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Innate lymphoid cells: models of plasticity for
Immune homeostasis and rapid responsiveness
In protection

FF Almeida"* and GT Belz"?

Innate lymphoid cells (ILCs) have stormed onto the immune landscape as “newly discovered” cell types. These tissue-
resident sentinels are enriched at mucosal surfaces and engage in complex cross talk with elements of the adaptive
immune system and microenvironment to orchestrate immune homeostasis. Many parallels exist between innate cells
and T cells leading to the initial partitioning of ILCs into rather rigid subsets that reflect their “adaptive-like” effector
cytokines profiles. ILCs themselves, however, have unique attributes that are only just beginning to be elucidated. These
features result in complementarity with, rather than complete duplication of, functions of the adaptive immune system.
Key transcription factors determine the pathway of differentiation of progenitors towards an ILC1, ILC2, or ILC3 subset.
Once formed, flexibility in the responses of these subsets to stimuli unexpectedly allows transdifferentation between the
different subsets and the acquisition of altered phenotypes and function. This provides a mechanism for rapid
innate immune responsiveness. Here, we discuss the models of differentiation for maintenance and activation of

tissue-resident ILCs in maintaining immune homeostasis and protection.

INTRODUCTION

Innate lymphoid cells (ILCs) are a growing family of tissue-
resident immune cells with important effector functions
necessary for immune protection, tissue homeostasis, repair
and remodeling.l’4 Natural killer (NK) cells, first described in
1975, and lymphoid tissue inducer (LTi) cells, identified nearly
a decade later,” are the prototypical members of this family.
NK cells mediate early immune responses against viruses
and are involved in cytotoxicity while LTi cells are essential
for the formation of secondary lymphoid organs during
embryogenesis, and for the formation of intestinal lymphoid
clusters postnatally.®”"" More recently, new members of the ILC
family have been described and the family has now been
subdivided into three functional groups—group 1 (ILC1),
ILC2, and ILC3 (Figure 1). These cells are characterized by
their lymphoid morphology, dependency on common gamma
chain (yc) signaling, and requirement for the transcription
factor inhibitor of DNA-binding 2 (ID2) for their
development,'>™"® and lack recombination-activating gene

(Rag)-dependent rearranged antigen receptors classically
found on B and T cells.® As ILCs lack specific adaptive
antigen receptors, they rely heavily on both their ability to
respond to cytokines through their surface receptors, and to
drive interactions between other epithelial and adaptive
immune cells through their production of effector cytokines.
They have been found to readily respond to a vast array of
cytokines including as IL-1, IL-12, IL-7, IL-23, IL-25,IL-33, and
thymic stromal lymphopoietin.'®"”

GROUP 1 ILCs (ILC1s)

NK cells express the transcription factor T-bet and produce
interferon gamma (IFN-y) (Figure 1) and in many ways
mirroring key features of CD8 ™ T cells. They have a critical role
in directly killing tumor cells without prior sensitization and
participate in a wide variety of immune responses such as viral
infections and transplantation. In the mouse, the NK cell family
includes several subsets such as circulating splenic and bone
marrow NK cells,"® CD127 © IL-7-dependent thymic-derived

"The Walter and Eliza Hall Institute of Medical Research, Parkville, Victoria, Australia and Department of Medical Biology, University of Melbourne, Parkville, Victoria, Australia.

Correspondence: GT Belz (belz@wehi.edu.au)

Received 27 April 2016; accepted 16 June 2016; published online 3 August 2016. doi:10.1038/mi.2016.64

Mucosallmmunology | VOLUME 9 NUMBER 5 | SEPTEMBER 2016

1103


mailto:belz@wehi.edu.au

REVIEW

Group 1 ILCs Group 2 ILCs Group 3 ILCs
(ILC1) (ILC2) (ILC3)
CCRé6*
Lamina propria LTi CD4* LTi CD4~
ILC1 ILC3 ILC3
. O
T-bet CCR6~
NCR~
w NK niLC2 “ilLc
2 ] ILC3
2 O , O O NCR*
> v
%] =
EOMES Gata-3 ILC3
ROR«. RORvt O
Intraepithelial
NCR~ T-bet
ILC1 RORt
\) ILC3 Notch2
T-bet
NFIL3 T
RORyt
IL-12 IL-33 IFN-B IL-23
— IL-18 IL-15 TSLP IFN-y IL1-B
2 IL-2 TGF-B IL-25 IL-6
- IL-15 IL-27 TNF-o
ST2* ST2"
N 4
NK ILC1 niLc2 iILc2 ILc3
GM-CSF IFN-y IL-5
3 IL-13 TNF-o. IL-13 IL-17
3 IL-10 IL-4 IL-22
2 TNF-oc IL-9
£ IFN-y Areg
2 Perforin
3 Granzyme
=
w

Figure 1

Division of the ILC family at steady-state. Group 1, 2, and 3 ILCs are defined by their differential expression of cell-surface markers,

transcription factors, and patterns effector cytokine expression. ILCs can be activated by a diverse range of stimuli and can contribute to immunity,
inflammation, and maintenance of tissue homeostasis. Areg, amphiregulin; EOMES, Eomesodermin; Gata-3, GATA Binding Protein 3; GM-CSF,

granulocyte macrophage colony-stimulating factor; IFN-y, interferon-y; IL, interleukin; ILC, innate lymphoid cell; NCR, natural cytotoxicity receptor
NKp46; NFIL3, Nuclear factor, interleukin 3 regulated; NK, natural killer; RORa, RAR-related orphan receptor alpha; RORyt, RAR-related orphan
receptor gamma; T-bet, T-box transcription factor; TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin.

NK cells,” and a number of subsets of tissue-resident NK
cells.”>*" Although all NK cell subsets depend on IL-15 and
IL-15Rq. for their development, survival, and maintenance,*
they differ in their ability to produce effector cytokines and
mediate cytotoxicity.”>**

The identification of bona fide ILC1 has been more
challenging. Their phenotype has been obscured by the fact
that ILCls, like NK cells, share the expression of receptors such
as NK1.1 and the NK cell p46-related protein (NKp46) that
have in the past served as an operational definition of NK
cells.”> This was also found to be the case in humans where
ILC1s express CD56, NKG2D, NKp46, and the C-type lectin
CD161, markers typically associated with NK cells.*® Never-
theless, NK cells can generally be distinguished from ILCls as
they express the transcription factor Eomesodermin (EOMES)
which is lacking in ILC1s (Figure 1). In contrast, ILC1s express
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the integrin CD49a and chemokine receptor CXCR6 (reviewed
in Seillet and Belz?’).

GROUP 2 ILCs (ILC2s)
ILC2s have generally been thought to be the most homogeneous
class of ILCs expressing largely conserved markers such as
IL-7Ra, CD25 and Sca-1 in all tissues.” Human ILC2s can be
further distinguished by the expression of CD161 and high
levels of the prostaglandin D2 receptor CRTH2.*®

Murine ILC2s can be grouped into two distinct subsets:
(i) homeostatic or natural ILC2s (nILC2s) and (ii) inflam-
matory ILC2s (iILC2s), which are distinguished by their
differential expression of the interleukin-1 receptor family member
ST2 (Figure 1) nILC2s (ST2 " Thyl"¢"KLRG]™ermediate
IL-17RB" ~) are generally found in the lung and respond
predominantly to IL-33, while ilLC2s (ST2 ~ Thy1" KLRG1™&"
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IL-17RB ") are located in the lymphoid and parenchymal tissues
and are rapidly deployed to other sites in response to IL-25.>’ In
contrast to IL-33, which results in a modest expansion of nILC2,
IL-25 elicits a large expansion of ilLC2s in the bone marrow and
peripheral blood. Both subsets depend on the transcription factors
GATA-3," RORo,***" TCF-1,"** Notch,”* and Bcl11b**** for
their development. ILC2s produce IL-5 and IL-13 in a GATA-3-
dependent manner,”® in addition to IL-4.”” ILC2s also produce IL-9
and signaling through the IL-9R is essential for their survival®®
(Figure 1).

Murine ILC2s can be found in various tissues including
adipose tissue-associated lymphoid structures,"* gut,”” lung,*’
and the dermis of the skin.*'”*> They promote a variety of
responses including expulsion of parasites,**** tissue repair and
maintenance of lung homeostasis following lung infection,*®
and can drive airway hyperreactivity following influenza
infection.*” ILC2s also contribute to the pathogenesis of atopic
dermatitis.*'~* In the skin, they rapidly respond to the alarmin
IL-33, IL-25, and thymic stromal lymphopoietin.‘“’43 In
visceral adipose tissue, ILC2s maintain metabolic homeostasis
by recruiting eosinophils that are necessary to sustain alter-
native macrophage activation.*® In addition to type 2 cytokines,
ILC2s produce amphiregulin (Areg), a member of the
epidermal growth factor family, which supports the recovery
of epithelial barrier integrity after tissue damage.*®

GROUP 3 ILCs (ILC3s)

ILC3s are a highly complex group of innate cells. They are
defined molecularly by their dependence on the transcription
factor RORyt but vary in their level of expression of T-bet, cell
surface markers, and cytokine production profiles (Figure 1).
They are divided into fetal and neonatal LTi cells, which are
essential for lymphoid tissue organogenesis,*’ while adult ILC3
subsets, together with LTi cells, drive tissue repair and immune
protection through IL-22 production.”® > In the adult, ILC3s
can be found mainly in mucosal tissues such as the small and
large intestine, Peyer’s patches, and gut-associated lymphoid
tissue.>>>>"*>>* Small numbers of ILC3 are also present in the
spleen®” and lung.*

ILC3s are divided into five subsets that can be discriminated
on the basis of their expression of CCR6 and their expression of
the natural cytotoxicity receptor (NCR), NKp46. They are the
CD4" and CD4~ subsets of CCR6 "NCR ™ RORytt LTi
cells,”® NCR RORyt " T-bet™ ILC3s,”” NCR RORyt™"
T-bet ™ ILC3s,”® and NCR™RORyt " T-bet " Notch-depen-
dent ILC3 populations®*”**° (Figure 1).

Although all ILC3s express RORYt, the subsets are complex
and appear to arise from divergent progenitors. LTi cells arise
from the common innate lymphoid progenitor while non-LTi
subsets arise from the later stage, the common helper innate
lymphoid progenitor.® Surprisingly, despite the existence of
two subsets of adult LTi cells, which are distinguished by their
expression of the T-cell co-receptor CD4, few transcriptional
differences occur between two populations suggesting that they
are not as functionally distinct as first thought.”>** NCR ~ and
NCR™ ILC3s appear to have a more linear relationship with
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NCR™~ ILC3s identified as a precursor to NCR™" ILC3s,
a developmental pathway driven by the transcription factors
T-bet and Notch 2 (Figure 2).%7%4 Nevertheless, despite teasing
out a number of details of the development of these cells, the
exact relationship between each of these different subsets still
remains unclear and will require further dissection.

CLASSIFICATION OF ILC FAMILY MEMBERS—ONE SIZE
DOES NOT FIT ALL

The classification of ILCs into ILCls, ILC2s, and ILC3s is based
on their expression of lineage-defining transcription factors,
cytokine production, and functional attributes. Group 1 ILCs
depend on the T-box transcription factor T-bet and their
canonical production of the cytokines IFN-y and TNF-a.
Group 2 ILCs depend on Gata-3 and produce IL-5 and IL-13,
while group 3 ILCs express the transcription factor nuclear
receptor RORyt and secrete IL-17 and/or IL-22 (ref. 16)
(Figure 1).

Initially, this structure was proposed to reflect the phylogeny
of the cells, but the landscape has become more complicated
and in an effort to connect the different ILC family members,
these groupings are likely to be an oversimplification. For
example, ILCls contain both NK cells and non-NK ILCls.
These two subsets differ in their surface markers and
dependence on downstream transcription factors such as
nuclear factor interleukin 3 (NFIL3), promyelocytic leukemia
zinc finger protein (PLZF), and EOMES, demonstrating that
each subset is regulated differently (Figure 1).%> ILC3s are also
very complex. All ILC3s depend on RORyt but LTi cells arise
from the common innate progenitor, which is upstream of the
common helper innate progenitor that gives rise to the other
members of the ILC3 family.®" Furthermore, ILC3s can
transdifferentiate into IFN-y-producing ILCls following the
downregulation of RORyt and induction of T-bet.®' These cells
express NK1.1 and are now equipped to produce IL-17 and
IFN-y.°" Currently, they are known as ex-RORyt ILC3s or
ILC1-like cells. Similarly, ILC2s have recently been shown to be
capable of transforming into ILCI-like cells (Figure 2).%

Categorizing different ILCs based on individual transcrip-
tional switches and cytokine production appears reasonable,
particularly at steady-state, but the remarkable capacity of one
ILC type to adopt the phenotype of another ILC family member
exposes that such a static model cannot account for the
dynamic responsiveness of these cells. Indeed, the phenotype of
individual cells likely reflects the integration of multiple
complex signals, both intrinsic (transcription factors) and
extrinsic (tissue localization and cytokines) that shape their
features and functions and drive highly flexible differentiation
programs.

INNATE LYMPHOID CELL PLASTICITY AND HOMEOSTASIS
The positioning of ILCs at mucosal or barrier surfaces implies
that they should be able to readily respond to environmental
cues. How this would be regulated has been unclear but recent
studies begin to shed light on a how a flexible effector program
is induced in ILC subsets, thereby allowing them to readily
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adapt to the variety of changing signals, and signaling gradients,
they might encounter.

ILC1s are characterized by their capacity to produce IFN-y
and dependence on the transcription factor T-bet (Figure 2a).
Intriguingly, however, aberrant phenotypes resembling ILC1
(termed "ILCI1-like" cells) have now been described which
appear to originate from both the ILC2 and ILC3 subsets and
also rely on T-bet (Figure 2b). How then is such a transition
regulated?

ILC3—ILC1 transition

The first clues came from the use of RORYt8" reporter mice,®’”
which have been invaluable in tracing the development of the
ILC3 subset.’® This resulted in the unexpected discovery that
some cells within the ILC1 subset can retain the historical
imprint of past RORyt expression (indicated by green
fluorescent protein (GFP) expression), even though they
had lost RORyt and adopted the capacity to produce IFN-v,
the signature cytokine of ILC1 but not ILC3.>>**°7%°70 [
mice, these ILCs were described as “ex-RORyt ILC3” cells
(Figure 2b). In human ILCs, this transition from ILC3 to ILC1
depended on signals directed through IL-12 that promote T-bet
expression.”! Surprisingly, this pathway was reversible both
in vivo and in vitro with reversion mediated through the
action of IL-23, IL-2, IL-1B, and retinoic acid.”" T-bet itself,
by regulation of Notch2 signaling, also guides the development
of NCR ™" ILC3s at steady-state (Figure 2c).””** However, how
the balance between NCR™ vs. NCR* ILC3 subsets is
maintained is unclear, but we propose that this balance reflects
controlled low level inflammatory stimulation that normally
occurs in the presence of commensal bacteria "tickling" T-bet.
To complicate this picture even further, NCR" ILC3 have
recently been shown to differentially depend on Notch2
potentially delineating additional NCR™ subtypes.”” Thus,
whether TLCl-like cells arise equally from all NCR™ ILC3s,
or alternately only from Notch-dependent or independent
differentiation pathways, will need further investigation. The
additional step of adopting an ILCl-like phenotype likely
reflects a heightened level of inflammation as would occur in
infection and thus T-bet acts as a rheostat akin to the T-bet-
dependent inflammatory gradient shown to drive CD8 * T-cell
differentiation.”> Thus, ILC3 subsets may also be dynamically
regulated by the level of inflammation as a key driver of
T-bet levels.

ILC2—ILC1 transition

It has not been known until more recently whether these hints
that some subsets of ILC could alter their phenotype in response
to local cues was a more generalized phenomena. ILC2s have
now been discovered to be capable of converting to an IFN-y
secreting phenotype in both humans and mice.”*”° ILC2s have
been found to be highly heterogeneous and express a range of
receptors that allow them to respond to cytokines such as IL-1,
IL-2, IL-12, IL-18, and IL-33. Paralleling the pattern of
transition from ILC3 to ILCl, these cytokines can drive
amplification of ILC2s and the induction of T-bet and
IL-12RP2, priming ILC2s for a possible switch towards an
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Figure 2 Models of ILC plasticity. (a) ILC1s develop from the lymphoid
progenitor following induction of the transcription factor T-bet. (b) ILC3s
and ILC2s in peripheral tissues exhibit programs of plasticity in response to
cytokine stimulation. Following IL-12 activation, both ILC3s and ILC2s can
adopt an ILC1-like phenotype and produce IFN-vy. IL-12 is essential for the
induction of T-bet and augments the inflammatory program in both ILC2s
and ILC3s (green arrows). Concurrently, transcription factors such as
RORytand GATA-3 characteristic of each of these lineages are repressed
by T-bet. Graded induction of T-bet but inflammatory stimuli appear to
induce a common ILC1 inflammatory program, which is maintained by
downregulation of classical lineage defining transcription factors. This
pathway can be also reversed (blue arrows) by the action of IL-1, IL-23,
IL-2, or RA, or eosinophil-derived IL-4 in the case of ILC3s and ILC2s,
respectively. It is unclear whether both Notch 2-dependent and Notch 2-
independent NCR " ILC3 subsets can both transdifferentiate into
ILC1-like cells. (c) Plasticity within the ILC3 subset. NCR™ ILC3 can
differentiate into NCR " ILC3 under the influence of T-bet and Notch 2.
This pathway appears to be augmented by IL-2, IL-1p, IL-23, and IL-12
while TGF-B acts as a block inhibiting or limiting NCR ™ ILC3 development
and potentially drives reversion of cells. Areg, amphiregulin; EOMES,
Eomesodermin; Gata-3, GATA Binding Protein 3; GM-CSF, granulocyte
macrophage colony-stimulating factor; IFN-vy, interferon-v; IL, interleukin;
ILC, innate lymphoid cell; NCR, natural cytotoxicity receptor NKp46;
NFIL3, Nuclear factor, interleukin 3 regulated; NK, natural killer; RA,
retinoic acid; RORa, RAR-related orphan receptor alpha; RORyt,
RAR-related orphan receptor gamma; T-bet, T-box transcription factor;
TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin.
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ILC1-like phenotype.”*7¢ TL-12 was critical specifically to
effect genomic modifications of the IFN-v locus to allow the
induction of the IFN-y secretion, a feature not seen with
other cytokines.”” Interestingly, in vitro, this pathway was
also reversible. Eosinophil-derived IL-4 was shown to inhibit
the IL-12-induced transdifferentiation of ILC2s, thereby
favoring the return to an ILC with group 2 function
and phenotype.”* Precisely how IL-4 regulates these changes
in "ex-ILC2" ILC1-like cells will require further characteriza-
tion (Figure 2b).

This pattern of reversibility of ILC fate has also been observed
within the ILC3 subset in response to transforming growth
factor-B (TGF-B) (Figure 2c).”® TGE-P is a pleiotropic cytokine
secreted by both immune and non-hematopoietic cells and is a
potent regulator of immune function.”” TGE- signals through
the common serine and threonine kinase receptor complex,
which has two subunits, TGF-B receptor I (TGF-BRI) and
TGF-BRIL. The transcripts for both subunits are present on
ILCs.”® In vivo deletion of TGF-BRII resulted in an increase in
NCR™ ILC3s suggesting that TGF-B acts as a block in
NCR ™" ILC3 differentiation.”® In line with this, constitutive
expression of TGF-PRI in TGFBRI““Ncr1-iCre mice signifi-
cantly impaired the development of the NCR ™ population.®®
In vitro analyses mimicked these effects with TGF-f signaling
able to drive positive signals through Notch, but impaired
differentiation when TGF-BRI was overexpressed.”® Thus,
TGEF-f and Notch have opposing roles in regulating the balance
of NCR™ and NCR™ ILC3s which is likely to be essential in
maintaining homeostasis in vivo.

Epithelial-derived TGF- has been shown to have a critical
role in the generation of the early immune response by
promoting the IL-13-producing ILC2s that drive early allergic
immune responses.”® The alarmin IL-33 is known to augment
the generation of ILC2s. It induces the rapid release of TGF-[3
into the airways to prime ILC2s and enhance their migration.
Thus, epithelial-derived TGF-P appears to be essential for the
accumulation of ILC2s in the lung and acts downstream of
IL-33 to initiate type 2 skewed immune response.”® Whether it
also induces changes in other transcription factors to alter
the balance of ILC2 related phenotypes has not yet been
investigated, but it is tantalizing to propose that in both ILC2s
and ILC3s, TGF- is a key regulator of differentiation and
functional attributes in combination with stimuli through other
inflammatory mediators. A key question now is precisely which
cells are responsible for the production of TGF-f in local tissue
sites to modulate ILC fate outcomes.

TISSUE-DERIVED CYTOKINES SHAPE ILC FUNCTION IN
INFLAMMATION

Although ILCs are characterized by the distinct cytokine
signature they express, their interactions with other cells in the
body such as epithelial and immune cells depends largely on
extrinsic cytokines originating from epithelium or stromal cells.
It is these interactions that drive both positive repair and
protection pathways, together with pathogenic pathways that
may have negative consequences.
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The complex, diverse, and dynamic microbial communities,
which colonize the skin and gut pose an immense challenge to
the body to maintain immune homeostasis in the face of
constantly changing environmental signals. Maintenance of
this homeostasis is largely achieved by the action of the
IL-22 pathway. In the gut, the direct interaction of surface
components of microbes such as flagellin can also induce
activation of macrophages and dendritic cells in the
lamina propria, activating the IL-22 pathway. This interplay
with other cells acts to amplify ILC signaling, particularly
ILC3s. Activation of ILC3s by IL-23 subsequently drives IL-22
ref. (79-81) to stimulate epithelial-cell secretion of anti-
microbial peptides that inhibit or kill bacteria in the vicinity
of the epithelial surface thereby promoting gut mucosal
protection.*"®* 1L-23 has also been shown to be important
in the pathogenesis of inflammatory bowel diseases.®
Indeed, ILC3s have a role in chronic diseases such as
psoriasis,**™" obesity-induced asthma,” and inflammatory
bowel diseases, such as Crohn’s disease.”> Under these
inflammatory conditions, myeloid cells (including macro-
phages and dendritic cells) activated by bacterial stimulation®
or alternately, via CD40 signaling,”® can induce the
production of IL-17 by T helper (Th) 17 cells®® 7 and
ILC3s.”*% IL-17A is a pro-inflammatory cytokine that has
arole in recruitment, activation, and migration of granulocytes,
and can also target other cells such as epithelial cells, endothelial
cells, fibroblasts, and macrophages to induce cytokines and
chemokines'**'" to escalate inflammation in affected tissues
(Figure 3a).

At steady-state, ILCls are present at low frequencies in the
intestine, while ILC3s are a significantly more prominent subset
and contribute to protective innate immune responses, tissue
homeostasis, and repair. However, when dysregulated, ILCs
can promote inflammation-driven pathology.”””” Indeed, in
addition to ILC3s, individuals with Crohn’s disease also
accumulate ILCls in their intestinal lamina propria.”® These
IFN-v-producing cells have been shown to further augment the
level of inflammation of the affected tissue. ILCs may be altered
in diseased tissues by recruitment of subsets from the periphery
although it is generally accepted that ILCs are relatively sessile
cells that remain in tissues and express limited migration
patterns.'®> Nevertheless, the composition of the ILC popula-
tions can change during disease either through the preferential
emergence of subsets or perhaps transdifferentiation of one ILC
subset into another (see Figure 2b). Indeed, bidirectional
transdifferentiation between ILC1s and ILC3s in the intestinal
lamina propria has recently been reported”>®>”" (Figure 3a). It
is now clear that ILC3 functional plasticity is controlled by
IL-12, IL-23, and IL-1P during inflammation, a feature most
clearly demonstrated in vitro. Indeed, distinguishing between
the amplification of small subsets of cells and possible
transdifferentiation in vivo is challenging. Currently, the
exact mechanisms that regulate the switch between the
different phenotypes are not clear and will require further
investigation. Understanding how this functional plasticity
operates in different ILC subsets will be essential to gain insight
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Figure 3 ILC functions in disease. ILCs are amplified in a variety of inflammatory diseases that affect barrier functions and thereby contribute to both
immune protection and pathology. (a) In the intestine of Crohn’s disease patients, an example of inflammatory bowel disease, ILC3s drive inflammation
through their production of IL-17. This contrasts with ILC3-derived-IL-22, which is normally protective and acts to reduce inflammation and induce tissue
repair. In addition, transdifferentiation of ILC3s into pathogenic IFN-y-producing ILC1-like cells can further amplify the level of inflammation found in the
intestinal tissues of patients. (b) In the lung, ILC2s are activated to produce an array of cytokines such as Areg and IL-9, which are involved in repair of the
damaged issue, while IL-4, IL-5, and IL-13 lead to airway hyperreactivity and if sustained may lead to chronic inflammation such as occurs in COPD.
Following activation with IL-12, ILC2 can transdifferentiate into ILC1 and produce IFN-y, which augments inflammation within the epithelium and

promotes mucus production. Areg, amphiregulin; COPD, chronic obstructive pulmonary disease; Gata-3, GATA Binding Protein 3; GM-CSF, granulocyte
macrophage colony-stimulating factor; IFN-vy, interferon-y; IL, interleukin; ILC, innate lymphoid cell; NCR, natural cytotoxicity receptor NKp46; NFIL3,
Nuclear factor, interleukin 3 regulated; NK, natural killer; RORa, RAR-related orphan receptor alpha; RORyt, RAR-related orphan receptor gamma;
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T-bet, T-box transcription factor; TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin.

to how the balance between protection and pathology are
controlled by ILC subsets.

Similar to ILC3s, ILC2s have also been implicated in chronic
diseases marked by sustained inflammation such as allergic
asthma,'® chronic rhinosinusitis,”® or atopic dermatitis.*’ In
each of these diseases, activated ILC2s are known to be strong
cytokine producers in response of IL-33, IL-25, or TLSP.
Cytokines produced by ILC2s can have a dual role. While
Areg® and IL-9°® have a role in the wound-healing process by
promoting tissue remodeling, IL-5, IL-6, IL-4, and IL-13 induce
recruitment and activation of other cell types such as mast cells,
eosinophils, and macrophages'®* leading to increased inflam-
mation (Figure 3b). Sustained inflammation can predispose to
increased susceptibility to other infections, such as viral, which
can result in further enhancement of IL-1f and IL-12 in the
tissue.'*>'% Both cytokines have been implicated in transdif-
ferentiation of ILC2s through an increase of T-bet levels,
driving it towards a destructive ILC1 phenotype® (Figure 3b).
For example, ILC1s have been found to accumulate in the lungs
of patients with chronic obstructive pulmonary disease.”*
Such plasticity in ILC responses would allow rapid reactions to
signals, but it may not be ideal when it results in a pathological
phenotype. Interestingly, in some chronic diseases, eosinophils
accumulate and act as a major source of IL-4. To

1108

counterbalance the inflammatory IFN-y-producing cells,
IL-4 acts to mitigate this pathway allowing ILCl1-like cells
to convert back to an ILC2 phenotype.”* Therefore, IL-12 and
IL-4 reciprocally govern ILC2 functional identity and imbal-
ance in this relationship may result in the perpetuation of an
inflammatory ILC type. Identification of modulators of ILC
functions may be of interest for future therapeutic interven-
tions. For example, specific targeting of the IL-12 pathway
would allow modulation of potential IFN-y-mediated pathol-
ogy in the lung thereby ameliorating the progression of
emphysema in patients with chronic obstructive pulmonary
disease.

In addition to IL-12, type I interferons such as IFN-f can
have a role in modulating ILC2 function. Expression of type I
interferon receptors on ILC2s suggest that they may have a role
in suppression of ILC2-mediated inflammatory responses
during viral infections.'”” Indeed, IFN-B and IFN-y were
discovered to inhibit responses of tissue-resident ILC2s.
Similarly, the cytokine, IL-27, a heterodimeric cytokine that
belongs to the IL-12 family, has also been shown to antagonize
ILC2 proliferation and cytokine production.'®® Currently, our
understanding of how these cytokines affect ILC and their
cellular origin is not entirely clear although other immune cells
may be an important source.
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PROTECTING THE BODY—COMPLEMENTARITY AND
REDUNDANCY

Teasing apart the contributions of individual ILC subsets has
been challenging. Efforts to unravel the attributes of ILCs have
mainly been performed in mice that lack the recombination-
activating gene (RAG) in which mature B and T cells fail to
develop. This approach was predicated on the notion that
innate lymphocytes were not believed to require RAG.
However, recent evidence indicates that in innate cells,
RAG regulates cell-intrinsic hyperresponsiveness and DNA
repair mechanisms.'” The RAG model has been useful in
beginning to understand unique functions ILCs. However, it is
now evident that RAG-deficient mice exhibit increased
frequencies of innate cells accompanied by enhanced cytokine
production in the absence of the adaptive immune compart-
ment and may not represent a completely normal innate
compartment. In an additional twist, elimination of adaptive
immune cells has masked elucidation of the functions that
overlap with adaptive immune cells.**'"

It seems intuitive that ILCs would exhibit some level of
redundancy with adaptive immune cells. The signature
cytokines of ILCls, ILC2s, and ILC3s mirror those of Thl,
Th2, and Th17 helper CD4" T cells, while NK cells can be
considered as the innate counterparts of cytotoxic CD8™"
T cells. These parallels suggest that a conserved evolutionary
program overlays each arm of the immune system. However, it
was not until recently that this more complex scenario has been
tackled.**''° In earlier experiments, Basu et al.''" showed that
ILC3 can act during the early stages of Citrobacter rodentium
infection but are only essential when the bacterial load is high,
while IL-22-producing CD4 * T cells regulate the later stages of
infection. In contrast, using an approach in which the NCR *
ILC3s can be selectively deleted in an immunocompetent host,
or their production of IL-22 abolished, it was shown that they
were not essential to control of colonic infection.”” A similar
effect was observed in a separate study by Colonna et al.''* thus
highlighting the evolution of multiple checkpoints spanning
both arms of the immune system that ensure immune
protection. Nevertheless, two key findings emerged from these
studies. First, NCR ™ ILC3s were shown to have a unique role in
producing GM-CSF, which was important to drive the
recruitment of inflammatory monocytes to sites of infection.' '’
Second, NCR ™ ILC3s were also shown to have a novel role in
maintaining the homeostasis of the cecum and work
coordinately with CD4 " T cells to protect against bacterial
infection.®’

Crossover between adaptive and innate attributes has also
been detected in ILC that coexpress a number of receptors
normally associated with adaptive immune cells. Murine
LTi-like ILC3s and ILC3s express major histocompatibility
complex class I molecules and can present antigen to CD4 "
T cells."'*'"? Although major histocompatibility complex class
II expression on ILC3s can induce immune activation and
proliferation as normally accompanies antigen presentation,''*
this expression in LTi-like ILC3s can also direct tolerization of
T cells to antigens derived from commensal flora.''* In the
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absence of such antigen presentation, mice developed intestinal
inflammation, enhanced T-cell proliferation, and increased
serum antibody titers against commensal bacteria.''? TLC2s
have also been discovered to express major histocompatibility
complex class II and the costimulatory molecule ICOS
(inducible T-cell costimulator), suggesting they may also be
involved in presenting antigens in the context of Th2
responses.””**!'* Although the mechanisms that underpin
this pathway are yet to be worked out, it exposes an unexpected
complementary relationship between innate and adaptive
immunity.

CONCLUSIONS AND FUTURE DIRECTIONS
Mucosal surfaces are the battleground for the immune system,
pathogens, and dietary and environmental antigens. Although
the role of the adaptive immune system has received
considerable attention, exciting developments in understand-
ing the innate immune cells that contribute to the landscape
have added an entirely new dimension to how we might view
cross talk between the innate and adaptive arms of the system.
Elucidation of the developmental pathways of ILCs has been
complex and controversial. Still, much needs to be worked out
about the key transcriptional regulators that guide ILC
differentiation. The new evidence that transdifferentiation
can occur among the different ILC subsets opens new questions
for the field. Although it is likely that many cells are generated
from local expansion and differentiation, the possibility that
transdifferentiation may also occur and to what extent is yet to
be resolved. Further investigation will be required to elucidate
how and when ILC plasticity emerges in vivo. Given the
apparent limited peripheral ILC progenitor pool in tissues and
their apparent restricted migration, a flexible differentiation
program would allow ILCs to respond rapidly to the immune
challenges. Currently, the field has viewed that a reduction in a
particular ILC subset reflects absolute depletion.!'>''® How-
ever, it is likely that in some circumstances at least, it is the
relative ratio of ILC subsets that is critical in driving immune
defense or pathology. Undeniably, much less is understood
about the molecular wiring that regulates ILC activation and
responsiveness at steady-state or during an infectious challenge.
This is likely to be a key area for future investigation to
understand how weak vs. strong commensal and pathogenic
microorganisms shape the balance of ILC subsets and their fate
outcome. Indeed, the features that characterize activation or
suppression of ILCs have received little attention, perhaps
because they challenge us to consider new models of immune
cell regulation. A more complete understanding of the
receptors and behavior of ILCs should lead to new approaches
to immunotherapies where selective manipulation of ILC
subtypes can be used to ameliorate or block disease or promote
tissue repair. We also do not understand how unique features of
ILCs, such as radio resistance,'?? might impact immunity and
discriminate between the redundant and complementary
features of innate and adaptive responses. We have become
so accustomed to partitioning different parts of the immune
response into discrete units to facilitate our understanding of
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the different elements. Now, it will be necessary to understand
how each of these pieces of the puzzle fit together and how even
subtle signals can change the outcome. It is very clear that the
system is not linear, but represents a highly integrated and
regulated switchboard that cannot be fully understood by
looking at everything independently.
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