of a metabolic shift toward glycolytic
pathways in ILC3 activation. Although much
progress has been made in the last few years,
there is still much work to be done in this field
to determine the relevance of context-dependent
metabolic shifts in ILC populations during infec-
tion as different infectious agents may require that
the ILC populations responding to the infections
have different metabolic profiles to promote
unique cellular functions.

8.4 ILC Interaction
with the Nervous System

An emerging paradigm in ILC biology is that
these cell types are uniquely poised for commu-
nication with the nervous system. This can occur

in the central nervous system (CNS), or locally,
with the peripheral nervous system, and these
interactions have substantial implications for
immunity, inflammation, and tissue homeostasis.
Furthermore, a number of specific targets in
neuronal-ILC interactions have been identified
to either promote or inhibit ILC responses and,
in some contexts, ILCs even employ pathways
typically associated with the nervous system to
execute their rapid effector functions (Fig. 8.2).

8.4.1 ILCs and the Central Nervous
System

The CNS is an immunologically specialized site
and is uniquely protected from external solutes by
the blood–brain barrier (BBB) and blood–cere-
brospinal fluid (CSF) barrier, which act as filters
to control the contents entering the CNS via cir-
culation. In recent years, it has become increas-
ingly clear that ILCs participate in complex
interactions with the nervous system and the
roles of these interactions in health and disease
have only begun to be appreciated. In addition,
the presence of ILCs in the CNS has been
observed, though the mechanisms by which they
traffic to the CNS have not yet been fully
described. Due to the lack of traditional
lymphatics in the CNS parenchyma, immune
cells must find alternative routes to travel in and
out of the tissues. Currently, there are three major
mechanisms by which cells can migrate into
the CNS: (1) exiting the endothelium of the
blood–CSF barrier at the choroid plexus, a region
that produces CSF and harbors a diverse popula-
tion of immune cells, particularly cDCs, which
may participate in the reactivation of local T cells
[135]; (2) exiting circulation into the subarach-
noid space and Virchow–Robin perivascular
spaces, which have also been suggested to be
sites of antigen presentation and immune surveil-
lance [136]; and (3) exiting circulation directly
into the parenchymal perivascular spaces by
crossing through the BBB [137]. In addition,
recent evidence suggests that some immune cells
derived from skull cap and vertebral bone marrow
niches migrate directly into the meninges, the
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Fig. 8.2 Neuronal pathways control ILC-dependent
mucosal immunity. Numerous interactions between ILCs
and the nervous system have been identified. These
include neuropeptides that can either promote or inhibit

ILC effector functions. ILCs can also utilize pathway
typically associated with the nervous system to coordinate
their effector functions, such as RET or ChAT
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membranous layers that envelop and protect the
CNS, through specialized vessels and indepen-
dent of the blood circulation. These cells then
have the potential to migrate into the CNS paren-
chyma in contexts of inflammation or injury
[138, 139]. Conversely, cells and other materials
can leave the CNS through the CSF, which drains
into the deep cervical lymph nodes via meningeal
lymphatics or potentially through perineural out-
flow routes to lymphatics outside of the CNS,
though whether ILCs utilize these migratory
mechanisms has yet to be explored [138, 140–
142]. Moreover, the functional significance of the
presence of ILCs in the CNS is only beginning to
be examined and their contribution to maintaining
tissue homeostasis is currently an active area of
investigation. Additionally, the effector functions
of ILCs on the CNS may not be limited to imme-
diate signaling events with neighboring cells,
but their influence on cells in distant tissues
such as the gut can potentially have substantial
consequences on the CNS [143]. ILCs are inti-
mately connected to the microbiota, which is
known to have an impact on CNS health and
neurological diseases, such as multiple sclerosis
and Parkinson’s disease [144].

As of yet, little is known about how the
functions of ILCs influence CNS homeostasis.
Previous findings in mouse models of experimen-
tal autoimmune encephalomyelitis (EAE) have
shown that the transcription factor, T-bet, is
an important mediator of neuroinflammation
[145, 146]; however, more recently, it was dis-
covered that adoptive transfer of Th17 cells from
TCR transgenic mice that are specific to myelin
oligodendrocyte glycoprotein (MOG) into T-bet-
deficient mice did not fully restore the phenotypes
seen in wild-type mice after induction of EAE,
indicating that the pathogenicity of T-bet is not
solely due to its expression and function in T cells
[147]. Consistent with these findings, as previ-
ously mentioned, production of IFN-γ from
ILC1s has been implicated in neuroinflammation
[38]. Furthermore, T-bet-expressing ILCs were
found to localize to the meninges during EAE
and transfer of myelin-specific T cells into
Tbx21 fl/fl NKp46-Cre mice lacking ILC1s and
NKp46+ ILC3s showed a significant reduction

in EAE pathology by preventing the infiltration
and cytokine profile of Th17 cells in the CNS.
Conversely, production of IFN-γ by meningeal
NK cells may be protective as it can promote an
anti-inflammatory subset of astrocytes in the CNS
expressing the death receptor ligand, tumor
necrosis factor-related apoptosis-inducing ligand
or Apo 2 ligand (TRAIL), and subsequently drive
cell death of CNS-associated T cells to prevent
neuroinflammation [148]. Intriguingly, these
effector functions appear to require or be licensed
by the intestinal microbiota, demonstrating a pro-
found influence of the microbiota on ILC
functions that occur distal to the gut. A unique
subset of inflammatory ILC3s also migrate into
the CNS during EAE and are essential for
re-stimulating myelin-specific CD4 T cells via
MHCII and promoting disease pathogenesis
(Grigg et al. PMID: 34853467). This is in striking
contrast to tissue-resident ILC3s in the gut and
peripheral lymph nodes that remain tolerogenic
during EAE and can be harnessed to prevent
disease progression. Additionally, infection of
ILC2-deficient mice with herpes simplex virus
type 1 constitutively expressing IL-2, another
model of CNS demyelination, showed little to
no neurodegenerative phenotype; however,
when wild-type ILC2s are reintroduced into
these mice, the demyelination phenotype is res-
cued, suggesting a role for ILC2s in demyelinat-
ing disease as well [149] and, although the
mechanism for this is still uncertain, it is possibly
context dependent as, in some cases, ILC2s seem
to be associated with protection against EAE
[150] and promote healing after spinal cord injury
in an IL-33-dependent manner [151]. Similarly,
ILC2s have been shown to prevent cognitive
decline in aging as intracerebroventricular trans-
fer of ILC2s, activated by IL-33, IL-2, IL-7, and
stem cell factor, was shown to improve cognitive
function in mice [152]. Based on these studies, it
is clear that ILCs play a pivotal role in CNS
homeostasis and future work will continue to
build upon these novel observations to determine
the extent to which ILCs can influence CNS
immunity and inflammation. Moreover, future
work may also focus on the mechanisms by
which components of the CNS such as neurons
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or glial cells may influence CNS-localized ILC
function.

The CNS may conversely impact ILC3
homeostasis within the intestine. This mechanis-
tically occurs at multiple levels, including fine-
tuning from brain cues and interpreting light–dark
cycles and feeding cycles [153]. Critically
involved in this homeostatic regulation is ILC3-
specific expression of circadian regulators, such
as BMAL1 and NR1D1 [153–155]. Mice with
ILC3-specific deletion in BMAL1 exhibit altered
diurnal rhythms, reduced population frequencies,
and increased sensitivity to both C. rodentium
infection and DSS-induced intestinal damage
and inflammation. Lineage-specific deletion of
BMAL1 or NR1D1 also resulted in microbiota-
dependent hyperactivation of ILC3s, which may
account for their cellular depletion in the context
and could be relevant to the loss of ILC3s
from the inflamed intestine of IBD patients
[154, 155]. In support of this latter possibility,
ILC3s isolated from the inflamed intestine
exhibited altered circadian clock genes relative
to ILC3s isolated from matched non-inflamed
intestine. These data suggest that there are
mechanisms by which the CNS acts on ILC3s in
the intestines through long-range neural circuits
that connect the brain, and this fine-tunes ILC3
homeostasis in the context of dietary intake and
colonization with a diverse microbiota.

8.4.2 ILCs and the Peripheral Nervous
System

Outside of the brain and spinal cord, the periph-
eral nervous system (PNS) provides connections
between the CNS and peripheral tissues. The PNS
can be divided into two major subsystems, the
somatic system, which provides sensory informa-
tion about the environment, and the autonomic
system, which maintains bodily functions that are
critical for maintaining homeostasis and includes,
within its classification, the enteric nervous sys-
tem (ENS), a complex network of neurons
completely contained within the gastrointestinal
tract that orchestrates intestinal physiology sepa-
rately from the CNS. These subsystems can then

be further divided into sensory or afferent neurons
that carry signals toward the CNS from the
periphery as well as motor or efferent neurons,
which carry signals from the CNS out into the
periphery to promote effector functions of cells
within the tissues [156]. Over 100 years ago, it
was discovered that, when sympathetic neurons,
members of the autonomic nervous system, are
resected from the ears of rabbits, experimental
inflammation is exacerbated; however, when sen-
sory nerves are resected, inflammation is
inhibited, leading to reduced clearance of bacte-
rial pathogens, providing early evidence for the
regulation of immune responses by the PNS
[156, 157]. It has not been until recently that
many of the mechanisms underlying these
observations have been elucidated, and not until
the past several years have the effects of these
neurons on the regulation of ILC functions been
examined.

Key mechanisms by which peripheral neurons
control the function of ILCs are through activa-
tion of surface receptors and production of
neuropeptides such as calcitonin gene-related
peptide (CGRP), neuromedin U (NMU), and
vasoactive intestinal peptide (VIP) (Fig. 8.2). In
a recent study, ILC2s were found to express
β2-adrenergic receptor (β2AR) and these β2AR-
expressing ILC2s in mice co-localize with adren-
ergic neurons, indicating a neuronal regulatory
circuit for ILC2s [158]. Indeed, it was found
that activation of β2AR in ILC2s limits type
2 inflammation. Consistently, β2AR-deficient
mice as well as Adrb2 fl/fl Il7rcre/+ mice were
able to more effectively control N. brasiliensis
infection compared to wild-type mice. This pro-
tection was associated with the enhanced produc-
tion of type 2 cytokines such as IL-5 and IL-13 by
ILC2s, which led to increased eosinophil infiltra-
tion. These data provide the first evidence of a
negative regulatory mechanism by which neurons
can promote tissue homeostasis by restricting ILC
function. A series of subsequent studies showed
another negative regulatory mechanism by which
CGRP suppresses type 2 inflammation in mice
through the inhibition of ILC2 activation [159–
161]. In the intestines, it was found that CGRP
was produced by choline acetyltransferase
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(ChAT)-expressing neurons to maintain tissue
homeostasis at steady state, though another
study showed that expression of CGRP by pul-
monary neuroendocrine cells suggested that
CGRP acts to stimulate ILC2 cytokine production
in the lungs [162]. Finally, enteric
VIP-expressing neurons restrain ILC3 function
by releasing VIP in response to feeding, which
signals through its receptor, VIPR2, expressed on
CCR6+ ILC3s, to improve lipid absorption
by inhibiting IL-22 production in mice [163];
however, this mechanism may still be somewhat
controversial as another study found that defi-
ciency of VIPR2 in ILC3s leads to an impairment
in IL-22 production and protection against
DSS-induced colitis [164]. In the context of
ILC2s, VIP production by sensory neurons has
been associated with allergic airway inflamma-
tion by inducing the expression of inflammatory
signals through the VPAC2 receptor
[165, 166]. These studies have shed light on a
complex regulatory network in which neurons
restrict ILC functions to promote tissue homeo-
stasis. Additionally, due to the negative regula-
tion imposed by these neurons, there may also be
alternative mechanisms that regulate neuronal
functions to release ILC cytokine production in
the case of infection, though this avenue of
research still needs to be explored. Future work
may also focus on describing additional
mechanisms by which neurons can control ILC
function, including ILC1s and ILC3s, to control
inflammation and pathogen clearance or whether
signals from the microbiome can influence the
utilization of these mechanisms by neurons at
barrier tissues.

In contrast to the inhibitory effects of neurons
on ILCs via β2AR and VIP, the production of
NMU has been shown as a stimulatory signal
for ILCs. Through the use of Nmur1LacZ/+

reporter mice, a large fraction of NMUR1+ cells
in the small intestine showed phenotypes consis-
tent with ILC2s [167–169]. Further experimenta-
tion revealed that NMU is a potent activator of
ILC2 production of cytokines such as IL-5, IL-13,
CSF2, and AREG in cells from both the gut and
the lungs and that NMUR deficiency leads to
impaired clearance of helminth infections

whereas treatment of mice with exogenous
NMU improves eosinophil infiltration and worm
expulsion. Additionally, it was found that NMU
promotes lung inflammation induced by ILC2s,
which was later confirmed and shown to act syn-
ergistically with IL-25 to promote activation of
ILC2s, leading to exacerbated inflammation in
mouse models of allergic airway inflammation
[169]. Interestingly, NMU also synergizes with
IL-33 to enhance IL-2, IL-6, IL-9, IL-13, and IL-5
production as well as AREG when combined with
CGRP in mouse cells [159], though the functional
significance of many of these interactions is still
unclear, though it is possible to speculate a role in
modifying Treg populations as IL-2 production
from ILC3s has been shown to promote Treg
stability [78] and AREG has been shown to main-
tain the immunosuppressive functions of Tregs
[170]. Conversely, IL-6 production from enteric
neurons has been shown to increase total Treg
populations while inhibiting the RORγt-
expressing subset in the gut in response to micro-
bial signals [171].

Interestingly, ILCs may also utilize pathways
typically associated with the nervous system to
exert their influence (Fig. 8.2). For example, both
ILC2s and ILC3s have been shown to express
ChAT, the enzyme responsible for the
biosynthesis of acetylcholine, in mouse models
of protease-induced airway inflammation and hel-
minth infection, respectively, to induce inflamma-
tory phenotypes [172, 173]. It was also found that
ILC2s express acetylcholine receptors and that
stimulation with the neurotransmitter promotes
cytokine production and parasite expulsion.
Additionally, ILC2s in mouse adipose tissue
have recently been shown to express the
neuroregulatory receptor, RET, which recognizes
glial-derived neurotrophic factor (GDNF), pro-
duced by mesenchymal stromal cells (MSCs),
and deficiency of RET in ILC2s led to increased
susceptibility to high-fat-diet-induced obesity and
decreased glucose sensitivity due to a breakdown
of a mechanism by which neuro-mesenchymal
interactions regulate energy homeostasis
[174]. Finally, ILC3s also express RET in the
intestine, which drives the production of IL-22
when recognizing environmental signals of
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GDNF, produced by glial cells, localized in prox-
imity to CPs and ILFs, in a MyD88-dependent
manner [175].

These findings implicate the peripheral ner-
vous system in the regulation of ILCs, creating
an exciting new line of inquiry into the intricate
interactions between the immune system, nervous
system, and microbiota. Several studies have
indicated an important connection between the
microbiota and the functionality of the ENS as
GF mice as well as antibiotic-treated mice show
significant increases in intestinal transit times,
indicating dysregulation of GI motility and
alterations to enteric neurons when the microbiota
is disrupted [176, 177]. Further, the microbiome-
induced expression of Ahr in enteric neurons is
critical for regulation of intestinal homeostasis.
Cross talk between muscularis macrophages and
enteric neurons has also been observed in which
macrophages produce bone morphogenic protein
2 (Bmp2) and, in response, the neurons express
colony-stimulating factor 1 (CSF1) to promote
macrophage development [178]. Interestingly,
this phenomenon seems to be directed by the
microbiome and may depend on signaling
through TLR4, as enteric neurons exhibit a sub-
stantial increase in CSF1 expression when
cultured with LPS. Furthermore, muscularis
macrophages expressing β2AR have been shown
to protect enteric neurons in mouse models of
Salmonella infection [179, 180]. Based on these
results, a potential route for further exploration
may be to determine how muscularis
macrophages or other immune cell types, such
as ILCs, in the intestines may prevent enteric
neuron death in the case of other bacterial, viral,
or fungal infection as loss of enteric neurons has
been observed in cases of lytic viral infections
such as varicella zoster virus [181]. Although, as
of yet, there is no direct evidence to show that
these mechanisms will impact ILC functions, it is
reasonable to hypothesize a cross-regulatory net-
work in which ILCs help to maintain peripheral
neuron functions while, at the same time, periph-
eral neurons act to regulate ILC functions. More-
over, although several mechanisms of the
regulation of ILCs by neurons have been discov-
ered, to date, little work has been done on how

ILCs can regulate the function of neurons. This is
an important contrast as it can also elucidate
additional mechanisms by which ILCs utilize
neurons as an intermediate partner to interact
with and regulate other cell types as well as influ-
ence overall tissue homeostasis.

8.5 Concluding Remarks

Due to the exposure of mucosal barrier surfaces to
the external environment, they are particularly
vulnerable to pathogen colonization and, there-
fore, require complex immunological regulatory
networks that promote immune tolerance to
microbiota while still maintaining protective
immunity against invading pathogens. ILCs
have been shown to be key regulators of barrier
tissue immunity through their interactions with
both pathogenic microbes and the microbiota.
Recent studies have discovered novel
mechanisms by which these microbes modulate
ILC function through direct and indirect
mechanisms. In particular, a growing body of
literature has begun to describe the interactions
between ILCs and neurons in both the central
nervous system and the peripheral nervous sys-
tem. These interactions with neurons may endow
them with unique properties and the ability to
rapidly tune their responses to microbes or other
environmental stimuli. This provides new
opportunities to study the mechanisms by which
the nervous system, immune system, and
microbes, both commensal and pathogenic, form
signaling networks to promote protective immu-
nity and maintain tissue homeostasis. Finally,
how these interactions may impact other systems,
such as the metabolic or the endocrine systems,
and conversely how other systems may impact
these interactions are still enigmatic. Future
work may focus on incorporating a more interdis-
ciplinary approach to studying ILC functions and
cross-regulatory networks that govern host–
microbe interactions.
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Interaction Between Innate Lymphoid
Cells and the Nervous System 9
Yuanyue Zhang, Rachel Grazda, and Qi Yang

Abstract

The interaction between the immune system
and the nervous system remains an intriguing
enigma. Recent studies indicate that innate
lymphoid cells (ILCs), a unique family of
innate effector cells, participate in intense
cross talk with the nervous system. In the
mucosal barrier sites, ILCs have been found
to co-localize with neurons, nerves, glial cell
projectors, and neuroendocrine cells. The
cross talk between ILCs and peripheral ner-
vous system orchestrates mucosal homeostasis
and immunity. In addition, the barrier tissues
of the central nervous system (CNS) also pro-
vide conductive microenvironment for ILC
development and maintenance. Activities of
CNS-associated ILCs impact the outcome of
various CNS disorders. In this chapter, we
review and discuss the intricate and bidirec-
tional interaction between ILCs and nervous
system.

Keywords

Innate lymphoid cells · Neuroimmunology ·
The enteric nervous system · Meningeal
immunity · Choroid plexus

9.1 Introduction

The bidirectional cross talk between the nervous
system and immune system has attracted increas-
ing attention in the recent years. In the gastroin-
testinal tract, the activity of immune cells plays a
crucial role in the gut–brain axis, bridging the
communication between the central nervous sys-
tem, the enteric nervous system, and the
microbiome [1–3]. In the lung and in the skin,
orchestration between immune cells and neuronal
network allows coordinated and rapid responses
to pathogens and other noxious stimuli [4, 5]. In
the brain and associated structures, the activities
of immune cells impact blood-brain barrier integ-
rity, neuroinflammation, cognition, and behavior
[6, 7].

Advances in the last few decades have greatly
expanded our knowledge of immune cell diver-
sity. The discovery and characterization of the
innate lymphoid cell (ILC) family have provided
revolutionary insights into our understanding of
lymphocyte differentiation and function [8]. ILCs
lack clonally distributed antigen receptors, but
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transcriptionally and functionally mirror T cells
[8]. Yet unlike traditional T cells, ILCs already
acquire effector function during early develop-
ment and may constitutively produce effector
molecules even at homeostasis. Notably, with
the exception of circulating NK cells, the majority
of cytokine-producing helper ILCs are tissue-
resident lymphocytes that are enriched in mucosal
barrier sites and other non-lymphoid vital organs
[9]. Interestingly, recent work indicates
co-location of tissue-resident ILCs with neurons,
nerves, glia cells, and neuroendocrine cells
[1]. Studies on the intriguing neuro-ILC circuits
at mucosal barriers have provided an exciting
glimpse into the close cross talk between the
immune and the nervous system.

Unlike the peripheral nervous system, the cen-
tral nervous system (CNS) is relatively immune
privileged and is largely devoid of immune cells
save for microglia in the parenchyma. Yet,
mounting evidence indicates important roles for
adaptive and innate lymphocytes in regulating
CNS homeostasis and function. The brain barrier
regions, including blood-brain barrier, blood-
cerebrospinal fluid (CSF) barrier, and blood-
meninges barrier, are the hub of neuroimmune
interaction in the CNS [6, 7]. Numerous traffick-
ing and tissue-resident innate and adaptive
immune cell subsets have been detected in and
around vessels and capillaries that lie within
Virchow–Robin space, choroid plexus, and
meninges. Recent work has highlighted pivotal
roles for both trafficking blood-borne
lymphocytes and noncirculating brain barrier-
resident lymphocytes in regulating brain and spi-
nal cord homeostasis and function [6, 7].

In this chapter, we discuss the bidirectional
communication between innate lymphoid cells
and nervous system. We review current knowl-
edge about the interaction between ILCs and
peripheral nervous system and how they orches-
trate mucosal immunity. We also outline the role
of circulating and tissue-resident ILCs in
regulating CNS homeostasis and inflammation.

9.2 Regulation of Innate Lymphoid
Cells by the Nervous System

9.2.1 The Peripheral Nervous System
at Mucosal Barriers

Mucosal barriers, such as the gut and the lung, are
highly innervated organs. The mammalian gastro-
intestinal tract harbors numerous neurons and glia
cells in the ganglia at the myenteric plexus and
the submucosal plexus [10]. The gut is densely
innervated by both the intrinsic enteric nervous
system and the extrinsic sympathetic and para-
sympathetic nervous system [10]. The lung ner-
vous plexus consists of nerve fibers at the
submucosal regions, and parasympathetic gangli-
onic neurons have also been found along trachea
bifurcations and main bronchus [11]. In addition,
pulmonary neuroendocrine cells (PNEC), rare
innervated airway epithelial cells, cluster into
neuroepithelial bodies at bronchial branch points
[12, 13]. Recent work indicates that many tissue-
resident innate lymphoid cells are located in prox-
imity to neurons, nerves, glial cell projectors, and
neuroendocrine cells in the mucosal barriers,
indicating close communication between ILCs
and peripheral nervous system [1].

9.2.2 Regulation of Group 2 Innate
Lymphoid Cell (ILC2) Activity by
the Peripheral Nervous System

ILC2s, a major subset of ILCs, are critically
involved in host defense, tissue repair, and
asthma pathogenesis. ILC2s are enriched in
mucosal barrier sites, such as lung, gut, and
skin. They reside in highly innervated connective
tissue around major vessels in the mucosal
barriers [14]. Mounting evidence suggests an
intriguing role for the neuronal network in
regulating ILC2 activity by providing both
activating and inhibitory signals. In the gastroin-
testinal tract, ILC2s co-localize with both
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cholinergic enteric neurons and adrenergic sym-
pathetic neurons [15, 16]. Co-localization of
ILC2s with cholinergic parasympathetic neurons
and SNAP-25+ nerve fibers has also been found
in the lung [16, 17]. In addition, a subset of ILC2s
localize in proximity to pulmonary neuroendo-
crine cells (PNEC), a highly specialized subset
of epithelial cells that secrete neurotransmitters
[18]. Tissue-resident ILC2s express high amounts
of surface receptors to, and directly respond to, a
variety of neuropeptides and neurotransmitters.

ILC2s are the main cell subset that expresses
NMUR1 in the lungs and intestines of NMUR1
reporter mice [15, 16, 19]. NMU produced by
cholinergic neurons potently and rapidly activates
ILC2 [15, 16, 19]. NMU alone is sufficient to
activate ILC2, via ERK1/2 activation and a
calcineurin/NFAT cascade [15, 16, 19]. NMU
may also amplify ILC2 responses to IL-25 and
IL-33 [19]. Genetic deletion of NMUR1 led to
impaired innate type 2 responses for helminth
clearance in mouse models of N. brasiliensis
infection [15, 16]. The absence of NMUR1 sig-
naling also reduced inflammatory ILC2 responses
during allergic airway inflammation [19].

In contrast, NMB, another neuromedin family
of neuropeptide, inhibits lung and intestinal ILC2
activation via NMB/NMBR interaction [20]. The
presence of basophils enhances NMBR expres-
sion by ILC2s, thus repressing ILC2 responses
during helminth infection [20]. Although the pre-
cise mechanisms by which NMBR/NMB signal-
ing represses ILC2s are yet to be further
elucidated, this neuropeptide receptor-mediated
cross talk between ILC2 and basophils might
represent an important negative feedback path-
way that mammalians utilize to restrict excessive
type 2 inflammation [20].

ILC2s also express β2 adrenoreceptor, and
their activities are negatively regulated by norepi-
nephrine produced by sympathetic neurons and
nerves during helminth infection and allergic air-
way inflammation [17]. Deletion of
β2 adrenoreceptor increased intestinal ILC2
responses in the intestine and in the lung, leading
to accelerated helminth clearance and exacerbated
type 2 airway inflammation [17]. Treatment of
β2 adrenoreceptor agonist inhibited ILC2

responses during Alternaria allergen-induced air-
way inflammation [17].

ILC2s also respond to many other
neuropeptides such as the vasoactive intestinal
peptide (VIP), CALCA-encoding calcitonin
gene-related peptide (CGRP), and acetylcholine.
ILC2s express mRNA of VIP receptor type
1 (VPAC1) and VIP receptor type 2 (VPAC2)
[21]. Exposure to VIP may enhance the homeo-
static production of IL-5 by intestinal and lung
ILC2s [21]. Because VIP controls circadian
behaviors, the regulation of ILC2 activation by
VIP might contribute to the circadian variation of
ILC2 activity [21]. ILC2s also express CGRP
receptors [18, 22]. CGRP appears to have com-
plicated effects on ILC2 responses
[18, 22]. CGRP enhances IL-5 production but
restricts IL-13 production, in concert of IL-33
and UMU [18, 22]. Of note, CGFP can also be
produced by ILC2s under certain conditions,
indicating potential autocrine regulation [23].

Acetylcholine regulation of ILC2s has also
been documented. mRNA expression for both
muscarinic and nicotinic Ach receptors was
detected in intestinal ILC2s [24, 25]. Activated
ILC2s upregulated choline acetyltransferase
(ChAT) expression, and released acetylcholine
in vivo [24, 25]. Deletion of ILC2-intrinsic
ChAT led to reduced ILC2 responses and defec-
tive helminth expulsion, indicating an intriguing
feedback loop underlined by autocrine-regulatory
mechanisms [24, 25]. Interestingly, other studies
indicate that treatment with exogenous α7nAChR
agonist instead attenuated ILC2 responses in
IL-33 and Alternaria allergen-induced airway
inflammation, suggesting that exogenous
α7nAChR may positively regulate ILC2 activity
[26, 27]. It is possible that distinct Ach receptors
differentially control ILC2 activities under
diverse physiological conditions.

In the lung, many ILC2s are also found to
co-localize with pulmonary neuroendocrine cells
in the bronchial branch points [18]. The abun-
dance of PNECs is increased in human
asthmatics. Mice lacking PNEC cells exhibited
enhanced ILC2 proliferation and cytokine pro-
duction in the OVA-induced allergic airway
inflammation mouse model [18]. Baseline levels
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of ILC2 abundance and activity remained compa-
rable between PNEC-deficient mice and wild-
type mice. Induced deletion of PNECs in adult
mice also reduced ILC2 responses in house dust
mite-induced airway inflammation [18]. Thus,
neuroendocrine cells might provide an important
niche to support ILC2 activity during allergic
airway inflammation.

9.2.3 Regulation of ILC3 Response by
the Neuronal Network

Group 3 innate lymphoid cells (ILC3s) are
another major ILC subset in the mucosal barriers.
ILC3s are enriched in the intestinal lamina
propria, cryptopatches (CP), and isolated lym-
phoid follicles (ILFs). CCR6+ ILC3s express
high levels of VIPR2, and localize in close prox-
imity to the projections of enteric neurons that
express high amounts of VIP [28, 29]. Feeding
induces VIP release from enteric neurons,
activating VIPR2 signaling in ILC3s
[28, 29]. Recent work reported both positive and
negative regulation of ILC3 activity by
VIP/VIPR2 signaling [28, 29]. ILC3 from
Rorgtcre Vipr2f/f mice or mice with VIP inhibi-
tion exhibited reduced IL-22 production after
feeding, indicating that VIP might repress ILC3
activity in response to feeding [29]. Nevertheless,
another study suggested that exposure to exoge-
nous VIP enhanced IL-22 production by ILC3s
in vitro and in vivo, indicating that VIP can also
enhance ILC3 activity [28]. Deletion or inhibition
of VIP signaling might lead to impaired or
enhanced ILC3 responses in different disease
states, leading to altered tissue inflammation and
disease susceptibility [28, 29]. The distinctive
role of VIP on ILC3s in different studies might
be related with differences in VIP signaling
strength and microenvironmental context such
as microbiota variation [28, 29]. In addition to
neurons and nerves, enteric glial cells are also
important components of the neuroimmune
circuits at the mucosal barriers. A large percent-
age of CCR6+ ILC3s also express high amounts
of Ret, a receptor for glial cell line-derived
neurotrophic factor (GDNF)-family ligands

(GFL) [30]. Ret+ ILC3s aggregate around the
projections of enteric glial cells in the cryptic
patch and isolated lymphoid follicles [30]. Enteric
glial cells sense environmental cues to produce
GFL through Myd88-dependent mechanisms
[30]. Enteric glial cell-derived GFL positively
regulates ILC3 function, by stimulating ILC3s to
produce IL-22 that promotes epithelial
homeostasis and repair [30]. P38 MAPK/ERK-
AKT cascade and STAT3 mediate GFL/Ret
signaling-induced ILC3 activation [30].

ILC3 activity may also be regulated by the
vagus nerve and its main neuro-mediator acetyl-
choline [31]. Acetylcholine upregulates the bio-
synthesis of immuno-resolvents such as PCTR1
in ILC3s [31]. Vagotomy leads to altered perito-
neal macrophage responses and decreased resis-
tance to E. coli infection, which can be restored
by treatment with PCTR1 or replenishment of
ILC3s [31].

9.2.4 Regulation of NK Activity by
the Neurotransmitters

Regulation of NK cell, the cytotoxic innate
lymphocytes, by sympathetic neurotransmitters
has been documented by multiple studies. NK
cells express high amounts of β2-adrenoreceptor
receptors. β2-Adrenoreceptor receptor signals
repress IFNγ production by liver NK cells,
thereby enhancing susceptibility to MCMV infec-
tion in mouse models [32]. β2-Adrenergic stimu-
lation also leads to reduced NK cell numbers in a
mouse model of acute stress [33]. Exposure to
adrenaline or isoprenaline reduces cytotoxic
activity of human NK cells in vitro [34–37]. Nev-
ertheless, a few other reports also suggest evi-
dence for positive regulation of NK cell activity
by β2-adrenoreceptor signaling [38–40]. The dis-
crepancy might be related with variations in the
microenvironmental factors and in the assays
used to assess NK cell activity. β2-
Adrenoreceptor activation also alters human NK
cell adhesion to endothelial cells, thus affecting
NK cell migration and circulation [34, 41, 42].

NK cells express dopamine receptors. Expo-
sure to dopamine upregulated expression of D5R
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on human NK cells and inhibited human NK cell
production and IFNγ production [43]. In mouse
models, stimulation of dopamine receptors by
D2-like agonists repressed NK cell cytotoxicity
[44, 45]. NK cell activities were reduced in
hypodopaminergic rats. However, the same stud-
ies reported that D1-like DR stimulation may
instead enhance NK cell activity and that different
D2 agonists may have antagonizing effects
[44, 45]. In addition, chemical sympathectomy
by injection of 6OH-DA in adult rats led to
reduced number of NK cells in the blood and
spleen after 7 days of treatment [46]. 6OH-DA
treatment at birth, however, resulted in increased
cytotoxic activity of NK cells [47, 48]. Together,
while increasing evidence suggests that sympa-
thetic neurotransmitters are critically involved in
the regulation of NK cell activity, the precise
pathways are yet to be better elucidated.

9.3 Regulation of the Central
Nervous System by Innate
Lymphoid Cells

9.3.1 Immunity in the CNS Barriers

The CNS is a delicate system that is highly sensi-
tive to changes in the cytokine and immune cell
milieu. Recent work has shed light on critical
roles of various immune cells in regulating CNS
homeostasis and function. Of note, the brain and
spinal cord parenchyma are relatively immune-
privileged structures that are devoid of immune
cells other than microglia at homeostasis. Never-
theless, a variety of non-microglial immune cells
are present with relative abundance in the blood-
CNS interface, including blood-CNS barriers,
blood-meningeal barriers, and blood-CSF barriers
[6, 7]. In particular, the dura venous sinus of
meninges harbors numerous circulating and
tissue-resident myeloid and lymphoid immune
cell subsets [49]. Many meningeal immune cells
possess a unique ontogeny, partly because the
calvaria provides a bone marrow niche for
immune cell development [50, 51]. Immune
cells have also been identified in choroid plexus;
their similarities and differences with meningeal

immune cells are also beginning to be revealed
[52–55].

9.3.2 Regulation of CNS Function by
NK Cells

NK cells and ILC2 are the two major subsets of
innate lymphoid cells in the brain barriers
[53]. Brain-associated NK cells express high
amounts of cytotoxic molecules including
granzymes, perforins, and cathepsins
[56]. Chemokines such as Ccl3 and Ccl4 are
also expressed with relative abundance in brain-
associated NK cells [56]. Expression of cytokine
genes such as Ifng and Tnf is minimal in brain-
associated NK cells at homeostasis, but may be
upregulated during brain infection and inflamma-
tion [56]. NK cells play complicated multiple-
faceted roles in various brain disorders.

9.3.2.1 NK Cells and Brain Tumors
Known for their ability to kill malignant cells and
to mediate antibody-dependent cellular cytotoxic-
ity (ADCC), NK cells are believed to play an
important role in the surveillance of brain tumors
[57]. Tumor-infiltrating NK cells have been
detected in glioma and meningiomas [58–
60]. Several studies indicate that an activated
NK cell profile is associated with reduced disease
severity and a better prognosis in glioma [61–
64]. NK cells can recognize and lyse glioma
cells, particularly immature glioblastoma cells
with stem cell-like properties [65, 66]. NK cell-
mediated killing of neuroblastoma cells involves
natural cytotoxicity receptors NKp46 and NKp30
[67, 68]. The engagement of NKp44 expressed by
NK cells with PDGF-DD expressed by glioblas-
toma also stimulates NK cells to produce IFNγ
and TNFα that inhibit tumor growth [69]. Suscep-
tibility to NK cell-mediated killing is influenced
by the expression of poliovirus receptor (PVR) on
neuroblasts [68]. Recognition of PVR by the
DNAX accessory molecule-1 (DNAM-1)
expressed by NK cells facilitates neuroblastoma
killing [68]. Neuroblasts also express B7-H3 that
inhibits NK cell-mediated cytotoxicity [70]. In
addition, malignant gliomas express high
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amounts of galectin-1 that suppress NK immune
surveillance [71]. These knowledges gained from
basic research provide important information to
improve NK cell-based immunotherapy to com-
bat brain cancer.

9.3.2.2 NK Cells and Brain Infections
NK cells are extensively implicated in brain
infections. NK cells are important players in
antiviral responses. NK cells may directly
eradiate infected cells via cytotoxic activity, and
may also be induced to produce the antiviral
cytokine IFNγ. Increased susceptibility to viral
encephalitis has been observed in various
individuals with genetic mutations that affect
NK cell numbers or function [72, 73]. Deficient
NK cell responses underlined impaired virus
clearance and increased susceptibly to Theiler’s
virus-induced demyelinating disease in mouse
models [74]. Depletion of NK cells significantly
led to increased mortality in a mouse model of
acute virulent Semliki Forest virus-induced
encephalitis [75]. Increased cytotoxic activity of
NK cells was associated with decreased CNS
lesions in macaques infected with neurovirulent
SIV [75]. NK cells also played an important role
in virus clearance during HSV-1-induced enceph-
alitis [76]. NK cells may also limit neuro-invasion
of bacteria such as Listeria bacteria [77].

NK cells might also affect the outcome of
brain infections through mechanisms indepen-
dently of pathogen clearance. One study reported
that depletion of NK cells exacerbated morbidity
in mice infected with the neurotropic JHM strain
of mouse hepatitis virus, without affecting virus
titers [78]. In contrast, another report indicated
that depletion of NK cells improved the CNS
outcome of Venezuelan equine encephalitis,
indicating that NK cells might play a pathogenic
role in this model [79]. In addition, NK cells were
the major source of IFNγ that enhanced suscepti-
bility to Streptococcus pneumoniae meningitis in
mouse models [80]. The proinflammatory activity
of NK cells might also contribute to severe cere-
bral malaria [81, 82]. Thus, NK cells may play a
double-edged role in CNS infection. Both insuffi-
cient and dysregulated NK cell activities might

disrupt the delicate balance between immune
defense and disease tolerance in CNS infection.

9.3.2.3 NK Cells and Brain Ischemic
Stroke

Recent studies have also extensively explored NK
cell activity in patients and mouse models of
ischemic stroke. NK cells infiltrated the lesions
of postmortem samples of ischemic stroke
patients [83, 84]. NK cells contributed to local
neuroinflammation and exacerbated brain infarc-
tion in mouse models of MCAO [83, 84]. NK
cells also promoted blood-brain barrier disruption
and brain edema in a mouse model of ischemic
hemorrhage, by killing cerebral endothelial cells
and producing neutrophil-recruiting chemokines
[85]. Nevertheless, protective role of NK cells in
ischemic stroke and post-stroke conditions has
also been suggested by several other studies.
One recent study indicates that CXCL12-induced
NK cell infiltration restricts stroke lesions in
photothrombotic-induced stroke [86]. In addition,
the presence of NK cells protected lethal Listeria
infection in post-stroke mouse models [87]. These
studies together highlight double-edged roles of
NK cells in controlling neuroinflammation and
immune defense in the CNS.

Interestingly, ischemia stroke is also
associated with spleen atrophy and decreased
numbers of NK cells in the circulation
[87, 88]. Catecholaminergic and hypothalamic-
pituitary-adrenal axis activation contributed to
spleen atrophy and contraction of peripheral NK
cells [87]. Reversal of this repression might
enhance resistance to post-ischemic
pneumonia [87].

9.3.2.4 NK Cells in Multiple Sclerosis
(MS) and Experimental
Autoimmune Encephalomyelitis

Studies with multiple sclerosis models indicate
striking immunoregulatory function for NK
cells. While CD56dim NK cells are the predomi-
nant subset of NK cells in the peripheral blood of
healthy individuals, clinical reports suggest that
CD56bright NK cells with enhanced immunoregu-
latory function are enriched in the CSF of patients
with various neuroimmunological diseases
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including MS [89, 90]. A large-scale clinical
study with relapsing-remitting MS patients from
Australia indicates that increased proportion of
CD56bright NK cells is associated with stable
magnetic resonate imaging (MRI) [91]. In MS
patients, CD56bright NK cells localize in proxim-
ity to T cells, and express high amounts of
granzyme K that induces caspase-independent
apoptosis of activated T cells [92, 93]. Modulation
of IL-2Rα signaling by daclizumab enhanced the
activity of CD56hi regulatory NK cells and
alleviated CNS inflammation in MS patients
[92, 93]. Multiple studies with mouse model of
EAE also indicate that depletion of NK cells
alleviates neuroinflammation and disease pro-
gression of EAE [94–96]. NK cells restrict
IL-23 production by microglia and inhibit
myelin-reactive Th17 responses in mouse models
of EAE [96]. NK cells also produce acetylcholine
that represses CNS infiltration of
proinflammatory monocytes/macrophages
[97]. Interaction between the MHCI molecule
Qa-I expressed by autoreactive T cells and the
inhibitory receptor NKG2A expressed by NK
cells protects some autoreactive T cells from
lysis by NK cells in mouse EAE models
[98, 99]. Inhibition of NKG2A reduces T cell
infiltration and microglial activation in EAE
[98]. Nevertheless, recent work indicates that
NK cells may impair CNS recovery in later stages
of EAE by inducing the apoptosis of neural stem
cells in the subventricular zone [100]. Thus, a
deeper dissection into NK cell heterogeneity and
the roles of specific NK cell subsets in distinct
disease stages might help better understand the
multiple-faceted function of NK cells in CNS
disorders.

9.3.2.5 NK Cells
and Neurodegeneration

Deviation of NK cell activity has been reported in
patients with neurodegenerative diseases, such as
Parkinson’s disease (PD) and Alzheimer’s dis-
ease (AD) [101–111]. However, the results of
these clinical studies widely vary, possibly due
to patient heterogeneity and distinct in vitro
methods used to assess NK cell function [101–
111]. NK cells have been found to play a

protective role in a mouse model of PD
[112]. Depletion of NK cells increased α-syn
pathogenies and exacerbated motor symptoms in
M83 Tg mice with intrastriatal injection of
preformed fibrils (PPF) α-syn [112]. Nevertheless,
depletion of NK cells did not affect Aβ
pathologies or microglia uptake of Aβ in a
triple-transgenic mouse model of AD (3xTg
AD) [56]. In contrast, NK cell depletion
alleviated microglia inflammation, stimulated
neurogenesis, and improved cognitive function
in 3xTg-AD mice, indicating a proinflammatory
role of NK cells in these mice [56]. Together,
these studies highlight the complicated context-
dependent function of NK cells in regulating
neuroinflammation and neurodegeneration.

9.3.3 Regulation of CNS Function by
Group 2 Innate Lymphoid Cells

In addition to NK cells, ILC2s are another major
subset of innate lymphoid cells in
CNS-associated tissue. Function and regulation
of ILC2 in CNS homeostasis and inflammation
are beginning to be revealed.

9.3.3.1 ILC2 and CNS Injury
ILC2s are enriched along the meningeal dural
venous sinus [14, 23]. Fibroblast-like stromal
cells near the large and intermediate vessels
might provide an important niche to support
ILC2 survival and proliferation [14]. Meningeal
ILC2s exhibit a distinct transcriptional profile
compared to ILC2s in other anatomic locations
such as the lung [23]. A neuroprotective role has
been reported for meningeal ILC2s in a mouse
model of spinal cord contusion [23]. Meningeal
ILC2s responded to spinal cord injury by
upregulating the expression of CGRP and other
molecules involved in neuroprotection
[23]. Transfer of lLC2 into ILC2-deficient mice
improved CNS recovery [23].

ILC2 responses have also been examined in
traumatic brain injury (TBI) models [113]. ILC2s
were present in the dura and increased in the CSF
of TBI patients [113]. AMP-activated protein
kinase (AMPK) activation induced IL-10-
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producing regulatory ILC2 that might help
improve neurological outcomes in a controlled
cortical impact mouse model of experimental
TBI [113].

ILC2s also accumulated in brain-associated
tissue in neonate mouse models of hypoxia ische-
mia, but their presence did not alter the outcome
of brain injury in this model [114].

9.3.3.2 ILC2s and Brain Infection
ILC2s may play both anti-inflammatory and
proinflammatory roles in brain infections. An
immune-regulatory role for ILC2s has also been
observed in a mouse model of cerebral malaria
[115]. Transfer of ILC2s promoted the responses
of regulatory T cells and reparative microglia and
enhanced the protective effects of IL-33 in mice
with cerebral malaria [115]. In contrast, ILC2s
exacerbated demyelination in a mouse model of
HSV-IL-2-induced CNS demyelination
[116]. Potential roles for ILC2 in other CNS
infectious disorders remain to be deciphered.

9.3.3.3 ILC2s and Multiple Sclerosis
Function and regulation of ILC2s have also been
examined in mouse models of EAE. Differential
ILC2 responses between sexes might contribute
to sex-dimorphic effects on EAE susceptibility
[117, 118]. Male-specific IL-33 expanded ILC2
that promoted protective Th2 response in EAE
mice with myelin peptide immunization
[117, 118]. Female mice lacked robust ILC2
responses, which might underline elevated
encephalitogenic TH17 responses and increased
disease severity [117, 118]. These studies
together highlight immune-regulatory function
for ILC2 in EAE. Nevertheless, ILC2s
exacerbated CNS damage in an HSV-IL-2-
induced EAE model [116]. Mechanisms underly-
ing the potentially multiple-faceted roles for
ILC2s in regulatory CNS inflammation remain
to be better elucidated.

ILC3s, another major ILC subset, are barely
detectable in the CNS or associated tissue at
homeostasis. A subset of Rorγt+ ILC that
expressed IL-17 and IFNγ infiltrated the inflamed
CNS tissue in mouse model of EAE [119]. The

presence of this ILC subset did not influence
disease outcome [119].

9.3.3.4 ILC2s and Aging
Aging is a complicated process that is paradoxi-
cally associated with both a deterioration of the
adaptive immune function (immunosenescence)
and increased levels of inflammation
(inflammaging). Interestingly, aging led to accu-
mulation of ILC2s in CP of mice and humans
[53]. CP ILC2s exhibited enhanced proliferative
and functional capability compared to meningeal
ILC2 in aged mice [53]. Activation of ILC2s was
associated with improved cognitive function and
reduced neuroinflammation in aged mice
[53]. Potential roles of ILC2s in aging-associated
CNS disorders such as neurodegenerative
diseases remain to be deciphered.

Together, results from these studies suggest
complicated multiple-faceted roles for innate
lymphoid cells in regulating CNS homeostasis
and inflammation. The interaction between ILCs
and other immune and nonimmune cells in
CNS-associated tissue, the heterogeneity of
CNS-associated ILCs, and the precise effector
function of ILCs in CNS disorders warrant further
investigation.

9.4 CNS Lymphatics

The recent discovery of the dura meningeal
lymphatics has uncovered the secrets of brain
drain and revolutionized our understanding of
immune surveillance in the CNS [120]. CNS is
generally considered an immune-privileged sys-
tem that lacks classical lymphatic system. How-
ever, recent work uncovers that functional
lymphatic vessels line the dural sinuses of the
meninges [120]. Meningeal lymphatics promote
drainage of cerebrospinal fluid contents, and
allow migration of CNS-associated lymphocytes
to the draining lymphnodes [120, 121].Meningeal
lymphatics play an essential role in maintaining
brain homeostasis, and its dysfunction
exacerbates aging and Alzheimer’s disease
pathology-induced cognitive impairment
[122]. Meningeal lymphatic ablation also led to
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increased inflammatory microglial responses and
behavior deficits during anti-Aβ immunotherapy
in mouse models of AD [123]. Meningeal lym-
phatic dysfunction exacerbated
neuroinflammation in TBI mouse models, but
reduced development of encephalitogenic T
cells in EAEmouse models [121, 124]. Meningeal
lymphatic vessels might also be important players
in brain tumor drainage and immunity
[125]. These studies together indicate critical
roles for meningeal lymphatics in regulating
CNS immunity. The interaction between tissue-
resident and trafficking innate lymphocytes and
meningeal lymphatics is an intriguing topic for
future investigation.

9.5 Summary

Recent advance has provided an exciting glimpse
into the intriguing interaction between ILCs and
nervous system. Nevertheless, our understanding
of ILC-neuro interaction is still at an infancy
stage. How ILCs interact with the neuronal net-
work in various vital organs and the importance
of such interactions in human health and diseases
are yet incompletely understood. The precise
roles of ILCs in transmitting the messages to
and from the nervous system remain largely
unexplored. A better understanding of ILCs in
regulating CNS physiology and function requires
more extensive dissection into the heterogeneity
and the multiple-faceted function of this unique
family of immune cells. We expect that new and
exciting insights will be uncovered in the next
few years, as answers to these questions unfold.

References

1. Chu C, Artis D, Chiu IM. Neuro-immune interactions
in the tissues. Immunity. 2020;52(3):464–74.

2. Abdel-Haq R, Schlachetzki JCM, Glass CK,
Mazmanian SK. Microbiome-microglia connections
via the gut-brain axis. J Exp Med. 2019;216(1):
41–59.

3. Huh JR, Veiga-Fernandes H. Neuroimmune circuits
in inter-organ communication. Nat Rev Immunol.
2020;20(4):217–28.

4. Kabata H, Artis D. Neuro-immune crosstalk and
allergic inflammation. J Clin Invest. 2019;129(4):
1475–82.

5. Blake KJ, Jiang XR, Chiu IM. Neuronal regulation of
immunity in the skin and lungs. Trends Neurosci.
2019;42(8):537–51.

6. Alves de Lima K, Rustenhoven J, Kipnis
J. Meningeal immunity and its function in mainte-
nance of the central nervous system in health and
disease. Annu Rev Immunol. 2020;38:597–620.

7. Rua R, McGavern DB. Advances in meningeal
immunity. Trends Mol Med. 2018;24(6):542–59.

8. Yang Q, Bhandoola A. The development of adult
innate lymphoid cells. Curr Opin Immunol.
2016;39:114–20.

9. Gasteiger G, Fan X, Dikiy S, Lee SY, Rudensky
AY. Tissue residency of innate lymphoid cells in
lymphoid and nonlymphoid organs. Science.
2015;350(6263):981–5.

10. Furness JB. The enteric nervous system and
neurogastroenterology. Nat Rev Gastroenterol
Hepatol. 2012;9(5):286–94.

11. Weigand LA, Myers AC. Synaptic and membrane
properties of parasympathetic ganglionic neurons
innervating mouse trachea and bronchi. Am J Physiol
Lung Cell Mol Physiol. 2010;298(4):L593–9.

12. Kuo CS, Krasnow MA. Formation of a neurosensory
organ by epithelial cell slithering. Cell. 2015;163(2):
394–405.

13. Noguchi M, Sumiyama K, Morimoto M. Directed
migration of pulmonary neuroendocrine cells toward
airway branches organizes the stereotypic location of
neuroepithelial bodies. Cell Rep. 2015;13(12):
2679–86.

14. Dahlgren MW, Jones SW, Cautivo KM, Dubinin A,
Ortiz-Carpena JF, Farhat S, et al. Adventitial stromal
cells define group 2 innate lymphoid cell tissue
niches. Immunity. 2019;50(3):707–22 e6.

15. Cardoso V, Chesne J, Ribeiro H, Garcia-Cassani B,
Carvalho T, Bouchery T, et al. Neuronal regulation of
type 2 innate lymphoid cells via neuromedin
U. Nature. 2017;549(7671):277–81.

16. Klose CSN, Mahlakoiv T, Moeller JB, Rankin LC,
Flamar AL, Kabata H, et al. The neuropeptide
neuromedin U stimulates innate lymphoid cells and
type 2 inflammation. Nature. 2017;549(7671):282–6.

17. Moriyama S, Brestoff JR, Flamar AL, Moeller JB,
Klose CSN, Rankin LC, et al. beta2-adrenergic recep-
tor-mediated negative regulation of group 2 innate
lymphoid cell responses. Science. 2018;359(6379):
1056–61.

18. Sui P, Wiesner DL, Xu J, Zhang Y, Lee J, Van
Dyken S, et al. Pulmonary neuroendocrine cells
amplify allergic asthma responses. Science.
2018;360(6393):8546.

19. Wallrapp A, Riesenfeld SJ, Burkett PR, Abdulnour
RE, Nyman J, Dionne D, et al. The neuropeptide
NMU amplifies ILC2-driven allergic lung inflamma-
tion. Nature. 2017;549(7672):351–6.

9 Interaction Between Innate Lymphoid Cells and the Nervous System 143



20. Inclan-Rico JM, Ponessa JJ, Valero-Pacheco N,
Hernandez CM, Sy CB, Lemenze AD, et al.
Basophils prime group 2 innate lymphoid cells for
neuropeptide-mediated inhibition. Nat Immunol.
2020;21(10):1181–93.

21. Nussbaum JC, Van Dyken SJ, von Moltke J, Cheng
LE, Mohapatra A, Molofsky AB, et al. Type 2 innate
lymphoid cells control eosinophil homeostasis.
Nature. 2013;502(7470):245–8.

22. Nagashima H, Mahlakoiv T, Shih HY, Davis FP,
Meylan F, Huang Y, et al. Neuropeptide CGRP limits
group 2 innate lymphoid cell responses and
constrains type 2 inflammation. Immunity. 2019;51
(4):682–95 e6.

23. Gadani SP, Smirnov I, Smith AT, Overall CC, Kipnis
J. Characterization of meningeal type 2 innate
lymphocytes and their response to CNS injury. J
Exp Med. 2017;214(2):285–96.

24. Chu C, Parkhurst CN, Zhang W, Zhou L, Yano H,
Arifuzzaman M, et al. The ChAT-acetylcholine path-
way promotes group 2 innate lymphoid cell
responses and anti-helminth immunity. Sci Immunol.
2021;6(57):3218.

25. Roberts LB, Schnoeller C, Berkachy R, Darby M,
Pillaye J, Oudhoff MJ, et al. Acetylcholine produc-
tion by group 2 innate lymphoid cells promotes
mucosal immunity to helminths. Sci Immunol.
2021;6(57):0359.

26. Yuan F, Jiang L, Li Q, Sokulsky L, Wanyan Y,
Wang L, et al. A selective alpha7 nicotinic acetylcho-
line receptor agonist, PNU-282987, attenuates ILC2s
activation and Alternaria-induced airway inflamma-
tion. Front Immunol. 2020;11:598165.

27. Galle-Treger L, Suzuki Y, Patel N,
Sankaranarayanan I, Aron JL, Maazi H, et al. Nico-
tinic acetylcholine receptor agonist attenuates ILC2-
dependent airway hyperreactivity. Nat Commun.
2016;7:13202.

28. Seillet C, Luong K, Tellier J, Jacquelot N, Shen RD,
Hickey P, et al. The neuropeptide VIP confers antici-
patory mucosal immunity by regulating ILC3 activ-
ity. Nat Immunol. 2020;21(2):168–77.

29. Talbot J, Hahn P, Kroehling L, Nguyen H, Li D,
Littman DR. Feeding-dependent VIP neuron-ILC3
circuit regulates the intestinal barrier. Nature.
2020;579(7800):575–80.

30. Ibiza S, Garcia-Cassani B, Ribeiro H, Carvalho T,
Almeida L, Marques R, et al. Glial-cell-derived
neuroregulators control type 3 innate lymphoid cells
and gut defence. Nature. 2016;535(7612):440–3.

31. Dalli J, Colas RA, Arnardottir H, Serhan CN. Vagal
regulation of group 3 innate lymphoid cells and the
immunoresolvent PCTR1 controls infection resolu-
tion. Immunity. 2017;46(1):92–105.

32. Wieduwild E, Girard-Madoux MJ, Quatrini L,
Laprie C, Chasson L, Rossignol R, et al. β2-adrener-
gic signals downregulate the innate immune response
and reduce host resistance to viral infection. J Exp
Med. 2020;217(4):e20190554.

33. Kanemi O, Zhang X, Sakamoto Y, Ebina M,
Nagatomi R. Acute stress reduces intraparenchymal
lung natural killer cells via beta-adrenergic stimula-
tion. Clin Exp Immunol. 2005;139(1):25–34.

34. Whalen MM, Bankhurst AD. Effects of beta-
adrenergic receptor activation, cholera toxin and
forskolin on human natural killer cell function.
Biochem J. 1990;272(2):327–31.

35. Rosenne E, Sorski L, Shaashua L, Neeman E,
Matzner P, Levi B, et al. In vivo suppression of NK
cell cytotoxicity by stress and surgery:
glucocorticoids have a minor role compared to
catecholamines and prostaglandins. Brain Behav
Immun. 2014;37:207–19.

36. Theorell J, Gustavsson AL, Tesi B, Sigmundsson K,
Ljunggren HG, Lundback T, et al. Immunomodula-
tory activity of commonly used drugs on Fc-receptor-
mediated human natural killer cell activation. Cancer
Immunol Immunother. 2014;63(6):627–41.

37. Takamoto T, Hori Y, Koga Y, Toshima H, Hara A,
Yokoyama MM. Norepinephrine inhibits human nat-
ural killer cell activity in vitro. Int J Neurosci.
1991;58(1–2):127–31.

38. Tarr AJ, Powell ND, Reader BF, Bhave NS, Roloson
AL, Carson WE 3rd, et al. beta-Adrenergic receptor
mediated increases in activation and function of nat-
ural killer cells following repeated social disruption.
Brain Behav Immun. 2012;26(8):1226–38.

39. Hellstrand K, Hermodsson S, Strannegard
O. Evidence for a beta-adrenoceptor-mediated regu-
lation of human natural killer cells. J Immunol.
1985;134(6):4095–9.

40. Glac W, Borman A, Badtke P, Stojek W,
Orlikowska A, Tokarski J. Amphetamine enhances
natural killer cytotoxic activity via beta-adrenergic
mechanism. J Physiol Pharmacol. 2006;57(Suppl
11):125–32.

41. Benschop RJ, Schedlowski M, Wienecke H,
Jacobs R, Schmidt RE. Adrenergic control of natural
killer cell circulation and adhesion. Brain Behav
Immun. 1997;11(4):321–32.

42. Schedlowski M, Hosch W, Oberbeck R, Benschop
RJ, Jacobs R, Raab HR, et al. Catecholamines modu-
late human NK cell circulation and function via
spleen-independent beta 2-adrenergic mechanisms. J
Immunol. 1996;156(1):93–9.

43. Mikulak J, Bozzo L, Roberto A, Pontarini E,
Tentorio P, Hudspeth K, et al. Dopamine inhibits
the effector functions of activated NK cells via the
upregulation of the D5 receptor. J Immunol.
2014;193(6):2792–800.

44. Nozaki H, Hozumi K, Nishimura T, Habu
S. Regulation of NK activity by the administration
of bromocriptine in haloperidol-treated mice. Brain
Behav Immun. 1996;10(1):17–26.

45. Zhao W, Huang Y, Liu Z, Cao BB, Peng YP, Qiu
YH. Dopamine receptors modulate cytotoxicity of
natural killer cells via cAMP-PKA-CREB signaling
pathway. PLoS One. 2013;8(6):e65860.

144 Y. Zhang et al.



46. Pacheco-Lopez G, Niemi MB, Kou W, Bildhauser A,
Gross CM, Goebel MU, et al. Central catecholamine
depletion inhibits peripheral lymphocyte
responsiveness in spleen and blood. J Neurochem.
2003;86(4):1024–31.

47. Reder A, Checinski M, Chelmicka-Schorr E. The
effect of chemical sympathectomy on natural killer
cells in mice. Brain Behav Immun. 1989;3(2):110–8.

48. Dishman RK, Hong S, Soares J, Edwards GL,
Bunnell BN, Jaso-Friedmann L, et al. Activity-
wheel running blunts suppression of splenic natural
killer cell cytotoxicity after sympathectomy and
footshock. Physiol Behav. 2000;71(3–4):297–304.

49. Rustenhoven J, Drieu A, Mamuladze T, de Lima KA,
Dykstra T, Wall M, et al. Functional characterization
of the dural sinuses as a neuroimmune interface. Cell.
2021;184(4):1000–16 e27.

50. Brioschi S, Wang WL, Peng V, Wang M,
Shchukina I, Greenberg ZJ, et al. Heterogeneity of
meningeal B cells reveals a lymphopoietic niche at
the CNS borders. Science. 2021;373(6553):
eabf9277.

51. Cugurra A, Mamuladze T, Rustenhoven J, Dykstra T,
Beroshvili G, Greenberg ZJ, et al. Skull and vertebral
bone marrow are myeloid cell reservoirs for the
meninges and CNS parenchyma. Science. 2021;373
(6553):eabf7844.

52. Baruch K, Ron-Harel N, Gal H, Deczkowska A,
Shifrut E, Ndifon W, et al. CNS-specific immunity
at the choroid plexus shifts toward destructive Th2
inflammation in brain aging. Proc Natl Acad Sci.
2013;110(6):2264–9.

53. Fung ITH, Sankar P, Zhang Y, Robison LS, Zhao X,
D'Souza SS, et al. Activation of group 2 innate lym-
phoid cells alleviates aging-associated cognitive
decline. J Exp Med. 2020;217(4):e20190915.

54. Strominger I, Elyahu Y, Berner O, Reckhow J,
Mittal K, Nemirovsky A, et al. The choroid plexus
functions as a niche for T-cell stimulation within the
central nervous system. Front Immunol. 2018;9:
1066.

55. Baruch K, Schwartz M. CNS-specific T cells shape
brain function via the choroid plexus. Brain Behav
Immun. 2013;34:11–6.

56. Zhang Y, Fung ITH, Sankar P, Chen X, Robison LS,
Ye L, et al. Depletion of NK cells improves cognitive
function in the Alzheimer disease mouse model. J
Immunol. 2020;205(2):502–10.

57. Sedgwick AJ, Ghazanfari N, Constantinescu P,
Mantamadiotis T, Barrow AD. The role of NK cells
and innate lymphoid cells in brain cancer. Front
Immunol. 2020;11:1549.

58. Yang I, Han SJ, Sughrue ME, Tihan T, Parsa
AT. Immune cell infiltrate differences in pilocytic
astrocytoma and glioblastoma: evidence of distinct
immunological microenvironments that reflect
tumor biology. J Neurosurg. 2011;115(3):505–11.

59. Domingues PH, Teodosio C, Ortiz J, Sousa P,
Otero A, Maillo A, et al. Immunophenotypic

identification and characterization of tumor cells and
infiltrating cell populations in meningiomas. Am J
Pathol. 2012;181(5):1749–61.

60. Domingues P, Gonzalez-Tablas M, Otero A,
Pascual D, Miranda D, Ruiz L, et al. Tumor
infiltrating immune cells in gliomas and
meningiomas. Brain Behav Immun. 2016;53:1–15.

61. Zhu C, Zou C, Guan G, Guo Q, Yan Z, Liu T, et al.
Development and validation of an interferon signa-
ture predicting prognosis and treatment response for
glioblastoma. Onco Targets Ther. 2019;8(9):
e1621677.

62. Lu J, Li H, Chen Z, Fan L, Feng S, Cai X, et al.
Identification of 3 subpopulations of tumor-
infiltrating immune cells for malignant transforma-
tion of low-grade glioma. Cancer Cell Int. 2019;19:
265.

63. Vauleon E, Tony A, Hamlat A, Etcheverry A,
Chiforeanu DC, Menei P, et al. Immune genes are
associated with human glioblastoma pathology and
patient survival. BMC Med Genet. 2012;5:41.

64. Zhong QY, Fan EX, Feng GY, Chen QY, Gou XX,
Yue GJ, et al. A gene expression-based study on
immune cell subtypes and glioma prognosis. BMC
Cancer. 2019;19(1):1116.

65. Castriconi R, Daga A, Dondero A, Zona G, Poliani
PL, Melotti A, et al. NK cells recognize and kill
human glioblastoma cells with stem cell-like
properties. J Immunol. 2009;182(6):3530–9.

66. Haspels HN, Rahman MA, Joseph JV, Gras
Navarro A, Chekenya M. Glioblastoma stem-like
cells are more susceptible than differentiated cells to
natural killer cell lysis mediated through killer
immunoglobulin-like receptors-human leukocyte
antigen ligand mismatch and activation receptor-
ligand interactions. Front Immunol. 2018;9:1345.

67. Sivori S, Parolini S, Marcenaro E, Castriconi R,
Pende D, Millo R, et al. Involvement of natural
cytotoxicity receptors in human natural killer cell-
mediated lysis of neuroblastoma and glioblastoma
cell lines. J Neuroimmunol. 2000;107(2):220–5.

68. Castriconi R, Dondero A, Corrias MV, Lanino E,
Pende D, Moretta L, et al. Natural killer cell-mediated
killing of freshly isolated neuroblastoma cells: critical
role of DNAX accessory molecule-1-poliovirus
receptor interaction. Cancer Res. 2004;64(24):
9180–4.

69. Barrow AD, Edeling MA, Trifonov V, Luo J,
Goyal P, Bohl B, et al. Natural killer cells control
tumor growth by sensing a growth factor. Cell.
2018;172(3):534–48 e19.

70. Castriconi R, Dondero A, Augugliaro R, Cantoni C,
Carnemolla B, Sementa AR, et al. Identification of
4Ig-B7-H3 as a neuroblastoma-associated molecule
that exerts a protective role from an NK cell-mediated
lysis. Proc Natl Acad Sci. 2004;101(34):12640–5.

71. Baker GJ, Chockley P, Yadav VN, Doherty R,
Ritt M, Sivaramakrishnan S, et al. Natural killer
cells eradicate galectin-1-deficient glioma in the

9 Interaction Between Innate Lymphoid Cells and the Nervous System 145



absence of adaptive immunity. Cancer Res. 2014;74
(18):5079–90.

72. Biron CA, Byron KS, Sullivan JL. Severe herpesvi-
rus infections in an adolescent without natural killer
cells. N Engl J Med. 1989;320(26):1731–5.

73. Almerigogna F, Fassio F, Giudizi MG, Biagiotti R,
Manuelli C, Chiappini E, et al. Natural killer cell
deficiencies in a consecutive series of children with
herpetic encephalitis. Int J Immunopathol Pharmacol.
2011;24(1):231–8.

74. Chastain EM, Getts DR, Miller SD. Deficient natural
killer dendritic cell responses underlay the induction
of Theiler's virus-induced autoimmunity. MBio.
2015;6(4):e01175.

75. Alsharifi M, Lobigs M, Simon MM, Kersten A,
Muller K, Koskinen A, et al. NK cell-mediated
immunopathology during an acute viral infection of
the CNS. Eur J Immunol. 2006;36(4):887–96.

76. Adler H, Beland JL, Del-Pan NC, Kobzik L, Sobel
RA, Rimm IJ. In the absence of T cells, natural killer
cells protect from mortality due to HSV-1 encephali-
tis. J Neuroimmunol. 1999;93(1–2):208–13.

77. Jin Y, Dons L, Kristensson K, Rottenberg
ME. Neural route of cerebral Listeria monocytogenes
murine infection: role of immune response
mechanisms in controlling bacterial neuroinvasion.
Infect Immun. 2001;69(2):1093–100.

78. Khanolkar A, Hartwig SM, Haag BA, Meyerholz
DK, Epping LL, Haring JS, et al. Protective and
pathologic roles of the immune response to mouse
hepatitis virus type 1: implications for severe acute
respiratory syndrome. J Virol. 2009;83(18):9258–72.

79. Taylor K, Kolokoltsova O, Patterson M, Poussard A,
Smith J, Estes DM, et al. Natural killer cell mediated
pathogenesis determines outcome of central nervous
system infection with Venezuelan equine encephalitis
virus in C3H/HeN mice. Vaccine. 2012;30(27):
4095–105.

80. Mitchell AJ, Yau B, McQuillan JA, Ball HJ, Too LK,
Abtin A, et al. Inflammasome-dependent IFN-gamma
drives pathogenesis in Streptococcus pneumoniae
meningitis. J Immunol. 2012;189(10):4970–80.

81. Hansen DS, Bernard NJ, Nie CQ, Schofield L. NK
cells stimulate recruitment of CXCR3+ T cells to the
brain during Plasmodium berghei-mediated cerebral
malaria. J Immunol. 2007;178(9):5779–88.

82. Hansen DS, Evans KJ, D'Ombrain MC, Bernard NJ,
Sexton AC, Buckingham L, et al. The natural killer
complex regulates severe malarial pathogenesis and
influences acquired immune responses to Plasmo-
dium berghei ANKA. Infect Immun. 2005;73(4):
2288–97.

83. Gan Y, Liu Q, Wu W, Yin JX, Bai XF, Shen R, et al.
Ischemic neurons recruit natural killer cells that
accelerate brain infarction. Proc Natl Acad Sci.
2014;111(7):2704–9.

84. Zhang Y, Gao Z, Wang D, Zhang T, Sun B, Mu L,
et al. Accumulation of natural killer cells in ischemic

brain tissues and the chemotactic effect of IP-10. J
Neuroinflammation. 2014;11:79.

85. Li Z, Li M, Shi SX, Yao N, Cheng X, Guo A, et al.
Brain transforms natural killer cells that exacerbate
brain edema after intracerebral hemorrhage. J Exp
Med. 2020;217(12):e20200213.

86. Wang S, de Fabritus L, Kumar PA, Werner Y, Siret
C, Simic M, et al. Brain endothelial CXCL12 attracts
protective natural killer cells during ischemic stroke.
bioRxiv. 2021; https://doi.org/10.1101/2021.02.18.
431426.

87. Liu Q, Jin WN, Liu Y, Shi K, Sun H, Zhang F, et al.
Brain ischemia suppresses immunity in the periphery
and brain via different neurogenic innervations.
Immunity. 2017;46(3):474–87.

88. Jiang C, Kong W, Wang Y, Ziai W, Yang Q, Zuo F,
et al. Changes in the cellular immune system and
circulating inflammatory markers of stroke patients.
Oncotarget. 2017;8(2):3553–67.

89. Han S, Lin YC, Wu T, Salgado AD, Mexhitaj I,
Wuest SC, et al. Comprehensive immunophe-
notyping of cerebrospinal fluid cells in patients with
neuroimmunological diseases. J Immunol. 2014;192
(6):2551–63.

90. Rodriguez-Martin E, Picon C, Costa-Frossard L,
Alenda R, Sainz de la Maza S, Roldan E, et al.
Natural killer cell subsets in cerebrospinal fluid of
patients with multiple sclerosis. Clin Exp Immunol.
2015;180(2):243–9.

91. Caruana P, Lemmert K, Ribbons K, Lea R, Lechner-
Scott J. Natural killer cell subpopulations are
associated with MRI activity in a relapsing-remitting
multiple sclerosis patient cohort from Australia. Mult
Scler. 2017;23(11):1479–87.

92. Gross CC, Schulte-Mecklenbeck A, Runzi A,
Kuhlmann T, Posevitz-Fejfar A, Schwab N, et al.
Impaired NK-mediated regulation of T-cell activity
in multiple sclerosis is reconstituted by IL-2 receptor
modulation. Proc Natl Acad Sci. 2016;113(21):
E2973–82.

93. Jiang W, Chai NR, Maric D, Bielekova
B. Unexpected role for granzyme K in CD56bright
NK cell-mediated immunoregulation of multiple
sclerosis. J Immunol. 2011;187(2):781–90.

94. Xu W, Fazekas G, Hara H, Tabira T. Mechanism of
natural killer (NK) cell regulatory role in experimen-
tal autoimmune encephalomyelitis. J Neuroimmunol.
2005;163(1–2):24–30.

95. Zhang B, Yamamura T, Kondo T, Fujiwara M,
Tabira T. Regulation of experimental autoimmune
encephalomyelitis by natural killer (NK) cells. J
Exp Med. 1997;186(10):1677–87.

96. Hao J, Liu R, Piao W, Zhou Q, Vollmer TL,
Campagnolo DI, et al. Central nervous system
(CNS)-resident natural killer cells suppress Th17
responses and CNS autoimmune pathology. J Exp
Med. 2010;207(9):1907–21.

97. Jiang W, Li D, Han R, Zhang C, Jin WN, Wood K,
et al. Acetylcholine-producing NK cells attenuate

146 Y. Zhang et al.

https://doi.org/10.1101/2021.02.18.431426
https://doi.org/10.1101/2021.02.18.431426


CNS inflammation via modulation of infiltrating
monocytes/macrophages. Proc Natl Acad Sci.
2017;114(30):E6202–11.

98. Leavenworth JW, Schellack C, Kim HJ, Lu L,
Spee P, Cantor H. Analysis of the cellular mechanism
underlying inhibition of EAE after treatment with
anti-NKG2A F(ab')2. Proc Natl Acad Sci. 2010;107
(6):2562–7.

99. Lu L, Ikizawa K, Hu D, Werneck MB,
Wucherpfennig KW, Cantor H. Regulation of
activated CD4+ T cells by NK cells via the Qa-1-
NKG2A inhibitory pathway. Immunity. 2007;26(5):
593–604.

100. Liu Q, Sanai N, Jin WN, La Cava A, Van Kaer L, Shi
FD. Neural stem cells sustain natural killer cells that
dictate recovery from brain inflammation. Nat
Neurosci. 2016;19(2):243–52.

101. Solerte SB, Fioravanti M, Pascale A, Ferrari E,
Govoni S, Battaini F. Increased natural killer cell
cytotoxicity in Alzheimer's disease may involve pro-
tein kinase C dysregulation. Neurobiol Aging.
1998;19(3):191–9.

102. Solana C, Tarazona R, Solana R. Immunosenescence
of natural killer cells, inflammation, and Alzheimer's
disease. Int J Alzheimers Dis. 2018;2018:3128758.

103. Schindowski K, Peters J, Gorriz C, Schramm U,
Weinandi T, Leutner S, et al. Apoptosis of CD4+ T
and natural killer cells in Alzheimer's disease.
Pharmacopsychiatry. 2006;39(6):220–8.

104. Prolo P, Chiappelli F, Angeli A, Dovio A, Perotti P,
Pautasso M, et al. Physiologic modulation of natural
killer cell activity as an index of Alzheimer’s disease
progression. Bioinformation. 2007;1(9):363–6.

105. Martins LC, Rocha NP, Torres KC, Dos Santos RR,
Franca GS, de Moraes EN, et al. Disease-specific
expression of the serotonin-receptor 5-HT(2C) in nat-
ural killer cells in Alzheimer's dementia. J
Neuroimmunol. 2012;251(1–2):73–9.

106. Masera RG, Prolo P, Sartori ML, Staurenghi A,
Griot G, Ravizza L, et al. Mental deterioration
correlates with response of natural killer (NK) cell
activity to physiological modifiers in patients with
short history of Alzheimer's disease. Psychoneuroen-
docrinology. 2002;27(4):447–61.

107. Solerte SB, Cravello L, Ferrari E, Fioravanti
M. Overproduction of IFN-gamma and TNF-alpha
from natural killer (NK) cells is associated with
abnormal NK reactivity and cognitive derangement
in Alzheimer’s disease. Ann N Y Acad Sci.
2000;917:331–40.

108. Solerte SB, Fioravanti M, Severgnini S, Locatelli M,
Renzullo M, Pezza N, et al. Enhanced cytotoxic
response of natural killer cells to interleukin-2 in
Alzheimer's disease. Dementia. 1996;7(6):343–8.

109. Mihara T, Nakashima M, Kuroiwa A, Akitake Y,
Ono K, Hosokawa M, et al. Natural killer cells of
Parkinson's disease patients are set up for activation:
a possible role for innate immunity in the

pathogenesis of this disease. Parkinsonism Relat
Disord. 2008;14(1):46–51.

110. Cen L, Yang C, Huang S, Zhou M, Tang X, Li K,
et al. Peripheral lymphocyte subsets as a marker of
Parkinson’s disease in a Chinese population.
Neurosci Bull. 2017;33(5):493–500.

111. Niwa F, Kuriyama N, Nakagawa M, Imanishi
J. Effects of peripheral lymphocyte subpopulations
and the clinical correlation with Parkinson’s disease.
Geriatr Gerontol Int. 2012;12(1):102–7.

112. Earls RH, Menees KB, Chung J, Gutekunst CA, Lee
HJ, Hazim MG, et al. NK cells clear alpha-synuclein
and the depletion of NK cells exacerbates synuclein
pathology in a mouse model of alpha-
synucleinopathy. Proc Natl Acad Sci. 2020;117(3):
1762–71.

113. Baban B, Braun M, Khodadadi H, Ward A,
Alverson K, Malik A, et al. AMPK induces regu-
latory innate lymphoid cells after traumatic brain
injury. JCI Insight. 2021;6(1):e126766.

114. Zelco A, Rocha-Ferreira E, Nazmi A, Ardalan M,
Chumak T, Nilsson G, et al. Type 2 innate lymphoid
cells accumulate in the brain after hypoxia-Ischemia
but do not contribute to the development of preterm
brain injury. Front Cell Neurosci. 2020;14:249.

115. Besnard AG, Guabiraba R, Niedbala W, Palomo J,
Reverchon F, Shaw TN, et al. IL-33-mediated protec-
tion against experimental cerebral malaria is linked to
induction of type 2 innate lymphoid cells, M2
macrophages and regulatory T cells. PLoS Pathog.
2015;11(2):e1004607.

116. Hirose S, Jahani PS, Wang S, Jaggi U, Tormanen K,
Yu J, et al. Type 2 innate lymphoid cells induce CNS
demyelination in an HSV-IL-2 mouse model of mul-
tiple sclerosis. iScience. 2020;23(10):101549.

117. Russi AE, Ebel ME, Yang Y, Brown MA. Male-
specific IL-33 expression regulates sex-dimorphic
EAE susceptibility. Proc Natl Acad Sci. 2018;115
(7):E1520–9.

118. Russi AE, Walker-Caulfield ME, Ebel ME, Brown
MA. Cutting edge: c-Kit signaling differentially
regulates type 2 innate lymphoid cell accumulation
and susceptibility to central nervous system demye-
lination in male and female SJL mice. J Immunol.
2015;194(12):5609–13.

119. Hatfield JK, Brown MA. Group 3 innate lymphoid
cells accumulate and exhibit disease-induced activa-
tion in the meninges in EAE. Cell Immunol.
2015;297(2):69–79.

120. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani
SJ, Peske JD, et al. Structural and functional features
of central nervous system lymphatic vessels. Nature.
2015;523(7560):337–41.

121. Louveau A, Herz J, Alme MN, Salvador AF, Dong
MQ, Viar KE, et al. CNS lymphatic drainage and
neuroinflammation are regulated by meningeal lym-
phatic vasculature. Nat Neurosci. 2018;21(10):
1380–91.

9 Interaction Between Innate Lymphoid Cells and the Nervous System 147



122. Da Mesquita S, Louveau A, Vaccari A, Smirnov I,
Cornelison RC, Kingsmore KM, et al. Functional
aspects of meningeal lymphatics in ageing and
Alzheimer’s disease. Nature. 2018;560(7717):
185–91.

123. Da Mesquita S, Papadopoulos Z, Dykstra T, Brase L,
Farias FG, Wall M, et al. Meningeal lymphatics affect
microglia responses and anti-Aβ immunotherapy.
Nature. 2021;593(7858):255–60.

124. Bolte AC, Dutta AB, Hurt ME, Smirnov I, Kovacs
MA, McKee CA, et al. Meningeal lymphatic dys-
function exacerbates traumatic brain injury pathogen-
esis. Nat Commun. 2020;11(1):4524.

125. Hu X, Deng Q, Ma L, Li Q, Chen Y, Liao Y, et al.
Meningeal lymphatic vessels regulate brain tumor
drainage and immunity. Cell Res. 2020;30(3):
229–43.

148 Y. Zhang et al.



Development of ab T Cells with Innate
Functions 10
José Alberola-Ila

Abstract

Although we mostly think of αβ T cells as
components of the adaptive immune system,
a number of them differentiate into alternative
lineages. These lineages express TCRs with
limited diversity, and functionally bridge the
gap between innate and adaptive immunity.
They tend to be tissue resident, and mount
potent cytokine responses very rapidly after
activation, and their development and func-
tional maturation are strongly influenced by
the microbiome. Here, we compare the devel-
opment pathways and interactions with the
microbiome of natural killer T (NKT) cells
and mucosal-associated invariant T (MAIT
cells), the two best studied “innate-like” αβ T
cell populations.

Keywords

Innate lymphocytes · Microbiome ·
Development · MAIT · NKT

10.1 Introduction

Mucosal and barrier sites such as the skin, lungs,
and digestive tract are major contact points with
the external environment. As such, they are
colonized by diverse commensal microbial spe-
cies, whose cooperative coexistence with their
host is critical to maintain homeostasis and to
shape normal immune responses. Mucosal
barriers are particularly enriched for “atypical
lymphocytes,” defined as lymphocytes
expressing no antigen receptors (innate lymphoid
cells) or antigen receptors with a limited reper-
toire. These include γδ T cells and two lineages of
αβ T cells, natural killer T (NKT) cells and
mucosal-associated invariant T (MAIT cells).
These lineages bridge the gap between innate
and adaptive immunity. They tend to be tissue
resident, and mount potent cytokine responses
very rapidly after activation, and their develop-
ment and functional maturation are strongly
influenced by the microbiome. Here, we compare
the development pathways and interactions with
the microbiome of natural killer T (NKT) cells
and mucosal-associated invariant T (MAIT cells),
the two best studied “innate-like” αβ T cell
populations.

NKT cells recognize lipid-based antigens,
presented by the β2M-associated MHC class
I-like molecule CD1d, and are separated into
two broad classes: type 1, also called invariant,
and type 2 NKT cells. Invariant NKT cells recog-
nize the prototypic NKT cell lipid antigen,
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α-galactosylceramide (α-GalCer), and express a
CD1d-restricted semi-invariant αβ TCR compris-
ing an invariant TCR α chain (Vα14-Jα18 in mice
or Vα24-Jα18 in humans) in combination with
certain TCRβ chains (using Vβ8.2, Vβ7, or Vβ2
in mice, and Vβ11 in humans). NKT cells in mice
can be CD4+ or DN (CD4-CD8-), and generally
have a “memory” or “activated” phenotype
(CD69+CD62L�CD44hi) [1, 2]. NKT cells are
relatively abundant in mice, representing between
1% and 3% of T cells in most tissues, and up to
50% of T cells in the liver [3]. NKT cells are in
general less frequent in humans, although they are
highly variable [1]. Humans appear to have
greater numbers of type 2 NKT cells, which
express diverse TCRs that confer broader lipid
antigen specificities [1, 4] but because these
cells are difficult to identify, little is known
about how they develop.

MAIT cells recognize riboflavin (vitamin B2)
metabolic derivatives, which include
5-(2-oxopropylideneamino)-6-D-ribitylami-
nouracil (5-OP-RU), presented in the context of
MHC class I-like molecule MR1 [5], and express
predominantly a semi-invariant αβ TCR compris-
ing an invariant α chain (Vα19–Jα33 in mice and
Vα7.2–Jα33 in humans) in combination with cer-
tain TCRβ chains (using Vβ8 or Vβ6 in mice, or
Vβ2 or Vβ13 in humans). MAIT cells are typi-
cally rare (<1% of T cells) in mouse tissues [6],
although they are enriched in barrier tissues such
as skin and lung [7]. They are more abundant in
humans, usually representing >45% of liver
lymphocytes and 2–5% of the T cells in human
blood [7, 8]. As with CD1d-restricted NKT cell,
recent evidence suggests that additional types of
MR1-restricted cells using different TCRs can be
identified (reviewed in [9]).

The roles NKT and MAIT cells play in health
and disease have been the focus of intense work
and the subject of excellent recent reviews [1, 10–
13]. Briefly, these cells play an important role in
maintaining homeostasis in mucosal tissues in
close interaction with the microbiota [7, 14–
16]. Furthermore, these cells participate in
immune responses against bacteria, viruses, and
other pathogens [17, 18] and play important roles
in autoimmune, allergic, and inflammatory

diseases such as type 1 diabetes asthma and
Crohn’s disease [19–22].

10.2 Development in the Thymus

10.2.1 Generation of Precursor NKT
and MAIT Cells

Both NKT and MAITs develop from the same
precursor as conventional αβ T cells, CD4+CD8+

DP thymocytes, but instead of being selected by
thymic epithelial cells present in the cortex, they
are selected by other DP thymocytes that express
their ligands, CD1d and MR1, respectively [23–
28].

Because of the distal location of the Vα14
chain used in the NKT TCR, and the orderly
sequence of rearrangements in the TCRα locus
[29], any decrease in the half-life of DP
thymocytes results in a significant block in NKT
development. This effect has been described in
mice deficient in RORγT, c-Myb, and HEB, all of
which regulate the expression of Bcl-xL [30–
34]. Since Vα19 is located at the extreme 50 end
of the TCRα locus, a similar constrain likely
applies to MAIT development. This has not yet
been experimentally demonstrated, in part
because tetramers specific for murine MAITs
[35] have been only recently made widely avail-
able through the NIH tetramer facility. However,
in support of this possibility, it has been shown
that RORγt- and c-Myb-deficient mice lack Vα19
transcripts [31, 36], and MAIT cells and NKT
cells are virtually absent in humans lacking func-
tional RORγ and RORγt [37].

10.2.2 Positive Selection of Innate ab
T Cells

The nature of the ligand(s) that induce positive
selection of NKTs and MAITs is still unclear. In
the case of NKTs several candidate glycolipids
have been identified, including isoglobotrihexosyl-
ceramide (iGb3) [38], although mice deficient for
iGb3 synthase have normal levels of NKT cells
[39]. The peroxisome-derived lysophospholipid
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antigens plasmalogen lysophosphatidyletha-
nolamine (pLPE) and lysophosphatidic acid
(eLPA) appear to be important for NKT cell devel-
opment, although small residual populations of
NKT cells were still present in mice that were
unable to synthesize these antigens, suggesting
that they are not an absolute requirement
[40]. Interestingly, mouse thymocytes express
trace amounts of α-GalCer and α-GluCer
[41, 42], although it remains to be determined
whether mammalian-derived α-linked glycolipids
are involved in NKT cell development. Develop-
ment of NKT seems to be mostly independent of
microbiota-derived antigens, because their num-
bers are not drastically altered in the thymus from
germ-free mice [43]. In contrast, MAIT cell num-
bers in the thymus are dramatically decreased in
germ-free mice, although a few can be detected
[44, 45]. This suggests that self-antigen(s)
presented by MR1 contribute directly to the posi-
tive selection of some MAIT cells. However, col-
onization with E. coli that can produce MAIT
antigens (ribD competent) increases the numbers
of HSAhi MAIT precursors in the thymus [45]
suggesting that de novo positive selection can
also be mediated by ligands derived from
microbiota. Interestingly, it has been shown that
the cognate 5-OP-RU MAIT cell antigen could be
detected within the thymus 1 h after application to
the intact skin of mice and was presented by DP
thymocytes, dendritic cells, and thymic epithelial
cells [45], suggesting that there could be easy
availability of microbiota-derived MR1 ligands in
the thymus.

As opposed to conventional αβ T cells that are
positively selected by interactions with MHC
molecules expressed on thymic epithelial cells
(TECs), NKTs and MAITs are selected by
interactions with other DP thymocytes. A recent
report used mixed bone marrow chimeras, where
MR1 expression is restricted to hematopoietic or
epithelial cells, to demonstrate that T cell
precursors expressing the semi-invariant MAIT
TCR can also be selected by thymic epithelial
cells (TECs), but in this case they do not acquire
the “innate” characteristics of MAITs, including
PLZF expression [46], reinforcing the idea that
selection by other DP induces signals important

for the development of αβ T cells with innate
characteristics. However, in these experiments
not all the MAIT precursors selected by
hematopoietic cells become bona fide PLZF+

MAITs either, suggesting that there is some lim-
iting niche in the thymus.

10.2.3 Signals that Control Positive
Selection of Innate ab T Cells

It is thought that selection by DP cells imparts the
unique developmental program of NKT cells by
the cooperative signaling through the TCR and
the SLAM-SAP signaling pathways [47] and,
although initial reports suggested that SAP was
dispensable for MAIT development [28], this is
also the case for MAITs [45, 47, 48]. In fact,
forced expression of MHC I in DP thymocytes
results in the generation of a population of PLZF+

innate T cells in the thymus that is also SAP
dependent, and seems to compete with NKTs
for a not well-defined niche in the thymus
[49]. This developmental program is
characterized by the induction of PLZF which is
a master regulator of NKT cell development
[50, 51].

Numerous pathways downstream the TCR
contribute to both conventional αβ T cells and
NKT development, including activation of the
Ras/MAPK cascade, increased intracellular cal-
cium levels, and subsequent activation of
calcineurin and activation of itk family kinases
[52–58]. These pathways are probably also
required for MAIT development, although most
of them have not yet been directly tested in these
cells. However, there are some interesting
differences in the contribution of these signaling
pathways to conventional vs. innate αβ T cells.
For example, Egr1 and Egr2 play a quantitatively
similar role during conventional αβ T cell devel-
opment [59, 60], but Egr2 plays a much more
central role during NKT cell development,
including induction of PLZF [56], and only
experiments using competitive mixed bone mar-
row chimeras and double Egr1-Egr2 knockouts
revealed a minor role for Egr1 [57]. Whether this
difference is due to different targets of these
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closely related transcription factors, or due to
their different kinetics of expression, has not
been clearly demonstrated. Current evidence,
based on expression levels of Egr transcription
factors [61] and Nur77-GFP reporter mice [62],
indicates that the TCR-derived signals that drive
positive selection of NKT cells are stronger than
those that select conventional αβ T cells.

The SLAM family consists of several related
proteins, Ly108 (Slamf1), CD48 (Slamf2), 2B4
(Slamf4), Ly9 (CD229, Slamf3), CD84 (Slamf5),
NTB-A (Slamf6), Cracc (Slamf7), BLAME
(Slamf8), and SF2001 (Slamf9). These molecules
are expressed on many hematopoietic cells, and
their function can be activating on inhibitory
signals, depending on the cell where they are
expressed and on their interactions with SAP
adaptors and inhibitory molecules such as
SHP-1 and SHIP-1 [63, 64]. DP thymocytes
express high levels of SLAMF1, 2, 3, 5, and
6, and lower levels of SLAMF4, 7, 8, and
9 [31, 64, 65], but SLAMF1 and SLAMF6 are
the only ones that seem to play a role in NKT cell
development. Interestingly their function is
redundant. Single knockouts have a partial phe-
notype [66, 67], but the combined lack of
SLAMF1 and SLAMF6 causes a dramatic
decrease in NKT cell numbers [47]. Similarly,
NOD mice, a mouse strain used as a model for
autoimmune diabetes, have decreased levels of
NKT cells [68]. This phenotype was mapped to
the SLAM locus [69], and a comparison of the
expression pattern of SLAM family members in
DP thymocytes showed a decrease in the expres-
sion of SLAMF1 and SLAMF6, but no other
SLAM family members [65].

More recent experiments have confirmed these
initial reports using combined knockouts of dif-
ferent SLAMs, and shown that the defects present
in mice lacking SLAM family receptors seem to
spare stage 0 NKT cells [70–73]. In contrast,
studies in mice lacking SAP indicated that this
defect is due to a block in positive selection at the
most immature stage of NKT cell development,
stage 0 [74–77]. MAIT cell development was not
characterized in the SLAM-deficient models, but
it is also affected in SAP knockout mice [48],

although the defect seems to be later than in
NKT cells.

Interestingly, a recent study using a complete
knockout of the SLAM locus [78] showed that
loss of SLAM family expression leads to higher
TCR signaling in developing NKT cells, as
measured by higher Nur77 and Egr2 levels, and
to decreased numbers of mature NKT cells due to
increased cell death. This suggests that inhibitory
signals provided by SLAMs attenuate TCR signal
strength after positive selection to promote NKT
cell development, as opposed to previous studies
proposing that SLAMs complemented TCR sig-
naling to support NKT cell development [79].

10.2.4 Stages of Development

Early experiments proposed a four-stage develop-
mental program in the thymus (S0–S3). NKT
cells progress from the most immature stage S0
(CD24+CD44�NK1.1�) to losing CD24 expres-
sion (S1) and then upregulating CD44 (S2) and
NK1.1 (S3), so the mature NKTs in the thymus
were defined as CD24�CD44+NK1.1+

[80, 81]. Although this model reflects the trajec-
tory of the most common NKT cell present in the
thymus of C57BL/6 mice, it fails to account for a
number of recent discoveries. The major problem
with this model was the identification of different
subsets of NKT cells that produced preferentially
IL-17 or IL-4, were present in the periphery, and
did not express NK1.1. These cells were also
identified in the thymus, making it clear that not
all the S2 cells are transitional immature NKTs
[82–84]. Therefore, this original model has been
replaced by a new functional classification of
NKT cells into three terminally differentiated
subsets, based on the expression pattern of char-
acteristic cytokines and transcription factors [85–
87]. In this model, NKT cells arise from a com-
mon progenitor designated as NKT0 cells
(Egr2hiCD24+) and differentiate into NKT1,
NKT2, or NKT17 cell subsets. NKT1 cells
(PLZFloTbet+) produce predominantly interferon
gamma (IFNγ) upon stimulation and express
NK1.1. NKT2 cells (PLZFhiTGATA-3hi) produce
IL-4, and NKT17 (PLZFintRORγt+) produce
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IL-17. This original classification has been
reinforced by transcriptome analysis of these thy-
mic populations [88–90], although these
experiments have also revealed additional levels
of heterogeneity within these subsets. Recent
experiments identified a small CCR7+ PLZFhi

CD44lo CD24lo subset that can give rise to all
effector subsets and seems to preferentially exit
the thymus and seed the periphery [91]. It remains
to be conclusively determined whether the major-
ity of peripheral NKT cells exit the thymus with a
predetermined effector program, or if their final
differentiation takes place in the tissue where they
home. Subset representation is very tissue spe-
cific, but this is compatible with both
possibilities.

Although characterization of the stages of
MAIT development has been slower, due to
their rarity and the lack of reagents capable of
specifically identifying them in mice, the devel-
opment of MR1–5-OP-RU tetramers that specifi-
cally bind MAIT cells in both humans and mice
[35] and the use of the NKT cell paradigm as a
template led to the definition of a similar three-
stage pathway for MAIT cell development [44],
where cells progress from MR1–5-OP-RU tet+

CD24+CD44� cells (S1) to MR1–5-OP-RU tet+

CD24�CD44� (S2), and then MR1–5-OP-RU
tet+ CD24�CD44+ (S3). Within this mature, S3
stage, two distinct populations of MAIT cells
have been identified: MAIT17 (PLZFint

RORγt+) cells that secrete IL-17 upon stimulation
and are the major population, and MAIT1 (T-bet+

PLZFlo) cells that predominantly produce IFNγ
following activation [6, 44, 46, 48]. Interestingly,
there does not appear to be a population of
“MAIT2” cells equivalent to NKT2 cells. There
is also a CCR7+ subset of MAITs that are imma-
ture and may represent a similar developmental
stage as the CCR7+ NKTs [91], although this has
not been demonstrated.

The mechanisms that regulate the generation
of the different effector subsets are not
completely understood, although there is evi-
dence of contributions from both the TCR signals
and environmental cues. Shortly after the descrip-
tion of the different NKT effector subsets [82–84]
our group reported that small alterations in E

protein activity during NKT positive selection
resulted in changes in effector subset distribution,
with a decrease in NKT1 and increase in NKT2
and NKT17 [92]. Since E protein activity during
positive selection is controlled by the
upregulation of Id2 and Id3 downstream the
Ras/MAPK/Egr cascade [93], we interpreted
these results as evidence that strong TCR signals
favored NKT1 differentiation. However, a couple
of recent papers using the SKG mouse model,
where TCR signaling is weakened because of a
hypomorphic ZAP70 allele, showed an abro-
gation in NKT2 and, to a lesser extent, NKT17
cell development while not reducing NKT1 cell
development, suggesting that high signal strength
is necessary for NKT2 and NKT17 development
[94, 95]. Additionally, mice deficient in the Src
homology 2 domain-containing phosphatase
1 (Shp1) showed an increase of NKT2 and
NKT17 cells [96]. Although the authors found
no evidence that this effect was due to alterations
of TCR or SLAM signaling, Shp1 was previously
identified as a negative regulator of TCR signal-
ing by targeting ZAP-70 [97]. ZAP70-dependent
TCR signaling is also important for MAIT cell
development because SKG mice have a drastic
reduction in thymic MAIT cells, although there
was not a reported differential effect on MAIT1
versus MAIT17 [48].

Interestingly, a recent study showed that
genetic manipulation in the levels of PLZF
could control NKT effector differentiation [98],
with higher levels required for the generation of
NKT2. This could be interpreted as corroborating
evidence for stronger signals being required for
NKT1 differentiation, but it must be remembered
that the earliest CCR7+ NKT precursors express
uniformly high PLZF levels.

Since, as discussed above, positive selection
occurs in the cortex, it would seem likely that the
impact of the TCR signal intensity would be
evident in the early NKT populations, like the
CCR7+ PLZFhi CD44lo CD24lo, but there is to
date no evidence supporting any bias to distinct
subsets at this stage. It is possible that the signals
that impact effector differentiation are delivered
in the medulla and are mediated by other cell
types rather than by DP thymocytes. In this
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case, it is also important to consider the impact of
other environmental signals that are known to
promote and sustain development and homeosta-
sis of these effector populations, like IL-15 for
NKT1 [99] and IL25 for NKT2 [83, 100]. This
leaves open the question of what regulates the
differentiation of the effector subsets from the
immature CCR7+ precursors that preferentially
exit the thymus [91]. Here, the role of different
niches in different organs may be more relevant
than the initial TCR strength. Furthermore, any
model that tries to explain what determines the
differentiation of NKT precursors into different
effectors needs to consider the very different dis-
tribution of NKT subsets among different mouse
strains [86, 101, 102]. It seems likely that other
environmental factors are also major drivers of
effector choice during NKT development, or dif-
ferentiation in the periphery.

If TCR signal strength is a driving force
directing subset differentiation, a question is
what generates this gradient. One possible expla-
nation is different specificity of the semi-invariant
NKT TCR, driven by the limited diversity of the
Vβ chains it can use [103–105]. It is therefore
interesting that the different NKT subsets have
differences in TCR beta usage [86, 94]. For exam-
ple NKT2 expresses preferentially Vβ7 [86, 94], a
Vβ chain that confers higher avidity binding to
CD1d [105]. In fact, increasing ligand density by
driving CD1d expression in the thymic medulla
results in partial negative selection of NKTs, and
changes the Vβ distribution of the remaining
population, decreasing Vβ7 and Vβ8 representa-
tion [106]. However, in our experiments, where
there were major changes in effector differentia-
tion, we could not observe major changes in the
Vβ repertoire of the thymic NKTs [72].

Although MAIT cells have been less studied,
there does not seem to be a difference in Vβ usage
between MAIT1 and MAIT 17 [107], and both
subsets seem affected in ZAP70 hypomorph SKG
mice [48].

10.3 Colonization of Peripheral
Tissues, and Cross Talk
with the Microbiome

It has been known for a number of years that
NK1.1� stage 2 immature NKT cells can exit
the thymus starting at day 5 post-birth [80, 81],
and that many of the mature effectors present in
the thymus are long-term thymic resident cells
[108]. More recent work identified the migratory
NKT as CCR7+ CD44+ cells and showed that
they could differentiate into all three major effec-
tor subsets in the periphery [91]. Furthermore,
parabiosis experiments showed that NKT cells
are mostly tissue-resident cells in homeostasis
[109, 110], and this includes thymic NKT cells
[91]. This is also the case for MAITs [107].

These experiments suggest that most periph-
eral NKT cells develop from a small population
of CCR7+ NKT precursors that exit the thymus. It
is unclear how much the maintenance of the
peripheral pool depends on constant replenish-
ment from thymic cells, or whether this changes
during infection or chronic inflammation.
Another unresolved issue is whether the cells
that exit the thymus and colonize the periphery
are already committed to an effector program, or
if the type of effector they become is influenced
by their final location. In the case of NKTs, there
are specialized subsets that can be found in spe-
cific peripheral location, but not in the thymus,
such as adipose tissue NKT10 [110–112] and
NKT-FH [113]. It is likely that these subsets are
derived from immature NKTs that home in these
locations. Alternatively, they must derive from
other differentiated effector types. Neither possi-
bility has been experimentally tested.

For the more common NKT1, NKT2, and
NKT17 subsets, it is not clear whether they exit
the thymus as mature effector subsets and then
home preferentially into different organs [108], or
whether they differentiate in the tissue. Some
evidence shows that the TCR repertoire, and
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possibly the effector program, of NKT cells is
shaped by their tissue of residence [114]. How-
ever, single-cell analysis of the transcriptome and
chromatin landscape of NKT subsets from the
thymus and different peripheral tissues show
that the subsets are similar, regardless of the loca-
tion [115], with the possible exception of lung-
resident NKT cells that seem to have more dis-
tinct features. Interestingly, these programs are
highly overlapping between NKT and MAITs
[107], but it is unclear whether the programs get
pre-established in the thymus.

As we mentioned before, development of
NKT seems to be mostly independent of
microbiota-derived antigens, because their num-
bers are not drastically altered in the thymus from
germ-free mice [43]. However, in germ-free
animals NKT cells are decreased in peripheral
tissues, such as the spleen and liver, and are
hyporesponsive to lipid antigen stimulation
[116]. These defects are normalized by
monocolonization with bacteria expressing NKT
antigens in adult mice [116]. In contrast, mucosal
tissues (lung, colon) of germ-free mice contain
increased numbers of NKT cells. This is
associated with increased responses in experi-
mental models of colitis and airway hyperrespon-
siveness [117, 118]. Interestingly, these
alterations can be corrected by normalization of
the microbiota, but only during the first 2 weeks
of life [117, 118]. The same effect can be
achieved by monocolonization with B. fragilis
or treatment with B. fragilis-derived sphingolipid
antigens, but only in the gut [118]. This tissue
specificity suggests that specific microbes could
regulate NKT recruitment and proliferation in
distinct organs. Comparison of NKT populations
from specific pathogen-free mice obtained from
different vendors, which have different
microbiota compositions, showed differences in
the frequency, Vβ7 usage, and tumor necrosis
factor production of NKT cells [116]. These
differences were abolished by co-housing the off-
spring, emphasizing again the impact that differ-
ent microbial products have on NKT populations
early in life.

A recent paper has added an additional layer of
complexity to the relationships between NKT
cells and microbiota early in life [119]. This

work confirmed that NKT cells migrate to and
proliferate in the colon, but not the spleen, in the
early days after birth (day 4 to day 11 post-birth),
and then focused on the role of macrophages
present in the gut at this stage. It has been
shown that early in life the colon is populated
by distinct macrophages of embryonic origin
that progressively give way to bone marrow-
derived macrophages [120, 121]. Depletion of
macrophages in the second week of life, using a
transgenic mouse model (MMDTR) in which the
combined expression of Lyz2 and Csf1r allows
the precise expression of diphtheria toxin receptor
(DTR) at the surface of macrophages in vivo,
showed a specific effect on NKT cell accumula-
tion in the colon, small intestine, lungs, and skin
(other cell types, including MAITs, were not
affected). This effect could be reproduced in
Plavp�/� mice which have a defect in
embryonic-derived macrophages due to an inade-
quacy of macrophage progenitor egress from the
fetal liver [122], but not in Ccr2�/� mice, in
which bone marrow macrophages are unable to
migrate to the colon [123], suggesting that
embryonic-derived, but not bone marrow-
derived, macrophages induce NKT cell accumu-
lation in the colon [119]. Interestingly, they
observed a substantial increase in embryonic-
but not bone marrow-derived macrophages in
germ-free mice compared to SPF mice at day
15 of life [119]. This suggests that normal
microbiota represses colonic macrophage levels
during early life, and, in turn, these embryonic
macrophages regulate NKT expansion.

In contrast to NKT cells, MAIT cell numbers
are dramatically decreased in the thymus of germ-
free mice, although a few can be detected [26, 44,
45], suggesting that microbiota-derived antigens
contribute significantly to thymic selection and/or
expansion of MAIT cells. In fact, the cognate
5-OP-RU MAIT cell antigen could be detected
within the thymus 1 h after application to the
intact skin of mice and was presented by DP
thymocytes, dendritic cells, and thymic epithelial
cells [45]. Accumulation of MAITs in peripheral
tissues, including lung, skin, and small intestine,
happens after the second week of life, later than
NKT cells [124], but, as described with NKT
cells, there seems to be a “window of
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opportunity” for this commensal effects. Coloni-
zation of germ-free mice with riboflavin-
synthesizing bacteria in the first few weeks res-
cued the development of MAIT cells that home to
tissues such as the skin, but this effect was only
partial on adult mice [45, 124]. As mentioned
above, this effect of the microbiota on MAIT
cell development and colonization of the periph-
ery is independent of embryonic
macrophages [119].

10.4 Conclusion

Although we have now a better understanding of
the mechanisms that regulate the development
and function of NKT and MAITs, there are a
number of outstanding issues that will require
additional work in the future.

During development, it is still not clear what
the natural ligands that induce positive selection
are, and the role of microbiota-derived ligands
needs to be further explored, especially in the
case of MAITs, where they seem to play a critical
role. We do not quite understand yet what
mechanisms control the development of the dif-
ferent NKT and MAIT subsets, although there is
evidence of contributions from both the TCR
signals and environmental cues, or to what extent
these decisions are made in the thymus versus in
peripheral tissues, where the immature CCR7+

precursors that preferentially exit the
thymus home.

Similarly, it is unclear how much the mainte-
nance of the peripheral pool depends on constant
replenishment from thymic cells versus self-
maintaining peripheral populations, or how these
homeostatic mechanisms change during infection
or chronic inflammation. The contribution of
microbiota to the recruitment, maintenance, and
effector differentiation in different peripheral
tissues is also an emerging area of research that
will increase our understanding of these
populations, and their role in tissue homeostasis
and immune responses.
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The Road from Mouse to Human ILCs:
A Perspective of Understanding
the Roles of ILCs in Disease

11

Hergen Spits

Abstract

The chapters of this book give a comprehen-
sive overview of the current state of knowl-
edge of ILCs. Most of this knowledge stems
from studies in mouse models. Translation to
the human situation is not always straightfor-
ward because of differences between human
and mouse ILCs and the microenvironments in
which these ILCs are operating. Nonetheless,
these mouse studies formed the basis for
investigations in human diseases using state-
of-the art technologies which are beginning to
provide an understanding of the role of ILCs in
inflammatory diseases in humans. This per-
spective discusses gaps in our knowledge
about human ILCs and what type of studies
may be done to resolve these.

Keywords
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Although NK cells and lymphoid tissue inducer
(LTi) cells were discovered in 1974 [1] and 1997
[2], respectively, and hints of the existence of
other ILC family members were published in
2001 [3] and 2006 [4], it was not before the

appearance of a number of papers describing
what is now known as ILC3 in 2009 [5] and
type 2 ILCs in 2010 [6, 7] that it was realized
that ILCs form a family of cell types that showed
similarity with the T helper cell subsets [8] (see
also Chap. 1 of this volume). In that paper the
existence of ILC1 was predicted which was
indeed confirmed with their identification of
ILC1s in humans [9, 10] and in mice [11]. The
chapters in this book provide a comprehensive
snapshot of the still rapidly expanding state of
knowledge of these cells. Following the early
publications describing the discovery of these
cells profound complexities emerged such as
differences in so-called central and peripheral,
tissue-specific, developmental paths of ILC
subsets as pointed out in several chapters. In
addition, ILC subsets have been found to be
highly plastic in that mature ILC subsets can
change their phenotype and cytokine production
profiles in response to alterations in the tissue
microenvironment ([12], reviewed in [13]). The
classification of ILCs in three canonical groups
1, 2, and 3 based on (the level of) expression of
cytokines and lineage-determining transcription
factors was a useful guideline in the field
[14]. More recently it has been proposed to define
five canonical populations, NK cells, ILC1, ILC2,
ILC3, and LTi cells [15]. However, it turns out
not to be that simple to place ILCs in clear
categories. For instance, the distinction between
NK cells and ILC1 is blurred because of the many
shared cell surface antigens [16]. The presence of
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several intermediate cell types between ILC1 and
ILC3 further complicates their classification
[17]. In addition, ILC2 turns out to appear in
different flavors with distinct functions; sedentary
natural and migratory inflammatory ILC2s have
been described [18, 19] and ILC2s have been
found that produce IL-10 and much less IL-5
and have suppressor activity [20–22]. Moreover,
whereas in the mouse LTi cells have been well
defined and found to follow a different path of
development than ILC3, in humans defining a
clear distinction between LTi cells and ILC3 has
been problematic although neuropilin (NRP)1
which is expressed on mouse LTi cells [23, 24]
and on a proportion of human ILC3 [23, 24]
might be a useful marker for human LTi cells.
Indeed NRP1+ is also abundantly expressed on
human fetal ILC3 at a gestational age where
lymph nodes are formed [25]. However, it has
so far been impossible to prove that NRP1 is
restricted to LTi cells in humans. Also, there is
presently no evidence that in humans LTi cells
develop as a lineage distinct from ILC3.

Chapter 2 gives a comprehensive overview of
the development of ILC. Understandably our
knowledge of ILC development is based mainly
on studies in mouse models. Much is now known
about the developmental pathways from
precursors in fetal liver and bone marrow. Based
on these data hierarchical models could be built in
which precursor cells gradually become
committed to particular ILC types. Understanding
ILC development is complicated by observations
that deletion of certain transcription factors which
are needed for the development of bone marrow
precursors to a particular ILC type does not affect
those ILCs in tissues as outlined in Chap. 2. This
has led to the hypothesis that the process of
ILC-poiesis in tissues can take place indepen-
dently from the so-called central ILC develop-
ment from bone marrow precursors [26, 27]. In
this model ILC precursors home into tissues
which then form a substrate for the development
of these precursors in mature ILCs. The distinct
tissue microenvironments may then be responsi-
ble for the differences in requirements for tran-
scription factors for ILC development. Future
research should further validate this concept and

should give insight into the importance of central
versus tissue-specific ILC development for
establishing the overall ILC cellularity.

Although the ILC system is clearly evolution-
arily conserved, data obtained in mouse systems
cannot be translated one on one to humans. For
instance, fetal development is very different in
mice and humans and therefore findings with
respect to fetal versus postnatal development of
ILCs cannot be applied to humans. Careful anal-
ysis of human fetal tissues at distinct gestational
ages may give clues as to whether and how dif-
ferent waves of ILC development occur in
humans. In contrast to mouse ILC development
our knowledge of differentiation of these cells in
humans is still fragmentary. Several studies have
shown that ILC precursors are included within
CD34 + CD45RA+ precursor cells which can
reside not only in bone marrow but also in
lymph nodes [28] and in the thymus ([29]
Chap. 3). Moreover, human peripheral blood
contains ILC precursors which are CD34 negative
[27, 30]. Such precursors were also found in
different organs which would support the concept
of organ-specific ILC-poiesis [26]. But CD34+
ILC precursors (ILCp) are also present in tonsils
[28] and possibly in other organs as well which
raises the possibility that the committed ILC
precursors in those organs are derived from
CD34+ cells rather than from peripheral ILC
precursors that home in the tonsil. Indeed, the
precursors described by Lim et al. were shown
to develop from CD34+ progenitors in adoptive
transfer experiments in human immune system
mice [26]. The anatomical location where ILCp
develop from CD34 + CD45+ precursors and the
underlying mechanisms of this differentiation
require further studies.

Obviously, the requirement for transcription
factors and cytokines is much harder to investi-
gate in humans than in mice but investigations on
rare human subjects with gene defects have con-
firmed the essential roles of RORγt in the devel-
opment of ILC3 [31] and of gamma common
receptor (also known as IL2R γ chain) in the
development of all ILCs [32]. The importance of
GATA3 for the development of human ILC2 was
elucidated using RNAi-mediated reduction of
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GATA3 [33]. Enforced expression of Id2 into
human CD34+ precursors induced the develop-
ment of ILCs [29]. Recently a platform was
published for in vitro development of all human
ILC subsets from CD34 + CD45RA+ cells [34]
which opens the possibility to investigate the
effects of deletion or mutations of certain tran-
scription factors in precursors using CRISPR/
Cas9 on the development of ILC precursors.
The availability of these tools will enable
in-depth investigations into the mechanisms of
human ILC development. In addition, pseudotime
algorithms applied to single-cell RNA-seq data
will provide more detailed information about the
developmental trajectories of ILCs in the periph-
eral blood and tissues.

A landmark paper in 2015 indicated that under
resting homeostatic conditions ILCs are tissue
resident [35]. Close interactions between ILCs
and stromal cells are essential drivers of ILC
function. Chapter 5 summarizes our knowledge
about this issue. Also, here most of our knowl-
edge comes from mouse studies as stromal cell
populations are better defined in mice and it will
be challenging to verify the principles of
interactions of ILC subsets with stroma in
humans. This will require more comprehensive
definition of stromal cell types and their func-
tional activities in humans. For instance, the
important finding that Tuft cells in the gut are
producing IL-25 [36] has yet to be confirmed in
humans. Structural differences in tissue of mice
and humans may result in different compositions
of ILC subpopulations. The human skin is struc-
turally quite distinct from mouse. The
consequences of differences in skin thickness
and numbers of hair follicles and the presence of
a cutaneous muscle layer in mouse skin for skin
ILCs have yet to be mapped. In mice the great
majority of ILCs in the lung are ILC2; this subset
forms a minority of ILCs both in fetal and adult
human lung. The reason for these differences has
yet to be figured out.

Whereas ILCs under homeostatic conditions
are tissue resident, studies both in mice and
more recently in humans have shown that under
certain conditions ILC2s can migrate out of
tissues [18, 19]. The results of experiments in

mice were interpreted to mean that there are two
subsets of ILC2s, one sedentary population of
natural ILC2 which responds to IL-33 and
another subset which was called inflammatory
(i)ILC2 which responds to IL-25 and is migra-
tory. Data in humans suggest, however, that
migratory ILC2s with a same inflammatory
imprint as mouse iILC2 and expressing
CD45RO are derived from nonactivated
CD45RA+ ILC2 which may be equivalent to
mouse natural ILC2 [37]. Thus, whereas it is
now clear that ILCs are not just tissue resident
[38], the relationship between sedentary and
migratory ILCs has yet to be firmly established.

It has now been accepted in the field that ILCs
are not only beneficial but also involved in
inflammatory diseases as pointed out in
Chaps. 6 and 7. Like other cell types ILCs are
part of circuits that are normally implicated in
productive immune reactions but when
dysregulated can cause inflammatory diseases.
Epithelial cells present in barrier tissues secrete
factors needed for homeostasis of multiple cell
types including ILC subsets ([39, 40] Chap. 8).
Disturbances in the interactions of epithelial cells
and ILCs and other cell types may result in
inflammatory circuits. Chapter 6 describes
examples of involvement of ILC2s in type
2 inflammatory circuits in type 2 inflammatory
diseases like allergic asthma and chronic
rhinosinusitis. Respiratory viruses and allergenic
microorganisms as house dust mite induce IL-33
which together with other factors as IL-25 and
TSLP can activate ILC2s to generate an inflam-
matory milieu which if uncontrolled can lead to
chronic inflammation and pathology. Other
inflammatory circuits are described in Chap. 7
involving ILC1 and ILC3s in IBD. These
chapters also discuss a variety of models that
have aided mechanistic studies on the roles of
ILCs in inflammatory diseases. Using
Rag-deficient [no T and B cells] and Rag�/�
gamma common�/� mice (no T, B, NK cells
and ILCs) and in adoptive transfer experiments
it has been firmly established that ILCs can be
pathogenic. However, it is still challenging to
determine the relative roles of adaptive and innate
lymphocytes in inflammatory diseases in
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unmanipulated mice with a normal immune sys-
tem. Because mouse disease models are rarely
true mimics of human diseases and the distribu-
tion of ILC2 in mice and humans is strikingly
different, clinical translation of the results of
mechanistic studies in experimental models to
human disease remains problematic. On the
other hand, as described in Chaps. 6 and 7 careful
analysis of ex vivo-isolated ILC subpopulations
combined with new molecular and imaging
technologies is now enabling translational
researchers to monitor changes in the composi-
tion and functional activities of immune cells
including ILCs in disease. Expansion of such
studies should provide more precise information
about the critical disease-causing cellular
interactions and the role ILCs play in pathology.

How ILCs function in antitumor immune
reactions or in promoting the growth of tumors
is a very active field of research. As discussed in
Chap. 4 , it is known for a long time that NK cells
are involved in antitumor immune reactions.
However, information on the function of ILCs in
tumor immunity is yet limited. Whereas Chap. 4
discusses tumor-promoting and -suppressing
effects of ILC1, recent studies have analyzed the
function of other ILC subsets in tumors. Interest-
ingly ILC2s contribute to the suppression of mel-
anoma by recruiting eosinophils. ILC2s were
found to express PD1 and a combination of
PD1-blocking antibodies with IL-33-stimulated
proliferation of ILC2 and a concomitant expan-
sion of eosinophils [41]. However, in other tumor
types such as bladder carcinoma and gastric can-
cer, ILC2 may have tumor-promoting effects.
Understanding the complex interactions of ILCs
with other immune cells and with tumor cells both
in mouse models and in human cancer will be
highly challenging but such research should even-
tually lead to novel therapeutic strategies.

Chapter 10 makes clear that there are many
more cell types in the innate lymphocyte reper-
toire. NK-T cells and MAIT cells share many
characteristics with ILCs and like ILCs they par-
ticipate in the immune response against
microorganisms and are also involved in allergic
and inflammatory diseases. Surprisingly there is
no information on whether and how the innate

TCRαβ+ T cells and ILCs interact with each other
and whether they are redundant. An interested
study of Vely et al. reported that gamma common
receptor-deficient patients who underwent bone
marrow transplantation in the absence of
myeloablation recover their T cells but not their
ILCs [32]. The ILC deficiencies were not
associated with susceptibility to disease. Perhaps
the innate T cells may partly compensate for the
ILC deficiencies in these patients. Understanding
the relative importance of innate T cells and ILCs
will be essential for the development of therapies
targeting the innate lymphocyte system in life-
threatening infections and inflammatory diseases.
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