Digestive Diseases and Sciences (2022) 67:56-66
https://doi.org/10.1007/510620-021-06831-8

REVIEW q

Check for
updates

Update: Innate Lymphoid Cells in Inflammatory Bowel Disease

Weiwei Luo'? - LiTian" - Bei Tan? - Zhaohua Shen' . Mengwei Xiao'? - Shuai Wu' . Xiangrui Meng'? - Xing Wu'2 .
Xiaoyan Wang'~

Received: 19 February 2020 / Accepted: 7 January 2021 / Published online: 20 February 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021

Abstract

Inflammatory bowel disease (IBD) is a chronic and nonspecific intestinal inflammatory condition with high relapse rate. Its
pathogenesis has been linked to dysbacteriosis, genetic and environmental factors. In recent years, a new type of lympho-
cytes, termed innate lymphoid cells, has been described and classified into three subtypes of innate lymphoid cells—group
1, group 2 and group 3. An imbalance among these subsets’ interaction with gut microbiome, and other immune cells affects
intestinal mucosal homeostasis. Understanding the role of innate lymphoid cells may provide ideas for developing novel and

targeted approaches for treatment of IBD.

Keywords Inflammatory bowel disease - Innate lymphoid cells - Natural killer cells - CD4-positive T-lymphocytes -
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Introduction

Inflammatory bowel disease (IBD) is a complex disorder
comprising two main phenotypes, Crohn’s disease (CD) and
ulcerative colitis (UC). IBD is characterized by high chronic
relapse rates, with acute episodes and intervals of remis-
sion [1-4]. Its global incidence has significantly increased
in recent years. IBD patients experience complications such
as fistula, abdominal abscess and intestinal obstruction due
to poor drug efficacy. In addition, prognosis and quality
of life of IBD patients are extremely poor which calls for
development of new therapeutic strategies and targets to
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combat the disease [5]. IBD is induced by environmental,
genomic, microbial and immunological factors [6]. Stud-
ies on pathogenesis of this disease have focused on CD4-
positive (CD4%) T lymphocytes, including their different
subgroups such as type 1T helper (Thl), type 17 (Th17)
and type 2 (Th2) cells. Th1, which expresses transcription
factor T-bet and cytokines IFN-y, and Th17, which expresses
the transcription factor RORyt and cytokines IL-17, have
been found to be enriched in the inflamed mucosa of IBD
patients [7-9], while Th2 expressing transcription factor
GATA-3 and cytokines IL-5 and IL-13 have also been impli-
cated in the development of IBD [10, 11]. Recent reports
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have demonstrated the role played by innate lymphoid cells
(ILCs), a novel type of innate lymphocytes, in intestinal
mucosal homeostasis and development of IBD [12—14]. The
ILC family plays an important role in body’s immune sys-
tem, which not only provide defense against pathogen inva-
sion and infection, but also contributes to organ formation,
tissue repair and mucosal homeostasis [15, 16]. For a long
time, natural killer (NK) cells have been the only members
of the innate immune system known to belong to the lym-
phoid lineage. However, since the discovery of lymphoid
tissue-inducing cells (LTi cells) in 1997, the population of
lymphocytes in immune system has expanded [17]. ILCs
have a similar functional diversity to CD4" T cells [18-21].
The ILC family is further divided into three subgroups,
group 1 ILCs (compromising NK and ILCl1s), group 2 ILCs
(ILC2s) and group 3 ILCs (ILC3s), depending on secretion
level of cytokines and expression of transcription factors
[22-24]. This review describes the role of ILCs in IBD.
Particularly, we focus on the function of ILCs in regulating
homeostasis and discuss potential therapeutic strategies for
targeting ILCs in IBD.

Origin and Classification of ILC

Innate lymphoid cells are derived from common lymphoid
progenitors (CLPs), which mainly express transcription fac-
tors such as IL-2R, Thy1 (CD90), IL-2Ra (CD25), IL-7Ra
(CD127), Scal and c-kit (CD117) [22]. CLPs differentiate
into T, B cell precursors [25], and this is dependent on E2A,
E2-2, HEB and EBF-1. They then differentiate into co-ILC
precursor cells (CILP) under the influence of 1d2, TCF1,
NFIL3 and Tox. CILPs develop into NK precursor cells
(NKP) and common helper ILC progenitor cells (CHILP)
under the influence of CXCR6 and a4f7, while CHILP
develops into 3 ILC variants (group 1, group 2 and group 3
ILCs), whereas NKP gives rise to classical NK cells.

Group 11LCs

ILC1s and NK cells in human and mouse express T-bet,
while Eomes are expressed only in mouse NK cells. NK
cells are similar to CD8" T cells while ILC1s are closely
related to Thl cells [26]. ILC1s express CD127, and both
NK and ILCls express CD122 (f chain of IL15 and IL2
receptor), as well as NK cell receptors NK1.1 and NKp46.
In terms of distribution, NK cells are mainly found in the
blood, cord blood, bone marrow, spleen and the lungs,
whereas ILC1s mainly reside in colon tissues and the tonsil
[13, 27]. The human gut has two major subpopulations of
ILCIs: (i) the lamina propria ILC1s, which express CD161
and CD127, but lack NKp44 [28], and (ii) intraepithelial
ILC1s that express NKp44 and CD103 but lack CD127, and

are similar to classical NK cells in phenotype and cytotoxic-
ity [29]. NK cells and ILC1s respond to IL15, IL12 as well
as IL18 and express IFN-y and TNF when activated. For this
reason, they protect against intracellular microbes, viruses
and tumors [25, 30]. In addition, NK cells secret granzyme
B and perforin, which promote apoptosis of infected cells
[31, 32] (Table 1).

Group 2 ILCs

Transcription factor GATA3 is required for the maintenance
and normal functioning of mature group 2 ILCs (ILC2s) in
humans and mice [33, 34]. In addition, other transcription
factors such as, TCF1, Bcl-11b, ETS1 and Id2 have been
found to play important roles in differentiation and proto-
typical stability of mouse ILC2s [35, 36]. In terms of dis-
tribution in humans and mice, ILC2s are abundant in fetal
gut; however, they only account for 0.01-0.1% of intestinal
hematopoietic cells in adults. Moreover, ILC2s are abundant
in fat, spleen, mesenteric lymph nodes, lungs and skin, and
tonsil. They are similar to Th2 cells, which secrete IL-4,
IL-5, IL-6, IL-9, IL-13 and GM-CSF under the activation
of IL-2, IL-25, IL-33, PGD2, TL1A and TSLP [37, 38]. In
addition, ILC2s promote airway inflammation, maintain and
repair airway epithelium, induce atopic dermatitis and pro-
tect the body against helminth infection [39—41] (Table 1).

Group 3 ILCs

Continuously expressing RORyt and aryl hydrocarbon
receptor (AHR) are essential for the survival and differentia-
tion of ILC3s [42, 43]. These cells are the main ILC subsets
in intestinal tissues. Group 3 ILCs (ILC3s) are divided into
two subgroups, CCR6™ ILC3s and CCR6™ ILC3s, based on
expression of chemokine receptor 6 (CCR6) [23]. CCR6™
ILC3s subpopulation, including embryonic and mature
LTi cells, express IL-22, IL.-17, IgA and lymphotoxin [23,
44-46]. Based on expression of natural cytotoxicity trig-
gering receptor (NCR), NKp44 (NCR2) in humans and
NKp46 (NCR1) in mice, CCR6™ ILC3s are further divided
into NCR* ILC3s and NCR™ ILC3s. LTi cells are mainly
distributed in the intestinal and lymphoid tissues, whereas
NCR* ILC3s and NCR™ ILC3s are abundant in the skin
and intestinal lamina propria [47, 48]. Moreover, NCR*
ILC3s resemble Th22 cells and are capable of producing
IL-22 in response to cytokines like IL-1p, IL-23 and IL-2.
On the other hand, NCR™ ILC3s are similar to Th17 cells
and express cytokines IL-17 and GM-CSF in response to
cytokines such as IL-6 [49-52]. Functionally, ILC3s resist
gastrointestinal inflammation, maintain intestinal mucosal
homeostasis, and contribute to the pathological response
against IBD [45, 53-57]. (Table 1).
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Role in IBD

Function in Gut

Effective cytokines

Activated mediators

Characteristic
transcriptive

factors

Table 1 Role of intestinal ILCs in gut and IBD

Cell types
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Increased in the intestinal mucosa of

Anti-intracellular microbes, viruses

and tumors [25, 30]

IFN-y and TNF, granzyme B (NK

IL15,1L12 and IL18

T-bet

ILCls

CD patients [28, 29]
Elevated in inflamed intestinal sites of

cells), perforin (NK cells)
IL-4, IL-5, IL-6, IL-9, IL-13, GM-

Defending helminth infection [39, 40]

IL-2, IL-25, IL-33, PGD2, TLI1A,

GATA-3

ILC2s

UC patients [74]
Decreased in the intestinal mucosa of

CSF
IL-22, GM-CSF, TNF

TSLP
IL-1p, IL-23, IL-6, IL-2, IL-7, TSLP,

Resisting gastrointestinal inflam-

NCR*ILC3s RORyt/AHR

CD patients [28, 63]. Protective in

experimental colitis [77, 101]
Increased and excreted IL-17 in the CD

mation and maintaining intestinal
homeostasis [45, 49, 53-56]

IL-25, TL1A, RA

Resulting gastrointestinal inflam-

IL-1B, IL-23, IL-6, IL-2, IL-7, TSLP, IL-17, GM-CSF

RORyVAHR

NCR-ILC3s

patients [57]. Pro-inflammative in
experimental colitis [124, 125]

mation and damaging intestinal

homeostasis [50-52]

IL-25, TL1A

Not determined, possibly functioned in

Promoting intestinal mucosal IgA

IL-22, IL-17, lymphotoxin, TNF

IL-16, IL-23, IL-2,

RORyt/AHR

LTi cells

the fetal IBD [46]

secretion and regulating function of

immune cells [23, 44, 45]

Balance Between ILC Subsets and IBD
Relationship Between ILC1/ILC3 Balance and IBD

An alteration between ILC1s and ILC3s occurs in IBD.
IL-12 drives the transdifferentiation of ILC3s into ILC1s
and produce IFN-y, which participates in inflammatory
responses in the intestinal mucosa [58]. However, this
transdifferentiation is reversible, whereby ILCls trans-
differentiate into ILC3s when stimulated by IL-2, IL-23
and IL-1p. Dendritic cells (DCs) regulate the plastic-
ity of ILC3s and ILCl1s. Studies have demonstrated that
CD14™ DCs promote expression of c-kit and NKp44 in
ILC1s and cause them to transdifferentiate into NCR™
ILC3s in vitro, whereas CD14* DCs promote the conver-
sion of NCR* ILC3s to ILC1s [59]. Furthermore, a mutual
transformation between two ILC3 subsets (NCR* ILC3s
and NCR™ ILC3s) has been reported. A study by Klose
et al. [47] found that NCR™ ILC3s (NKp46~CCR6 RORyt*
ILCs) upregulate T-bet expression and transdifferentiate
into NCR* ILC3s (NKp46*CCR6 RORyt* ILCs) under
the influence of interleukin IL-23 in a mouse model of
Typhoid bacillus infection. Bernink et al. [28] reported
that NCR™ ILC3s (Lin"CD127%¢-Kit"™NKp44~ILCs)
isolated from human tonsils and fetal gut differentiated
into NCR" ILC3s (NKp44* ILC3s) under 1L-23 and
IL-1p stimulation in vitro. Similar results were reported
by Teunissen et al. [60] in psoriasis patients, in which
NCR™ ILC3s isolated from the skin transformed to NCR*
ILC3s under exogenous stimulation by IL-1f and IL-23
cytokines. This conversion may be the cause of elevated
expression of IL-22 and accumulation of NCR* ILC3s
in the skin of psoriasis patients. High TGF-f expression
reverses this transformation by promoting the conversion
of NCR* ILC3s to NCR™ ILC3s. In vitro experiments
have revealed that NCR™ ILC3s are converted to NCR™*
ILC3s under the action of Notch in the absence of TGF-f§
expression [61, 62]. The dynamic balance between NCR™*
ILC3s and NCR™ ILC3s maintains intestinal antibacterial
immunity and intestinal mucosal integrity, while an imbal-
ance between the two subsets promotes development of
intestinal inflammation [63] (Fig. 1).

Relationship Between ILC2/ILC1, ILC2/ILC3 and IBD

The intestinal mucosa of CD patients contains a high pro-
portion of IL-13-producing ILC2s, which produce IFN-y.
Treatment with IL-12 in vitro decreases IL-13 expression
in ILC2 which then resembles ILC1 (IL-137IFN-y™) [64].
Besides, recent studies have shown that deletion of AHR
enhances the function of gut ILC2s and contributes to
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Fig. 1 Innate lymphoid cells (ILCs) in the gut and the plasticity of
ILCs. The increase of ILCls is accompanied by a large decrease of
NCR* ILC3s and increase of NCR™ ILC3s in the inflamed intestine
tissues of Crohn’s disease (CD) patients. The plasticity of ILCls/
ILC3s: interleukin (IL)-12 or CD14" dendritic cells (DCs) drives
ILC3s to transdifferentiate into interferon (IFN)-y-producing ILCls
participating inflammatory response in inflamed intestinal mucosa.
The plasticity of ILCls to ILC3s is reversible in response to IL-2,
IL-23 and IL-1p, besides, CD14~ DCs upregulate c-kit and NKp44
expression in ILCls and then differentiate into ILC3s. Furthermore,

anti-helminth immunity, whereas its activation suppresses
ILC2s function but enhances ILC3s function, thereby con-
tributing to antibacterial immunity [65]. It is possible that
ILC2/ILC3 transformation mediated by changes in intes-
tinal adopted AHR expression affects intestinal immune
response in IBD (Fig. 1).

A balance in ILCs levels is, therefore, important for intes-
tinal homeostasis, with abnormal levels potentially contrib-
uting to colitis in patients with IBD.

ILC Regulates Intestinal Homeostasis

Different ILC subsets maintain a balance and contribute
to intestinal homeostasis under physiological conditions.
Abnormal proportion of ILC subsets disrupts intestinal
homeostasis leading to inflammation in the gut. Indeed,
intestinal tissues of CD patients have high levels of ILC1
accompanied by a decrease in NCR" ILC3s, which increase
the severity of the disease [28, 29, 66]. Patients with IBD

O CD14+ DCs

I upregulate c-kit and

Inflammatory bowel disease
Crohn’s disease

Typhoid bacillus infection

IF;V+ ILCZs

IFN-y
‘ IL-12
IL-12 ‘
|LC1ST ILC2s
T : plasticity —(

a mass of transforming growth factor (TGF)-p promotes the transfor-
mation of NCR* ILC3s to NCR™ ILC3s, while Salmonella typhi in a
mouse model of Typhoid bacillus infection upregulate T-bet expres-
sion in NCR™ ILC3s and then transdifferentiate into NCR* ILC3s.
The plasticity of ILC2s: IL-12 results in the conversion of ILC2s
into IFN-y-producing ILC2s, which is high in the inflamed gut of CD
patients. And part of ILC2s appear to loss IL-13 expression adopt the
feature of ILCls in the presence of Il-12. AHR activation suppresses
ILC2s function but enhances ILC3s function

have high numbers of NCR™ ILC3s, IL17 and IFN-y. In
addition, the patients exhibit high neutrophils recruitment,
and activation of macrophages, all of which exacerbate intes-
tinal inflammation. Meanwhile, the number of NCR* ILC3s
and levels of IL22, Regllly, RegllIb, Fut2 and mucin protein
Muc? are all decreased in patients with IBD [67, 68]. These
patients have low expression of the tight junction protein,
claudin-2 and decreased regeneration of intestinal epithelial
cells [51, 69], implying that mucosal barrier integrity and
homeostasis in the intestinal tract are damaged.

The role of ILC2s in immune imbalance in IBD remains
undefined. Kobori et al. [70] found that the IL33-ILC2-
AREG-EGFR pathway was dysregulated in the intestinal
mucosa of IBD patients. This weakened intestinal epithe-
lial defense system, which in turn caused intestinal inflam-
mation. Administration of exogenous IL-33 or ILC2s may
decrease the degree of mouse intestinal inflammation [71,
72]. However, other studies have indicated that IL-33 is
highly expressed in intestinal mucosa of patients with IBD
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where it promotes colitis [70, 73], which is contrary to the
above results. Besides, in UC patients, levels of ILC2s are
increased in inflammatory tissues of intestinal mucosal com-
pared with non-inflammatory sites and non-IBD controls
[74]. IL-13-producing ILC2s are elevated in oxazolone-
induced mouse UC model [75], indicating that ILC2s might
play a proinflammatory role in UC. Further studies are
needed to resolve these contradictions.

Studies have shown that AHR expression, which regulates
the production and function of ILC3s in intestinal immu-
nity, is downregulated in patients with IBD [76]. In fact,
deletion of AHR in Ahr~'~ mice resulted in an increase in
intestinal Th17 cells, suggesting that ILC3s may negatively
regulate Th17 cells. Elsewhere, downregulation of IL-22
in Ahr™'~ mice resulted in proliferation of symbiotic split
filamentous bacteria (SFB), which promoted the prolifera-
tion of Th17 cells. AHR ameliorates T cell-mediated experi-
mental colitis by inhibiting pathogenic Th17 cells [77]. A
complex balance between ILCs and Th17 cells, regulated
by AHR and commensal flora, is also essential for intestinal
homeostasis.

Interaction of the Gut Microbes and ILCs

Microbiota regulate the interactions between ILCs and the
host [78-80]. Most studies on ILCs involved with microbes
have focused on ILC3s.

Signals generated by microbiota play an essential role in
maturation and functioning of ILC3s [81]. Notably, studies
have shown that production of IL-22 by ILC3s is decreased
in germ-free or antibiotic-treated mice [82]. Meanwhile,
microbiota symbiosis is disrupted when IL22 is depleted
or decreased [83, 84]. Commensal bacteria increase the
secretion of IL22 from ILC3, which promotes host resist-
ance/defense to pathogens [68, 85]. High-fat diet has been
found to alter intestinal microbiota (marked by amplification
of Firmicutes) and lead to increased proinflammatory IL-
17-producing NCR™ ILC3s and reversed by IL-17 blockade
[86]. Apart from IL-22 and IL-17, ILC3s is also a major
source of IL-2. In fact, IL-2 produced by ILC3s is signifi-
cantly reduced in the small intestine of CD patients and is
associated with low frequencies in the number of Treg cells.
Studies have shown that microbiota-dependent axis and
IL-1B-dependent axis promote IL-2 production by ILC3s
and coordinate immune function in the gut [87], suggesting
a unique role for ILC3s in the interaction between micro-
biota and intestinal immunity. Additionally, ILC3s secrete
lymphotoxin o (TNFf) which is required for IgA production
and intestinal commensal homeostasis [45, 80]. Microbiota
trigger the activation and secretion of ILC3s and maintain
the intestinal homeostasis in IBD.

Microbiota regulate body composition, including ILC3s,
through a biological clock transcription molecule. Studies

@ Springer

have reported that expression of transcription factor, Nfil3,
in intestinal epithelial cells changes daily and that the ampli-
tude of the circadian clock is regulated by microorganisms
through ILC3s, STAT3, epithelial cell circadian clock as
well as host metabolism [88]. Recently, intestinal ILC3 and
its associated homeostasis in mice were found to be regu-
lated by light-entrained and brain-tuned circadian circuits.
Ablation of ILC3 circadian regulator was further implicated
in disruption of gut homeostasis. Furthermore, dysregulation
of brain rhythmicity brought about a disruption in circa-
dian ILC3 vibrations, a deregulated microbiome, disrupted
lipid metabolism and impaired intestinal homeostasis [89].
Intestinal ILC3s are enriched during expression of circadian-
related genes. For instance, BMAL1-deficient ILC3s showed
increased proapoptotic pathways, while depletion of micro-
biota by antibiotics was found to restore cellular homeostasis
in the gut. ILC3s from inflamed mucosa of IBD exhibited
variations in expression of several circadian-related genes
[90]. Therefore, gut commensal microbiota alters the acti-
vation of ILC3s by regulating circadian rhythm during the
pathogenesis of IBD.

Microbiota may also influence activation of ILC2s in
intestinal immunity. IL-25, produced in a microbial-depend-
ent manner, activates ILC2 to enhance intestinal barrier
[82, 91]. IL-33 promotes activation of ILC2 and prevents
Clostridium difficile colitis [92]. In addition, specific dele-
tion of T-bet in ILCs promotes the development of ILC2s
and protects the host from Trichinella spiralis infection and
inflammatory colitis [93]. How microbiota regulate ILC1 or
ILC2 in the mucosal immunology of IBD is not clear.

Microbiota-associated components and their associated
metabolites also play a role in the functioning of ILCs. Kin-
nebrew et al.[67] found that IL23 secreted by flagellin-stim-
ulated dendritic cells promote IL.22 expression in ILC3s and
that IL22 further acts on IECs to secrete antibacterial pep-
tides that enhance long-term tolerance to ingested antigens.
Recent metabolomic studies targeting microbiota in IBD
have focused on short-chain fatty acids (SCFAs), bile acid
and tryptophan metabolism. Diet-derived SCFAs metabo-
lized by symbiotic microbiota promote the proliferation of
ILCs in the intestines by regulating G protein-coupled recep-
tors (GPCRs) on ILCs, including ILC1, ILC2 and ILC3 [94].
How microbial-related bile acid metabolism regulates ILC
in IBD is unclear. Dysbiosis of the intestinal flora in IBD
impairs tryptophan metabolism by affecting several path-
ways, e.g., by upregulating the kynurenine pathway and
inhibiting the indole pathway [95, 96]. This downregulates
AhR, impairs intestinal barrier integrity and decreases secre-
tion of IL-22 to promote intestinal inflammation [96, 97].
It is reported that ILC3s are a dominant source of IL-22 in
the steady state in the presence of commensal bacteria [83].
Therefore, we speculate that the disrupted indole pathway
in tryptophan metabolism may downregulate the function of
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ILC3 and accelerates intestinal inflammation in IBD, but this
finding needs to be verified in further studies.

Other Intestinal Imnmune Cells Interacting
with ILCs in IBD

ILCs lack adaptive antigen receptors. On the other hand,
myeloid cell lineages (DCs, mononuclear phagocytes) and
epithelial cells are able to sense microbial or viral infections
and/or tissue damage and produce cytokines that interact
with ILCs [98].

The secretion of cytokines IL-1f and IL-23 by local DCs,
enhanced by serum amyloid A from intestinal epithelial
cells, regulates the production of IL-22 by intestinal NCR-
ILC3 [99, 100]. Besides IL-23, IL-1p expressed mainly by
DCs, other mediators related to the regulation of ILC3s have
been identified. For instance, some studies have shown that
RA, a metabolite of vitamin A, relieves intestinal inflam-
mation of DSS-induced colitis or Citrobacter rodentium
infection. RA treatment promotes production of IL-22 by
ILC3s and 08T cells, which plays a role in production of
antibacterial peptides, ReglIIf} and RegllIly, in the colon and
promotes repair of the intestinal mucosa [101]. IL-14, IL-23
or RA produced by DCs in IBD are important stimulators
that activate ILC3s.

The CX3CRI1" mononuclear phagocytes (MNPs) in
mouse and human tissues are more effective, than DCs,
in promoting ILC3-mediated production of IL-22 in vitro
and in vivo [102]. It is hypothesized that CX3CR1* MNPs
play a role in integrating immune signals during regulation
of colonic ILC3s in IBD. One of the products of MNPs,
TL1A, promotes ILC3-centered barrier immunity and pre-
vents acute colitis. In addition, TL1A-dependent secretion
of OX40L expression of ILC3s stimulates T cell activation
during chronic colitis [103]. TL1A has also been found
to increase ILC3s’ ability to secrete GM-CSF to support
mucosal protection [102]. Interestingly, GM-CSF promotes
secretion of IL-10, RA of MNPs, and induces differentia-
tion of Treg cells to maintain intestinal immune tolerance
and intestinal homeostasis [104], although studies have also
implicated IL-23R/GM-CSF axis within ILC3s in promoting
of recruitment of neutrophils and causing increased intesti-
nal inflammation [52]. Here, we reveal that the production
of GM-CSF by ILC3s enhanced by MNPs can be used as a
double-edged sword, which is depend on the different con-
text and different upstream activators.

Apart from MNPs and DCs, epithelial cells that interact
with ILCs and regulate intestinal homeostasis have been
identified. For instance, Levy et al. [105] found that under
steady-state conditions, IL-18 secretion of epithelial cells is
enhanced by some metabolites including taurine-bound bile
acids, carbohydrates and long-chain fatty acids, and these

can activate the NLRP6 inflammasome, thereby increasing
expression of IL-22 from ILC3s to regulate host—microbial
interactions and maintain intestinal homeostasis. However,
IL-18 from epithelial cells also showed proinflammatory
effect. In a Toxoplasma gondii infection mouse model, ILC3-
derived IL-22 in inflamed mucosa was found to induce pro-
duction of inflammasome-dependent IL-18. Increased IL-18
was reported to amplify uncontrolled production of IL-17
and IL-22 and further cause damage to the intestinal mucosa
[106]. Overall, the epithelial inflammasome is one of the
key regulators in the intestine; inflammasome activation and
IL-18 secretion mediate intestinal homeostasis or inflamma-
tion through ILC3s.

In addition, ILCs could be directly regulating intestinal
immune cells, according to some studies. Particularly, ILC3-
intrinsic expression of major histocompatibility complex
class II (MHCII) induces the death of activated commensal
bacterial specific T cells (CD4* T cells) and maintains intes-
tinal immune tolerance in commensal bacteria [107, 108].

Collectively, the interaction between ILC and other intes-
tinal immune cells determines the activation and function of
ILC directly and regulates intestinal mucosal immunology
in IBD.

Clinical Importance of ILCs

Anti-inflammatory, immunomodulatory and immunosup-
pressive drugs as well as biologic agents like TNF blockers
(infliximab) and vedolizumab have been applied to manage
IBD [109]. Different kinds of therapeutic strategies have
been practiced for clinical treatment of IBD (Fig. 2), but
biological therapies are required to be studied further.
Th17 cells and ILC3s have numerous similar expres-
sion profiles of transcription factors including those related
to RORyt and similar cytokines like IL-17. These factors
exert different functions in immune response, inflammation
and tissue damage repair. For example, when a Citrobacter
rodentium-infected mouse model was treated with GSK805,
a biological factor that inhibits expression of transcription
factor RORYt, the number of Th17 cells was significantly
downregulated compared with those in control group. Con-
sequently, intestinal inflammation was alleviated. Studies
have shown that transient inhibition of RORYt expression,
using biological agents, may provide a potential strategy for
treatment of intestinal inflammation [110]. However, secuki-
numab which is IL-17A monoclonal antibody resulted in
undesirable outcomes in the clinical multicenter phase 2a
study [111] and is therefore considered ineffective in CD
patients owing to exacerbation of the disease. This is attrib-
uted to the effect of the compound on protective function of
IL-17 as well as increased Th1 and IFN-y-mediated inflam-
matory responses [111-114]. The findings of this study
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Fig.2 Therapeutic targets associated with ILCs in IBD. A number of
current and potential future targets provide therapeutic effect in IBD.
These targets involves in the generation, activation or effective func-

indicate the complexity of the IL23/IL17 axis, in which
IL-17 may be one of the IL23-induced redundant media-
tors. Ustekinumab, a monoclonal antibody therapy against
the p40 subunit of IL23, has been approved by the U.S. Food
and Drug Administration and is in use for the treatment of
moderate to severe CD [115]. In addition, a phase 2 rand-
omized trial on patients with UC found that mirikizumab
(a monoclonal antibody against the p19 subunit of 1L.23)
could induce a clinical remission after 12 weeks, although
the optimum dose remains to be determined [116]. This
clinical trial indicated that IBD is not primarily caused by
IL-17A-mediated intestinal inflammation. Besides, IL-17A
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tion of ILCs and T cells. (*, FDA-approved and providing clinical
benefit; #, efficacy exhibited in clinical trials; ¥, poor efficacy in clini-
cal trials; &, promising preclinical target in mouse models.)

and IL-17F have different functions. For instance, IL-17A
promotes host immunity to fungal and bacterial pathogens.
A dysregulated IL-17A can aggravate inflammation and
promote development of inflammatory diseases, such as
inflammatory bowel disease [117]. On the other hand, IL-
17F acts as a pro-inflammatory factor in colitis, promoting
the production of antimicrobial peptides and IL-22. A recent
study showed that antibodies to IL-17F, but not IL-17A,
ameliorated DSS-induced colitis [118], suggesting that IL-
17F is a potential target for IBD treatment.

In addition, IFN-y is a major cytokine effector in ILC1s and
can further be co-expressed by some ILC3s subpopulations.
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Targeted neutralization of IFN-y, fontolizumab (a monoclo-
nal antibody against IFN-y), has been evaluated in some CD
patients, as described in a clinical phase 2 trial [119]. Although
this study did not meet the expected criteria (remission at week
4), the results therein showed significant alleviation of clinical
symptoms and increased rates of the associated remission after
the study period.

Generally, ILCls and ILC3s as well as other intestinal
immune cells including mononuclear phagocytic cells secrete
TNF [120]. An anti-TNF therapy has been successfully applied
for treatment of IBD [121]. The authors observed downregula-
tion of IL-22BP, and upregulation of IL-22, in CD4* T cells
after treatment of IBD patients with TNF-« antibodies [122].
This could be one of the mechanisms for TNF-a antibody
treatment.

Moreover, cytokine IL-6, together with IL-23 and IL-1,
promotes the expression of IL-17A of ILC3s. IL-6 antibod-
ies alleviate enteritis in TRUC mice and inhibit IL-17A pro-
duction. A recent randomized trial reported that anti-IL-6
antibody (PF-04236921) could induce clinical remission in
moderate-to-severe CD patients following anti-TNF treatment
failure [123]. This indicates that IL-6 can be used to develop
IBD treatments.

Another approach for treating ILC-mediated IBD entails
reducing the number of intestinal ILC, through consumption
of intestinal ILC or prevention of its location in the intestine.
Methods that consume ILC, such as monoclonal antibodies
against CD90, have resulted in remarkable efficacy in IBD
animal models [124]. However, related clinical trials are yet to
be conducted; hence, there is still much to do to identify novel
and effective targets for clinical use.

Conclusions and Perspectives

Innate lymphoid cells regulate intestinal homeostasis and path-
ological processes of IBD. Understanding the imbalance in
ILC subgroups, and how they regulate intestinal homeostasis is
key to developing novel approaches for the treatment of IBD.
Some treatment therapies that incorporate molecules or cells
involved in the pathogenesis of the disease, including block-
ers of IL-6 and IFN-y, as well as activators of IL-33, IL-22
and MHCII* ILCs expression, have shown promising effica-
cies in animal experiments. However, further clinical trials
are needed to determine their clinical value. Further research
on ILCs should be conducted to increase our understanding
of the pathogenesis of IBD and generate novel strategies for
its treatment.
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