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Abstract

Discovery of innate lymphoid cells (ILCs), which arenon—T, non—-B lymphocytes that have no
antigen—specific receptors, changed the classical concept of the mechanism of allergy, which had
been explained mainly as antigen—specific acquired immunity based on IgE and Th2 cells. The
discovery led to dramatic improvement in our understanding of the mechanism of non—IgE-
mediated allergic inflammation. Numerous studies conducted in the past decade have elucidated
the characteristics of eachlLC subsetin various organs and tissues and theirontogeny.We now
know that each ILC subset exhibits heterogeneity.Moreover, the functions and
activating/suppressing factors of each ILC subset were found to differ among both organs and
types of tissue. Therefore, in this review, we summarize our current knowledge of ILCs by
focusing on the organ/tissue—specific features of each subset to understand their roles in various
organs. We also discuss ILCs’ involvement in human inflammatory diseases in various organs and
potential therapeutic/preventive strategies that target ILCs.

1 INTRODUCTION

Discovery of innate lymphoid cells (ILCs), which are non—T, non—B lymphocytes that have no
antigen—specific receptors,'changed the classical concept of the mechanism of allergy,which had
been explained mainly as antigen—specific acquired immunitybased on IgE and Th2 cells. The
discovery enabled us to logically explain the findings of genome-wide association studies
(GWAS) and led to dramatic improvement inour understanding of the mechanism of non-IgE—
mediated allergic inflammation. As a result, we are now able to better explainhow such allergic
diseases as asthma and atopic dermatitisare exacerbated in an antigen—non—specific manner in
reallife.ILCs are innate-type lymphocytes that lack antigen—specific receptors but produce
cytokines in response to various stimuli at barrier surfaces.> ILCs were initially divided into three

different subsets—ILC1, ILC2 and ILC3—based on their transcription factors and the cytokines
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they produced. That classification resembles the division of helper T cells into three subsets: Thl,
Th2 and Th17 cells.! However, at present, ILCs are divided into five different subsets due to
inclusion of developmentally diverse cell populations such as NK cells and lymphoid
tissue-inducer (LTi) cells as separate subsets (Figure 1).> NK cells are characterized by
eomesodermin (EOMES) expression, whereas ILCl1s express T-box expressed on T cells (T-bet)
but do not express EOMES.Numerous studies have been conducted in the past decade,
dramatically improving our understanding of the detailed characteristics of each ILC subset, i.e.,
their developmental pathway,functions and activating/suppressing factors. On the other hand, it is
becoming clear that, despite categorization of ILCs into five different subsets,3each subset
comprises a heterogeneous cell population.*’Moreover, the functions and activating/suppressing
factors of each ILC subset were found to differ among both organs and types of tissue.

This review summarizesour current knowledge of ILCs by focusing on the organ/tissue—
specific features of each subset in order to understand their roles in various organs. We also
discuss ILCs’ involvement in human inflammatory diseases in various organs and potential
therapeutic/preventive strategies that target ILCs.
2SUBSETS OF ILCS AND THEIR PLASTICITY

Both NK cells and ILCl1s produce type 1 (also known as Thl) cytokine, interferon (IFN)-y,
and are involved in immune responses against intracellular pathogens. NK cells and a minor
population of ILClsinspecific tissues, called intraepithelial ILC1s (ieILCls), have a cytotoxic
function via perforin and granzymes.NK cells are regulated by signals through various membrane—
bound receptors, including killer—cell immunoglobulin—like receptors (KIRs) and natural
cytotoxicity receptors (NCRs), in additionto cytokines.® However, the function of those receptors
on ILCl1s remains unclear.

ILC2s are characterized by expression of GATA binding protein 3 (GATA-3) and production
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of type2 (also known as Th2) cytokines as well as amphiregulin (Areg) and IL-9;they are involved
in the immune responses against helminths. ILC2s are regulated by various kinds of solublefactors
such as cytokines,’3? neuropeptides/neurotransmitters3!-4! and lipid mediators.*>**’They are also
regulated via direct interaction of receptor—ligand pairs on ILCs and target cells (cell—cell contact)
(Table 1).43-32

ILC3s express retinoic acid—related orphan receptor (RORyt) and produce such type3 (also
known as Th17) cytokines as IL-17A and IL-22. They are responsible for the immune responses
against  extracellular  pathogens.  ILC3s  are regulated by  cytokines’*>%and
neuropeptides/neurotransmitters,>*-%%as well as cell—cell contact (Table 1).6'-ILC3s are generally
divided into two distinct subtypes according to their expression of NCRs. NCR'ILC3s
preferentially express IL-22, whereas NCRILC3s express both IL-17A and IL-22.%4LTi cells also
express RORyt and produce IL-17A and IL-22. Unlike ILC3s, LTi cells are involved in the
formation of secondary lymphoid tissues during the fetal period.After birth, CCR6*ILC3s inthe
murine intestine® and neuropilin-1*ILC3 in the human tonsil®® show a similar phenotype to LTi
cells, and they are considered to bethe adult counterparts of LTi cells.However, the characteristics
of those cells in other organs remain unclear.

Resident IL-10—producing regulatory ILCs (initially named “ILCregs”) uniquely express
inhibitor of DNA binding 3 (Id3)and resemble regulatory T cells (Tregs);*’they were first
identified in mouse intestine at steady state. Later studies found that IL-10—producinglLCs were
inducible, but not residential,**when type 2 inflammation was present, like in organs and tissues
such as thelungin a murine asthma model?>%%%and the nasal tissue of patients withchronic
rhinosinusitis with nasal polyp (CRSwNP).2Those cells were rarely detected in such
organs/tissues at steady state. IL-10—producingILCs share some phenotypic features, like GATA-3

expression,with ILC2s, suggesting that they had undergone conversionfrom ILC2s.Indeed, such
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conversion was seen in vitro when human and mouse ILC2s were stimulated with retinoic acid
(RA) (Figure 1).2%%Therefore, IL-10—producinglLCsare not considered to be a distinct stable
subset like Tregs, but rather a cell type converted from ILC2s. They arenow variously called
ILCregs? or ILC2,¢%%"! or exhausted—like ILC2s7%"2or IL-10—producingIL.Cs.”>7* Although they
share some phenotypic features such as cytotoxic T-lymphocyte—associated protein 4 (CTLA-4)
expression,?>6%70.73.74 further studies are needed to clarify whether they are the same cells. Similar
to the findings for ILC2s, NK cells didnot produce IL-10 under homeostatic conditions, but started
to produce it in the inflamed tissues of pathogen—infected mice.”>’7 These findings also support
the concept that IL-10—producingILCs are derived from effector subsets.

ILCs are known to be highly plastic and change their function and phenotype depending
onmicroenvironmental cues (Figure 1).”® This phenomenon is called “plasticity”, and it enables
ILCs to respond promptly to microenvironmental changes without any need for differentiation or
migration of new ILC subsets and/or progenitors adapted to a new microenvironment. These
adaptations are obvious in the inflamed tissues of patients with inflammatory diseases that are
biased to a certain specific immune response.”’*-82 However, single-cell RNA sequencing
(scRNA-seq) of tissue ILCs revealed that there are certain cell types in between two distinct
subsets even at steady state.®
3ILC DIFFERENTIATION AND TISSUE RESIDENCY
ILC1, ILC2 and ILC3 emerge from common lymphoid progenitors (CLPs) after a series of
differentiation stages into ILC precursors (ILCPs) in the fetal liver and postnatal bone marrow and
spleen. ILCPs after birth also reside in peripheral tissues such as the lung,>’83-% intestine,?¢
secondary lymphoid organs®>#7 and peripheral blood.®> A recent study using a fate—mapping
technique revealed that mosttissue ILC2s in adults arose largely during the neonatal-infancy

period. Only a minority is replenished from hematopoietic stem cells during adulthood.®¥These
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findings suggest that tissue ILC2s are continuously replenished from local precursors residingin
tissues during the neonatal-infancy period. Indeed, selective depletion of lung ILCPs in the
neonatal period results in chronic marked reduction of lung ILC2s and ILC3s.5’ Parabiosis
experiments demonstrated that matured ILC2s were tissue—resident and didnot migrate between
organs during homeostasis.?># In inflammatory states, ILC2s have been suggested to be mobilized
from other organs into the inflamed tissues,”-*3but the long-term capacity of these cells to adjust
to different tissue environments remains unclear. Most studies have been conducted using ILC2s,
and further studies are needed to improve our overall understanding of ILCs' tissue residency and
migration.

Transcriptome and epigenome analysesfound each ILC subset to have unique open chromatin
landscapes that specified stepwise development regardless of the organ.”* However, all subsets of
ILCs also had broadlyaccessible loci encoding lineage—defining transcription factors,” suggesting
the existence of mechanisms that provide for phenotypic flexibility. In contrast, although ILC2s in
the bronchoalveolar fluid and mesenteric lymphnodes have different phenotypes, their epigenetic
featureswere highly similar.” These findings suggest that the phenotypic differences seen for each
ILC subset in various organs may reflect the microenvironment rather than epigenetic
modification.
4CHARACTERISTICS OF ILCS IN VARIOUS ORGANS AND TISSUES
4.1 Skin
The skin is comprised of epidermis, dermis and subcutaneous tissue. The composition of ILCs
differsdepending on the skin layer: in mice, the predominant cell type isILC3s in the
epidermis,ILC2sin the subcutaneous tissue, and both ILC2s and ILC3s in the dermis.”NK cells
reside mainly in the dermis and rarely in the epidermisin both humans and mice (Figure 2A).%7

IL-33, IL-25 and thymic stromal lymphopoietin (TSLP) are the major activators of
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ILC2s.However,the effects of those cytokines on ILC2s in tissues vary depending on the
organ.The number of IL-57ILC2s in skin fromtriple—deficient (TKO) mice, which lack TSLP
receptor (TSLPR), IL-25 and IL-33 receptor (ST2), was comparable to in wild—type (WT) mice at
steady state, whereas their numbers in the lung, fat and gut from TKO mice were significantly
reduced compared to WT mice.?’These findings suggest thatthese three cytokines are not involved
in IL-5—producingskin ILC2s at steadystate, unlike for ILC2s in other organs.In line with this,
TSLPR, IL-17RB and ST2 are not expressed at the protein level in most healthy human skin
ILC2s,’! but they are expressed at the transcription level in mouse skin ILC2s.”Likewise, TSLP
and IL-25 do not induce type2 cytokine production by healthy human skin ILC2s, whereas 1L-33
does.’'On the other hand, many skin ILC2s expressed IL-18R1, and IL-5"ILC2s in the skin were
significantly reduced in IL-18-deficient mice compared to WT mice,?® suggesting the importance
of IL-18 in IL-5—producing skin ILC2s at steady state.Recent scRNA—seq analysis showed that
subcutaneous ILC2spredominantly expressed ST2, whereas dermal ILC2s expressed IL-18R1
(Figure 2A).%¢ These findings suggest that thepredominant cytokines differ between subcutaneous
ILC2s and dermal ILC2s.

In mice, ILC3sin both the epidermis and dermis expressed CCR6, and epidermal
CCR6'ILC3swere selectively reduced in the skin of CCR6-deficient mice.”® These findings
suggest the importance of CCR6 in localization of epidermal ILC3sand also as a possible
therapeutic target. In humans, NCR'ILC3s were the predominant population in skin from healthy
individuals, while NCR*ILC3swere a minor population (Figure 2A).%

4.2 Respiratory tract
The respiratory tract consists of the upper airways, includingthe nasal cavity and paranasal
sinuses, and the lower airways, including bronchi,bronchioles and alveoli.In human lungs, NK

cellsand CD127*ILClswere the predominant populations, followed by ILC3s. ILC2swere a minor
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population in human lungs, whereasthey were the predominant population in mouse lungs.””In
human nasal tissue, ILC1s and ILC3swere the predominant populations, while ILC2swere a minor
population (Figure 2B).100

Lung ILC2s and nasal ILC2s express ST2, and both produced type2 cytokines in response to
IL-33 (Figure 2B).!9L102TSLP alone did not induce production oftype2 cytokines, but it enhanced
IL-33-induced cytokine production by lung ILC2s.'20f note, in vitro, TSLP inhibited
corticosteroid—induced apoptosis of ILC2s through activationof signal transducer and activator of
transcription 5 (STATSY). In addition, anti-TSLP treatment reduced the number of ILC2s in BALFs
in the OVA/IL-33—induced corticosteroid—resistant asthma model and resulted in improvement of
eosinophilic airway inflammation.!®These findings suggest that the TSLP-ILC2 axis is involved
in steroid resistance in eosinophilic airway inflammation.Lung ILC2s at steadystate expressed
IL-17RB at a low level and hardly responded to IL-25 alone.!'®*However, in the case of
Nippostrongylus brasiliensis infection of primarily the intestines,IL-25-responsive killer cell
lectin—like receptor G1 (KLRG-1)MIL-17RBMILC2s (named inflammatory ILC2s; iILC2s)
accumulatedin  the lungsafter conversion from ILC2 precursors in the small
intestine.”93:1%4Airway ILC2s also expressed receptors for TNF superfamily (TNFS) cytokines.
Briefly, mouse lung ILC2s expressedTNF receptor superfamily (TNFRSF) 253%105and
glucocorticoid—induced TNFR-related protein 18 (GITR/TNFRSF18).2Human nasal ILC2s
expressed the receptor activator for NK-kB (RANK:TNFRSF11A)."°Those ILC2s also produced
type2 cytokines in response to their respective ligands (Table 1). IFN-a/f,?>?° IFN-y?%23-26and
IL-27%22527suppressed activation of ILC2s. IL-27 receptor alpha was preferentially upregulated in
mouse lung ILC2s compared to ILC2s in other organs,?® suggesting the importance of IL-27 as a
regulator of lung ILC2s. Mouse Ilung ILC2s expressed receptors for such

neuropeptides/neurotransmitters as neuromedin U (NMU),3!32vasoactive intestinal peptide
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(VIP),>*3norepinephrine®® and calcitonin gene-related peptide (CGRP).373840VIP and NMU
activated lung ILC2s to produce type 2 cytokines,3!3>3whereasnorepinephrine suppressed
proliferation of lung ILC2s through beta-2 adrenergic receptor (2-AR) (Table 1).3¢ The effects of
CGRP on lung ILC2s remain controversial.’”384°Most of these studies investigated mouse lung
ILC2s, and similar studies need to be conducted in regard to human lung and nasal ILC2s.In
humans, a chemoattractant-receptor—-homologous molecule expressed on Th2 cells (CRTh2), i.e.,
a receptor for prostaglandin D, (PGD,), is used as a marker for ILC2s.!3
PGD,inducedmigration*>1%and cytokine production of ILC2sin vitro.***In vivo, PGD,was crucial
for migration of ILC2s to mouse lungs.”°However,expression of CRTh2 on ILC2s
differsdepending on the organ. Lung ILC2sin both humans and mice expressed less CRTh2
compared to those on peripheral blood (PB) ILC2s,”*whereas CRTh2 expression was comparable
on nasal andPB ILC2s (Figure 2B).!%! These findings suggest that lung ILC2s may be less
responsive to PGD, than nasal ILC2s.

The characteristics of ILC3s in the respiratory tract have not been sufficiently studied. In
mouse lungs, CCR6"ILC3swere the predominant population among ILC3s and produced IL-17A
and IL-22.'7In high—fat-diet obese mice, IL-1B expanded CCR6'ILC3s in the lungs, and
thosecells inducedairway hyperreactivity,such as seen in asthma,through IL-17A.3¥In humans,
NCRILC3s were more abundant than NCRILC3s in both lung!'%® and nasal'® tissues (Figure 2B).
4.3 Gastrointestinal tract
The gastrointestinal (GI) tract consists of the upper GI tract, including the esophagus, stomach,
duodenum; and the lower GI tract, including the small intestine and colon.The roles, structure and
microbiotaof each organ differ markedly. Therefore, the microenvironments of the organscan be
presumed to be completely different.In humans, ILCls, including CD127°ILCls and ielLCls,

arethe predominant population in the upper GI tract. In contrast, in the lower GI tract, ILC3s
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predominate.'®ILC2sare a minor population throughout the GI tract.!In contrast, in mice,
ILC2swere predominant in the stomach, whereas ILC3swere predominant in the lower GI tract
(Figure 2C).110

Although human ILC2s from both the upper and lower GI tracts express CRTh2,”some of
their other characteristics differ between the upper and lower GI tracts. Gastric ILC2s express high
levels of ST2, whereas intestinal ILC2s predominantly express IL-17RB(Figure 2C) and a low
level of ST2. Gastric ILC2s proliferatedin response to IL-33, but not IL-25.in vitro,''* whereas
small intestinal ILC2s secreted IL-13 in response to both IL-33 and IL-25.1"!IL-25,constitutively
expressed by epithelial-lineage tuft cells in the intestines, sustained ILC2 homeostasis in the small
intestine.!!1-113

Intestinal ILC2s are also regulated by food components and neuropeptides secreted in response
to food ingestion.A vitamin Ametabolite, RA,acted as a negative regulator of ILC2
differentiation.!"*Like mouse lung ILC2s, mouse intestinal ILC2s expressed the receptor for VIP
and increased after food ingestion, together with increased VIP.34In addition, mouse intestinal
ILC2s expressed the receptor for NMUand were activated by NMU (Table 1).3

Intestinal ILC3s are regulated by the intestinal microbiota, either directly or indirectly.Indeed,
the frequency of RORyt"ILC3s as well as IL-22—producing ILC3sin the intestine was reduced in
germ—free (GF) mice compared to conventional mice.!''’Metabolites such as short—chain fatty
acids (SCFAs) are crucial factors for the microbiota. CCR6*LTi-like cellsin the mouseileum and
colon expresseda receptor for SCFAs, i.e..free fatty acid receptor 2 (FFAR2: GPR43).Decreased
frequencyand impaired function of ILC3s in GF mice were restored to some extent by
feedingthem SCFAs.!"”"Microbiota—induced cytokines are also crucial factors. Segmented
filamentous bacteria (SFB) induced IL-23 production by myeloid cells, which in turn induced

IL-22 production by CCR6LTi-like cells, NCR'ILC3s and NCR-ILC3s.!!8!""Microbiota—induced
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TNF-like cytokine 1A (TL1A) from CX3CR1* mononuclear phagocytes, together with
IL-23,activated CCR6LTi-like cells.’*!?*Microbiota also induced IL-1p production by intestinal
macrophages, IL-1B in turn inducedgranulocyte—macrophage colony—stimulating factor (GM-
CSF)production by ILC3s. ILC3—derived GM—CSF supported expansion of Tregs, which promote
oral tolerance.'?!

Intestinal ILC3s are also regulated by food components and neuropeptidesthat are secreted in
response to food ingestion (Table 1). RA supported the development of LTi-like cells,!?? as well
as activation!'®!23 and migration of intestinal ILC3s in mice.!**Mouse intestinal ILC3swere
localized in close proximity to VIP—expressing enteric neurons.’*%"However, the effects of food
ingestion and VIP on intestinal ILC3s remain unclear, since two reports presented conflicting
results.’*®Recently, the circadian rhythm, by which organisms regulate physiological systems to
adapt to environmental changes, was reported to also regulate intestinal ILC3s.!?5-12"Briefly,
deletion of the master clock gene Arnt/,which encodes Bmall, resulted in marked reduction of
intestinal ILC3s.!?’In addition, deletion of a circadian related gene,Nrldl (Rev-Erba), resulted in
marked reduction and impairment of NCR*ILC3s, whereas it increased IL-17 production by
NCR-ILC3."2Most studies have been conducted on the lower GI tract, so the characteristics of

ILC3s in the upper GI remain unclear.

SAGE-RELATED FACTORS AFFECTING ILCS

Recent findings suggest that tissue ILCs are also affected by age. In mice, the number of ILC2s in
the lungs peaked during the neonatal-infancy period after birth.8:12812°[n addition, neonatal lung
ILC2sspontaneously expressed IL-5 and IL-13 and produced more type2 cytokinesthan adult
ILC2s did.?%!?®Mouse skin ILC2s and intestinal ILC2s also peaked during the neonatal-infancy

period (Figure 3).38 Interestingly, the number of lung ILC3s also peaked during the neonatal—
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infancy period in mice.’’Moreover, human intestinal NK cells and CD127°ILC1s showeda similar
trend with age, and infant intestinal NK cells were functionally superior to adult NK cells.!3*These
findings suggest that innate immunity, especially ILCs, is more developed during infancy than in
adulthood, which compensates for the still-immature acquired immunity. Of note, as mentioned
earlier,ILCs are tissue-resident,??8%13land tissue ILC2s in adults comprise the population that
arose largely during the neonatal-infancy period.®¥These findings also indicatethe importance of
the neonatal-infancy period as a critical time—window for development oflife-long ILC2-
dependent immunity (Figure 3).

Recently, the innate immune system, including ILC2s, has been shown to possess a kind of
memory—like capacity called “trained immunity”. This means long—term functional adaptability
that enables them to respond quickly and strongly to secondary stimuli.'3?Briefly, allergen— (or
stimuli—) experienced ILC2spersistedfor a long time atlocal tissue sites and responded potently
upon re-exposure to the stimulus.'3Interestingly, activation (“training”) of lung ILC2s by
endogenous IL-33 during theneonatal-infancy period was crucial for the function of adult lung
ILC2s,34emphasizing the importance of that early period for development of life-long ILC2—
dependent immunity. On the other hand,excessive activation (training) of ILC2s during the
neonatal-infancy period may lead to hyperactivity of ILC2s later in life, which may result in
allergic diseases. Indeed, human infants with severe respiratory syncytial virus (RSV)
bronchiolitis had increased ILC2s and IL-33 in nasal aspirates compared with infants with mild
RSV infection,'3’ and the severe infection was shown to be a strong risk factor for allergic asthma
at age 13.136

At present,the origin and lifespan oftissue ILCs other than ILC2s remain unclear.However,
considering that trained immunity was also found in other subsets of ILCs,!37-13%xposure to

various stimuli—including the microbiota, infection and other factors—during the neonatal—
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infancy period could be a crucial factor in the formation of life-long ILC—dependent tissue
immunity.Moreover, excessive activation ("training") may lead to development of chronic
inflammatory diseases later in life (Figure 3).

6INVOLVEMENT OF ILCS IN INFLAMMATORY DISEASE AND THERAPEUTIC
APPROACHES TARGETING ILCS

6.1 Skin

6.1.1 Atopic dermatitis

Lesional skin of atopic dermatitis (AD) patients was compared to healthy skin, and both the
frequencies of ST2*ILC2s, IL-17RBILC2s and TSLPR*ILC2514% and the expression of each of
IL-33, IL-25 and TSLP3141-143 were increased. However, possibleinvolvement of an epithelial—
derived cytokine/ILC2 axis in the pathophysiology of AD needsto be discussed further. In mice,
topical application of a vitamin Danalogue (MC903)inducedAD-like skin inflammation in an
ILC2—-dependent manner.'*Involvement of IL-33 in this model is controversial,>!-14%-1443g is the
effectiveness of anti-IL-33 monoclonal antibody (mAb) treatment forADand eczema in
humans(Figure 4Aand Table E1).MC903—induced skin inflammation was attenuated in TSLPR—
deficient mice compared to WT mice.!#’In that model, TSLP induced basophils to produce 1L-4,
which led to activation of skin ILC2s.!#In humans, anti-TSLP mAb treatment ofADshowed
numerical improvement over the placebo after 16 weeks of treatment but did not reach statistical
significance (Figure 4A and Table E1).Based on receptor expressionby skin ILC2s, IL-18 could be
a potential target, but no clinical study is in progress. mAbs targeting downstream of ILC2
activationshowed a substantial effect on AD (Table E1), suggesting that ILC2s may be involved in
the pathophysiology of AD. In addition to ILC2s, recent work revealed the potential of NK cells as
a therapeutic target for AD.!46

6.1.2 Psoriasis
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The frequency of NCR'ILC3swas increased in lesional skin,”® non—lesional skin'4” and PB%147 of
psoriasis patients compared to the controlsandcorrelated with disease severity.”® In addition, the
frequency of ILC2s was decreased in lesional skin of psoriasis patients, suggesting involvement of
conversion of ILC2s into ILC3s in the pathophysiology.®’Indeed, ILC3 activators and effector
cytokines were increased in the lesional skin of psoriasis patients compared to healthy skin.!*¥In
mice, RORyt'ILC3s were involved in toll-like receptor 7 (TLR7)agonist (Imiquimod)-induced
psoriasis—like skin inflammation.'*These findings point to involvement of NCR'ILC3s in the
pathophysiology of psoriasis.In humans, mAb treatments targeting IL-23p19,IL-12p40,IL-17A,
IL-17A/IL17F andIL17RAwere highly effective for psoriasis patients (Figure 4B and Table
El).Based on the expression and role of skin ILC3s, CCR6 could also be a potential treatment
target.

6.2 Respiratory tract

6.2.1 Asthma

A GWAS showed thatsingle nucleotide polymorphisms in IL-33 and ST2 as well as TSLP were
associated with asthma development.The frequencies of ILC2s in the PB and bronchoalveolar
lavage fluids (BALFs)of asthma patients were increased compared with control subjects and
correlated negatively with lung function.!>%!3!In addition, the levels of IL-33'3! and TSLP'>? in
BALFswere increased in asthma patients. Of note,the TSLP level in asthma patients’ BALF
correlated with steroid resistance of ILC2s,!3>which supports earlier evidence of a role for TSLP in
steroid resistance in mice.!%Likewise, numerousmouse studies using various asthmamodels also
showed involvement of ILC2s as well as IL-33 and TSLP in the pathophysiology of
asthma.'>>134In humans, three mAbs targeting downstream of ILC2 activation,i.e., anti-IL4Ra,
anti-IL-5 and anti-IL-5Ra, showed a substantial effect on asthma (Table E1).In regard to upstream

regulators, anti-IL-33 mAbs are currently undergoing clinical trials forpatients with moderate—
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severe asthma.Anti-TSLP mAb treatment significantly reduced asthma exacerbation in steroid—
resistant severe asthma patients (Figure SA and Table E1).Besides type2 inflammation, typesl and
3 may also be involved in the pathophysiology of asthma, especially the severe
phenotype.!>Expression of IL-17 in the lungs'>®wasincreased in severe asthma patients,
suggesting involvement of ILC3s or newly—identified IL-17-producing ILC2s'7 in the
pathophysiology of severe asthma.However, mAb treatments targeting typel and type3
inflammation have so far not shown any clinical benefit in asthma patients(Figure SA and Table
El).

6.2.2 CRSwWNP

CRSwNP is characterized by eosinophil infiltration and type2 inflammation.The frequency of
ILC2s in nasal polyps (NPs) is increased compared to healthy nasal tissues.!'0l:158-16ITSLP
wasconsistently upregulated or increased in NPs of CRSWNP patients compared to controls,'6%163
suggesting that TSLP may be a potential therapeutic target (Figure 5B). In contrast, the levels of
IL-33160.162.164165 gpd [[.-25160.162.164-166 i NPshave been variously reported as elevated or
comparable to controls.RANK ligand (RANKL)"?andlipidmediators such as PGD, and cysteinyl
leukotrienes are also elevated in NPs of CRSwNP.!¢7.168Therefore, these moleculesmay also be
potential therapeutic targets.In humans, treatment withanti-IL4RamADb reduced the size of NPs in
CRSwNP patients.Anti-IL-33 mAbsare now in clinical trials for CRSwNP (Figure 5B and Table
El). Considering the evidence regarding ILC2s, anti-TSLP mAbs could potentially be
clinicallybeneficial for CRSwNP, but no clinical trialsare currently in progress. Treatments
targeting CRTh2arenow inphase 2 clinical trials (Figure5B and Table E1). A CRTh2-specific
antagonist, fevipirant, did not show clinical benefit in asthma patients,'*but it might be beneficial
for CRSwNP in view of the higher expression of CRTh2 on nasal ILC2s.

6.2.3 Allergic rhinitis
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The frequency of ILC2s in PB of seasonal allergic rhinitis (AR) patients was increased inseason,
but not out of season.!” Local allergen challenge induced accumulation of ILC2s in the nasal
tissue of AR patients, accompanied by increased levels ofIL-5, IL-13 and PGD, in their nasal
lavage.!”"PGD, synthesized by activated mast cells upon allergen challenge may lead to migration
of ILC2s to the nasal tissue in AR patients.The PB of AR patients who underwent allergen—
specific immunotherapy (AIT) showed decreased ILC2s73170:172.173 and increasedIL-10—producing
ILCs.”>7*Moreover, the frequency of IL-10-producing ILCscorrelated with improvement in
theclinical score.”Although the mechanism of how AIT induces IL-10—producing ILCs remains
unclear, those cellsmay be involved in the improvement of symptoms seen in AR patients after
AlT.Therefore, clarification of factors that induce IL-10-producing ILCs may lead to novel
therapeutic strategies for AR.

6.2.4 Chronic obstructive pulmonary disease (COPD)

COPD is associated with long—term exposure to cigarette smoke and is most commonly
characterized by typel and type3 immunity, with increased numbers of neutrophils and
macrophages.COPD patients showed increased frequencies of ILCls and NCRILC3s in the
lungs®1%and ILC1s in the PB¥compared to control subjects (Figure 5). In addition, the frequency
of ILCls in COPD patients’ PBcorrelated negatively with lung function.®? In parallel, the
frequencies of ILC2s in COPD patients’ PB®and lungs®were decreased. IL-12 induced conversion
of ILC2s into ILC1s both in vitro and in vivo (Figure 1),>3%nd that conversion may be involved in
COPD’s pathophysiology. However, in humans, anti-IL-1B and anti-IL-17A mAb treatments
targeting typel and type3 immunity showed no clinical benefit in COPD(Figure 5C and Table E1).
Some COPD patients also show eosinophilic inflammation, and they are more likely to experience
more—severe exacerbation. In addition, TSLP and IL-33 were upregulated (increased) in airway

epithelial cells!’#176 and lungs'’® of COPD patients. Therefore, TSLP and IL-33are currently being
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targeted for treatment of COPD(Figure 5C and Table E1). In a murine cigarette—smoke—induced
COPD model, IL-33 was upregulated in the lungs of the smoke—exposed mice. The smoke
exposure silenced ILC2s by downregulating their expression of ST2, as a result of which the
animals did not show typical type2 inflammation despite the upregulation of IL-33. However, ST2
expression was upregulated in macrophages, dendritic cells and NK cells,!7® suggesting that an
alternative IL-33-mediatedpathway may be involved in the pathophysiology of COPD.

6.3 Gastrointestinal tract

6.3.1 Eosinophilic gastrointestinal diseases(EGIDs)

EGIDs, including eosinophilic esophagitis (EoE) and non-esophageal EGIDs, are diseases of the
gastrointestinal tract that are accompanied by inappropriate accumulation of eosinophils in the
tissues.The frequency of ILC2s in esophageal tissue of active EoE patients was significantly
increased compared to controls and correlated positively withthenumber of infiltrated
eosinophils.!”’In addition, expression ofboth IL-33'78and TSLP!'”®was upregulated in esophageal
tissue of active EoE patients compared to controls, suggesting involvement of ILC2s in the
pathophysiology (Figure 6A and Table E1).Further studies are needed to clarify ILC2s’ possible
involvement in non-esophageal EGIDs.However, such involvement is suggested by the finding
that both IL-33 and TSLP levels in the colon were increased in infantile eosinophilic
gastroenteritis patients compared to control subjects.!8

6.3.2 Inflammatory bowel diseases(IBD)

IBDs, such as Crohn’s disease (CD) and ulcerative colitis, are chronic inflammatory disorders
ofthe gastrointestinal tract. A GWAS identified multiple potentially causal /L23RandNOD2variants
for IBD, suggesting involvement of ILCls and ILC3s in the pathophysiology through those
signaling pathways.!3!TFN-y—producing CDI127*ILClsand ielLClswere increased in the

intestineof CD patients compared to the controls,'$>183 whereasIL-22—producing NCR*ILC3s were
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decreased (Figure 6B).'#4Since human NCR*ILC3s canundergo conversion to IFN-y—producing
CDI127'ILCls (Figure 1),”°an unbalanced shift from NCR'ILC3s to ILCls may occur in IBD
patients.Interestingly, the decreased frequency of ILC3s in inflamed tissues of IBD patients
accompanied altered expression of such circadian—related genes as Nridl, Per3 and Nfil3.'?’Given
that intestinal ILC3s are regulated by a circadian clock, disruption of that rhythm mightalso trigger
the pathophysiology of IBD.IL-12 and IL-23 are the respective activators of ILC1s and ILC3s, and
theymight be therapeutic targets for IBD. Anti-IL12p40mAbtreatment targeting both IL-12 and
IL-23 was effective inCD patients (Figure 6B and TableEl).However, unlike in psoriasis,
anti-IL-17A and anti-IL17RA mAb treatment did not show any clinical benefit in CD patients.
7CONCLUSION

As noted earlier, tissue—resident ILCs are heterogeneous, and their critical regulators may differ
depending on the organ/tissue. Therefore, conventional upstream regulators may not always be
effective when investigating ILCs as therapeutic targets. Considering the expression and expected
function of receptors, some TNFRSF molecules and IL-27 in the airway, and IL-18 and CCR6 in
the skin,may be potential targets. Development of more—effective therapies for inflammatory
diseases will require further analysisto clarify the tissue—specific and disease—specificfeatures of
ILCs, as well as biomarkers to stratifythese heterogeneous diseases. In addition, in view of the
origin and lifespan of tissue—resident ILCs, the neonatal-infancy period may be a critical window

for ILC—targeting preventive strategies for inflammatory diseases.
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Figure Legends

FIGURE 1. Subsets of innate lymphoid cells and their plasticity

Innate lymphoid cells are currently divided into five different subsets, ILC1s, ILC2s, ILC3s, NK

cells and lymphoid tissue—inducer (LTi) cells,based on their transcription factors, cytokines

produced by the cells and the developmental pathway. ILCs are highly plastic, able to change their
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function and phenotype in response to microenvironmental cues such as cytokines. IL-10—
producing ILCs are not considered to be a distinct, stable subset like Tregs, but rather a cell type
that is converted from effector subsets.

FIGURE 2. Distribution of ILCs in the skin, respiratory tract and gastrointestinal tract

A, Distribution of ILCs in the skin. CCR6*ILC3s reside in the epidermis and dermis. ILC2s reside
in the dermis and subcutaneous tissue. Dermal ILC2s express IL-18R1, whereas subcutaneous
ILC2s express ST2. NK cells reside in the dermis, whereas ILClsare rarely detected in the skin. B,
Distribution of ILCs in therespiratory tract.NK cells, ILCls and ILC3s are the predominant
populations in the human lung and nasal tissues, while ILC2sare a minor population. Human nasal
ILC2s express CRTh2, whereas human lung ILC2s express them less. Unlike in man, ST2-
expressing ILC2sarepredominant in mouse lungs. C, Distribution of ILCs in the gastrointestinal
(GI) tract. In man, ILClsare predominant in the upper GI tract, while ILC3sarepredominant in the
lower GI tract. ILC2sare a minor population throughout the human GI tract. In contrast, ILC2sare
the predominant population in the mouse stomach. Gastric ILC2s express ST2, whereas intestinal
ILC2s preferentially express IL-17RB.

FIGURE 3. Ontogeny of tissue-resident ILC2s, and the potential preventive target—period
The number of ILC2s is at a peak in various tissues, including the lung, skin and intestine, during
the neonatal—infancy period. ILC2s are tissue—resident cells that are continuously replenished from
local precursors. Tissue ILC2s in adultscomprise the population that arises largely during the
neonatal—infancy period, and only a minority is replenished from hematopoietic stem cells during
adulthood. Considering ILCs’ memory—like capacity—called “trained immunity”—the neonatal—
infancy period may be a critical time—period during which life-long ILC2—dependent immunity
develops in tissues. That would also mean that this could be a critical time—period for application

of ILC—targeting preventive strategiesfor inflammatory diseases,including allergic diseases.

This article is protected by copyright. All rights reserved



FIGURE 4. Therapeutic targets for ILCs in atopic dermatitis and psoriasis

A, Therapeutic targets for ILC2s in atopic dermatitis (AD).Since ILC2s are increased and
activated in the skin of AD patients, various known activators of ILC2s are current targets of
therapy. B, Therapeutic targets for ILCs in psoriasis.Since ILC3s are increased and activated in the
skin of psoriasis patients, various known activators of ILC3s are current targets of
therapy.Treatments that have shown efficacy are shown in boxes labeled with a green tab. The
treatment shown in thered—labeledbox was ineffective. The efficacy of the treatment shown in the
yellow—labeled box remains controversial.

FIGURE 5. Therapeutic targets for ILCs in asthma, CRSwNP and COPD

A, Therapeutic targets for ILCs in asthma. Since ILC2s are increased and activated in the lungs of
asthma patients, various known activators of ILC2s are current targets of therapy. Severe cases are
thought to involve IL-17-producing ILC3s, in addition to ILC2s. However, to date, treatments
targeting ILC3s have not shown clinical benefit. B, Therapeutic targets for ILC2s in chronic
rhinosinusitis with nasal polyps (CRSwWNP). Since ILC2s are increased and activated in the nasal
tissues of CRSwNP patients, various known activators of ILC2s are current targets of therapy. C,
Therapeutic targets for ILCs in chronic obstructive pulmonary disease (COPD). Since ILCls are
increased and activated in the lungs of COPD patients, anactivator of ILC1s has been the target of
therapy.ILC2s are also thought to be involved in some COPD cases. Therefore,treatments
targeting ILC2s are currently undergoing clinical trials. The treatment shown in the green—labeled
box has shown efficacy. Treatments thatwere ineffective are shown in red—labeled boxes.
Treatments still undergoing clinical trial are shown in green—labeled boxes. HMGB1: high mobility
group box 1;RAGE: receptor for advanced glycation end—products;PD-L1: programmed death—
ligand 1; PD-1: programmed cell death 1; DR3: death receptor 3.

FIGUREG. Therapeutic targets for ILCs in EoE and IBD

This article is protected by copyright. All rights reserved



A, Therapeutic targets for ILC2s in eosinophilic esophagitis (EoE). Since ILC2s are increased in
the tissues of EoE patients, various known activators of ILC2s are current targets of therapy. B,
Therapeutic targets for ILCs in inflammatory bowel disease (IBD). Since ILCls and ILC3s are
increased in the intestinal tissues of IBD patients, various known activators of ILC1s and ILC3s
are current targets of therapy. Treatments that have shown efficacy are shown in green—
labeledboxes. The treatment shown in the red—labeled box was ineffective. Treatments still under

clinical trial are shown in green—labeled boxes. AhR: aryl hydrocarbon receptor.

TABLE]. Factors known to activate or suppress ILCs

_ILCsubset  Function  Classification

Molecules

ILC1 Activation Cytokine 1L-12,'83 TL-15,183 TL-18'85
Vitamin Retinoic acid'**
Others ATP!36
Suppression Cvtokine TGEF-B'8”
IL-1B,%10 IL-2, 1L-4,'' IL-7. IL-9,'? IL-18, IL-25,"3 IL-33,'
Cytokine TSLP,"* TNF-a,'* SCF,'® G-CSF,'” HMGBI,'®* TLIAj®
RANKL," GITRL?
Lipid LTB,,* LTC,,* LTD,,** LTE,* PGD,*%
o Neurotransmitter NMU 3133 VIP,3435 CGRPY
Activation
Vitamin Retinoic acid's®
ICOSL (ILC2s),® B7-H6 (tumor cells, monocytes and
ILC2 Cell—cell interaction

Sex hormone

neutrophils),”® ICAM-1 (T cells, B cells, epithelial cells and

endothelial cells)®

Estrogen!®

Others C3a,'% CCL1,"' TLR1/2/6 agonist'?*

Cytokine 1L-10,21:2324 IL-27,222527 TGF-B,?* IFN-,222% IFN-y,?225:26 [L-3528
Suppression

Lipid PGE,,*” PGI,,* LXA*®

Neurotransmitter CGRP,*¥*norepinephrine,*°acetylcholine*!

Vitamin Vitamin D88
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Cell—cell interaction PD-L1,* E-cadherin (epithelial cells)?!

Sex hormone Androgen'”
Others AhR ligand,""*butyrate!%’
Cytokine IL-1B,%® IL-2, IL-7, IL-18,'9¢ IL-23,3 TL1A,>* IGF-1°7
Lipid PGE,”’
Neurotransmitter VIP,50 acetylcholine!*3

Activation Vitamin Retinoic acid'?*

ILC3 Cell—cell interaction NKp44 ligand,5' LIGHT(T cells, NK cells and dendritic cells)®

Others AhR ligand,""*'""SCFA (FFAR2 agonist)!!”
Cytokine TSLP,> RANKL,>

Suppression Vitamin Vitamin D>
Cell—cell interaction PD-L1%

ATP: adenosine triphosphate; AhR: aryl hydrocarbon receptor; TNFSF14: tumor necrosis factor
superfamily member 14; SCFA: short—chain fatty acid.

Cells known to interact with each ILC subset are shown in parentheses.
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Table E1. Clinical trials of therapies targeting upstream regulators and

downstream effector cytokines of ILCs

Disease Targeted Up/Dn  Targeted Drug Phase  Efficacy Ref
ILC subset molecule
AD ILC2 Up 1L-33 Etokimab 2 Ineffective  NCT03533751
TSLP Tezepelumab 2 1 'NCT03809663
Up/Dn  IL-4Ra Dupilumab 3 Effective 234
Dn IL-13 Tralokinumab, 2 Effective 5.6

Lebrikizumab

Tralokinumab 3 Effective 7
Lebrikizumab 3 NCT04392154,
NCT04626297,
NCTO04250350,
NCT04178967,
NCTO04146363,
NCT04250337
ILC3 Up 1L-12/23p40 Ustekinumab 2 Ineffective
Dn 1L-22 Fezakinumab 2 K
Psoriasis ~ ILC3 Up 1IL-23p19 Risankizumab, 03 Effective 10,11
Tildrakizumab, NCTO03482011
Mirikizumab, Guselkumab 12
1L-12/23p40 Ustekinumab 3 Effective 13

Dn IL-17A Secukinumab, Ixekizumab 3 Effective 14,15,16



IL-17A/IL-17F  Bimekizumab 3 Effective NCT03370133
IL-17RA Brodalumab 3 Effective 17
Asthma ILC1/2/3 Up IL-1R1 Anakinra 1-2 NCT04035109
ILC2 Up IL-33 Etokimab, MEDI 3506, 2 NCT03469934,
Itepekimab NCT04570657,
NCTO03387852
ST2 MSTT1041A 2 NCT02918019
TSLP Tezepelumab 2 Effective 18
TSLP Tezepelumab 3 NCT03406078
NCT03706079
NCT03347279
NCT03927157
CRTh2 Fevipiprant 3 Ineffective  1?
CRTh2 GB001 2 Ineffective 20
Up/Dn  IL-4Ra Dupilumab 3 Effective 21
Dn IL-5 Mepolizumab, Reslizumab 3 Effective 22324
IL-5Ra Benralizumab 3 Effective 2526
IL-13 Lebrikizumab 3 2
IL-13 Tralokinumab 3 Ineffective 28
ILC3 Up 1L-23p19 Risankizumab 2 Ineffective  NCT02443298
Dn IL-17RA Brodalumab 2 Ineffective %
COPD ILC1/2/3 Up IL-1PB Canakinumab 2 Ineffective  NCT00581945
IL-1R1 MED18968 2 Ineffective 3¢
ILC2 Up IL-33 Itepekimab 2 NCT03546907



ST2 MSTT1041A 2 NCTO03615040
TSLP Tezepelumab 2 NCTO04039113
Up/Dn  IL-4Ra Dupilumab 3 NCT03930732,
NCT04456673
Dn IL-5 Mepolizumab 3 Effective 31
IL-5Ra Benralizumab 3 NCT04053634
ILC3 Dn IL-17A CNTO 6785 2 Ineffective 32
CRSwWNP  ILC2 Up IL-33 Etokimab 2 NCT03614923
IL-33 PF-06817024 1 NCT02743871
CRTh2 GB001 2 NCT03956862
CRTh2 Fevipiprant 3 NCT03681093
Up/Dn  IL-4Ra Dupilumab 3 Effective 3
Dn IL-5 Mepolizumab 3 NCT04607005
IL-5Ra Benralizumab 3 NCT04157335,
NCT03401229
EoE ILC2 Up CRTh2 0C000459 2 Effective 34
Up/Dn  IL-4Ra Dupilumab 3 NCT04394351,
NCT03633617
Dn IL-5 Mepolizumab, Reslizumab 2 3536
IL-5Ra Benralizumab 3 NCT04543409
EGE ILC2 Up/Dn  IL-4Ra Dupilumab 2 NCT03678545
Dn IL-5Ra Benralizumab 2 NCTO03473977
CD ILC1/2/3 Up IL-18 GSK1070806 1-2 NCT03681067
ILC1/3 Up 1L-12/23p40 Ustekinumab 3 Effective 37



1L-12/23p40 Briakinumab 2 Ineffective  383°
ILC3 Up IL-23p19 Risankizumab 2 Effective 40
IL-23p19 Risankizumab, Brazikumab, 3 NCT03105128,
Mirikizumab, Guselkumab NCTO03105102,
NCT04524611,
NCTO03104413,
NCT04232553,
NCT03926130,
NCT04397263,
NCT03466411,
NCT03759288
Dn IL-17A Secukinumab 2 Ineffective 4!
IL-17RA Brodalumab 2 Ineffective  +
ucC ILCI/ILC3  Up 1L-12p40 Ustekinumab 3 Effective 3
Up 1L-23p19 Mirikizumab 2 Effective 44
IL-23p19 Risankizumab, 3 NCT03398148,
Mirikizumab, Guselkumab NCT03398135,
NCTO03519945,
NCTO03518086,
NCT03524092,
NCTO04033445

Up: upstream; Dn: downstream.
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