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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.
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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
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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.
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