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Innate lymphoid cell sensing of tissue vitality
Alexander David Barrow' and Marco Colonna®

Innate lymphoid cells (ILCs) constitute a heterogeneous
population of cytokine-secreting cells that colonize different
tissues and are heavily reliant on cytokines and other secreted
factors for their development, maintenance and effector
functions. Most ILCs are tissue resident and differentiate in
non-lymphoid peripheral tissues. As tissue-resident sentinels,
ILCs must rapidly identify pathogens or malignancy in an effort
to return the tissue to homeostasis. Here we review the
mechanisms that ILCs employ to sense cytokines and other
potent immunoregulatory factors that promote their
development in different tissues as well as the ability to
distinguish pathogenic versus healthy tissue
microenvironments and highlight the importance of these
pathways for human disease.
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Introduction

ILCs are recombination activating gene (RAG)-indepen-
dent lymphocytes that originate from a common lym-
phoid progenitor and are present throughout the body
with higher frequencies at mucosal surfaces (Figure 1).
ILCs have emerged as critical regulators of mucosal
barrier integrity, particularly in the intestine, lungs and
skin where they reside and respond rapidly to environ-
mental stimuli and impact subsequent adaptive immune
responses [1-3]. Moreover, ILCs have been shown to
contribute to viral immunosurveillance of the liver [4] and
homeostasis of adipose tissue [5-7]. Thus, their functions
range from host defense to metabolic homeostasis.
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Cytokines - potent mediators of ILC function
The different ILC players are portrayed in three catego-
ries, ILC1, ILC2 and ILC3, based on the cytokines they
produce and transcription factors (T'Fs) that guide their
differentiation [8] (Figure 1). Cytokines are the most
extensively studied stimuli for ILCs. Seminal studies
have shown that each ILC group can be activated via
specific cytokine receptors that trigger the secretion of
signature cytokine modules (Figure 2). For example, T-
bet” IL.C1 produce IFN-y in response to I1L.-12, I1.-15 and
IL-18, facilitating the control of intracellular pathogens
by classical macrophage activation [1-3]. 11.C2, which
express high levels of GATA3, respond to 11.-25, 11.-33
and Thymic Stromal Lymphopoietin (TSLP) by secret-
ing interleukin-5 (IL-5), IL.-9, and IL.-13 that promote
alternative macrophage activation, eosinophilia, and gob-
let cell hyperplasia to limit helminth infections [9-12].
Roryt™ ILC3 react to 11.-23 and IL-1B stimulation by
producing I1.-17 and I1.-22 that trigger epithelial defense
mechanisms and granulocytic responses to combat extra-
cellular bacterial and fungal infections [1-3]. Collectively,
these functional IL.C modules mirror the functional polar-
izations of CD4" ‘T helper (Th)1, Th2, and Th17 cells.
Natural Killer (NK) cells are also innate lymphocytes that
produce IFN-y but are distinct from ILLC1 because they
specialize in the cytolysis of malignant or pathogen-
infected cells and are therefore considered innate coun-
terparts of cytotoxic CD8" T" cells. The lymphoid tissue-
inducer (L'Ti) cells that spark lymphoid tissue organo-
genesis during development are Roryt™ and produce 1L.-
17 and 11.-22; therefore, L'T1 are frequently categorized as
ILC3, but may represent a different lineage that emerges
from the common lymphoid progenitor before ILCs [13].

Cellular sources of cytokines that trigger and
maintain ILC

Many studies are now beginning to address the cellular
sources and tissue microenvironmental conditions that
may imprint ILC identity and trigger their responses
during development and in either steady state or patho-
genic tissue conditions [14—16]. Interactions of epithelial
and mesenchymal tissues with ILL.Cs are therefore impor-
tant during fetal and adulc life (Figure 3). In addition to
providing crucial structural support and barrier protec-
tion, epithelial and stromal cells are prominent tissue-
resident sensors and potent drivers of ILC function.
Thus, ILCs readily form positive feedback loops by
sensing cytokines released by specialized epithelial cells
and fibroblasts. For example, tuft cells are chemosensory
epithelial cells that line the intestine and respiratory
tract and provide an innate source of IL.-25 to drive type
2 immune responses. Tuft cells can sense succinate
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Figure 1
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Development and functions of the ILC subsets. ILC1s, ILC2s, and ILC3s derive from the ILCP, whereas NK cells derive from an upstream EILP
[105,106]. In contrast, ILCreg originate from the CHILP but not ILCPs and depend on the transcriptional factors Id3 and SOX4. ILCreg secrete IL-
10 that inhibits ILC1 and ILC3 activation to alleviate intestinal inflammation and produce autocrine TGF-B during inflammation to promote self-
expansion. Tissue-resident T-bet* ILC1s may include: (1) ILC1s derived directly from ILCP; (2) converted ILC2s exposed to IL-18 and IL-12 (or IL-
13 + TSLP and IL-12) that have downregulated GATA3 and upregulated T-bet; (3) converted ILC3s (ex-ILC3) exposed to IL-2 or IL-15, and IL-23
that have downregulated ROR~yt and upregulated T-bet; (4) NK cells that downregulate EOMES when exposed to a TGF-B-rich environment.
Inflammatory ILC2 (iILC2) produce IL-17 and are derived from ILC2 that have upregulated RORvyt upon exposure to IL-25. ILC24, produce IL-10,
IL-5 and IL-13 but not IL-9 and are derived from ILC2s that have upregulated RELMa after exposure to either IL-33 or papain in vivo that may be
enhanced by IL-2 and RA. Abbreviations: AhR, aryl hydrocarbon receptor; CLP, common lymphoid progenitor; CHILP, common helper-like innate

lymphoid progenitor; EILP, early innate lymphoid precursor; GATA3, GATA-binding protein 3; Hobit, Homologue of Blimp-1 in T cells; Id2, inhibitor
of DNA binding 2; 1d3, inhibitor of DNA binding 3; ILCP, ILC precursor; NKP, NK cell progenitor; NFIL3, nuclear factor interleukin 3; RELMq,
resistin-like molecule «; RORe, retinoic acid receptor-related orphan receptor o; PLZF, promyelocytic leukemia zinc finger; SOX4, sex-determining

region Y-box 4; T-bet, T-box expressed in T cells; TCF1, T cell factor-1.

fermented by intestinal parasites to drive an IL-25-
ILC2-1L.-13-dependent immune circuit that controls
parasite infections and initiates intestinal remodeling
[17,18]. Conversely, tuft cells are targets for norovirus
infection in the intestine and IL-25 induced upon co-
infection with parasites or helminths can promote type
2 cytokines that induce tuft cell proliferation and per-
petuate norovirus infection [19].

IL.-33 is a member of the IL-1 family that is released by
damaged epithelial and endothelial cells that induces
strong IL.C2 activation and resistance to helminth infec-
tions or promotes allergen-induced lung and skin inflam-
mation [1]. Interestingly, I1L.-33 derived from islet mes-
enchymal cells activated the expression of IL.-13 and
GM-CSF by ILC2, which induced retinoic acid (RA)
production by macrophages and dendritic cells (DCs)
that signaled B cells to increase insulin secretion. 11.-33
injections rescued islet function in obese mice with a

defective I1.-33-1LL.C2 axis, suggesting that immunome-
tabolic crosstalk between 11.-33, 11.C2s, and myeloid
cells regulates insulin production in pancreatic islets

[20°°].

IL-1a is another inflammatory cytokine produced by
virus-infected intestinal epithelial cells that stimulates
I1.-22 production from I1.C3 and enhances the clearance
of rotavirus [21]. Fibroblastic reticular cells (FRC) are
stromal cells in lymphoid tissues that express I11.-15 and
are essential for ILC1 maintenance in Peyer’s patches
and mesenteric lymph nodes. FRCs can sense the intes-
tinal microflora through Toll-like receptors (TLRs),
which suppress the secretion of IL.-15. Thus, FRC-spe-
cific deficiency of the TLR signaling adaptor Myd88
elicited increased IL-15 production and IL.C1 hyperacti-
vation that accelerated clearance of an enteropathogenic
virus yet also precipitated severe intestinal inflammatory
disease [22].
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Cell-surface and intracellular receptors expressed by the different subsets of ILCs. Activating receptors (green) and inhibitory receptors (red)
adjacent to their cognate ligands (black) are indicated for each ILC type. Effector molecules and TFs (white bold) that guide the differentiation of
each ILC subset are indicated. This scheme is comprehensive for both human and mouse data Ach, acetylcholine; ADRB2, adrenoceptor Beta 2;
AREG, amphiregulin; AR, androgen receptor; AHR, aryl hydrocarbon receptor; BAFF, B-cell activating factor; CFP, complement factor properdin;
CHRM, cholinergic receptor muscarinic; CRTH2, chemoattractant receptor-homologous molecule expressed on Th2 cells (prostaglandin D,
receptor 2); CysLTR1, cysteinyl leukotriene receptor 1; DR3, death receptor 3; GFL, glial cell-derived neurotrophic factor family of ligands;
GPR183, G protein-coupled receptor 183; GR, glucocorticoid receptor; NMURT, LT, lymphotoxin; neuromedin U receptor 1; OGN, osteoglycin;
PCTR1, protectin conjugates in tissue regeneration 1; PDGF-DD, platelet-derived growth factor-DD; PTN, Pleiotrophin; PTGER, prostaglandin E
receptor; RAR/RXR, retinoic acid receptor; RANKL, Receptor activator of NF-«kB ligand; RET, Ret proto-oncogene; S1PR, shingosine-1-phosphate
receptor; TRAIL, TNF-related apoptosis inducing ligand; TSLPR, thymic stromal lymphopoietin receptor; VIPR, vasoactive intestinal peptide

receptor; 7a,25-OHC, 7a,25-hydroxycholesterol.

In contrast to inflammatory cytokines, TGF-B has
immunosuppressive properties yet is also important
for tissue imprinting immune cell function during devel-
opment [23]. Salivary gland (SG) ILCs, in addition to

liver and intestinal intraepithelial ILC1, express markers
denoting tissue residency and TGF-B imprinting, such
as CD49a, TRAIL and CD73 [24] (Figure 2). TGF-B
promotes the differentiation of SG ILL.C1 by suppressing
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Immune and non-immune cell sources of immunoregulatory molecules that serve as stimuli for activating and inhibitory ILC receptors in fetal and
adult tissues. Abbreviations: DC, dendritic cell; T, T cell; M®, macrophage; RBC, red blood cell; EC, epithelial cells; EPI, epinephrine.

the TF Eomes required for the differentiation of con-  The lymphotoxin (LL'T)-pathway is a critical mechanism
ventional NK cells (Figure 1). Moreover, TGF-B by which fetal L'Ti regulate lymphoid organogenesis,
imprinting of SG IL.C1 was found to be concurrent with ~ such as lymph nodes and Peyer’s patches (PP), during
SG development [24] (Figure 3).

development and polymorphisms in the genes encoding
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LTa are linked to several phenotypes that contribute to
metabolic syndrome [25]. Fetal ILC precursors (ftILLCPs)
with the potential for differentiation into either ILCls,
ILC2s or ILLC3s reside in the intestine during the devel-
opment of PP [26]. The ftIL.CPs aggregate at PP anlagen
in a LTa-dependent manner forming a localized source
for ILC populations (Figure 3). Thus, the L'T-pathway
may link the host immune response, microbiota, and
metabolic syndrome [25].

Using I17-lineage trace mice, a subset of ICAM*V-
CAM™ murine fetal lymphoid tissue organizer (I.'T'o)
cells that express L'TBR and RANKL were shown to
give rise to a population of adult marginal reticular cells
(MRCs) that form a dedicated stromal niche for resi-
dent ILC3 in secondary lymphoid tissues throughout
life [27]. A population of PDGFRa*gp38* mesenchy-
mal cells provides an optimal microenvironment for the
terminal differentiation of fetal liver-derived ILC2s in
peripheral tissues. However, the specific factors pro-
duced by these mesenchymal cells that can promote
terminal IL.C2 differentiation and maturation were not
identified [28].

Macrophages and DCs are prominent sensors of the
tissue environment due to their extensive expression
of pattern recognition receptors and can also instruct
ILC acquisition of specialized tissue-specific functions.
For example, ILLC3 are located in close spatial proximity
to intestinal CX3CR1* mononuclear phagocytes, which
produce more IL-23 and IL-18 than conventional
CD103" DC, and are more efficient in stimulating IL-
22 production by ILC3 [29]. Similarly, CD11¢* DCs
expressing IL.-18 are found in close proximity to ILC3s
in human tonsils. IL.-18 cooperated with an ILC3 sur-
vival factor, 1L.-15, to induce proliferation of human
ILC3s, and production of IL.-22 [30]. Cross-talk between
ILC3 and intestinal macrophages is critical for intestinal
homeostasis. Microbiota-driven IL-1B production by
intestinal macrophages stimulated ILC3-mediated
release of GM-CSF, which acted on DCs and macro-
phages to maintain colonic Treg numbers [31]. Interest-
ingly, TNFSF15 (also know as TL1A) is selectively
expressed by human intestinal mononuclear phagocytes
and is associated with ulcerative colitis and Crohn’s
disease. TNFSF15 binds to TNFRSF25 (also know as
DR3) to enhance IL.-23 and IL.-1B-induced production
of 1L.-22 and GM-CSF by ILC3 [29]. TNFSF15 also
promotes the expansion, survival, and functionality of
ILC2s. Consequently, Tufrsf25~'~ mice fail to control
gut helminthic infections or mount ILC2 responses in
the lung after nasal challenge with papain [32]. In
another example of interplay between TNF-TNFR
superfamily members regulating ILCs, TNFRSF14
(HVEM) binding to TNFSF14 (LIGHT) promotes
IFN-vy production from IL.C3s and protection from Yer-
sinia enterocolitica [33].

Recent studies using 11.-22 reporter mice suggest that
high IL-22 expression is a unique feature of L'Ti cells,
which colocalize with a population of activated macro-
phages constitutively positive for [L.-23p40 in the isolated
lymphoid follicles of the intestine that appear at weaning
and are maintained by the microbiota [34]. The interac-
tion of L'Taf on L'Ti cells with L'TBR expressed on DCs
in cryptopatches promotes an amplification loop resulting
in 1L.-23 secretion by DCs and enhanced I1.-22 produc-
tion by L'T'i during Citrobacter rodentium infection [35,36].

In addition to tissue-resident stromal and myeloid cell
populations, ILCs also readily engage in positive-feed-
back loops with myeloid cells recruited from the circula-
tion. TNF-a produced by inflammatory monocytes
recruited to the lungs of mice infected with Klebsiella
pneumoniae markedly increased the frequency of ILCs
producing IL.-17, which enhanced monocyte-mediated
bacterial uptake and killing [37°]. Basophils are an impor-
tant source of IL.-4 and are recruited from the circulation
to provide protection against helminths but may also
mediate detrimental tissue functions, such as allergen-
induced inflammation [38]. ILLC2s express the 11.-4R and
IL-4 released by basophils can stimulate I1.C2s to pro-
mote allergen-induced airway inflammation [39] and
atopic dermatitis-like disease [40]. Notably, the genes
encoding I1.-33, IL.-33R (ST2), TSLP, I1L.-4, IL.-5 and IL.-
13 have all been linked to atopic disease [41].

Collectively, these studies illustrate that ILL.Cs express a
variety of different cytokine receptors that sense cyto-
kines released by specialized epithelial and stromal cells
or myeloid cells (either resident or recruited) to engage in
positive feedback loops with the aim of rapidly returning
the tissue to homeostasis. Such interactions of stromal
tissues and tissue-resident macrophage populations with
ILCs may be important in both fetal and adult life.
Moreover, polymorphisms in the genes encoding proteins
in these circuits may predispose to inflammatory diseases.

Regulation of ILC functions by cytokines

Whilst many cytokines are potent drivers of ILC activa-
tion, some may also inhibit IL.C functions to limit inflam-
matory responses or are usurped by pathogens or tumor
cells to promote immunosuppression. For example,
tumor-derived TGF-B can suppress NK cell functions
and drive their differentiation into pro-tumorigenic ILC1
[42°°] (Figure 1). SMAD4 has been identified as playing
an unexpected role in regulating non-canonical TGF-8
signaling in conventional NK cells. SMAD4-deficient NK
cells unexpectedly acquired an ILC1-like gene signature
and were unable to control tumor metastasis or viral
infection [43]. TGF-f also impairs the development of
NKp46* ILC3 suggesting that TGF-B cross-inhibits dif-
ferent ILC subsets [44]. Autocrine T'GF- production has
been proposed to maintain and expand a population of
regulatory ILC (ILCreg) that secrete IL-10 during
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intestinal inflammation and can suppress the activity of
ILC1s and ILC3s [45] (Figure 1). Type I IFNSs (i.e. IFN-
a and IFN-B), IFN-y and IL-27 can inhibit ILC2
responses, which may be critical for limiting type 2 immu-
nopathology following viral or bacterial infection [46-48].
Conversely, ILC2-activating cytokines, for example epi-
thelial cell-derived IL-25/TSLP, can cross-inhibit 11.-22
secretion from I1.C3 suggesting that a finely tuned equi-
librium exists in the maintenance of intestinal barrier
immunity [49,50].

In addition to cross-inhibition, ILC subsets may auto-
regulate their own effector functions. For example,
CCR6™ ILC3s control their abundance and the produc-
tion of IL.-17 and IL-22 in response to IL.-23 through
intercellular  interactions between the 'TNFSFI11
(RANKL) and its receptor TNFRSF11 (RANK), suggest-
ing local cell density mediates a feedback mechanism to
dampen ILC3 activity, which may represent a form of
quorum sensing [51°]. Interestingly, a polymorphism in
the gene encoding RANKL is associated with Crohn’s
disease [52].

ILC regulation is also accomplished through competi-
tion for cytokine availability. ILCZ and ILC3 require IL-
7 for development, while ILC1 and NK cells mainly
depend on IL-15 [1-3]. In an immunocompetent organ-
ism, the expansion of ILCs is limited by the presence of
adaptive lymphocytes that compete for stroma-derived
I1L.-7 and/or IL.-15. In the absence of T cells, ILC3s are
overstimulated by intestinal microbiota resulting in sus-
tained IL-22 production, which, in turn, impacts lipid
transport by intestinal epithelial cells and impaired lipid
metabolism [53]. Conversely, ILC3 can limit homeo-
static T cell proliferation by consuming IL.-7 [54,55].
Similarly, MHCII* ILC3s may induce the cell death of
commensal bacteria-specific CD4" T cells through
"TCR-induction of an apoptotic program in concert with
sequestering 1L.-2 [56°].

Uterine NK (uNK) cells are the most abundant ILC
population at the feto-maternal interface during early
gestation and play a significant role in the establishment
and maintenance of pregnancy-related vascularization
[57,58]. The interaction between TNFSF12 (also known
as TWEAK) and its receptor, TNFRSF12A, (also know as
Fn14) helps counterbalance the cytotoxic function of
ulNK cells to maintain feto-maternal tolerance necessary
for successful pregnancy [59] (Figure 3).

Overall, ILCs can form negative feedback loops by sens-
ing cytokines secreted by rival lymphocytic subsets,
lymphoid stroma, developing tissues and tumor cells,
as well as cell-surface anchored cytokines, such as
RANKL, that engage during conditions of increased
ILC density.
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Cytokine impact on ILC fate

Increasing evidence shows that ILC2 and ILLC3 may
convert into ILC1-like cells by downregulating either
GATA3 or RORyt, respectively, upregulating T-bet
and gaining the capacity for IFN-y production [60,61].
"This process, often referred to as ‘ILC plasticity’, may be
important to fine tune IL.C function to a changing micro-
environment (Figure 1). The magnitude and the duration
of cytokine stimulation plays an important role in ILC
plasticity. For example, 11.-23 strongly induces IL-22
secretion by ILLC3 [62,63]. However, sustained exposure
to I1.-23 can facilitate ILC3 to ILC1 conversion. 11.-23
activates STAT4 in ILC3, which drives T-bet expression
[63]. In humans, I1.C3 also develop into ILC1-like cells
upon ¢z vitro culture with recombinant IL-2 or IL-15 [62],
recombinant I1.-12 [64], or IL.-12-producing CD14" intes-
tinal DGs [65]. RA and IL-23-producing CD14~ DCs
induced the reverse conversion of ILC1s into ILC3s [65],
although this reverse conversion has not been established
7 V1Yo 1IN mice.

ILC2 also display functional plasticity in response to
IL-12. Activation with IL-18 and IL-12 or IL.-33 plus
"TSLP and IL.-12 (but not by IL.-12 alone) renders ILC2
responsive to type I polarization by upregulating T-bet
and IL-12R [66°,67,68,69]. Consistent with this path-
way, patients with Mendelian susceptibility to myco-
bacterial disease fail to generate IFN-y-producing
ILC1 from ILC2s due to a deficiency in IL-12RB1
[67]. The strength of IL.-1B signaling has also been
shown to influence ILC2 plasticity. Strong IL-1B sig-
naling upregulated the expression of IL-12R and con-
version of ILC2Z into ILC1, whereas low-dose IL-1(3
signaling favored type 2 polarization in ILC2 [69]. ILLC2
endowed with functional features of ILLC3 have also
been reported. Systemic injection of IL-25 led to the
generation of ‘inflammatory ILC2’ (iILC2) from a
Klrg1™ progenitor cell that in addition to type 2 cyto-
kines expressed RORvyt and the signature ILC3 cyto-
kine IL.-17 and contributed to protection against Nip-
postrongylus  brasiliensis and Candida albicans [70]
(Figure 1). IL-2 signaling in lung ILC2s promotes cell
survival/proliferation and serves as a cofactor for the
production of type 2 cytokines [71]. Conversely, IL-2
and RA signaling in combination with other as yet
unidentified /7 vivo factors can enhance the develop-
ment of a distinct subset of alternatively activated lung
ILC2 that produce IL-10 (termed ILC2;4), which
downregulate pro-inflammatory genes and are associ-
ated with reduced eosinophil recruitment to the lung
[72] (Figure 1). Thus, the magnitude and duration of
ILC stimulation by tissue cytokines combined with
signals specific to the tissue microenvironment may
be a critical factor in regulating the functional plasticity
of ILCs in different tissues particularly during inflam-
matory conditions [14,15].
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ILCs engage growth factor pathways

Growth factors (GFs) are important for a variety of
cellular and developmental processes and GF signaling
pathways are commonly subverted in cancer. NKp44 is
an activating immunoreceptor expressed on human acti-
vated NK cells, ILC1 and ILC3 (Figure 2). NKp44 was
found to bind to PDGF-DD [73°°], a GF secreted by
platelets, endothelial and tumor cells (Figure 3) that can
promote angiogenesis, stromal reaction and tumor
growth through PDGFR signaling. PDGF-DD engage-
ment of NKp44 triggers IFN-y and TNF-a secretion
from NK cells and ILC1 and TNF-a secretion from
ILC3 that induced tumor cell growth arrest iz vitro and in
vivo [73°°]. The ability of ILCs to engage in GF surveil-
lance through NKp44 is a new immunological paradigm
that remains to be fully explored. Interestingly, trans-
forming viruses encode PDGF homologues and a
PDGFD polymorphism is associated with IFN-y levels
in humans [74] suggesting that GF surveillance path-
ways may have been driven by selective pressure
imposed by transforming viruses [73°°].

GF sensing by ILCs may also regulate important devel-
opmental processes. For example, human and fetal mouse
ILC3s that display L'Ti activity and express neuropilin
receptor 1 (NRP1) are located in near high endothelial
venules. VEGF-A binds to NRP1 and serves as a chemo-
tactic factor for lung-resident NRP1" ILLC3, suggesting
these cells may play a role in the initiation of ectopic
pulmonary lymphoid aggregates in smokers and patients
with chronic obstructive pulmonary disease [75].

In pregnancy, maternal uterine spiral artery (SA) remo-
deling is essential for ensuring efficient blood flow to the
developing fetus. A subset of CD49a*Eomes™ decidual
NK cells (dNK) that actively secretes GFs, such as
pleiotrophin and osteoglycin, have recently been
described in humans and in mice. The GF-secreting
function of this dNK subset was regulated by tropho-
blast-expressed HLLA-G binding to LILRB1 (also know
as IL'T2) on dNK and deficiency in this subset impaired
fetal development resulting in restricted fetal growth
[76]. Thus, engaging with GF pathways by ILCs may
operate during development, malignancy and possible
also during infections with pathogens that have captured
GFs or can induce their expression.

Complement arouses ILC functions

The complement system is an evolutionary ancient sys-
tem of immune defense. Properdin (also known as com-
plement factor P) is a plasma glycoprotein that binds to
microbial surfaces and apoptotic cells and triggers the
alternate pathway of complement that leads to the for-
mation of the membrane attack complex and target cell
lysis. Human and mouse ILLC1 and a subset of ILC3
express the activating immunoreceptor NKp46 (Figure 2).
Properdin binds to NKp46 and NKp46 and ILLC1s were

required for resistance to Neisseria meningitidis opsonized
by properdin [77°]. Since NKp46 mediates both positive
and negative immunoregulation [78], it will be important
to delineate the pathways regulated by the NKp46-pro-
perdin interaction in different disease models including
cancer.

ILCs as chemosensory cells

The Aryl Hydrocarbon Receptor (AHR) is a ligand-acti-
vated TF that binds indoles derived from the bacterial
degradation of dietary tryptophan, as well as tryptophan
metabolites contained in vegetables [79], bacterial toxins
[80°°] and environmental polycyclic hydrocarbons (Fig-
ure 3). AHR drives the development of ILC3 and their
production of I1.-22 [81], providing a mechanism to adapt
the intestinal innate immune system to nutrition and
intestinal flora. NK cells also express AHR, which was
required for optimal NK cell cytotoxicity, IFN-y produc-
tion and anti-tumor activity [82].

Studies using genetic mouse models and various diets
have shown that sensing of vitamin A metabolites 7z utero
is crucial for the prenatal differentiation of L'Ti cells,
which control the size of secondary lymphoid tissues and
the generation of protective immune responses in adults
[83°°]. In adult mice, RA signaling favors the develop-
ment of ILC3s over ILLC2s. Consequently, vitamin-A-
deficient mice fail to control C. rodentium infection but
are resistant to helminth infection [84°°]. In contrast to
the immunostimulatory functions of vitamin A metabo-
lites, vitamin D is predominantly immunosuppressive
for ILCs and downregulates IL1.-22 expression in ILC3
[85]. Consequently, vitamin D receptor knockout mice
have more IL-22-producing I1.C3, secrete more antibac-
terial peptides and are more resistant to C. rodentium
infection [86].

In addition to vitamins and metabolites, ILL.Cs sense a
range of lipid mediators, such as prostaglandins (PG),
leukotrienes, and oxysterols, which are released during
inflammation and tissue repair, in addition to the blood
borne lipid, sphingosine-1-phosphate (S1P). PGD2 and
cysteinyl leukotrienes bind to the CRTH2 and CysLL' T1R
receptors, respectively, to enhance ILC2 cytokine pro-
duction [87-89], whereas PGE2 inhibited GATA-3
expression and IL-5 and IL.-13 production by ILC2s in
response to [1.-25, I1.-33 and 'T'SLP through the PTGER-
2 and PTGER-4 receptors. [90]. PGE2 also downregu-
lated the expression of IL.-2 receptor a (CD25) leading to
reduced responsiveness to IL-2 and ILC2 proliferation.
In contrast, oxysterols, such as 7a,25-hydroxycholesterol,
activate the GPR183 receptor to promote I1.C3 migration
and localization to cryptopatches and isolated lymphoid
follicles [91°]. S1P activates SIPR-1, SIPR-4 and S1PR-5
to promote lymphatic entry, blood circulation and migra-
tion of iIILC2s to distal sites [92].
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ILCs anticipate neuronal-derived factors
Recent studies have revealed that ILCs express receptors
for neural peptides, thus enabling cross-talk with the
peripheral nervous system. ILLC3s express RET (Fig-
ure 2), which is a receptor for members of the glial
cell-derived neurotrophic factor family of ligands
(GFL) (Figure 3). Toll-like receptor signaling upregu-
lates GFLs in response to bacterial infections and GFL
binding to RE'T enhances ILC3 secretion of 11.-17 and
IL-22 [93°°]. ILC2s were found in close contact with
enteric neurons that can produce vasoactive intestinal
peptide (VIP), which engages VIP receptor to enhance
ILCZ secretion of type 2 cytokines in response to hel-
minth infections [94]. Enteric neurons can also release the
peptide neuromedin U (NMU), which activates 1LC2
cytokine secretion via NMU receptor 1 to stimulate
mucus production by goblet cells and control of helminth
infection [95-97]. Conversely, ILC2s express adrenergic
receptor B2 (ADRB2) that can inhibit cytokine secretion
[98°°].

It has been shown that the vagus nerve can sense periph-
eral infections and/or tissue injuries via an afferent arc,
which activates efferent neural circuits that modulate the
progression of inflammatory responses [99]. Escherichia
coli infection in mice triggers the production of acetyl-
choline (ACh) by the vagal system, which can arouse the
cholinergic receptors (CHRM)-1, -2, -4 and -5) and
induce ILLC3 production of resolution phase lipid med-
iators, such as the protective immunoresolvent PCTR1 to
promote myeloid cell responses, resolution of inflamma-
tion, and tissue repair [100°°]. Future studies are likely to
reveal the expression and function of additional receptors
for neuronal-derived mediators, expanding the impact of
the peripheral nervous system to different aspects of ILC
biology.

Impact of the endocrine system on ILCs

The neuroendocrine system is a key player in controlling
hyperinflammation and prevention of tissue damage.
Inflammatory cytokines stimulate the hypothalamic-pitu-
itary-adrenal (HPA) axis to produce glucocorticoid (GC),
which is a critical step in establishing tolerance to septic
shock, although the cellular targets remain unclear (Fig-
ure 3). NK cells and ILC1 express GC receptor, which
was required to limit IFN-y production, permitting IL.-
10-dependent tolerance to microbial endotoxins [101]
(Figure 2). Moreover, endogenous GC induced the
expression of the checkpoint receptor PD-1 on NK cells,
which limited IFN-vy production by splenic NK cells and
preventing virus-induced immunopathology without
compromising viral clearance [102°°].

Hormones are active at many stages of development.
Fetal trophoblast cells express the pregnancy-related
peptide hormone adrenomedullin that binds to the Cal-
citonin receptor-like receptor (CALCRL) to promote the
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recruitment and activation of maternal uNK cells to the
placenta and facilitation of maternal SA remodeling [103].
Sex hormones can regulate many autoimmune and
inflammatory diseases, such as asthma. For example,
asthma is twice as prevalent in women compared to
men. Moreover, administration of testosterone and the
downstream active hormone, 5Sa-dihydrotestosterone,
reduced the numbers and IL-5 and IL.-13 expression
from ILC2 and attenuated allergen-induced airway
hypersensitivity in mice. Interestingly, women with
asthma have increased ILC2s compared to men [104°],
suggesting that sexual dimorphism in ILC2 numbers may
explain higher susceptibility to asthma in women [104°].

Concluding remarks

Collectively, many studies now highlight how ILCs
employ a battery of specialized receptors to sense cyto-
kines and other inflammatory mediators, metabolites, cell
density, neuronal signals, hormones, complement, dam-
age-associated molecules, and growth factors that are
secreted by myeloid cells and specialized epithelial
and stromal cells for example FRCs and tuft cells. All
of these mediators impact the development of IL.Cs in
tissues and establish positive and negative feedback loops
that control ILC responses to different pathogens and
malignancies, as well as critical developmental process,
such as SA remodeling in pregnancy and lymphoid organ-
ogenesis. Interestingly, many of the genes encoding
products that form vital nodes in these biological circuits
are associated with inflammatory diseases. Consequently,
a greater understanding of the basic biology underpinning
the regulatory feedback loops that IL.Cs form with their
resident tissues, the development and diversity of ILC
subsets and their unique functions will provide insights
into the mechanisms of immune-mediated diseases and
likely lead to the development of the next generation of
clinical targets for therapeutic intervention.
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