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Crosstalk between the gut
microbiota and innate
lymphoid cells in intestinal
mucosal immunity

Yuling Guo, Yujia Liu, Binqi Rui, Zengjie Lei, Xixi Ning,
Yinhui Liu* and Ming Li*

Department of Microecology, College of Basic Medicine, Dalian Medical University, Dalian, China
The human gastrointestinal mucosa is colonized by thousands of

microorganisms, which participate in a variety of physiological functions.

Intestinal dysbiosis is closely associated with the pathogenesis of several

human diseases. Innate lymphoid cells (ILCs), which include NK cells, ILC1s,

ILC2s, ILC3s and LTi cells, are a type of innate immune cells. They are enriched in

the mucosal tissues of the body, and have recently received extensive attention.

The gut microbiota and its metabolites play important roles in various intestinal

mucosal diseases, such as inflammatory bowel disease (IBD), allergic disease, and

cancer. Therefore, studies on ILCs and their interaction with the gut microbiota

have great clinical significance owing to their potential for identifying

pharmacotherapy targets for multiple related diseases. This review expounds

on the progress in research on ILCs differentiation and development, the

biological functions of the intestinal microbiota, and its interaction with ILCs in

disease conditions in order to provide novel ideas for disease treatment in

the future.
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1 Gut microbiota and intestinal mucosal immunity

A wide range of microorganisms colonize in the human intestinal mucosa, including

fungi, viruses, and bacteria, which are together called the gut microbiota. The development

of the intestinal microbiota during early life is a dynamic process that is influenced by

various perinatal conditions, such as delivery method, feeding type, and lifestyle (1), and

contributes to numerous physiological functions (2). The gut microbiome can affect host

nutrient utilization via intestinal epithelial cells (IECs) and Paneth cells and even regulate

immune cell proliferation and function (3, 4). The gut microbiota interacts with the

immune system of the intestinal mucosa, generating a comprehensive intestinal defense
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mechanism. This interaction supports signal conduction pathways

that regulate intestinal mucosal immune function, and the defense

system jointly resist invasion by foreign pathogens both directly and

indirectly (5). ILCs, a type of natural immune cells enriched in

human mucosal tissue, have attracted extensive attention in recent

years (6), as they play a critical role in regulating regional immunity

and homeostasis.
1.1 Gut microbiota

The gut is the main site of nutrient and water absorption during

digestion, and it constitutes a fundamental barrier against harmful

substances and pathogens from the external environment. The gut

microbiota plays a critical role in supporting intestinal barrier

function (7). The humans gut contains hundreds of trillions of

beneficial bacteria, representing a symbiotic relationship arising

from millions of years of co-evolution. These bacteria make a

significant contribution to human intestinal health (8),

contributing to physiological functions such as carbohydrate

digestion and fermentation, vitamin production (9), epithelial cell

maturation (4, 10), angiogenesis (11), and lymphocyte development

(12–14). The gut microbiota is also essential for protecting hosts

from pathogenic infections. For example, the gut microbiota can

limit the luminal colonization of intestinal bacterial pathogens

through competition dietary nutrients (15). Gut commensal

microbes also elicit protective immune responses against parasites

via dendritic cells (DCs). In the absence of TLR11, immune

responses to parasites is depend on the indirect stimulation of

DCs provided by commensal microbes. Gut bacteria will activate

MyD88 via TLR2, TLR4, and TLR9 to generate IL-12 which could

response to the parasite (16). Furthermore, several studies have

indicated that the intestinal microbiome is involved in the

regulation of energy homeostasis, such as the synthesis of gut

peptides (GLP-1, PYY) involved in energy homeostasis. High-fat

diet induced obesity and metabolic disorders may associate to the

innate immune system (2).

However, despite the symbiotic relationship between humans

and their gut microbiota, the effects of these microbes are not always

benign. When the balanced interrelationship between the host and

the intestinal microbiome is destroyed, intestinal microbes may cause

diseases (17, 18). For instance, Enterococcus faecalis is a gram-positive

intestinal commensal bacterium, but it can invade mucosal tissues

and opportunistically cause bacteremia and endocarditis (19). In

addition, irritable bowel syndrome (IBS) had been linked to

significant changes in the microbiota, specifically involving several

groups of Firmicutes and Proteobacteria (20, 21). Lipopolysaccharide

(LPS) derived from intestinal microbes has been recognized as one of

the triggers for obesity and related metabolic (such as insulin

resistance and type 2 diabetes) (22). Our understanding of the role

microorganisms play in disease and health continues to widen, and

even small disruptions have been found to break this symbiotic

relationship and cause a microenvironmental imbalance.

Accumulating evidence demonstrates the close relationship

between the gut microbiota and human diseases. For instance,

various studies indicate that patients with IBD have an altered gut
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microbiome (23–26). Decreased concentrations of short-chain fatty

acids (SCFAs) produced by gut microbes in IBD patients affect the

differentiation and development of Treg cells and the growth of

IECs (27), which are important for maintaining intestinal

homeostasis. In individuals with food allergies, Clostridium causes

the colonic lamina propria to produce a large amount of TGF-b and

promotes Foxp3+Treg differentiation (28). Subsequently, the

Foxp3+Treg cells inhibit inflammatory responses through TGF-b,
IL-10, and IL-35, thereby maintaining oral tolerance to food (29)

and alleviating this phenomenon, such as nausea, vomit, diarrhea,

and pruritus. The microbiota also has a special significance in the

context of cancer. The gut microbiota can regulate the immune

system and thus produce anti-cancer effects. A study revealed a

significant decrease in intestinal Lactobacillus reuteri and SCFAs,

especially acetate, in mouse models of hepatocellular carcinoma

(HCC). Moreover, it showed that the supplementation of

Lactobacillus reuteri or transplantation with fecal bacteria from

wild-type mice had significant anti-tumor effects in HCC mice (30).
1.2 Intestinal mucosal immunity

Multicellular organisms interact with their external

environment at multiple niches, including the airway mucosa,

oral mucosa, gastrointestinal and urogenital mucosa, and skin

mucosa, which together comprise the mucosa-associated

lymphoid tissue (MALT). The gut is an organ with the largest

surface area and mucosal interface (31, 32), and it can continuously

interact with dietary antigens and a variety of microorganisms.

Therefore, the surface of the intestinal mucosa is a critical site for

innate and adaptive immune regulation (33). MALT is a peripheral

immune organ including gut-associated lymphoid tissue (GALT),

nasal-associated lymphoid tissue, and bronchial-associated

lymphoid tissue, and its functions are similar to those of the

spleen and lymph nodes. GALT, one of the largest lymphoid

organs, is mainly present in the intestinal tract and its

surrounding tissues. Its surface area is 230-300 square meters and

it represents the “first line of defense” of intestinal mucosal

immunity. Histologically, GALTs include Peyer’s patches, crypt

patches, isolated lymphoid follicles (ILFs), and mesenteric lymph

nodes (MLNs) (34, 35). GALT also includes non-immune cells such

as M cells (36) and immune cells such as helper T (Th) cells, Treg

cells, cytotoxic T lymphocytes, and IgA-producing B cells. ILCs,

phagocytes, DCs and macrophages (37) are all mon-traditional

lymphocytes. Numerous experimental studies have been that the

intestinal microbiota is crucial for the development and maturation

of GALTs (17). Both germ-free (GF) and specific-pathogen-free

(SPF) mice exhibit impaired GALT development, which mainly

manifests in crypt patches and ILFs (38, 39). However, if the

intestinal microbial system of GF mice is reconstructed through

microbiota transplantation, the mice can regenerate GALT (40) and

their mucosal immune system is restored (41). In recent years,

researchers have discovered new types of immune cells — different

from traditional T and B lymphocytes — in the intestinal mucosal

immune system. These cells, called ILCs, have become a new

research hotspot (42). They are present in lymphoid and non-
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lymphoid organs and are enriched at the mucosal barriers, where

they are exposed to allergens, commensal microbes, and

pathogens (43).
2 ILCs

2.1 Differentiation and development of ILCs

From 2009 to 2010, lymphocyte-like non-T cells, non-B cells,

and natural killer (NK) cells were described in several papers (44–

47). The name “ILCs” to describe these cells was first proposed in

2013 (48). ILCs constitute a new and unique family of innate

immune cells, including some well-known NK cells and lymphoid

tissue-inducer cells and recently discovered non-cytotoxic ILC

populations (49). ILCs exist in almost all organs and tissues (such

as the lungs, liver, stomach, intestine, pancreatic islets, adipose

tissue, spleen, and lymph nodes) (50–52), but they are enriched in

mucosal tissues and play a key role in maintaining homeostasis and

tissue repair.

ILCs are derived from common lymphoid progenitors (CLPs)

in the bone marrow of central immune organs (53) and display a

lymphoid morphology. The differentiation of ILCs is regulated by a

variety of transcription factors, including inhibitor of DNA binding

2 (ID2) and nuclear factor, interleukin 3 regulated factor (Nfil3),

and GATA binding factor 3 (GATA3). CLPs differentiate into

common helper innate lymphoid progenitors (CHILPs) under the

action of ID2, Nfil3, and GATA3, and then divided into innate

lymphoid cells progenitors (ILCPs) under the action of

promyelocytic leukemia zinc finger (PLZF) (54, 55). Driven by

transcription factors such as T-bet, GATA3 and RORgt, ILCPs are
differentiated into ILC1s, ILC2s and ILC3s (56, 57) respectively.

CHILPs are differentiated into lymphoid tissue inducer progenitors

(LTiPs) and further differentiated into LTi cells. In humans and

mice, NK cells develop from CILPs through NK cell precursors

(NKP), while ILC1s develop from CILPs through ILCPs (55). ILCs

can mature without the recombination machinery and do not

express a TCR. Activation signals in the immediate environment

can control the ILCs function and producing copious cytokine (58).

In the same way, ILCs play important protective roles in the early

immune response against cellular transformation and infection,

especially in epithelial barrier surfaces (59). Meanwhile,

inflammatory diseases may contribute to ILCs dysfunction (60, 61).

ILCs are innate immune cells with adaptive immune function

(55). Their subsets have the typical morphological characteristics of

lymphocytes (58) but lack antigen-specific receptors. Therefore,

they are distinct from adaptive lymphocytes (such as T cells and B

cells) (62). However, it has been highlighted that ILCs are “mirror

cells” of CD4 Th cells, ILC1s being the innate counterpart of Th1s,

ILC2s of Th2s and ILC3s/ILCPs of Th17s. According to research

finding, distinct expression of long noncoding RNAs (lncRNAs) in

innate vs. adaptive cells, arguing for a potential role of lncRNA in

shaping human ILCs biology. ILCs are unique in the dynamics,

fine-tuning, and spatial organization of immune responses, rather

than redundant genetic organization (63). Like Th cells, ILCs do not

undergo gene rearrangement (64), subsets of ILCs are
Frontiers in Immunology 03
phenotypically unstable and can alter their own functions and

associated phenotypes in response to microenvironmental

changes (65). This phenomenon is called plasticity.

Plasticity begins before the terminal differentiation stage of ILCs

subpopulations in mice (66). The in vitro transformation of ILC3s,

ILC2s, and ILC1s is reversible. For example, human ILC3s are

converted into ILC1s under the action of IL-12. Meanwhile, this

process can be reversed by IL-1b and IL-23 and accelerated by the

vitamin A metabolite retinoic acid (67). ILC2s can be transformed

into ILC1s under the influence of IL-1b and IL-12 in vitro, but IL-4

can reverse this process (68). Additionally, NK cells can be

unidirectionally converted into ILC1s during a Toxoplasma gondii

infection (69). In principle, the forced expression of EOMES under

the action of the Tbx21 promoter enables the transformation of

mouse ILC1s into NK cells, although this process does not occur

under physiological conditions (70). After Salmonella enterica

subsp. infection, under the action of IL-12, NKp46+ILC3s

downregulate the expression of RORgt and transdifferentiate into

ILC1s (71, 72), contributing to defense against bacterial infection.

However, the accumulation of ILC1s and IL-17-producing ILC3s

has been observed in the inflammatory tissues of patients with

Crohn’s disease (73, 74), accompanied by a reduction in the number

of IL-22-producing ILC3s. These changes in ILCs composition have

been linked to disease severity (75). Furthermore, the conversion of

NKp44-ILC3s to NKp44+ILC3s has been observed in the inflamed

skin of patients with psoriasis, leading to an increase in the number

of NKp44+ ILC3s, which is correlated with psoriasis severity (76,

77). This suggests that the plasticity-dependent transformation of

ILCs is required for their anti-infection and autoimmune functions.
2.2 Classification and functional
characteristics of ILCs

2.2.1 NK Cells and ILC1s
Similar to cytotoxic CD8+ T cells, NK cells have cytotoxic

functions (78). They are capable of eliminating a variety of cancer

cells, including some forms of leukemia (79). In addition, NK cells

have proven to be useful in the treatment of cancer, especially

during bone marrow transplantation (80). While ILC1s are usually

non-cytotoxic or weakly cytotoxic, like Th1 cells (74, 81, 82), they

represent the first line of defense against viral infections and some

bacterial pathogens. NK cells and ILC1s depend on the key

transcription factor T-bet. NK cells and ILC1s differ slightly in

function, for example, NK cells are cytotoxic cells that express

perforin, while ILC1s only expresses low levels of perforin. In mice,

ILC1s can be detected before birth, while NK cells appear two to

three weeks after birth (83). They are further differences in the

production and dependence of transcription factors. In mice, ILC1s

are strictly dependent on T-bet, while NK cells can also exist in T-

bet deficient hosts (84). In addition, NK cells require the

transcription factor Eomes, while ILCls can develop in the

absence of Eomes. Therefore, Eomes expression is often used as a

marker for NK cells, although it can be expressed in a certain

proportion of ILC1s (55). However, once stimulated by IL-12, IL-

15, or IL-18, they produce tumor necrosis factor (TNF) and
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interferon-g (IFN-g) and thus provide protective immunity against

viruses (85), intracellular bacteria (81) and parasites (72).

2.2.2 ILC2s
As for Th2 cells, RAR-related orphan receptors a (RORa), T

cell factor 1 (TCF1), and GATA-3 (55, 86–88) are guide the

development and maintenance of ILC2s and the production of

type 2 cytokines. In mice, the markers of ILC2s are usually CD25,

KLRG1, ICOS or ST2, while in humans, ILC2s is recognized by the

expression of CD161, ST2, and CRTH2 (89). Following stimulation

by IL-25, IL-33, or thymic stromal lymphopoietin (TSLP), ILC2s

produce IL-5, IL-13, IL-6, and IL-9 (86, 89–92) and play a role in

defense against nematode and other worm infections (93, 94).

ILC2s can also produce amphiregulin to restore the integrity of

the epithelial barrier after tissue damage (95). In addition, after

acute infection with the influenza virus, ILC2s produce the

epidermal growth factor family member amphiregulin and

thereby promote the healing of respiratory tissue (96). In

addition, after acute infection with the influenza virus, ILC2s

produce the epidermal growth factor family member

amphiregulin and thereby promote the healing of respiratory

tissue (86, 89). Moreover, recent studies have revealed that ILC2s

are present in the skin and may contribute to skin inflammation

(e.g., atopic dermatitis [AD]) (97, 98).

2.2.3 ILC3s and LTi cells
Similar to Th17 and Th22 cells (55), ILC3s require the

transcription factors ROR gamma-t (RORgt) and aryl

hydrocarbon receptor (AHR) for their differentiation,

development, and function (99). ILC3s can secrete cytokines such

as IL-17A, IL-22, TNF, and granulocyte macrophage colony-

stimulating factor (GM-CSF) (51, 100, 101). As a result, they can

help the body resist extracellular bacteria, promote the development

and repair of lymphatic tissues (102), and maintaining intestinal

homeostasis (101, 103). IL-22 can promote the production of mucin

by IECs and maintain the proliferation of intestinal crypt stem cells

(104), thereby protecting the integrity of the intestinal epithelial

barrier (105). IL-17 can protect IECs by enhancing the synthesis of

tight junction proteins and thus maintain intestinal homeostasis

(106). In addition, IL-17 can also activate secretory factors and

growth factors in IECs and endothelial cells to induce neutrophil

differentiation, thus influencing the immune response to

inflammation (107). ILC3s generate immune tolerance to the

microbiota and protect gut health via antigen-specific RORgt+

Treg cells and Th17 cells (108). They maintain intestinal

microecological homeostasis, and their down-regulation can lead

to colitis (109, 110). In addition, ILC3s are also engaged in the

defense against Salmonella typhi (111), Candida albicans (112),

Streptococcus pneumoniae (113), and they prevent symbiotic

translocation and systemic inflammation (96). Moreover, some

studies have found that ILC3s can promote the regeneration of

the inflamed intestine (114) and regulate allergic airway

hyperresponsiveness in the lungs (115), This indicates that ILC3s

are involved in the maintenance of tissue homeostasis during

inflammation or injury (116).
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LTi cells were first described in 1997 (117), They express c-kit

and CCR6 and are dependent on the transcription factor RORgt
(55). Under the influence of TNF-a and lymphokine b, LTi cells
play a key role in the formation of secondary lymph nodes and

Peyer’s plaques during embryonic development (118, 119). In adult

mice, LTi cells, B cells, and DCs together constitute ILFs (120). In

recent years, several studies have shown that LTi cells express IL-22

through NF-kB and Toll-like receptor 2 signaling (121). In addition,

LTi cells also secrete IL-17A and IL-22, which enable the protection

of the gas t ro in tes t ina l t r ac t f rom pathogens (122)

(Figure 1, Table 1).
3 Interaction between ILCs and the
gut microbiome

In healthy people, the mucosal immune system shows a

symbiotic association with the gut microbiome. Most

lymphocytes in the intestinal lamina propria are only separated

from the commensal microbiome by a single layer of epithelial cells.

The stable relationship between the intestinal epithelial barrier and

symbiotic bacteria depends on the immune system. Further, the

commensal microorganisms also have profound effects on

homeostasis and the development of the mammalian immune

system. As an important part of the immune system, ILCs play a

vital role in maintaining this symbiotic equilibrium. Thus, they can

affect microorganisms at both the individual and community

levels (Table 1).
3.1 Intestinal microbiome regulates ILCs

3.1.1 Normal gut microbiota regulates ILCs
The intestinal microbiota does not appear to be necessary for

the development of most ILC groups. However, signals from

commensal bacteria can promote good expression of cytokines in

the intestine and significantly affect the function of ILCs. The

differentiation and development of NK cells do not require the

role of the microbiota, but in the absence of symbiotic, the function

of NK cells changes. The cytotoxic activity of NK cells and cytokine

production are both reduced in GF or antibiotics in the treatment of

mice (123). The reason is perhaps that the type 1 interferon

produced by dendritic cells and macrophages promotes the

production of IL-15 (137, 138), which in turn further promotes

the maturation of NK cells. Therefore, the symbiotic microbiota

controls the generation of NK cells indirectly (139, 140).

Researchers have found that the number of ILC1s in the fetal

intestinal is extremely low (67, 73), indicating that the development

of ILC1s is dependent on commensal microorganisms. At the same

time, in the absence of symbionts, the plasticity of ILC3s to ILC1s

transformation was inhibited (125). There is no significant

difference in quantity and proportion in ILC2s and their markers

(IL-25 and IL-33 receptors, IL-7Ra and T1/ST2 and c-kit receptors)

in GF and SPF mice (95). This indicates that the development of

ILC2s does not require microbiota (139). However, lack of
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commensal bacteria significantly increased the proportion of ILC2s

in the intestine (127). Research has shown that the microbiota

regulates the function of ILC2s in the intestine by promoting the

release of IL-25, thereby improving the intestinal barrier mediated

by ILC2s (133, 141). In recent years, research has found that LTi

cells also express the Toll-like receptor 2, and can express IL-22

through NF-kB signaling pathway (121). This means that LTi cells

may directly perceive the cell wall components of Gram-positive

bacteria. The peptidoglycan of gram-negative bacteria enables LTi

cells to accumulate in the lamina propria of intestinal crypt patches

(39). Maturation of ILFs is impaired in the intestines of GF mice,

which indicates that some functions of LTi-like RORgt+ ILCs are

disrupted (39, 142). Intestinal microbiota promotes IL-1b
production by myeloid cells in tissues of mice, IL-1b stimulates

ILC3s to generate IL-2, thereby promoting the generation of Treg

and the intestinal tolerance to dietary antigens (143). CD11c+

myeloid dendritic cells produce IL - 1b and IL - 23 in response to

intestinal microbiota, and participate in the production of IL22 of

ILC3s (144). Stimulating dendritic cells TLR5 with bacterial protein

flagellin promotes the production of IL-23, thereby leading the

production of IL-22 through ILC3s (145).

3.1.2 Pathogenic bacteria regulate ILCs
Due to the proximity of ILCs to the mucosal surface, ILCs are

susceptible to various symbiotic and pathogenic bacteria. ILCs can

respond to a variety of pathogens to protect the host and maintain

tissue integrity. For example, infection with Clostridium Rodentiae

can increase the number of ILC1s in the small intestine (146), which

may due to the plasticity of ILC1s and ILC3s in the intestine. Recent
Frontiers in Immunology 05
studies have shown that Helicobacter pylori infection can lead to an

increase in ILC2s in gastric tissues of human and mice,

accompanied by the production of IL-5 and an increase in the

number of B cells (147, 148), it was found that the proportion of B

cells significantly decreased in GF mice infected with Helicobacter

pylori treated with anti-IL-5 neutralizing antibodies. In the large

intestine of mice lacking adaptive immunity, the introduction of

Helicobacter species Helicobacter Apodemus and Helicobacter pylori

can activate ILCs and induce intestinal ecological disorders (149).

However, Helicobacter pylori significantly inhibited T-bet

expression, while T-bet negative ILC3s cells showed no significant

changes, but their proliferation ability was significantly reduced

(150). Salmonella typhimurium selectively enhanced ILC3s to

produce IL-22 which could promote infection (151). In addition,

Salmonella typhimurium can invade ILC3s and cause Caspase-1

mediated ILC3s pyroptosis (151). On the contrary, the loss of

caspase-1 in ILC3s leads to an increase in ILC3s survival and IL-

22 production, thereby enhancing Salmonella typhimurium

infection in mice. In addition, Salmonella infection can induce

NKp46-ILC3s to differentiate into ILC1s. Buonocore et al. (152)

found thatHelicobacter hepatica can induce IL-23 dependent colitis.

Increased production of IL-17 and IFN-g by ILC3s is associated

with the development of colitis. Bacillus anthracis disrupts the

function of ILC3s in the body through the deadly toxin of

anthrax, resulting in a decrease in IL-22 produced in MAPK

signaling pathway, leading to further imbalance of the gut

microbiota (153). During Citrobacter infection, ILC3s can secrete

lymphotoxins, which bind to LTbR on dendritic cells and trigger

their production of IL-23. IL-23 can stimulate ILC3s to produce IL-
B

C

A

FIGURE 1

Classification and function of ILCs. (A) Both NK cells and ILC1s depend on the key transcription factor T-bet and secrete tumor necrosis factor and
IFN-g when they are stimulated by IL-12, IL-5, etc., to produce protective immunity against viruses, intracellular bacteria, and parasites. (B) The
development of ILC2s is dependent on the transcription factor GATA3, and these cells produce cytokines such as IL-5 and IL-13 under the action of
IL-33 and thus contribute to the prevention of parasitic infection. (C) ILC3s are dependent on the transcription factor ROR-g, and they can secrete
IL-17 and IL-22, protect intestinal mucosal epithelial cells, maintain intestinal homeostasis, and aid mucosal repair during the acute inflammatory
stage. Further, ILC3s can also establish immune tolerance to the microbiota and promote intestinal health through antigen-specific RORgt+Treg and
Th17 cells.
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22, thereby protecting the host (154). In addition, during the period

of Citrobacter infection, the expression of GPR183 on LTi cells

promotes the LTi cells migrated to Peyer’s patches and ILFs (155),

and is also crucial for the protection against Citrobacter infection

mediated by ILC3s (156). After infection with Citrobacter, the

expression of STAT3 in ILC3s is enhanced and binds with IL-22

to exert anti-infective effects (157).

3.1.3 Diet regulates ILCs via gut microbiota
More and more evidences suggest that ILCs are related to diet

and its metabolites. The lack of dietary vitamin A is expected to

result in an abnormal decrease in ILC3s, a severe deficiency in IL-22

production, and a greater susceptibility to gastrointestinal infection

with Citrobacter rodents (158). Retinoic acid (RA), a vitamin A

metabolite produced by dendritic cells in the intestinal lamina

propria, promotes the expression of ILC1s and ILC3s gut homing

receptors (159), and enhances ILC3s function (160) and the

production of IL-22 by up-regulating RORgt (161). On the

contrary, RA promotes ILC2s proliferation by raising IL-7Ra, and

the amount of ILC3s in the intestine of vitamin A deficiency adult

mice decrease. Increased ILC2s during vitamin A deficiency can

enhance the efficiency of worm expulsion (158). Existing studies

have shown that in the period of micronutrient deficiency, ILC2s is

maintained through fatty acid metabolism, which can maintain the

production of IL-13 (162). Thus, the dietary status of the host can

alter the balance of the ILCs and selectively optimize the immune

response, thereby altering the propensity to infection.

The main metabolites of undigested carbohydrates in the colon

microbiota are SCFAs (including acetic acid, propionic acid, and

butyric acid). SCFAs are not just the body’s energy source (163), but

also promote immune dynamic balance through their interactions

with host cells (164). For example, Lactobacilli can use tryptophan
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to increase IL-22 production in ILC3s (126). Ligands generated via

tryptophan metabolism can activate AHR, thereby promoting

ILC3s function (129, 165). SCFAs can mediate host defense

against Citrobacter rodent via their receptor free fatty acid

receptor 2 (FFAR2) (166, 167). In ILC3s specific knockout of

FFAR2 mice, the number of CCR6+ILC3s and the production

of IL-22 are decreased, that leading to a decrease in the

production of mucin and antimicrobial peptides, exacerbating

Clostridium difficile enteritis. Conversely, SCFAs or FFAR2

agonists fed to dextran sulfate sodium (DSS) induced colitis mice

can increase the production of ILC3s and IL-22 in the mice colon,

which has protective effects on intestinal injury (99, 167, 168). In GF

or antibiotics treatment mice, the IL-22 producing ability of ILC3s

was enhanced (114), on the contrary, adding butyrate to ILC3s will

limit the production of IL22 in vitro experiments (169). In addition,

some SCFAs can stimulate AKT - STAT3 and ERK - STAT3

signaling pathways to induce IL - 22 producing of ILC3s (167).

The IL-22 produced not only maintains the richness of the

microbial community, but also resists fungal colonization such as

Candida albicans , thereby preserving the mucosa from

inflammation (135).
3.2 ILCs affect the intestinal microbiome

3.2.1 NK cells and ILC1s affect gut microbiota
NK cells and ILC1s have been demonstrated to increase cell

permeability and the translocation of symbiotic bacteria in human

intestinal epithelial monolayers (124). CNK cells mainly circulate in

the blood or reside in the bone marrow and lymphatic organs. The

production of large amounts of IL-12 after infection with

Toxoplasma gondii can induce the transition of NK cells to the
TABLE 1 A summary of the main function of different innate immune subsets and their phenotypes related.

Cell
subset

Cytokine Main function Crosstalk between ILCs and gut microbiome Reference

NK cells IFN-g, TNF Anti-virus
Anti-tumor

Reduced cytotoxic activity of NK cells in GF mice
Increased permeability and translocation of commensal bacteria in human
intestinal epithelial cells

(123)
(124)

ILC1s IFN-g, TNF Anti-virus
Anti-bacteria
Anti-protozoa

Low amounts of ILC1s in fetal gut
Inhibition of ILC3s to ILC1s conversion plasticity in the absence of symbionts
Dysregulation of Helicobacter typhlonius and colitis in T-bet-deficient mice

(67, 73)
(125)
(126)

ILC2s IL-5, IL-6, IL-9, IL-
13, Areg, IL-33

Anti-parasite
Asthma and
allergic diseases
Metabolic homeostasis
Maintaining microecological
Balance

Increased ILC2s counts in the small intestine of GF mice
Butyrate-induced inhibition of IL-5 and IL-13 production in ILC2s via HDACs
Reduced bacterial translocation and inflammation via Areg after DSS induction
IL-33 can activate intestinal ILC2s to produce more Areg and maintain the
composition of intestinal microbiota and microecological balance

(127)
(128)
(129)
(130)
(131)

ILC3s IL-17A, IL-22, GM-
CSF

Intestinal homeostasis
Anti-bacteria

Differentiation of ILC3s and production of IL-22 dependent on gut bacteria
Microbiota inhibit IL-22 secretion by ILC3s
Microbiota induces ILC3s to produce IL-22 to strengthen the intestinal barrier
Tryptophan-induced to increase IL-22 production by ILC3s
Bacterial translocation and systemic inflammation in the absence of ILC3s

(132)
(133)
(28, 134)
(135)
(96)

LTi cells IL-17A, IL-22 Induces the formation of
secondary lymphoid tissue

Peptidoglycan from Gram-negative bacteria enables LTi cells to accumulate in
intestinal crypt patches
Impaired maturation of isolated lymphoid follicles in GF mice

(38)
(38, 136)
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ILC1s-like phenotype (Eomes CD49a Ly6C). The gut microbiota

interacts with NK cells, such as feeding mice a high-salt diet can

increase the abundance of Bifidobacterium in the intestine, resulting

in increased intestinal permeability and localization of

Bifidobacterium within the tumor, thus enhancing NK cells

function and tumor regression, and injecting Bifidobacterium into

tumors can activate NK cells and inhibit tumor growth (170).

Hypercaloric diets overactivate the intestinal immune system,

disrupts the microbiome and epithelial cell function. A new

reserach found that in the hypercaloric diets fed mice, ILC1s

depletion is also associated with increases in Akkermansia

muciniphila and decreases in Bilophila spp. The expansion of pro-

inflammatory macrophages and ILC2s needs ILC1s, and the ILC1s

depletion induced the ILC3s-IL-22 pathway, consequently, increase

production of mucin, antimicrobial peptides, and further affect the

gut microbiota (171).

3.2.2 ILC2s affect gut microbiota
ILC2s are a class of innate immune cells involved in IL-33

signaling, especially promoting type 2 immune response (172). ILCs

are enhanced on the barrier surface and have been shown to be an

integral part of mucosal repair in the case of infection (173). IL-33

activates ILC2s in the intestinal, producing Areg more significantly

than ILC2s in other mucosal sites (130). IL-33-deficient mice were

ecologically disequilibrated or had higher concentrations of pro-

inflammatory bacteria constituting their microbiome. Specifically,

IL-33-deficient mice had more Segmental filamentous bacteria

(SFB), higher concentrations of pro-inflammatory bacteria were

also found in a mouse model of inflammatory bowel disease,

especially increased Akkermansia muciniphila, which can degrade

mucus (131). The possible cause may be a lack of IL-33 fails to

activate the IL-33/ILC2s pathway, which changes the structure of

gut microbiota and increases the abundance of pro-inflammatory

bacteria. When the epithelial barrier is destroyed, the AREG

produced by ILC2s can reduce DSS-induced intestinal injury and

cause the translocation of intestinal symbiotic bacteria to peripheral

organs (129). Just like the gut microbiome directs the migration of

ILC2s from the gut to the lungs via the gut-lung axis. When

Proteobacteria abundance increases in the gut during abdominal

infection, IL-33 production is stimulated, IL-33-CXCL16 signaling

promotes natural ILC2s accumulation in the lung to protect the

lung from infection. When ILC2s accumulated to a certain extent,

the composition of gut microbiota changed (174).

3.2.3 ILC3s and LTi cells affect gut microbiota
ILC3s do not directly affect the microbiota, but indirectly shape

the microbiota by altering epithelial cell function or through other

immune or non-immune cells functional characteristics, thereby

affecting its composition. Blocking IL-22 or reducing ILCs can lead

to the growth of Alcaligenes (usually present in Peyer’s patches and

MLNs) in the liver and spleen, causing systemic inflammation (96).

IL-22 expressed by ILC3s is necessary for fucose on the surface of

IECs. This mechanism helps prevent bacterial transmission and is

related to the prevention of intestinal Salmonella infection (111). In

addition, IL-22 produced by ILC3s can promote the production of
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antimicrobial peptides and mucus in epithelial cells (175, 176),

resulting in the host defense against pathogens such as Citrobacter

rodentiae (46, 175). If IL-22 is absent, it will lead to a significant

reduction in antimicrobial peptides and mucus, thereby affecting

the composition of the intestinal microbiota, such as reducing the

proportion of Lactobacilli (177). The Reg3 family of antimicrobial

lectins produced by IL-22, such as Reg3g and Reg3b, it can maintain

spatial separation between host tissues and commensals, limit the

total number of gut bacteria, especially those associated with the

mucosa, and prevent microorganisms from translocating through

the epithelial barrier and spreading to the MLNs and liver, thereby

limiting inflammation (178–180). Studies have shown that mice

who lacking IL-17A and IL-17F developed spontaneous infection

with Staphylococcus aureus, while IL-22-/- mice showed increased

colonization of Staphylococcus aureus and decreased expression of

antibacterial proteins by 10%. The production of IL-17 and IL-22 is

related to ILC3s. This indicates that IL-17A, IL-17F, and IL-22 can

regulate the colonization of Staphylococcus aureus (181, 182), and

Candida albicans (112, 183, 184). Programmed death-1(PD-1) is

substantially expressed in colonic LTi cells, anti-PD-1

immunotherapy in cancer patients can leads to immune-related

adverse events such as colitis. During DSS-induced colitis, LTi cell

activation is accompanied by increased PD-1 expression, at the

same time, a dramatic reduction of Lactobacillales can be detected

(185). Another research reported that the proliferation of LTi can be

resistant to Clostridium difficile infection (186). In summary, the

interaction between gut microbiota and ILCs plays a crucial role in

maintaining the homeostasis of the gut environment.
4 Interaction between ILCs and
symbiotic bacteria under disease

The mutualism between the microbes living in the intestinal

tract of mammals and their hosts is critical for the development and

maintenance of the immune system. Many inflammatory diseases

and chronic infections in humans are related to changes in the

composition or colonization of symbiotic bacteria, which lead to

dysfunctional symbiotic relationships. In the last few years, studies

have demonstrated the interaction between ILCs and the gut

microbiota. The intestinal microbiota regulates the number of

ILCs, thus affecting their development and function. ILCs are also

essential for regulating the balance of the gut microbiota, suggesting

that ILCs and the intestinal microbiota may play critical roles in

disease pathogenesis. For example, ILCs participate in the

pathogenesis of microbe-related diseases such as IBD, allergic

diseases, cancer, and parasitic infection.
4.1 Inflammatory bowel disease

IBD is a major intestinal pathology, and it mainly includes

Crohn’s disease (CD) and ulcerative colitis (UC) (142, 187, 188).

IBD is simply an intestinal mucosal abnormality caused by

environmental, genomic, microbial, and immunological factors
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(189). The proportion of NKP44+ILC3s in inflammatory tissue is

decreased in IBD patients, and the proportions of ILC1s and ILC2s

and levels of GM-CSF are all increased in IBD patients (190, 191),

and it correlates with disease severity. IL-33 can promote the

activation of ILC2s in the colon and induce type 2 immune repair

pathways to avoid toxin mediated epithelial damage (192). In the

absence of specific T-bet in ILCs, IL-7Ra enhanced the proliferation

and accumulation of ILCs, which can promote the development of

ILC2s in order to mediates type 2 intestinal immune response.

Abnormal activation of the immune system could be prevented in

this process, and the host would be protected from colitis (193).

ILC3s play a crucial role in regulating the stability of the

intestinal mucosa. Several studies show that segmented

filamentous bacteria and invasive Escherichia coli adhering to the

intestinal mucosa of IBD patients can enhance the production of IL-

22 by ILC3s (194, 195). In CX3CR1+ mononuclear phagocytes,

these factors can also induce the expression of TNF-like ligand 1A,

which plays a role in mucosal repair during acute inflammation

(196). Free fatty acid receptor 2 (FFAR2) is the receptor for SCFAs

and is highly expressed on the surface of colonic ILC3s. It can

upregulate the expression of RORgt, act on IL-22 to promote

intestinal IEC repair, regulate the secretion of antimicrobial

peptides in the small intestinal mucosa, prevent invasion by

pathogenic bacteria, and inhibit inflammation (105, 197). Natural

FFAR2 ligands such as acetate and propionate as well as FFAR2

agonists help in increasing the production of ILC3s and IL-22 in the

mouse colon and can protect against DSS-induced colonic injury

and C. rodentium infection (167). AHR, as an important

transcription factor regulating ILC3s, is expressed on the surface

of ILC3s. AHR-deficient mice show increased susceptibility to

colitis and Citrobacter rodentium infection due to impaired ILC3s

and low IL-22 in the intestine (198–200) and the decreased number

of intraepithelial lymphocytes (201). Lactobacillus reuteri can

prevent DSS-induced colitis in mice via tryptophan metabolites

such as indole 3-aldehyde, an AHR ligand that activates AHR and

enhances IL-22 production (202–205).

However, ILC3s — which produce IL-22— can also lead to the

development of acute congenital colitis in mice (206). Compared

with healthy controls, patients with mild to moderate IBD show

higher levels of IL-22. IL-22 levels are also significantly elevated in

CD patients (207). This increase has been positively linked to

disease activity (208). An initial study, it was found that the

elevated secretion of pro-inflammatory cytokine IL-17 and IFN-g
from NCR-ILC3s in the colon of a Helicobacter hepaticus-induced

IBD model, could further promote intestinal inflammation.

However, when these cells were depleted, the disease activity was

attenuated (152). In addition, Gpr109a-/-Rag1-/- mice were found to

develop spontaneous colitis, and compared with Rag1-/-mice, they

showed higher IL-17 production in intestinal ILC3s. This indicates

that GPR109a can suppress ILC3s by inhibiting the microbiota-

induced production of IL-23, thereby regulating intestinal

homeostasis (209). Immune checkpoint blockade (ICB)

immunotherapy is a common clinical anti-cancer therapy, but it

can also cause serious side-effects. The most common side-effect is

immune checkpoint blockade associated colitis (ICB-associated

colitis). Supplementation with Lactobacillus reuteri can alter the
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composition of the intestinal microbiota, reduce the number of

ILC3s, and then inhibit the development of colitis, thereby

improving the weight loss and inflammatory state induced by ICB

treatment. The pro-inflammatory effect of ILC3s may be due to

their abnormal activation, leading to the overproduction of IL-22

and IL-17, which induce the production of neutrophil chemokines

by IECs, as a consequence, exacerbates the inflammatory response

(210). When the intestinal microbiota is disrupted, Th17 cells

secrete a large amount of IL-22, causing IL-22 production to far

exceed normal levels. This promotes the proliferation of colonic

epithelial cells, stimulates abnormal mucosal dysplasia, and induces

colitis (211, 212) (Figure 2).
4.2 Food allergy

Atopic diseases, including atopic dermatitis, food allergy (FA),

and environmental allergy, have become important public health

problems worldwide (213). FA is an antigen-specific biological

response resulting from exposure to orally ingested food or food-

derived components. While anaphylaxis, mast cell degranulation

can be mediated by IgE, the reaction that can lead to death. Previous

studies have demonstrated that changes in the structure of the gut

microbiota can lead to a partial loss of homeostasis, disrupting the

Th1/Th2 balance and biasing it toward the Th2 response, thus

inducing allergic reactions (214, 215). Intestinal bacteria, especially

Clostridium, play a major role in regulating mucosal immunity and

allergic diseases. Stefka et al. found that Clostridium colonization

induces IL-22 production in ILC3s and T cells in the intestinal

lamina propria, which enhances epithelial barrier function via

effects on goblet cells and Paneth cells that increase the

production of mucus and antimicrobial peptides (28, 134). IL-22

inhibits the pathway mediating the entry of oral dietary antigens

into the systemic circulation and contributes to the avoidance of

food allergy. In addition, the SCFAs produced by Clostridium can

induce the production of Tregs in the colon, promote the integrity

of intestinal epithelium, alter the composition of intestinal

microbiota, and improve allergy symptoms in mouse models

(216, 217). Research from Ha-Jung Kim’s group shows that in the

early-life of mice, intestinal microbiota can play a critical role in the

development of AD by regulating the CD4+IL17+T cell/

CD4+FOXP3+Treg cell balance, thereby affecting the levels of

ILC3s in the gut mucosa via the modulation of SCFAs

production (218).

However, ligands produced from tryptophan, a metabolite

obtained from the diet and bacterial metabolism, interact with

AHR on the surface of ILC3s. This can also stimulate the

production of IL-22 to modulate the permeability of the epithelial

barrier (135). If the intestinal mucosal barrier is damaged, intestinal

permeability increases, harmful substances from the intestinal

lumen, such as pathogenic microorganisms, antigens, and pro-

inflammatory factors, enter the circulation. This can lead to food

allergy symptoms. Intestinal microbes also can directly interact with

macrophages, DCs, and ILCs to promote the production of

defensins, thereby strengthening their barrier function and

maintaining the mucosal immune balance (219).
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The intestinal microbiota can regulate the intestine–skin axis

via direct and indirect pathways. The changes in the composition

and proportion of gut microbiota communities can cause skin

barrier dysfunction and immune system disorders, which are the

key pathophysiological mechanisms of AD development.

Tryptophan is is a metabolite of the gut microbiota, it act as

ligands that can activate the AHR on ILCs to induce IL-22

secretion, driving the release of antimicrobial peptides (AMPs)

and providing protection from infections by pathogens (220).

Lactobacillus and Bifidobacterium produce gamma-aminobutyric

acid (GABA), which could be used by inhibitory interneurons as

neurotransmitters to inhibit pruritogenic response neurons.

Scratching also stimulates ascending nociceptive neurons that

project to the supraspinal structures, which in turn connect

directly or indirectly to descending modulatory pathways to

inhibit pruritogenic response neurons, relieving itching (221).

In OVA/alum or peanuts/cholera toxin (PN/CT) FA mice

models, oral administration of OVA or peanuts can lead to type 2

inflammation, diarrhea and anaphylactic symptoms such as body

temperature decrease via mast cell degranulation may appear.

Research found when IL-25 and IL-33 which is involved in the

activation of ILC2s are elevated, the number of intestinal ILC2s will

be increased in the FA model mice, it indicates that ILC2s are

involved in the pathogenesis of FA (222). Another research has

reported that increased IL-25 can elicit IL-13 production from ILC2s

via direct stimulation or indirect activation through IL-25 receptor-

positive Th2 cells can induce mastocytosis and diarrhea symptoms

(223). The skin barrier disruption could induce the activation of

intestinal ILC2s via IL-33, which enhances mastocytosis and

anaphylaxis in OVA-induced FA models (224). This suggests that

adverse activation of ILC2s is involved in the allergic reaction. In
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addition, IL-4a knocked out PN/Ct-induced FA models of mice

lacking an unrestricted form of the immunoreceptor tyrosine

inhibitory motif (ITIM), in which ILC2s inhibits antigen-specific

Tregs by producing IL-4. IgE reactivity of mast cells is further

enhanced by the production of IL-4/IL-13, leading to exacerbation

of anaphylaxis (225, 226). But there are other points of view as well,

Chu et al. reported that ILC2s, based on the use of Thy1 neutralizing

antibodies in PN/CT-induced FA mode, leads to FA-induced

abdominal type 2 inflammation, but does not lead to IgE

production, gastrointestinal symptoms, and allergic reactions (227).

These differences may be due to different FA models and mouse

strains used, or due to the influence of gut microbiota (Figure 3).
4.3 Colorectal cancer

It has been suggested that there are complex interactions among

ILCs, the microbiota, and cancer. The risk of cancer and

tumorigenesis is linked to the increase in inflammatory mediators

produced by ILCs (228). Under normal circumstances, IL-22 secreted

by ILC3s can promote epithelial damage and repair. However, during

tumor development, IL-22 is highly expressed and the expression of

IL-22 binding protein (IL-22BP) is restricted, resulting in excessive

production of IL-22 and promoting cancer occurrence. For example,

a study showed that IL-22 is an anti-tumor cytokine that inhibits

tumor growth in mice. Huber et al. found that IL22-/- mice exhibit a

susceptible to colon cancer, IL-22 plays a key role of in controlling

tumorigenesis and epithelial cell proliferation in the colon. However,

Patients with IBD have a considerably elevated risk of CRC, IL-22 can

activate STAT3 in IECs to promote cell proliferation and play a major

role in maintaining tumor development (229, 230). Another study
FIGURE 2

Interactions between the gut microbiota and ILCs in IBD. (a1) GPR109a regulates intestinal homeostasis by inhibiting IL-23 production in intestinal
dendritic cells in order to inhibit ILC3s. (a2) Segmented filamentous bacteria (SFB) and invasive E. coli adhered to the intestinal mucosa of IBD
patients can enhance the production of IL-22 by ILC3s and promote the expression of MNP-induced TL1A, which contributes to mucosal repair
during the acute inflammatory stage. (a3) Lactobacillus reuteri can prevent DSS-induced colitis in mice by using tryptophan metabolites to activate
AHR and enhance IL-22 production. (a4) The microbial metabolites of SCFAs, whose receptor FFAR2 is highly expressed on the surface of colonic
ILC3s, act on IL-22 to promote intestinal epithelial cells and mucosal repair. (a5) IL-33 promotes ILC2s activation and protects against Clostridium
-induced colitis.
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showed that IL-22 promotes CRC development in a Helicobacter

hepaticus-induced tumor model (230). In addition, a study showed

that the reduction in IL-17 and IL-22 can prevent the development of

invasive colon cancer in mouse models of inflammatory dysplasia

(228). Furthermore, under pathological conditions, intestinal

dysbiosis due to antibiotic or other reasons may cause ILCs release

cytokines such as IL-17 and IL-22, which may lead to chronic

inflammation and cancer. The reason maybe that IL-22 and IL-17

secreted by colon ILC3s are involved in the occurrence of

inflammation and tumor growth. ILC3s express antigen presenting

factor major histocompatibility complex-II (MHC-II), which reduces

intestinal inflammation by limiting the activity of microbiota-specific

Th17 cells in an MHC-II-dependent manner. The proportion of

ILC3s decreases significantly in CRC, leading to an increase in the

inflammatory activity of Th17 cells in the intestine. The composition

of the intestinal microbiota is altered in mice lacking ILC3-specific

MHC-II, that restricts Th1 cells and type 1 immunity in the intestine

indirectly, leading to the further development of aggressive CRC,

which does not respond to anti-tumor Th1 cells and or anti-PD-1

immunotherapy (231, 232). Cytokines secreted by ILCs can promote

the proliferation of some bacteria, including Enterococcus hirae,

Barnesiella intestinihominis, Bacteroides fragilis, Bacteroides

thetaiotaomicron, Bifidobacterium breve, and Bifidobacterium

longum, which have been proved to boost the therapeutic effect of

cancer (233, 234). However, some microorganisms such as
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Escherichia coli, Bacteroides fragilis, ϵ and g proteobacteria also have

cancer-promoting effects. They can produce colicin, Bacteroides

fragilis toxin, and lethal cell-tumescent toxins. These molecules

have clinically and experimentally been linked to colon cancer

(235, 236), and can directly or indirectly damage host DNA

through the induction of reactive oxygen species (237, 238).

Furthermore, ILCs may also limit the niche of commensal bacteria

such as Escherichia coli and Helicobacter pylori, which have been

demonstrated to facilitate cancer development (236, 239). Recently,

Transcriptomic studies found that ILC1s, ILC3s, and ILC3/NKs exist

in a healthy gut, but not ILC2s. Additional tumor-specific ILC1s-like

and ILC2 subsets were identified in CRC patients. Signaling

lymphocytic activation molecule family member 1 (SLAMF1)

selectively expressed on tumor-specific ILCs, and it is an anti-

tumor biomarker in CRC (240). In a steady-state environment,

ILCs play an important role in regulating the intestinal immune

environment and maintaining the balance between the tumor

promotion and tumor inhibition effects of symbiotic

bacteria (Figure 4).
4.4 Parasitic infection

The innate immune response is essential for the prompt control

of parasitic infections and comprises a variety of innate immune
FIGURE 3

Interactions between the gut microbiota and ILCs in food allergy. (b1) Clostridium colonization causes ILC3s in the intestinal lamina propria to
produce IL-22, which enhances epithelial barrier function by regulating goblet cells and Paneth cells to increase mucus and antimicrobial peptide
production. (b2) Ligands produced from the dietary and bacterial-derived metabolite tryptophan bind to AHR on ILC3s and stimulate IL-22
production to regulate epithelial barrier permeability and prevent harmful substances from entering the blood circulation. (b3) The intestinal
microbiota can directly interact with intestinal epithelial cells to produce defensins and strengthen their barrier function. (b4) Tryptophan produced
by the gut microbiota causes pruritus, and g-aminobutyric acid (GABA) produced by Lactobacillus and Bifidobacterium inhibits pruritus. (b5) In OVA/
alum or peanuts/cholera toxin (PN/CT) FA mice, ILC2s inhibit antigen-specific Tregs by producing IL-4, thus aggravating allergic reactions. (b6) IL-33
and IL-25 elicit IL-13 production from ILC2s can induce mastocytosis and diarrhea symptoms in OVA/alum or PN/CT FA mice.
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cells, including ILCs. Toxoplasma gondii is a widespread protozoan

whose sexual development occurs in the intestinal epithelium of the

definitive host (241). This pathogen can cause the zoonotic disease

toxoplasmosis, which can become chronic. In fact, chronic

toxoplasmosis is one of the most common infections around the

world (242). After oral infection in susceptible C57BL/6 mice, T.

gondii invades IECs and the lamina propria, resulting in the

production of abundant cytokines and Th1-mediated immune

responses in the gut. This model can simulate IBD (242). Among

all pro-inflammatory cytokines, IFN-g plays the most prominent

role in eliminating T. gondii infection, T. gondii activates the TLR-

11 dependent signaling pathway through the MyD88 adapter

protein and initiates the production of IL-12, which stimulates

the expression of IFN-g in ILC1s, and NK cells, the latter leads to

cell starvation and limitations on the growth of T. gondii. Oral

infection of wild-type mice with T. gondii results in a decrease in the

number of ILC3s in the lamina propria and downregulation of

RORgt expression. This is mainly because IL-12 signals

downregulate RORgt expression, induce the conversion of ILC3s

into IFN-g-expressing ILC1s and promote IFN-g production (71),

thus contributing to the control of Toxoplasma infection (81). In a

high-dose model of T. gondii, IL-23 induces local up-regulation of

matrixmetalloproteinase-2 (MMP-2) through IL-22, which has pro-

inflammatory effects and can further exacerbate intestinal

inflammation (243). In addition, a recent study showed that ileitis

caused by Toxoplasma infection is attenuated in IL-22-deficient

mice (244). In humans, the sporozoites of Plasmodium are first

injected into the blood of the host from the salivary glands of

mosquitoes (245) and then infect the liver. In both human and

mouse infection models, NK cells act as key immune cells for the
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early and sustained control of Plasmodium infection (246). This

indicates that the role of IL-22 in inflammation may have tissue

specificity, it can perform different functions based on its quantity

and duration in the organization. For example, IL-22 may play a

pathogenic role in keratinocytes and small intestinal epithelial cells,

while playing a protective role in colon and rectum epithelial cells,

lung epithelial cells, and liver cells. In the same time, variety of

experimental models (pathogen or chemically induced) may also

lead to different effects of IL-22.

In a study on experimental cerebral malaria (ECM) in C57BL/6

mice, it was shown that IL-33 can drive the expansion of ILC2s that

produce type 2 cytokines (IL-4, IL-5, and IL-13) and reduce the

inflammatory mediator IFN-g, IL-12 and TNF-a, leading to the

production of anti-inflammatory M2 macrophages. This, in turn,

amplifies Foxp3+Treg, thus preventing the development of ECM

(247). Cryptosporidium infection primarily occurs through the

ingestion of oocysts in contaminated water (248). This parasite

lives in IECs and can cause diarrhea in humans. Studies showed

during infection, IL-15 activates peripheral blood mononuclear cells

(PBMC), enhances the expression of NK cells, and promotes greater

killing potential in both epithelial T cells and NK marker expressing

cells, thereby clearing the Cryptosporidium (249). Eimeria spp.

infection also occurs via the ingestion of fecal material containing

parasite oocysts, causing severe inflammation in the intestinal

mucosa (250). The research indicates that in the early stage of

Eimeria falciformis infection, a large amount of IL-17 is produced in

the body of chickens, which may be achieved by recruiting

concentrated granulocytes and inhibiting the expression of IL-12

and IFN-g (Th1 type cytokines) in order to promotes the

occurrence and development of cecum lesions, and exacerbating
FIGURE 4

Interactions between the gut microbiota and ILCs in colorectal cancer. (c1) H. hepaticus stimulates ILC3s to produce IL-22, which promotes
colorectal cancer in an induced tumor model. (c2) IL-22 stimulates STAT3 activation in intestinal epithelial cells to maintain tumor development. (c3)
IL-22 controls colon tumorigenesis and the malignant proliferation of epithelial cells. (c4) IL-17 and IL-22 promote the development of invasive
colon cancer. (c5) ILC3s reduce intestinal inflammation by inhibiting the activity of microbiota-specific Th17 cells in an MHC-II-dependent manner.
(c6) In mice, ILC3-specific MHC-II supports anti-tumor Th1 cell immunity as well as anti-PD-1 immunotherapy. (c7) Escherichia coli, Bacteroides
fragilis, ϵ-Proteus, and g-Proteus can secrete colicin, BFT, and CDT, which are associated with colon cancer and can damage host DNA.
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inflammatory reactions (251). It suggests that ILC3s can respond to

Eimeria infection. In addition, a study found that IFN-g−/− mice

infected with Eimeria spp. experience greater weight loss and more

severe intestinal histopathology following the depletion of IL-17A

and IL-22. On the contrary, antibody neutralization has no

significant effects in wild-type mice (252) (Figure 5).
5 Conclusion

In recent years, ILCs have become a research hotspot in the field of

immunology and cell biology. Despite their small percentage, these

lymphocytes provide protection against bacteria, parasites, and viruses,

and also play a role in tissue repair and regeneration in the mucosa.

However, ILCs are bidirectional, and their inflammatory effects on the

body can aggravate intestinal inflammation and even cause cancer.

ILCs are characterized by their ability to induce corresponding

cytokines on the surface of the intestinal barrier to achieve rapid

responses. Therefore, how the interaction between ILCs and the

intestinal microbiota can be equilibrated and how internal

homeostasis with the microbiota can be maintained to ensure that

the cytokines secreted by ILCs play a protective role are worthy of

further exploration. Nevertheless, some issues related to ILCs remain to

be addressed. For example, whether the process of ILC trans-

differentiation in vivo is reversible needs to be examined. Moreover,

the differences between the subgroups produced during traditional

developmental processes need to be clarified further. The two-way

regulatory mechanism of ILCs in the body needs to be elucidated to
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explore the correlation between ILCs and various diseases and to

provide new strategies for disease diagnosis and treatment. Therefore,

comprehensive analysis methods are required to study the interaction

between ILCs and the intestinal microbiota, and this could become a

key topic for the treatment of clinical diseases in the future. Innovative

ILC-based interventions should be explored to better understand the

relationship between ILCs and diseases and achieve a more

comprehensive understanding. This could help in safeguarding the

health of the human race.
Author contributions

YG did the literature review and wrote the main body of the article.

YiL and ML co-supervised on finishing this review. YL, BR, ZL, XN

constructed the idea.MLmadevaluable comments to themanuscript.All

authors contributed to the article and approved the submitted version.
Funding

ML was supported by the Nature Science Foundation of Liaoning

Province, China (2023-MS-260), Liaoning Provincial Program for Top

Discipline of Basic Medical Sciences, China, and Scientific research

fund of the Chinese Nutrition Society - special fund for physical

nutrition and health of Feihe (CNS-Feihe2021-132). YiL was supported

by the Scientific research fund of Small nuclear Biotechnology Dalian

Co., LTD (505622). The funders were not involved in the study design,
FIGURE 5

Interactions between the gut microbiota and ILCs in parasitic infection. (d1) T. Gondii activates the TLR-11 dependent signaling pathway through the
MyD88 adapter protein and initiates the production of IL-12, which stimulates the expression of IFN-g in ILC1s and NK cells, the latter limits the
growth of T. Gondii. (d2) IL-15 enhances the expression of NK cells, and promotes greater killing potential, thereby clearing the Cryptosporidium.
(d3) IL-12 signals downregulate RORgt expression, induce the conversion of ILC3s into IFN-g-expressing ILC1s and promote IFN-g production, thus
contributing to the control of Toxoplasma infection. (d4) IL-23 induces up-regulation of matrixmetalloproteinase-2 (MMP-2) through IL-22, and can
further exacerbate intestinal inflammation. (d5) IL-33 can drive the expansion of ILC2s and reduce the inflammatory mediator, and the production of
anti-inflammatory M2 macrophages, which in turn amplifies Foxp3+Treg, thus preventing the development of ECM. (d6) During Eimeria falciformis
infection, a large amount of IL-17 is produced in the chickens’ body, which may be achieved by recruiting concentrated granulocytes and inhibiting
the expression of IL-12 and IFN-g, and exacerbating inflammatory reactions.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1171680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guo et al. 10.3389/fimmu.2023.1171680
collection, analysis, interpretation of data, the writing of this article or

the decision to submit it for publication.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Immunology 13
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Planer JD, Peng Y, Kau AL, Blanton LV, Ndao IM, Tarr PI, et al. Development of
the gut microbiota and mucosal IgA responses in twins and gnotobiotic mice. Nature
(2016) 534:263–6. doi: 10.1038/nature17940

2. Cani PD, Delzenne NM. The role of the gut microbiota in energy metabolism and
metabolic disease. Curr Pharm Des (2009) 15:1546–58. doi: 10.2174/
138161209788168164

3. Fredrik Bäckhed HD, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich CF,
et al. The gut microbiota as an environmental factor that regulates fat storage. Proc Natl
Acad Sci USA (2004) 101:15718–23. doi: 10.1073/pnas.0407076101

4. Hooper LV, Stappenbeck TS, Hong CV, Gordon JI. Angiogenins: a new class of
microbicidal proteins involved in innate immunity. Nat Immunol (2003) 4:269–73.
doi: 10.1038/ni888

5. Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the gut microbiota
on human health: an integrative view. Cell (2012) 148:1258–70. doi: 10.1016/
j.cell.2012.01.035

6. Buela KA, Omenetti S, Pizarro TT. Cross-talk between type 3 innate lymphoid
cells and the gut microbiota in inflammatory bowel disease. Curr Opin Gastroenterol
(2015) 31:449–55. doi: 10.1097/MOG.0000000000000217

7. Konig J, Wells J, Cani PD, Garcia-Rodenas CL, MacDonald T, Mercenier A, et al.
Human intestinal barrier function in health and disease. Clin Transl Gastroenterol
(2016) 7:e196. doi: 10.1038/ctg.2016.54

8. Hooper LV, Macpherson AJ. Immune adaptations that maintain homeostasis
with the intestinal microbiota. Nat Rev Immunol (2010) 10:159–69. doi: 10.1038/
nri2710

9. Stecher B, Hardt WD. Mechanisms controlling pathogen colonization of the gut.
Curr Opin Microbiol (2011) 14:82–91. doi: 10.1016/j.mib.2010.10.003

10. Hooper LV, Wong MH, Thelin A, Hansson L, Falk PG, Gordon JI. Molecular
analysis of commensal host-microbial relationships in the intestine. Science (2001)
291:881–4. doi: 10.1126/science.291.5505.881

11. Stappenbeck TS, Hooper LV, Gordon JI. Developmental regulation of intestinal
angiogenesis by indigenous microbes via paneth cells. Proc Natl Acad Sci USA (2002)
99(24):15451–5. doi: 10.1073/pnas.202604299

12. He B, Xu W, Santini PA, Polydorides AD, Chiu A, Estrella J, et al. Intestinal
bacteria trigger T cell-independent immunoglobulin A(2) class switching by inducing
epithelial-cell secretion of the cytokine APRIL. Immunity (2007) 26:812–26.
doi: 10.1016/j.immuni.2007.04.014

13. Ivanov II, Frutos Rde L, Manel N, Yoshinaga K, Rifkin DB, Sartor RB, et al.
Specific microbiota direct the differentiation of IL-17-producing T-helper cells in the
mucosa of the small intestine. Cell Host Microbe (2008) 4:337–49. doi: 10.1016/
j.chom.2008.09.009

14. Hall JA, Bouladoux N, Sun CM, Wohlfert EA, Blank RB, Zhu Q, et al.
Commensal DNA limits regulatory T cell conversion and is a natural adjuvant of
intestinal immune responses. Immunity (2008) 29:637–49. doi: 10.1016/
j.immuni.2008.08.009

15. Stecher B, Macpherson AJ, Hapfelmeier S, Kremer M, Stallmach T, Hardt WD,
et al. Comparison of salmonella enterica serovar typhimurium colitis in germfree mice
and mice pretreated with streptomycin. Infect Immun (2005) 73:3228–41. doi: 10.1128/
IAI.73.6.3228-3241.2005

16. Benson A, Pifer R, Behrendt CL, Hooper LV, Yarovinsky F. Gut commensal
bacteria direct a protective immune response against toxoplasma gondii. Cell Host
Microbe (2009) 6:187–96. doi: 10.1016/j.chom.2009.06.005

17. Littman DR, Pamer EG. Role of the commensal microbiota in normal and
pathogenic host immune responses. Cell Host Microbe (2011) 10:311–23. doi: 10.1016/
j.chom.2011.10.004
18. Honda K, Littman DR. The microbiome in infectious disease and inflammation.
Annu Rev Immunol (2012) 30:759–95. doi: 10.1146/annurev-immunol-020711-074937

19. Klare I, Werner G, Witte W. Enterococci. habitats, infections, virulence factors,
resistances to antibiotics, transfer of resistance determinants. Contrib Microbiol (2001)
8:108–22. doi: 10.1159/000060406

20. Chassard C, Dapoigny M, Scott KP, Crouzet L, Del’homme C, Marquet P, et al.
Functional dysbiosis within the gut microbiota of patients with constipated-irritable
bowel syndrome. Aliment Pharmacol Ther (2012) 35:828–38. doi: 10.1111/j.1365-
2036.2012.05007.x

21. Rajilic-Stojanovic M, Biagi E, Heilig HG, Kajander K, Kekkonen RA, Tims S,
et al. Global and deep molecular analysis of microbiota signatures in fecal samples from
patients with irritable bowel syndrome. Gastroenterology (2011) 141:1792–801.
doi: 10.1053/j.gastro.2011.07.043

22. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic
endotoxemia initiates obesity and insulin resistance. Diabetes (2007) 56:1761–72.
doi: 10.2337/db06-1491

23. Andoh A, Sakata S, Koizumi Y, Mitsuyama K, Fujiyama Y, Benno Y. Terminal
restriction fragment length polymorphism analysis of the diversity of fecal microbiota
in patients with ulcerative colitis. Inflammation Bowel Dis (2007) 13:955–62.
doi: 10.1002/ibd.20151

24. Fujimoto T, Imaeda H, Takahashi K, Kasumi E, Bamba S, Fujiyama Y, et al.
Decreased abundance of faecalibacterium prausnitzii in the gut microbiota of crohn’s
disease. J Gastroenterol Hepatol (2013) 28:613–9. doi: 10.1111/jgh.12073

25. Nishino K, Nishida A, Inoue R, Kawada Y, Ohno M, Sakai S, et al. Analysis of
endoscopic brush samples identified mucosa-associated dysbiosis in inflammatory
bowel disease. J Gastroenterol (2018) 53:95–106. doi: 10.1007/s00535-017-1384-4

26. Takahashi K, Nishida A, Fujimoto T, Fujii M, Shioya M, Imaeda H, et al.
Reduced abundance of butyrate-producing bacteria species in the fecal microbial
community in crohn’s disease. Digestion (2016) 93:59–65. doi: 10.1159/000441768

27. Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, et al. Treg
induction by a rationally selected mixture of clostridia strains from the human
microbiota. Nature (2013) 500:232–6. doi: 10.1038/nature12331

28. Stefka AT, Feehley T, Tripathi P, Qiu J, McCoy K, Mazmanian SK, et al.
Commensal bacteria protect against food allergen sensitization. Proc Natl Acad Sci USA
(2014) 111:13145–50. doi: 10.1073/pnas.1412008111

29. Bollrath J, Powrie FM. Controlling the frontier: regulatory T-cells and intestinal
homeostasis. Semin Immunol (2013) 25:352–7. doi: 10.1016/j.smim.2013.09.002

30. Hu C, Xu B, Wang X, Wan WH, Lu J, Kong D, et al. Gut microbiota-derived
short-chain fatty acids regulate group 3 innate lymphoid cells in HCC. Hepatology
(2022) 77:48–64. doi: 10.1002/hep.32449

31. Takiishi T, Fenero CIM, Camara NOS. Intestinal barrier and gut microbiota:
shaping our immune responses throughout life. Tissue Barriers (2017) 5:e1373208.
doi: 10.1080/21688370.2017.1373208

32. O’Hara AM, Shanahan F. The gut flora as a forgotten organ. EMBO Rep (2006)
7:688–93. doi: 10.1038/sj.embor.7400731

33. Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev
Immunol (2009) 9:799–809. doi: 10.1038/nri2653

34. Randall TD, Mebius RE. The development and function of mucosal lymphoid
tissues: a balancing act with micro-organisms. Mucosal Immunol (2014) 7:455–66.
doi: 10.1038/mi.2014.11

35. Pabst O, Herbrand H, Friedrichsen M, Velaga S, Dorsch M, Berhardt G, et al.
Adaptation of solitary intestinal lymphoid tissue in response to microbiota and
chemokine receptor CCR7 signaling. J Immunol (2006) 177:6824–32. doi: 10.4049/
jimmunol.177.10.6824
frontiersin.org

https://doi.org/10.1038/nature17940
https://doi.org/10.2174/138161209788168164
https://doi.org/10.2174/138161209788168164
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1038/ni888
https://doi.org/10.1016/j.cell.2012.01.035
https://doi.org/10.1016/j.cell.2012.01.035
https://doi.org/10.1097/MOG.0000000000000217
https://doi.org/10.1038/ctg.2016.54
https://doi.org/10.1038/nri2710
https://doi.org/10.1038/nri2710
https://doi.org/10.1016/j.mib.2010.10.003
https://doi.org/10.1126/science.291.5505.881
https://doi.org/10.1073/pnas.202604299
https://doi.org/10.1016/j.immuni.2007.04.014
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1016/j.immuni.2008.08.009
https://doi.org/10.1016/j.immuni.2008.08.009
https://doi.org/10.1128/IAI.73.6.3228-3241.2005
https://doi.org/10.1128/IAI.73.6.3228-3241.2005
https://doi.org/10.1016/j.chom.2009.06.005
https://doi.org/10.1016/j.chom.2011.10.004
https://doi.org/10.1016/j.chom.2011.10.004
https://doi.org/10.1146/annurev-immunol-020711-074937
https://doi.org/10.1159/000060406
https://doi.org/10.1111/j.1365-2036.2012.05007.x
https://doi.org/10.1111/j.1365-2036.2012.05007.x
https://doi.org/10.1053/j.gastro.2011.07.043
https://doi.org/10.2337/db06-1491
https://doi.org/10.1002/ibd.20151
https://doi.org/10.1111/jgh.12073
https://doi.org/10.1007/s00535-017-1384-4
https://doi.org/10.1159/000441768
https://doi.org/10.1038/nature12331
https://doi.org/10.1073/pnas.1412008111
https://doi.org/10.1016/j.smim.2013.09.002
https://doi.org/10.1002/hep.32449
https://doi.org/10.1080/21688370.2017.1373208
https://doi.org/10.1038/sj.embor.7400731
https://doi.org/10.1038/nri2653
https://doi.org/10.1038/mi.2014.11
https://doi.org/10.4049/jimmunol.177.10.6824
https://doi.org/10.4049/jimmunol.177.10.6824
https://doi.org/10.3389/fimmu.2023.1171680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guo et al. 10.3389/fimmu.2023.1171680
36. Mabbott NA, Donaldson DS, Ohno H, Williams IR, Mahajan A. Microfold (M)
cells: important immunosurveillance posts in the intestinal epithelium. Mucosal
Immunol (2013) 6:666–77. doi: 10.1038/mi.2013.30

37. Min YW, Rhee PL. The role of microbiota on the gut immunology. Clin Ther
(2015) 37:968–75. doi: 10.1016/j.clinthera.2015.03.009

38. Bouskra D, Brezillon C, Berard M, Werts C, Varona R, Boneca IG, et al.
Lymphoid tissue genesis induced by commensals through NOD1 regulates intestinal
homeostasis. Nature (2008) 456:507–10. doi: 10.1038/nature07450

39. Gordon HA, Bruckner-Kardoss E, Wostmann BS. Aging in germ-free mice life
tables and lesions observed at natural death. J Gerontol (1966) 21(3):380–7.
doi: 10.1093/geronj/21.3.380

40. Pollard M, Sharon N. Responses of the peyer’s patches in germ-free mice to
antigenic stimulation. Infect Immun (1970) 2(1):96–100. doi: 10.1128/iai.2.1.96-
100.1970

41. Umesaki Y OY, Matsumoto S, Imaoka A, Setoyama H. Microbiology and
immunology - august 1995 - umesaki - segmented filamentous bacteria are
indigenous intestinal bacteria. Microbiol Immunol (1995) 39(8):555–62. doi: 10.1111/
j.1348-0421.1995.tb02242.x

42. Spits H, Cupedo T. Innate lymphoid cells: emerging insights in development,
lineage relationships, and function. Annu Rev Immunol (2012) 30:647–75. doi: 10.1146/
annurev-immunol-020711-075053

43. Panda SK, Colonna M. Innate lymphoid cells in mucosal immunity. Front
Immunol (2019) 10:861. doi: 10.3389/fimmu.2019.00861

44. Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, et al. Nuocytes
represent a new innate effector leukocyte that mediates type-2 immunity.Nature (2010)
464:1367–70. doi: 10.1038/nature08900

45. Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle DJ, et al.
Systemically dispersed innate IL-13-expressing cells in type 2 immunity. Proc Natl Acad
Sci USA (2010) 107:11489–94. doi: 10.1073/pnas.1003988107

46. Cella M, Fuchs A, Vermi W, Facchetti F, Otero K, Lennerz JK, et al. A human
natural killer cell subset provides an innate source of IL-22 for mucosal immunity.
Nature (2009) 457:722–5. doi: 10.1038/nature07537

47. Cupedo T, Crellin NK, Papazian N, Rombouts EJ, Weijer K, Grogan JL, et al.
Human fetal lymphoid tissue-inducer cells are interleukin 17-producing precursors to
RORC+ CD127+ natural killer-like cells. Nat Immunol (2009) 10:66–74. doi: 10.1038/
ni.1668

48. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells–a proposal for uniform nomenclature. Nat Rev Immunol (2013)
13:145–9. doi: 10.1038/nri3365

49. Bostick JW, Zhou L. Innate lymphoid cells in intestinal immunity and
inflammation. Cell Mol Life Sci (2016) 73:237–52. doi: 10.1007/s00018-015-2055-3

50. Mackley EC, Houston S, Marriott CL, Halford EE, Lucas B, Cerovic V, et al.
CCR7-dependent trafficking of RORgamma(+) ILCs creates a unique
microenvironment within mucosal draining lymph nodes. Nat Commun (2015)
6:5862. doi: 10.1038/ncomms6862

51. Satoh-Takayama N, Vosshenrich CA, Lesjean-Pottier S, Sawa S, Lochner M,
Rattis F, et al. Microbial flora drives interleukin 22 production in intestinal NKp46+
cells that provide innate mucosal immune defense. Immunity (2008) 29:958–70.
doi: 10.1016/j.immuni.2008.11.001

52. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate
production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+) lymphoid
cells. Nature (2010) 463:540–4. doi: 10.1038/nature08636

53. Montaldo E, Juelke K, Romagnani C. Group 3 innate lymphoid cells (ILC3s):
origin, differentiation, and plasticity in humans and mice. Eur J Immunol (2015)
45:2171–82. doi: 10.1002/eji.201545598

54. Yu X, Wang Y, Deng M, Li Y, Ruhn KA, Zhang CC, et al. The basic leucine
zipper transcription factor NFIL3 directs the development of a common innate
lymphoid cell precursor. Elife (2014) 3:e04406. doi: 10.7554/eLife.04406

55. Vivier E, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells: 10 years on. Cell (2018) 174:1054–66. doi: 10.1016/j.cell.2018.07.017

56. Melo-Gonzalez F, Hepworth MR. Functional and phenotypic heterogeneity of
group 3 innate lymphoid cells. Immunology (2017) 150:265–75. doi: 10.1111/
imm.12697

57. Blom B, Spits H. Development of human lymphoid cells. Annu Rev Immunol
(2006) 24:287–320. doi: 10.1146/annurev.immunol.24.021605.090612

58. Morita H, Moro K, Koyasu S. Innate lymphoid cells in allergic and nonallergic
inflammation. J Allergy Clin Immunol (2016) 138:1253–64. doi: 10.1016/
j.jaci.2016.09.011

59. Neill DR, Flynn RJ. Origins and evolution of innate lymphoid cells: wardens of
barrier immunity. Parasite Immunol (2018) 40:e12436. doi: 10.1111/pim.12436

60. McKenzie ANJ, Spits H, Eberl G. Innate lymphoid cells in inflammation and
immunity. Immunity (2014) 41:366–74. doi: 10.1016/j.immuni.2014.09.006

61. Sonnenberg GF, Artis D. Innate lymphoid cells in the initiation, regulation and
resolution of inflammation. Nat Med (2015) 21:698–708. doi: 10.1038/nm.3892

62. Tait Wojno ED, Artis D. Innate lymphoid cells: balancing immunity,
inflammation, and tissue repair in the intestine. Cell Host Microbe (2012) 12:445–57.
doi: 10.1016/j.chom.2012.10.003
Frontiers in Immunology 14
63. Ercolano G, Wyss T, Salome B, Romero P, Trabanelli S, Jandus C. Distinct and
shared gene expression for human innate versus adaptive helper lymphoid cells. J
Leukoc Biol (2020) 108:723–37. doi: 10.1002/JLB.5MA0120-209R

64. Cherrier DE, Serafini N, Di Santo JP. Innate lymphoid cell development: a T cell
perspective. Immunity (2018) 48:1091–103. doi: 10.1016/j.immuni.2018.05.010

65. Korchagina AA, Koroleva E, Tumanov AV. Innate lymphoid cell plasticity in
mucosal infections. Microorganisms (2023) 11:461. doi: 10.3390/microorganisms11020461

66. Shih HY, Sciume G, Mikami Y, Guo L, Sun HW, Brooks SR, et al.
Developmental acquisition of regulomes underlies innate lymphoid cell functionality.
Cell (2016) 165:1120–33. doi: 10.1016/j.cell.2016.04.029

67. Bernink JH, Krabbendam L, Germar K, de Jong E, Gronke K, Kofoed-Nielsen M,
et al. Interleukin-12 and -23 control plasticity of CD127(+) group 1 and group 3 innate
lymphoid cells in the intestinal lamina propria. Immunity (2015) 43:146–60.
doi: 10.1016/j.immuni.2015.06.019

68. Silver JS, Kearley J, Copenhaver AM, Sanden C, Mori M, Yu L, et al.
Inflammatory triggers associated with exacerbations of COPD orchestrate plasticity
of group 2 innate lymphoid cells in the lungs. Nat Immunol (2016) 17:626–35.
doi: 10.1038/ni.3443

69. Park E, Patel S, Wang Q, Andhey P, Zaitsev K, Porter S, et al. Toxoplasma gondii
infection drives conversion of NK cells into ILC1-like cells. Elife (2019) 8:e47605.
doi: 10.7554/eLife.47605

70. Pikovskaya O, Chaix J, Rothman NJ, Collins A, Chen YH, Scipioni AM, et al.
Cutting edge: eomesodermin is sufficient to direct type 1 innate lymphocyte
development into the conventional NK lineage. J Immunol (2016) 196:1449–54.
doi: 10.4049/jimmunol.1502396

71. Vonarbourg C, Mortha A, Bui VL, Hernandez PP, Kiss EA, Hoyler T, et al.
Regulated expression of nuclear receptor RORgammat confers distinct functional fates
to NK cell receptor-expressing RORgammat(+) innate lymphocytes. Immunity (2010)
33:736–51. doi: 10.1016/j.immuni.2010.10.017

72. Klose CS, Kiss EA, Schwierzeck V, Ebert K, Hoyler T, d'Hargues Y, et al. A T-bet
gradient controls the fate and function of CCR6-RORgammat+ innate lymphoid cells.
Nature (2013) 494:261–5. doi: 10.1038/nature11813

73. Bernink JH, Peters CP, Munneke M, te Velde AA, Meijer SL, Weijer K, et al.
Human type 1 innate lymphoid cells accumulate in inflamed mucosal tissues. Nat
Immunol (2013) 14:221–9. doi: 10.1038/ni.2534

74. Fuchs A, Vermi W, Lee JS, Lonardi S, Gilfillan S, Newberry RD, et al.
Intraepithelial type 1 innate lymphoid cells are a unique subset of IL-12- and IL-15-
responsive IFN-gamma-producing cells. Immunity (2013) 38:769–81. doi: 10.1016/
j.immuni.2013.02.010

75. Li J, Doty AL, Tang Y, Berrie D, Iqbal A, Tan SA, et al. Enrichment of IL-17A(+)
IFN-gamma(+) and IL-22(+) IFN-gamma(+) T cell subsets is associated with reduction
of NKp44(+) ILC3s in the terminal ileum of crohn’s disease patients. Clin Exp Immunol
(2017) 190:143–53. doi: 10.1111/cei.12996

76. Dyring-Andersen B, Geisler C, Agerbeck C, Lauritsen JP, Gudjonsdottir SD,
Skov L, et al. Increased number and frequency of group 3 innate lymphoid cells in
nonlesional psoriatic skin. Br J Dermatol (2014) 170:609–16. doi: 10.1111/bjd.12658

77. Teunissen MBM,Munneke JM, Bernink JH, Spuls PI, Res PCM, te Velde A, et al.
Composition of innate lymphoid cell subsets in the human skin: enrichment of NCR(+)
ILC3 in lesional skin and blood of psoriasis patients. J Invest Dermatol (2014)
134:2351–60. doi: 10.1038/jid.2014.146

78. Sun JC, Lanier LL. NK cell development, homeostasis and function: parallels
with CD8(+) T cells. Nat Rev Immunol (2011) 11:645–57. doi: 10.1038/nri3044

79. Guerra N, Tan YX, Joncker NT, Choy A, Gallardo F, Xiong N, et al. NKG2D-
deficient mice are defective in tumor surveillance in models of spontaneous
malignancy. Immunity (2008) 28:571–80. doi: 10.1016/j.immuni.2008.02.016

80. Foley B, Felices M, Cichocki F, Cooley S, Verneris MR, Miller JS. The biology of
NK cells and their receptors affects clinical outcomes after hematopoietic cell
transplantation (HCT). Immunol Rev (2014) 258:45–63. doi: 10.1111/imr.12157

81. Klose CSN, Flach M, Mohle L, Rogell L, Hoyler T, Ebert K, et al. Differentiation
of type 1 ILCs from a common progenitor to all helper-like innate lymphoid cell
lineages. Cell (2014) 157:340–56. doi: 10.1016/j.cell.2014.03.030

82. Maloy KJ, Uhlig HH. ILC1 populations join the border patrol. Immunity (2013)
38:630–2. doi: 10.1016/j.immuni.2013.03.005

83. Diefenbach A, Colonna M, Koyasu S. Development, differentiation, and diversity
of innate lymphoid cells. Immunity (2014) 41:354–65. doi: 10.1016/j.immuni.2014.09.005

84. Daussy C, Faure F, Mayol K, Viel S, Gasteiger G, Charrier E, et al. T-Bet and
eomes instruct the development of two distinct natural killer cell lineages in the liver
and in the bone marrow. J Exp Med (2014) 211:563–77. doi: 10.1084/jem.20131560

85. Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP. Natural killer
cells in antiviral defense function and regulation by innate cytokines. Annu Rev
Immunol (1999) 17:189–220. doi: 10.1146/annurev.immunol.17.1.189

86. Halim TY, MacLaren A, Romanish MT, Gold MJ, McNagny KM, Takei F.
Retinoic-acid-receptor-related orphan nuclear receptor alpha is required for natural
helper cell development and allergic inflammation. Immunity (2012) 37:463–74.
doi: 10.1016/j.immuni.2012.06.012

87. Yang Q, Monticelli LA, Saenz SA, Chi AW, Sonnenberg GF, Tang J, et al. T Cell
factor 1 is required for group 2 innate lymphoid cell generation. Immunity (2013)
38:694–704. doi: 10.1016/j.immuni.2012.12.003
frontiersin.org

https://doi.org/10.1038/mi.2013.30
https://doi.org/10.1016/j.clinthera.2015.03.009
https://doi.org/10.1038/nature07450
https://doi.org/10.1093/geronj/21.3.380
https://doi.org/10.1128/iai.2.1.96-100.1970
https://doi.org/10.1128/iai.2.1.96-100.1970
https://doi.org/10.1111/j.1348-0421.1995.tb02242.x
https://doi.org/10.1111/j.1348-0421.1995.tb02242.x
https://doi.org/10.1146/annurev-immunol-020711-075053
https://doi.org/10.1146/annurev-immunol-020711-075053
https://doi.org/10.3389/fimmu.2019.00861
https://doi.org/10.1038/nature08900
https://doi.org/10.1073/pnas.1003988107
https://doi.org/10.1038/nature07537
https://doi.org/10.1038/ni.1668
https://doi.org/10.1038/ni.1668
https://doi.org/10.1038/nri3365
https://doi.org/10.1007/s00018-015-2055-3
https://doi.org/10.1038/ncomms6862
https://doi.org/10.1016/j.immuni.2008.11.001
https://doi.org/10.1038/nature08636
https://doi.org/10.1002/eji.201545598
https://doi.org/10.7554/eLife.04406
https://doi.org/10.1016/j.cell.2018.07.017
https://doi.org/10.1111/imm.12697
https://doi.org/10.1111/imm.12697
https://doi.org/10.1146/annurev.immunol.24.021605.090612
https://doi.org/10.1016/j.jaci.2016.09.011
https://doi.org/10.1016/j.jaci.2016.09.011
https://doi.org/10.1111/pim.12436
https://doi.org/10.1016/j.immuni.2014.09.006
https://doi.org/10.1038/nm.3892
https://doi.org/10.1016/j.chom.2012.10.003
https://doi.org/10.1002/JLB.5MA0120-209R
https://doi.org/10.1016/j.immuni.2018.05.010
https://doi.org/10.3390/microorganisms11020461
https://doi.org/10.1016/j.cell.2016.04.029
https://doi.org/10.1016/j.immuni.2015.06.019
https://doi.org/10.1038/ni.3443
https://doi.org/10.7554/eLife.47605
https://doi.org/10.4049/jimmunol.1502396
https://doi.org/10.1016/j.immuni.2010.10.017
https://doi.org/10.1038/nature11813
https://doi.org/10.1038/ni.2534
https://doi.org/10.1016/j.immuni.2013.02.010
https://doi.org/10.1016/j.immuni.2013.02.010
https://doi.org/10.1111/cei.12996
https://doi.org/10.1111/bjd.12658
https://doi.org/10.1038/jid.2014.146
https://doi.org/10.1038/nri3044
https://doi.org/10.1016/j.immuni.2008.02.016
https://doi.org/10.1111/imr.12157
https://doi.org/10.1016/j.cell.2014.03.030
https://doi.org/10.1016/j.immuni.2013.03.005
https://doi.org/10.1016/j.immuni.2014.09.005
https://doi.org/10.1084/jem.20131560
https://doi.org/10.1146/annurev.immunol.17.1.189
https://doi.org/10.1016/j.immuni.2012.06.012
https://doi.org/10.1016/j.immuni.2012.12.003
https://doi.org/10.3389/fimmu.2023.1171680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guo et al. 10.3389/fimmu.2023.1171680
88. Mjosberg J, Bernink J, Golebski K, Karrich JJ, Peters CP, Blom B, et al. The
transcription factor GATA3 is essential for the function of human type 2 innate
lymphoid cells. Immunity (2012) 37:649–59. doi: 10.1016/j.immuni.2012.08.015

89. Mjosberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM, Piet B, et al.
Human IL-25- and IL-33-responsive type 2 innate lymphoid cells are defined by
expression of CRTH2 and CD161. Nat Immunol (2011) 12:1055–62. doi: 10.1038/ni.2104

90. Yang Q, Saenz SA, Zlotoff DA, Artis D, Bhandoola A. Cutting edge: natural
helper cells derive from lymphoid progenitors. J Immunol (2011) 187:5505–9.
doi: 10.4049/jimmunol.1102039

91. Chang YJ, Kim HY, Albacker LA, Baumgarth N, McKenzie AN, Smith DE, et al.
Innate lymphoid cells mediate influenza-induced airway hyper-reactivity
independently of adaptive immunity. Nat Immunol (2011) 12:631–8. doi: 10.1038/
ni.2045

92. Eiwegger T, Akdis CA. IL-33 links tissue cells, dendritic cells and Th2 cell
development in a mouse model of asthma. Eur J Immunol (2011) 41:1535–8.
doi: 10.1002/eji.201141668

93. Fallon PG, Ballantyne SJ, Mangan NE, Barlow JL, Dasvarma A, Hewett DR, et al.
Identification of an interleukin (IL)-25-dependent cell population that provides IL-4,
IL-5, and IL-13 at the onset of helminth expulsion. J Exp Med (2006) 203:1105–16.
doi: 10.1084/jem.20051615

94. Wilhelm C, Hirota K, Stieglitz B, Van Snick J, Tolaini M, Lahl K, et al. An IL-9
fate reporter demonstrates the induction of an innate IL-9 response in lung
inflammation. Nat Immunol (2011) 12:1071–7. doi: 10.1038/ni.2133

95. Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG, Doering TA,
et al. Innate lymphoid cells promote lung-tissue homeostasis after infection with
influenza virus. Nat Immunol (2011) 12:1045–54. doi: 10.1031/ni.2131

96. Sonnenberg GF, Monticelli LA, Alenghat T, Fung TC, Hutnick NA, Kunisawa J,
et al. Innate lymphoid cells promote anatomical containment of lymphoid-resident
commensal bacteria. Science (2012) 336:1321–5. doi: 10.1126/science.1222551

97. Roediger B, Kyle R, Yip KH, Sumaria N, Guy TV, Kim BS, et al. Cutaneous
immunosurveillance and regulation of inflammation by group 2 innate lymphoid cells.
Nat Immunol (2013) 14:564–73. doi: 10.1038/ni.2584

98. Kim BS SM, Saenz SA, Noti M, Monticelli LA, Sonnenberg GF, Hepworth MR,
et al. TSLP elicits IL-33-independent innate lymphoid cell responses to promote skin
inflammation. Sci Trans l Med (2013) 5(170) :170ra16. doi : 10.1126/
scitranslmed.3005374

99. Qiu J, Zhou L. Aryl hydrocarbon receptor promotes RORgammat(+) group 3
ILCs and controls intestinal immunity and inflammation. Semin Immunopathol (2013)
35:657–70. doi: 10.1007/s00281-013-0393-5

100. Takatori H, Kanno Y, Watford WT, Tato CM, Weiss G, Ivanov II, et al.
Lymphoid tissue inducer-like cells are an innate source of IL-17 and IL-22. J Exp Med
(2009) 206:35–41. doi: 10.1084/jem.20072713

101. Mortha A, Chudnovskiy A, Hashimoto D, Bogunovic M, Spencer SP, Belkaid
Y, et al. Microbiota-dependent crosstalk between macrophages and ILC3 promotes
intestinal homeostasis. Science (2014) 343:1249288. doi: 10.1126/science.1249288

102. Scandella E, Bolinger B, Lattmann E, Miller S, Favre S, Littman DR, et al.
Restoration of lymphoid organ integrity through the interaction of lymphoid tissue-
inducer cells with stroma of the T cell zone. Nat Immunol (2008) 9:667–75.
doi: 10.1038/ni.1605

103. Sonnenberg GF, Monticelli LA, Elloso MM, Fouser LA, Artis D. CD4(+)
lymphoid tissue-inducer cells promote innate immunity in the gut. Immunity (2011)
34:122–34. doi: 10.1016/j.immuni.2010.12.009

104. Aparicio-Domingo P, Romera-Hernandez M, Karrich JJ, Cornelissen F,
Papazian N, Lindenbergh-Kortleve DJ, et al. Type 3 innate lymphoid cells maintain
intestinal epithelial stem cells after tissue damage. J Exp Med (2015) 212:1783–91.
doi: 10.1084/jem.20150318

105. Mizoguchi A, Yano A, Himuro H, Ezaki Y, Sadanaga T, Mizoguchi E. Clinical
importance of IL-22 cascade in IBD. J Gastroenterol (2018) 53:465–74. doi: 10.1007/
s00535-017-1401-7

106. Guo XK, Ou J, Liang S, Zhou X, Hu X. Epithelial Hes1 maintains gut
homeostasis by preventing microbial dysbiosis. Mucosal Immunol (2018) 11:716–26.
doi: 10.1038/mi.2017.111

107. Hawkes JE, Yan BY, Chan TC, Krueger JG. Discovery of the IL-23/IL-17
signaling pathway and the treatment of psoriasis. J Immunol (2018) 201:1605–13.
doi: 10.4049/jimmunol.1800013

108. Lyu M, Suzuki H, Kang L, Gaspal F, Zhou W, Goc J, et al. ILC3s select
microbiota-specific regulatory T cells to establish tolerance in the gut. Nature (2022)
610:744–51. doi: 10.1038/s41586-022-05141-x

109. Pearson C, Thornton EE, McKenzie B, Schaupp AL, Huskens N, Griseri T, et al.
ILC3 GM-CSF production and mobilisation orchestrate acute intestinal inflammation.
Elife (2016) 5:e10066. doi: 10.7554/eLife.10066

110. Song C, Lee JS, Gilfillan S, Robinette ML, Newberry RD, Stappenbeck TS, et al.
Unique and redundant functions of NKp46+ ILC3s in models of intestinal
inflammation. J Exp Med (2015) 212:1869–82. doi: 10.1084/jem.20151403

111. Goto Y, Obata T, Kunisawa J, Sato S, Ivanov II, Lamichhane A, et al. Innate
lymphoid cells regulate intestinal epithelial cell glycosylation. Science (2014)
345:1254009. doi: 10.1126/science.1254009
Frontiers in Immunology 15
112. Gladiator A, Wangler N, Trautwein-Weidner K, LeibundGut-Landmann S.
Cutting edge: IL-17-secreting innate lymphoid cells are essential for host defense
against fungal infection. J Immunol (2013) 190:521–5. doi: 10.4049/jimmunol.1202924

113. Van Maele L, Carnoy C, Cayet D, Ivanov S, Porte R, Deruy E, et al. Activation
of type 3 innate lymphoid cells and interleukin 22 secretion in the lungs during
streptococcus pneumoniae infection. J Infect Dis (2014) 210:493–503. doi: 10.1093/
infdis/jiu106

114. Sawa S, Lochner M, Satoh-Takayama N, Dulauroy S, Berard M, Kleinschek M,
et al. RORgammat+ innate lymphoid cells regulate intestinal homeostasis by
integrating negative signals from the symbiotic microbiota. Nat Immunol (2011)
12:320–6. doi: 10.1038/ni.2002

115. Taube C, Tertilt C, Gyulveszi G, Dehzad N, Kreymborg K, Schneeweiss K, et al.
IL-22 is produced by innate lymphoid cells and limits inflammation in allergic airway
disease. PloS One (2011) 6:e21799. doi: 10.1371/journal.pone.0021799

116. Huber S GN, Zenewicz LA, Huber FJ, Bosurgi L, Hu B, Hedl M, et al. IL-22BP is
regulated by the inflammasome and modulates tumorigenesis in the intestine. nature
(2012) 491(7423):259–63. doi: 10.1038/nature11535

117. Adachi S YH, Kataoka H, Nishikawa S. Three distinctive steps in peyer’s patch
formation of murine embryo. Int Immunol (1997) 9(4):507–14. doi: 10.1093/intimm/
9.4.507

118. Mebius RE RP, Weissman IL. Developing lymph nodes collect CD4+CD3–
LTb+ cells that can differentiate to APC, NK cells, and follicular cells but not T or b
cells. Immunity (1997) 7(4):493–504. doi: 10.1016/s1074-7613(00)80371-4

119. Buettner M, Lochner M. Development and function of secondary and tertiary
lymphoid organs in the small intestine and the colon. Front Immunol (2016) 7:342.
doi: 10.3389/fimmu.2016.00342

120. Shiu J, Piazuelo MB, Ding H, Czinn SJ, Drakes ML, Banerjee A, et al. Gastric
LTi cells promote lymphoid follicle formation but are limited by IRAK-m and do not
alter microbial growth. Mucosal Immunol (2015) 8:1047–59. doi: 10.1038/mi.2014.132

121. Crellin NK, Trifari S, Kaplan CD, Satoh-Takayama N, Di Santo JP, Spits H.
Regulation of cytokine secretion in human CD127(+) LTi-like innate lymphoid cells by
toll-like receptor 2. Immunity (2010) 33:752–64. doi: 10.1016/j.immuni.2010.10.012

122. Cording S, Medvedovic J, Lecuyer E, Aychek T, Dejardin F, Eberl G. Mouse
models for the study of fate and function of innate lymphoid cells. Eur J Immunol
(2018) 48:1271–80. doi: 10.1002/eji.201747388

123. Bartizal KF SC, Pleasants JR, Balish E. The effect of microbial flora, diet, and
age on the tumoricidal activity of natural killer cells. J Leukoc Biol (1984) 36(6):739–50.
doi: 10.1002/jlb.36.6.739

124. Clark E, Hoare C, Tanianis-Hughes J, Carlson GL, Warhurst G. Interferon
gamma induces translocation of commensal escherichia coli across gut epithelial cells
via a lipid raft-mediated process. Gastroenterology (2005) 128:1258–67. doi: 10.1053/
j.gastro.2005.01.046

125. Gury-BenAri M, Thaiss CA, Serafini N, Winter DR, Giladi A, Lara-Astiaso D,
et al. The spectrum and regulatory landscape of intestinal innate lymphoid cells are
shaped by the microbiome. Cell (2016) 166:1231–46.e13. doi: 10.1016/j.cell.2016.07.043

126. Powell N, Walker AW, Stolarczyk E, Canavan JB, Gokmen MR, Marks E, et al.
The transcription factor T-bet regulates intestinal inflammation mediated by
interleukin-7 receptor+ innate lymphoid cells. Immunity (2012) 37:674–84.
doi: 10.1016/j.immuni.2012.09.008

127. Kernbauer E, Ding Y, Cadwell K. An enteric virus can replace the beneficial
function of commensal bacteria. Nature (2014) 516:94–8. doi: 10.1038/nature13960

128. Thio CL, Chi PY, Lai AC, Chang YJ. Regulation of type 2 innate lymphoid cell-
dependent airway hyperreactivity by butyrate. J Allergy Clin Immunol (2018) 142:1867–
1883.e12. doi: 10.1016/j.jaci.2018.02.032

129. Grobeta P, Doser K, Falk W, Obermeier F, Hofmann C. IL-33 attenuates
development and perpetuation of chronic intestinal inflammation. Inflammation Bowel
Dis (2012) 18:1900–9. doi: 10.1002/ibd.22900

130. Monticelli LA, Osborne LC, Noti M, Tran SV, Zaiss DM, Artis D. IL-33
promotes an innate immune pathway of intestinal tissue protection dependent on
amphiregulin-EGFR interactions. Proc Natl Acad Sci USA (2015) 112:10762–7.
doi: 10.1073/pnas.1509070112

131. Malik A, Sharma D, Zhu Q, Karki R, Guy CS, Vogel P, et al. IL-33 regulates the
IgA-microbiota axis to restrain IL-1alpha-dependent colitis and tumorigenesis. J Clin
Invest (2016) 126:4469–81. doi: 10.1172/JCI88625

132. Sanos SL, Bui VL, Mortha A, Oberle K, Heners C, Johner C, et al. RORgammat
and commensal microflora are required for the differentiation of mucosal interleukin
22-producing NKp46+ cells. Nat Immunol (2009) 10:83–91. doi: 10.1038/ni.1684

133. Sawa S LM, Satoh-Takayama N, Dulauroy S, Bérard M, Kleinschek M, Cua D,
et al. RORgt+ innate lymphoid cells regulate intestinal homeostasis by integrating
negative signals from the symbiotic microbiota. Nat Immunol (2011) 12(4):320–6.
doi: 10.1038/ni.2002

134. Sabat R, Ouyang W, Wolk K. Therapeutic opportunities of the IL-22-IL-22R1
system. Nat Rev Drug Discov (2014) 13:21–38. doi: 10.1038/nrd4176

135. Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al.
Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance
mucosal reactivity via interleukin-22. Immunity (2013) 39:372–85. doi: 10.1016/
j.immuni.2013.08.003
frontiersin.org

https://doi.org/10.1016/j.immuni.2012.08.015
https://doi.org/10.1038/ni.2104
https://doi.org/10.4049/jimmunol.1102039
https://doi.org/10.1038/ni.2045
https://doi.org/10.1038/ni.2045
https://doi.org/10.1002/eji.201141668
https://doi.org/10.1084/jem.20051615
https://doi.org/10.1038/ni.2133
https://doi.org/10.1031/ni.2131
https://doi.org/10.1126/science.1222551
https://doi.org/10.1038/ni.2584
https://doi.org/10.1126/scitranslmed.3005374
https://doi.org/10.1126/scitranslmed.3005374
https://doi.org/10.1007/s00281-013-0393-5
https://doi.org/10.1084/jem.20072713
https://doi.org/10.1126/science.1249288
https://doi.org/10.1038/ni.1605
https://doi.org/10.1016/j.immuni.2010.12.009
https://doi.org/10.1084/jem.20150318
https://doi.org/10.1007/s00535-017-1401-7
https://doi.org/10.1007/s00535-017-1401-7
https://doi.org/10.1038/mi.2017.111
https://doi.org/10.4049/jimmunol.1800013
https://doi.org/10.1038/s41586-022-05141-x
https://doi.org/10.7554/eLife.10066
https://doi.org/10.1084/jem.20151403
https://doi.org/10.1126/science.1254009
https://doi.org/10.4049/jimmunol.1202924
https://doi.org/10.1093/infdis/jiu106
https://doi.org/10.1093/infdis/jiu106
https://doi.org/10.1038/ni.2002
https://doi.org/10.1371/journal.pone.0021799
https://doi.org/10.1038/nature11535
https://doi.org/10.1093/intimm/9.4.507
https://doi.org/10.1093/intimm/9.4.507
https://doi.org/10.1016/s1074-7613(00)80371-4
https://doi.org/10.3389/fimmu.2016.00342
https://doi.org/10.1038/mi.2014.132
https://doi.org/10.1016/j.immuni.2010.10.012
https://doi.org/10.1002/eji.201747388
https://doi.org/10.1002/jlb.36.6.739
https://doi.org/10.1053/j.gastro.2005.01.046
https://doi.org/10.1053/j.gastro.2005.01.046
https://doi.org/10.1016/j.cell.2016.07.043
https://doi.org/10.1016/j.immuni.2012.09.008
https://doi.org/10.1038/nature13960
https://doi.org/10.1016/j.jaci.2018.02.032
https://doi.org/10.1002/ibd.22900
https://doi.org/10.1073/pnas.1509070112
https://doi.org/10.1172/JCI88625
https://doi.org/10.1038/ni.1684
https://doi.org/10.1038/ni.2002
https://doi.org/10.1038/nrd4176
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.3389/fimmu.2023.1171680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guo et al. 10.3389/fimmu.2023.1171680
136. Tsuji M, Suzuki K, Kitamura H, Maruya M, Kinoshita K, Ivanov II, et al.
Requirement for lymphoid tissue-inducer cells in isolated follicle formation and T cell-
independent immunoglobulin a generation in the gut. Immunity (2008) 29:261–71.
doi: 10.1016/j.immuni.2008.05.014

137. Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg
GF, et al. Commensal bacteria calibrate the activation threshold of innate antiviral
immunity. Immunity (2012) 37:158–70. doi: 10.1016/j.immuni.2012.04.011

138. Ganal SC, Sanos SL, Kallfass C, Oberle K, Johner C, Kirschning C, et al.
Priming of natural killer cells by nonmucosal mononuclear phagocytes requires
instructive signals from commensal microbiota. Immunity (2012) 37:171–86.
doi: 10.1016/j.immuni.2012.05.020

139. Constantinides MG. Interactions between the microbiota and innate and innate-
like lymphocytes. J Leukoc Biol (2018) 103:409–19. doi: 10.1002/JLB.3RI0917-378R

140. Kamimura Y, Lanier LL. Homeostatic control of memory cell progenitors in
the natural killer cell lineage. Cell Rep (2015) 10:280–91. doi: 10.1016/
j.celrep.2014.12.025

141. von Moltke J, Ji M, Liang HE, Locksley RM. Tuft-cell-derived IL-25 regulates
an intestinal ILC2-epithelial response circuit. Nature (2016) 529:221–5. doi: 10.1038/
nature16161

142. Liu TC, Stappenbeck TS. Genetics and pathogenesis of inflammatory bowel
disease. Annu Rev Pathol (2016) 11:127–48. doi: 10.1146/annurev-pathol-012615-044152

143. Zhou L, Chu C, Teng F, Bessman NJ, Goc J, Santosa EK, et al. Innate lymphoid
cells support regulatory T cells in the intestine through interleukin-2. Nature (2019)
568:405–9. doi: 10.1038/s41586-019-1082-x

144. Castleman MJ, Dillon SM, Purba CM, Cogswell AC, Kibbie JJ, McCarter MD,
et al. Commensal and pathogenic bacteria indirectly induce IL-22 but not IFNgamma
production from human colonic ILC3s via multiple mechanisms. Front Immunol
(2019) 10:649. doi: 10.3389/fimmu.2019.00649

145. Saez A, Gomez-Bris R, Herrero-Fernandez B, Mingorance C, Rius C, Gonzalez-
Granado JM. Innate lymphoid cells in intestinal homeostasis and inflammatory bowel
disease. Int J Mol Sci (2021) 22. doi: 10.3390/ijms22147618

146. Sepahi A, Liu Q, Friesen L, Kim CH. Dietary fiber metabolites regulate innate
lymphoid cell responses. Mucosal Immunol (2021) 14:317–30. doi: 10.1038/s41385-
020-0312-8

147. Satoh-Takayama N, Kato T, Motomura Y, Kageyama T, Taguchi-Atarashi N,
Kinoshita-Daitoku R, et al. Bacteria-induced group 2 innate lymphoid cells in the
stomach provide immune protection through induction of IgA. Immunity (2020)
52:635–649.e4. doi: 10.1016/j.immuni.2020.03.002

148. Li R, Jiang XX, Zhang LF, Liu XM, Hu TZ, Xia XJ, et al. Group 2 innate
lymphoid cells are involved in skewed type 2 immunity of gastric diseases induced by
helicobacter pylori infection. Mediators Inflamm (2017) 2017:4927964. doi: 10.1155/
2017/4927964

149. Bostick JW, Wang Y, Shen Z, Ge Y, Brown J, Chen Z-m, et al. Dichotomous
regulation of group 3 innate lymphoid cells by nongastric helicobacter species. Proc
Natl Acad Sci USA (2019) 116:24760–9. doi: 10.1073/pnas.1908128116

150. Leupold T, Wirtz S. ILCs-crucial players in enteric infectious diseases. Int J Mol
Sci (2022) 23. doi: 10.3390/ijms232214200

151. Xiong L, Wang S, Dean JW, Oliff KN, Jobin C, Curtis R III, et al. Group 3 innate
lymphoid cell pyroptosis represents a host defence mechanism against salmonella
infection. Nat Microbiol (2022) 7:1087–99. doi: 10.1038/s41564-022-01142-8

152. Buonocore S, Ahern PP, Uhlig HH, Ivanov II, Littman DR, Maloy KJ, et al.
Innate lymphoid cells drive interleukin-23-dependent innate intestinal pathology.
Nature (2010) 464:1371–5. doi: 10.1038/nature08949

153. Seshadri S, Allan DSJ, Carlyle JR, Zenewicz LA. Bacillus anthracis lethal toxin
negatively modulates ILC3 function through perturbation of IL-23-mediated MAPK
signaling. PloS Pathog (2017) 13:e1006690. doi: 10.1371/journal.ppat.1006690

154. Tumanov AV, Koroleva EP, Guo X, Wang Y, Kruglov A, Nedospasov S, et al.
Lymphotoxin controls the IL-22 protection pathway in gut innate lymphoid cells
during mucosal pathogen challenge. Cell Host Microbe (2011) 10:44–53. doi: 10.1016/
j.chom.2011.06.002

155. Emgard J, Kammoun H, Garcia-Cassani B, Chesne J, Parigi SM, Jacob JM, et al.
Oxysterol sensing through the receptor GPR183 promotes the lymphoid-Tissue-
Inducing function of innate lymphoid cells and colonic inflammation. Immunity
(2018) 48:120–32.e8. doi: 10.1016/j.immuni.2017.11.020

156. Chu C, Moriyama S, Li Z, Zhou L, Flamar AL, Klose CSN, et al. Anti-microbial
functions of group 3 innate lymphoid cells in gut-associated lymphoid tissues are
regulated by G-Protein-Coupled receptor 183. Cell Rep (2018) 23:3750–8. doi: 10.1016/
j.celrep.2018.05.099

157. Guo X, Qiu J, Tu T, Yang X, Deng L, Anders RA, et al. Induction of innate
lymphoid cell-derived interleukin-22 by the transcription factor STAT3 mediates
protection against intestinal infection. Immunity (2014) 40:25–39. doi: 10.1016/
j.immuni.2013.10.021

158. Spencer SP, Wilhelm C, Yang Q, Hall JA, Bouladoux N, Boyd A, et al.
Adaptation of innate lymphoid cells to a micronutrient deficiency promotes type 2
barrier immunity. Science (2014) 343:432–7. doi: 10.1126/science.1247606

159. Kim MH, Taparowsky EJ, Kim CH. Retinoic acid differentially regulates the
migration of innate lymphoid cell subsets to the gut. Immunity (2015) 43:107–19.
doi: 10.1016/j.immuni.2015.06.009
Frontiers in Immunology 16
160. van de Pavert SA, Ferreira M, Domingues RG, Ribeiro H, Molenaar R,
Moreira-Santos L, et al. Maternal retinoids control type 3 innate lymphoid cells and
set the offspring immunity. Nature (2014) 508:123–7. doi: 10.1038/nature13158

161. Mielke LA, Jones SA, Raverdeau M, Higgs R, Stefanska A, Groom JR, et al.
Retinoic acid expression associates with enhanced IL-22 production by gammadelta T
cells and innate lymphoid cells and attenuation of intestinal inflammation. J Exp Med
(2013) 210:1117–24. doi: 10.1084/jem.20121588

162. Wilhelm C, Harrison OJ, Schmitt V, Pelletier M, Spencer SP, Urban JF Jr, et al.
Critical role of fatty acid metabolism in ILC2-mediated barrier protection during
malnutrition and helminth infection. J Exp Med (2016) 213:1409–18. doi: 10.1084/
jem.20151448

163. ZhouW, Sonnenberg GF. Activation and suppression of group 3 innate lymphoid
cells in the gut. Trends Immunol (2020) 41:721–33. doi: 10.1016/j.it.2020.06.009

164. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation.
Cell (2014) 157:121–41. doi: 10.1016/j.cell.2014.03.011

165. Lochner M, Ohnmacht C, Presley L, Bruhns P, Si-Tahar M, Sawa S, et al.
Microbiota-induced tertiary lymphoid tissues aggravate inflammatory disease in the
absence of RORgamma t and LTi cells. J Exp Med (2011) 208:125–34. doi: 10.1084/
jem.20100052

166. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat
Rev Immunol (2016) 16:341–52. doi: 10.1038/nri.2016.42

167. Chun E, Lavoie S, Fonseca-Pereira D, Bae S, Michaud M, Hoveyda HR, et al.
Metabolite-sensing receptor Ffar2 regulates colonic group 3 innate lymphoid cells and
gut immunity. Immunity (2019) 51:871–884.e6. doi: 10.1016/j.immuni.2019.09.014

168. Fachi JL, Secca C, Rodrigues PB, Mato FCP, Di Luccia B, Felipe JS, et al. Acetate
coordinates neutrophil and ILC3 responses against c. difficile through FFAR2. J Exp
Med (2020) 217(3):e20190489. doi: 10.1084/jem.20190489

169. Kim SH, Cho BH, Kiyono H, Jang YS. Microbiota-derived butyrate suppresses
group 3 innate lymphoid cells in terminal ileal peyer’s patches. Sci Rep (2017) 7:3980.
doi: 10.1038/s41598-017-02729-6

170. Rizvi ZA, Dalal R, Sadhu S, Kumar Y, Kumar S, Gupta SK, et al. High-salt diet
mediates interplay between NK cells and gut microbiota to induce potent tumor
immunity. Sci Adv (2021) 7:eabg5016. doi: 10.1126/sciadv.abg5016

171. Liebana-Garcia R, Olivares M, Frances-Cuesta C, Rubio T, Rossini V, Quintas
G, et al. Intestinal group 1 innate lymphoid cells drive macrophage-induced
inflammation and endocrine defects in obesity and promote insulinemia. Gut
Microbes (2023) 15:2181928. doi: 10.1080/19490976.2023.2181928

172. Liew FY, Girard JP, Turnquist HR. Interleukin-33 in health and disease. Nat
Rev Immunol (2016) 16:676–89. doi: 10.1038/nri.2016.95

173. Klose CSN, Artis D. Innate lymphoid cells as regulators of immunity, inflammation
and tissue homeostasis. Nat Immunol (2016) 17:765–74. doi: 10.1038/ni.3489

174. Pu Q, Lin P, Gao P, Wang Z, Guo K, Qin S, et al. Gut microbiota regulate gut-
lung axis inflammatory responses by mediating ILC2 compartmental migration. J
Immunol (2021) 207:257–67. doi: 10.4049/jimmunol.2001304

175. Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, et al. Interleukin-
22 mediates early host defense against attaching and effacing bacterial pathogens. Nat
Med (2008) 14:282–9. doi: 10.1038/nm1720

176. Sonnenberg GF, Fouser LA, Artis D. Border patrol: regulation of immunity,
inflammation and tissue homeostasis at barrier surfaces by IL-22. Nat Immunol (2011)
12:383–90. doi: 10.1038/ni.2025

177. Zenewicz LA, Yin X, Wang G, Elinav E, Hao L, Zhao L, et al. IL-22 deficiency
alters colonic microbiota to be transmissible and colitogenic. J Immunol (2013)
190:5306–12. doi: 10.4049/jimmunol.1300016

178. Cash HL, Whitham CV, Behrendt CL, Hooper LV. Symbiotic bacteria direct
expression of an intestinal bactericidal lectin. Science (2006) 313:1126–30. doi: 10.1126/
science.1127119

179. Vaishnava S, Yamamoto M, Severson KM, Ruhn KA, Yu X, Koren O, et al. The
antibacterial lectin RegIIIgamma promotes the spatial segregation of microbiota and
host in the intestine. Science (2011) 334:255–8. doi: 10.1126/science.1209791

180. Wang L, Fouts DE, Starkel P, Hartmann P, Chen P, Llorente C, et al. Intestinal
REG3 lectins protect against alcoholic steatohepatitis by reducing mucosa-associated
microbiota and preventing bacterial translocation. Cell Host Microbe (2016) 19:227–39.
doi: 10.1016/j.chom.2016.01.003

181. Ishigame H, Kakuta S, Nagai T, Kadoki M, Nambu A, Komiyama Y, et al.
Differential roles of interleukin-17A and -17F in host defense against mucoepithelial
bacterial infection and allergic responses. Immunity (2009) 30:108–19. doi: 10.1016/
j.immuni.2008.11.009

182. Mulcahy ME, Leech JM, Renauld JC, Mills KH, McLoughlin RM. Interleukin-
22 regulates antimicrobial peptide expression and keratinocyte differentiation to
control staphylococcus aureus colonization of the nasal mucosa. Mucosal Immunol
(2016) 9:1429–41. doi: 10.1038/mi.2016.24

183. Conti HR, Peterson AC, Brane L, Huppler AR, Hernandez-Santos N, Whibley
N, et al. Oral-resident natural Th17 cells and gammadelta T cells control opportunistic
candida albicans infections. J Exp Med (2014) 211:2075–84. doi: 10.1084/jem.20130877

184. Conti HR, Bruno VM, Childs EE, Daugherty S, Hunter JP, Mengesha BG, et al. IL-
17 receptor signaling in oral epithelial cells is critical for protection against oropharyngeal
candidiasis. Cell Host Microbe (2016) 20:606–17. doi: 10.1016/j.chom.2016.10.001
frontiersin.org

https://doi.org/10.1016/j.immuni.2008.05.014
https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1016/j.immuni.2012.05.020
https://doi.org/10.1002/JLB.3RI0917-378R
https://doi.org/10.1016/j.celrep.2014.12.025
https://doi.org/10.1016/j.celrep.2014.12.025
https://doi.org/10.1038/nature16161
https://doi.org/10.1038/nature16161
https://doi.org/10.1146/annurev-pathol-012615-044152
https://doi.org/10.1038/s41586-019-1082-x
https://doi.org/10.3389/fimmu.2019.00649
https://doi.org/10.3390/ijms22147618
https://doi.org/10.1038/s41385-020-0312-8
https://doi.org/10.1038/s41385-020-0312-8
https://doi.org/10.1016/j.immuni.2020.03.002
https://doi.org/10.1155/2017/4927964
https://doi.org/10.1155/2017/4927964
https://doi.org/10.1073/pnas.1908128116
https://doi.org/10.3390/ijms232214200
https://doi.org/10.1038/s41564-022-01142-8
https://doi.org/10.1038/nature08949
https://doi.org/10.1371/journal.ppat.1006690
https://doi.org/10.1016/j.chom.2011.06.002
https://doi.org/10.1016/j.chom.2011.06.002
https://doi.org/10.1016/j.immuni.2017.11.020
https://doi.org/10.1016/j.celrep.2018.05.099
https://doi.org/10.1016/j.celrep.2018.05.099
https://doi.org/10.1016/j.immuni.2013.10.021
https://doi.org/10.1016/j.immuni.2013.10.021
https://doi.org/10.1126/science.1247606
https://doi.org/10.1016/j.immuni.2015.06.009
https://doi.org/10.1038/nature13158
https://doi.org/10.1084/jem.20121588
https://doi.org/10.1084/jem.20151448
https://doi.org/10.1084/jem.20151448
https://doi.org/10.1016/j.it.2020.06.009
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1084/jem.20100052
https://doi.org/10.1084/jem.20100052
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1016/j.immuni.2019.09.014
https://doi.org/10.1084/jem.20190489
https://doi.org/10.1038/s41598-017-02729-6
https://doi.org/10.1126/sciadv.abg5016
https://doi.org/10.1080/19490976.2023.2181928
https://doi.org/10.1038/nri.2016.95
https://doi.org/10.1038/ni.3489
https://doi.org/10.4049/jimmunol.2001304
https://doi.org/10.1038/nm1720
https://doi.org/10.1038/ni.2025
https://doi.org/10.4049/jimmunol.1300016
https://doi.org/10.1126/science.1127119
https://doi.org/10.1126/science.1127119
https://doi.org/10.1126/science.1209791
https://doi.org/10.1016/j.chom.2016.01.003
https://doi.org/10.1016/j.immuni.2008.11.009
https://doi.org/10.1016/j.immuni.2008.11.009
https://doi.org/10.1038/mi.2016.24
https://doi.org/10.1084/jem.20130877
https://doi.org/10.1016/j.chom.2016.10.001
https://doi.org/10.3389/fimmu.2023.1171680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guo et al. 10.3389/fimmu.2023.1171680
185. Wu D, Hu L, Han M, Deng Y, Zhang Y, Ren G, et al. PD-1 signaling facilitates
activation of lymphoid tissue inducer cells by restraining fatty acid oxidation. Nat
Metab (2022) 4:867–82. doi: 10.1038/s42255-022-00595-9

186. Secca C, Bando JK, Fachi JL, Gilfillan S, Peng V, Di Luccia B, et al. Spatial
distribution of LTi-like cells in intestinal mucosa regulates type 3 innate immunity.
Proc Natl Acad Sci USA (2021) 13:67–78. doi: 10.1073/pnas.2101668118

187. Peloquin JM, Goel G, Villablanca EJ, Xavier RJ. Mechanisms of pediatric
inflammatory bowel disease. Annu Rev Immunol (2016) 34:31–64. doi: 10.1146/
annurev-immunol-032414-112151

188. Torres J, Mehandru S, Colombel J-F, Peyrin-Biroulet L. Crohn’s disease. Lancet
(2017) 389:1741–55. doi: 10.1016/s0140-6736(16)31711-1

189. de Souza HSP, Fiocchi C, Iliopoulos D. The IBD interactome: an integrated
view of aetiology, pathogenesis and therapy. Nat Rev Gastroenterol Hepatol (2017)
14:739–49. doi: 10.1038/nrgastro.2017.110

190. Forkel M, van Tol S, Hoog C, Michaelsson J, Almer S, Mjosberg J. Distinct
alterations in the composition of mucosal innate lymphoid cells in newly diagnosed and
established crohn’s disease and ulcerative colitis. J Crohns Colitis (2019) 13:67–78.
doi: 10.1093/ecco-jcc/jjy119

191. Coman D, Coales I, Roberts LB, Neves JF. Helper-like type-1 innate lymphoid
cells in inflammatory bowel disease. Front Immunol (2022) 13:903688. doi: 10.3389/
fimmu.2022.903688

192. Frisbee AL, Saleh MM, Young MK, Leslie JL, Simpson ME, Abhyankar MM,
et al. IL-33 drives group 2 innate lymphoid cell-mediated protection during
clostridium difficile infection. Nat Commun (2019) 10:2712. doi: 10.1038/s41467-
019-10733-9

193. Garrido-Mesa N, Schroeder JH, Stolarczyk E, Gallagher AL, Lo JW, Bailey C,
et al. T-Bet controls intestinal mucosa immune responses via repression of type 2 innate
lymphoid cell function. Mucosal Immunol (2019) 12:51–63. doi: 10.1038/s41385-018-
0092-6

194. Sano T, Huang W, Hall JA, Yang Y, Chen A, Gavzy SJ, et al. An IL-23R/IL-22
circuit regulates epithelial serum amyloid a to promote local effector Th17 responses.
Cell (2015) 163:381–93. doi: 10.1016/j.cell.2015.08.061

195. Viladomiu M, Kivolowitz C, Abdulhamid A, Dogan B, Victorio S, Castellanos
JG, et al. IgA-coated e. coli enriched in crohn’s disease spondyloarthritis promote T h
17-dependent inflammation. Sci Transl Med (2017) 9(376). doi: 10.1126/
scitranslmed.aaf9655

196. Castellanos JG, Woo V, Viladomiu M, Putzel G, Lima S, Diehl GE, et al.
Microbiota-induced TNF-like ligand 1A drives group 3 innate lymphoid cell-mediated
barrier protection and intestinal T cell activation during colitis. Immunity (2018)
49:1077–89.e5. doi: 10.1016/j.immuni.2018.10.014

197. Cochez PM, Michiels C, Hendrickx E, Van Belle AB, Lemaire MM, Dauguet N,
et al. AhR modulates the IL-22-producing cell proliferation/recruitment in imiquimod-
induced psoriasis mouse model. Eur J Immunol (2016) 46:1449–59. doi: 10.1002/
eji.201546070

198. Kiss EA, Vonarbourg C, Kopfmann S, Hobeika E, Finke D, Esser C, et al.
Natural aryl hydrocarbon receptor ligands control organogenesis of intestinal
lymphoid follicles. Science (2011) 334:1561–5. doi: 10.1126/science.1214914

199. Qiu J, Heller JJ, Guo X, Chen ZM, Fish K, Fu YX, et al. The aryl hydrocarbon
receptor regulates gut immunity through modulation of innate lymphoid cells.
Immunity (2012) 36:92–104. doi: 10.1016/j.immuni.2011.11.011

200. Lee JS, Cella M, McDonald KG, Garlanda C, Kennedy GD, Nukaya M, et al.
AHR drives the development of gut ILC22 cells and postnatal lymphoid tissues via
pathways dependent on and independent of notch. Nat Immunol (2011) 13:144–51.
doi: 10.1038/ni.2187

201. Li Y, Innocentin S, Withers DR, Roberts NA, Gallagher AR, Grigorieva EF,
et al. Exogenous stimuli maintain intraepithelial lymphocytes via aryl hydrocarbon
receptor activation. Cell (2011) 147:629–40. doi: 10.1016/j.cell.2011.09.025

202. Hou Q, Ye L, Liu H, Huang L, Yang Q, Turner JR, et al. Lactobacillus
accelerates ISCs regeneration to protect the integrity of intestinal mucosa through
activation of STAT3 signaling pathway induced by LPLs secretion of IL-22. Cell Death
Differ (2018) 25:1657–70. doi: 10.1038/s41418-018-0070-2

203. Lamas B, Richard ML, Leducq V, Pham HP, Michel ML, Da Costa G, et al.
CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl
hydrocarbon receptor ligands. Nat Med (2016) 22:598–605. doi: 10.1038/nm.4102

204. Sun MC, Zhang FC, Yin X, Cheng BJ, Zhao CH, Wang YL, et al. Lactobacillus
reuteri f-9-35 prevents DSS-induced colitis by inhibiting proinflammatory gene
expression and restoring the gut microbiota in mice. J Food Sci (2018) 83:2645–52.
doi: 10.1111/1750-3841.14326

205. Ahl D, Liu H, Schreiber O, Roos S, Phillipson M, Holm L. Lactobacillus reuteri
increases mucus thickness and ameliorates dextran sulphate sodium-induced colitis in
mice. Acta Physiol (Oxf) (2016) 217:300–10. doi: 10.1111/apha.12695

206. Eken A, Singh AK, Treuting PM, Oukka M. IL-23R+ innate lymphoid cells
induce colitis via interleukin-22-dependent mechanism. Mucosal Immunol (2014)
7:143–54. doi: 10.1038/mi.2013.33

207. Longman RS, Diehl GE, Victorio DA, Huh JR, Galan C, Miraldi ER, et al. CX
(3)CR1(+) mononuclear phagocytes support colitis-associated innate lymphoid cell
production of IL-22. J Exp Med (2014) 211:1571–83. doi: 10.1084/jem.20140678
Frontiers in Immunology 17
208. Schmechel S, Konrad A, Diegelmann J, Glas J, Wetzke M, Paschos E, et al.
Linking genetic susceptibility to crohn’s disease with Th17 cell function: IL-22 serum
levels are increased in crohn’s disease and correlate with disease activity and IL23R
genotype status. Inflamm Bowel Dis (2008) 14:204–12. doi: 10.1002/ibd.20315

209. Bhatt B, Zeng P, Zhu H, Sivaprakasam S, Li S, Xiao H, et al. Gpr109a limits
microbiota-induced IL-23 production to constrain ILC3-mediated colonic
inflammation. J Immunol (2018) 200:2905–14. doi: 10.4049/jimmunol.1701625

210. Wang T, Zheng N, Luo Q, Jiang L, He B, Yuan X, et al. Probiotics lactobacillus
reuteri abrogates immune checkpoint blockade-associated colitis by inhibiting
group 3 innate lymphoid cells. Front Immunol (2019) 10:1235. doi: 10.3389/
fimmu.2019.01235

211. Eberl G. RORgammat, a multitask nuclear receptor at mucosal surfaces.
Mucosal Immunol (2017) 10:27–34. doi: 10.1038/mi.2016.86

212. Omenetti S, Bussi C, Metidji A, Iseppon A, Lee S, Tolaini M, et al. The intestine
harbors functionally distinct homeostatic tissue-resident and inflammatory Th17 cells.
Immunity (2019) 51:77–89.e6. doi: 10.1016/j.immuni.2019.05.004

213. LohW, Tang MLK. The epidemiology of food allergy in the global context. Int J
Environ Res Public Health (2018) 15(9):2043. doi: 10.3390/ijerph15092043

214. Feehley T, Nagler CR. Cellular and molecular pathways through which
commensal bacteria modulate sensitization to dietary antigens. Curr Opin Immunol
(2014) 31:79–86. doi: 10.1016/j.coi.2014.10.001

215. Aitoro R, Paparo L, Amoroso A, Di Costanzo M, Cosenza L, Granata V, et al.
Gut microbiota as a target for preventive and therapeutic intervention against food
allergy. Nutrients (2017) 9(7):672. doi: 10.3390/nu9070672

216. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al.
Commensal microbe-derived butyrate induces the differentiation of colonic regulatory
T cells. Nature (2013) 504:446–50. doi: 10.1038/nature12721

217. Tan J, McKenzie C, Vuillermin PJ, Goverse G, Vinuesa CG, Mebius RE, et al.
Dietary fiber and bacterial SCFA enhance oral tolerance and protect against food
allergy through diverse cellular pathways. Cell Rep (2016) 15:2809–24. doi: 10.1016/
j.celrep.2016.05.047

218. Kim HJ, Lee SH, Hong SJ. Antibiotics-induced dysbiosis of intestinal
microbiota aggravates atopic dermatitis in mice by altered short-chain fatty acids.
Allergy Asthma Immunol Res (2020) 12:137–48. doi: 10.4168/aair.2020.12.1.137

219. Iweala OI, Burks AW. Food allergy: our evolving understanding of its
pathogenesis, prevention, and treatment. Curr Allergy Asthma Rep (2016) 16:37.
doi: 10.1007/s11882-016-0616-7

220. Levy M, Blacher E, Elinav E. Microbiome, metabolites and host immunity. Curr
Opin Microbiol (2017) 35:8–15. doi: 10.1016/j.mib.2016.10.003

221. Akiyama T, Iodi Carstens M, Carstens E. Transmitters and pathways mediating
inhibition of spinal itch-signaling neurons by scratching and other counterstimuli. PLos
One (2011) 6(7):e22665. doi: 10.1371/journal.pone.0022665

222. Chu DK, Llop-Guevara A, Walker TD, Flader K, Goncharova S, Boudreau JE,
et al. IL-33, but not thymic stromal lymphopoietin or IL-25, is central to mite and
peanut allergic sensitization. J Allergy Clin Immunol (2013) 131:187–200.e1-8.
doi: 10.1016/j.jaci.2012.08.002

223. Lee JB, Chen CY, Liu B, Mugge L, Angkasekwinai P, Facchinetti V, et al. IL-25
and CD4(+) TH2 cells enhance type 2 innate lymphoid cell-derived IL-13 production,
which promotes IgE-mediated experimental food allergy. J Allergy Clin Immunol
(2016) 137:1216–1225.e5. doi: 10.1016/j.jaci.2015.09.019

224. Leyva-Castillo JM, Galand C, Kam C, Burton O, Gurish M, Musser MA, et al.
Mechanical skin injury promotes food anaphylaxis by driving intestinal mast cell
expansion. Immunity (2019) 50:1262–1275.e4. doi: 10.1016/j.immuni.2019.03.023

225. Burton OT, Medina Tamayo J, Stranks AJ, Miller S, Koleoglou KJ, Weinberg
EO, et al. IgE promotes type 2 innate lymphoid cells in murine food allergy. Clin Exp
Allergy (2018) 48:288–96. doi: 10.1111/cea.13075

226. Noval Rivas M, Burton OT, Oettgen HC, Chatila T. IL-4 production by group 2
innate lymphoid cells promotes food allergy by blocking regulatory T-cell function. J
Allergy Clin Immunol (2016) 138:801–811.e9. doi: 10.1016/j.jaci.2016.02.030

227. Chu DK, Mohammed-Ali Z, Jimenez-Saiz R, Walker TD, Goncharova S, Llop-
Guevara A, et al. T Helper cell IL-4 drives intestinal Th2 priming to oral peanut antigen,
under the control of OX40L and independent of innate-like lymphocytes. Mucosal
Immunol (2014) 7:1395–404. doi: 10.1038/mi.2014.29

228. Nowarski R, Gagliani N, Huber S, Flavell RA. Innate immune cells in
inflammation and cancer. Cancer Immunol Res (2013) 1:77–84. doi: 10.1158/2326-
6066.CIR-13-0081

229. Bergmann H, Roth S, Pechloff K, Kiss EA, Kuhn S, Heikenwälder M, et al.
Card9-dependent IL-1beta regulates IL-22 production from group 3 innate lymphoid
cells and promotes colitis-associated cancer. Eur J Immunol (2017) 47:1342–53.
doi: 10.1002/eji.201646765

230. Kirchberger S, Royston DJ, Boulard O, Thornton E, Franchini F, Szabady RL,
et al. Innate lymphoid cells sustain colon cancer through production of interleukin-22
in a mouse model. J Exp Med (2013) 210:917–31. doi: 10.1084/jem.20122308

231. Goc J, Lv M, Bessman NJ, Flamar AL, Sahota S, Suzuki H, et al. Dysregulation
of ILC3s unleashes progression and immunotherapy resistance in colon cancer. Cell
(2021) 184:5015–5030.e16. doi: 10.1016/j.cell.2021.07.029
frontiersin.org

https://doi.org/10.1038/s42255-022-00595-9
https://doi.org/10.1073/pnas.2101668118
https://doi.org/10.1146/annurev-immunol-032414-112151
https://doi.org/10.1146/annurev-immunol-032414-112151
https://doi.org/10.1016/s0140-6736(16)31711-1
https://doi.org/10.1038/nrgastro.2017.110
https://doi.org/10.1093/ecco-jcc/jjy119
https://doi.org/10.3389/fimmu.2022.903688
https://doi.org/10.3389/fimmu.2022.903688
https://doi.org/10.1038/s41467-019-10733-9
https://doi.org/10.1038/s41467-019-10733-9
https://doi.org/10.1038/s41385-018-0092-6
https://doi.org/10.1038/s41385-018-0092-6
https://doi.org/10.1016/j.cell.2015.08.061
https://doi.org/10.1126/scitranslmed.aaf9655
https://doi.org/10.1126/scitranslmed.aaf9655
https://doi.org/10.1016/j.immuni.2018.10.014
https://doi.org/10.1002/eji.201546070
https://doi.org/10.1002/eji.201546070
https://doi.org/10.1126/science.1214914
https://doi.org/10.1016/j.immuni.2011.11.011
https://doi.org/10.1038/ni.2187
https://doi.org/10.1016/j.cell.2011.09.025
https://doi.org/10.1038/s41418-018-0070-2
https://doi.org/10.1038/nm.4102
https://doi.org/10.1111/1750-3841.14326
https://doi.org/10.1111/apha.12695
https://doi.org/10.1038/mi.2013.33
https://doi.org/10.1084/jem.20140678
https://doi.org/10.1002/ibd.20315
https://doi.org/10.4049/jimmunol.1701625
https://doi.org/10.3389/fimmu.2019.01235
https://doi.org/10.3389/fimmu.2019.01235
https://doi.org/10.1038/mi.2016.86
https://doi.org/10.1016/j.immuni.2019.05.004
https://doi.org/10.3390/ijerph15092043
https://doi.org/10.1016/j.coi.2014.10.001
https://doi.org/10.3390/nu9070672
https://doi.org/10.1038/nature12721
https://doi.org/10.1016/j.celrep.2016.05.047
https://doi.org/10.1016/j.celrep.2016.05.047
https://doi.org/10.4168/aair.2020.12.1.137
https://doi.org/10.1007/s11882-016-0616-7
https://doi.org/10.1016/j.mib.2016.10.003
https://doi.org/10.1371/journal.pone.0022665
https://doi.org/10.1016/j.jaci.2012.08.002
https://doi.org/10.1016/j.jaci.2015.09.019
https://doi.org/10.1016/j.immuni.2019.03.023
https://doi.org/10.1111/cea.13075
https://doi.org/10.1016/j.jaci.2016.02.030
https://doi.org/10.1038/mi.2014.29
https://doi.org/10.1158/2326-6066.CIR-13-0081
https://doi.org/10.1158/2326-6066.CIR-13-0081
https://doi.org/10.1002/eji.201646765
https://doi.org/10.1084/jem.20122308
https://doi.org/10.1016/j.cell.2021.07.029
https://doi.org/10.3389/fimmu.2023.1171680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guo et al. 10.3389/fimmu.2023.1171680
232. Goc J LM, Bessman NJ, Flamar AL, Sahota S, Suzuki H, et al. Glioblastoma is
dependent on tRNA pseudouridylation. Cancer Discov (2021) 11:2367. doi: 10.1158/
2159-8290.CD-RW2021-123

233. Vétizou M PJ, Daillère R, Lepage P, Waldschmitt N, Flament C, Rusakiewicz S,
et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota.
Science (2015) 350(6264):1079–84. doi: 10.1126/science.aad1329

234. Sivan A CL, Hubert N, Williams JB, Aquino-Michaels K, Earley ZM, Benyamin
FW, et al. Commensal bifidobacterium promotes antitumor immunity and facilitates
anti-PD-L1 efficacy. Science (2015) 350(6264):1084–9. doi: 10.1126/science.aac4255

235. Arthur JC, Gharaibeh RZ, Muhlbauer M, Perez-Chanona E, Uronis JM,
McCafferty J, et al. Microbial genomic analysis reveals the essential role of
inflammation in bacteria-induced colorectal cancer. Nat Commun (2014) 5:4724.
doi: 10.1038/ncomms5724

236. Arthur JC, Perez-Chanona E, Muhlbauer M, Tomkovich S, Uronis JM, Fan T-J,
et al. Intestinal inflammation targets cancer-inducing activity of the microbiota. Science
(2012) 338:120–3. doi: 10.1126/science.1224820

237. Putze J, Hennequin C, Nougayrede JP, Zhang W, Homburg S, Karch H, et al.
Genetic structure and distribution of the colibactin genomic island among members of
the family enterobacteriaceae. Infect Immun (2009) 77:4696–703. doi: 10.1128/
IAI.00522-09

238. Nougayrede JP, Homburg S, Taieb F, Boury M, Brzuszkiewicz E, Gottschalk G,
et al. Escherichia coli induces DNA double-strand breaks in eukaryotic cells. Science
(2006) 313:848–51. doi: 10.1126/science.1127059

239. Murata-Kamiya N, Kurashima Y, Teishikata Y, Yamahashi Y, Saito Y, Higashi
H, et al. Helicobacter pylori CagA interacts with e-cadherin and deregulates the beta-
catenin signal that promotes intestinal transdifferentiation in gastric epithelial cells.
Oncogene (2007) 26:4617–26. doi: 10.1038/sj.onc.1210251

240. Qi J, Crinier A, Escaliere B, Ye Y,Wang Z, Zhang T, et al. Single-cell transcriptomic
landscape reveals tumor specific innate lymphoid cells associated with colorectal cancer
progression. Cell Rep Med (2021) 2:100353. doi: 10.1016/j.xcrm.2021.100353

241. Dunay IR, Diefenbach A. Group 1 innate lymphoid cells in toxoplasma gondii
infection. Parasite Immunol (2018) 40(2):e12516. doi: 10.1111/pim.12516
Frontiers in Immunology 18
242. Munoz M, Liesenfeld O, Heimesaat MM. Immunology of toxoplasma gondii.
Immunol Rev (2011) 240:269–85. doi: 10.1111/j.1600-065X.2010.00992.x

243. Munoz M, Heimesaat MM, Danker K, Struck D, Lohmann U, Plickert R, et al.
Interleukin (IL)-23 mediates toxoplasma gondii-induced immunopathology in the gut
via matrixmetalloproteinase-2 and IL-22 but independent of IL-17. J Exp Med (2009)
206:3047–59. doi: 10.1084/jem.20090900

244. Munoz M, Eidenschenk C, Ota N, Wong K, Lohmann U, Kuhl AA, et al.
Interleukin-22 induces interleukin-18 expression from epithelial cells during intestinal
infection. Immunity (2015) 42:321–31. doi: 10.1016/j.immuni.2015.01.011

245. Gazzinelli RT, Kalantari P, Fitzgerald KA, Golenbock DT. Innate sensing of
malaria parasites. Nat Rev Immunol (2014) 14:744–57. doi: 10.1038/nri3742

246. Wolf AS, Sherratt S, Riley EM. NK cells: uncertain allies against malaria. Front
Immunol (2017) 8:212. doi: 10.3389/fimmu.2017.00212

247. Besnard AG, Guabiraba R, Niedbala W, Palomo J, Reverchon F, Shaw TN, et al.
IL-33-mediated protection against experimental cerebral malaria is linked to induction
of type 2 innate lymphoid cells, M2 macrophages and regulatory T cells. PloS Pathog
(2015) 11:e1004607. doi: 10.1371/journal.ppat.1004607

248. Certad G, Viscogliosi E, Chabe M, Caccio SM. Pathogenic mechanisms of
cryptosporidium and giardia. Trends Parasitol (2017) 33:561–76. doi: 10.1016/j.pt.2017.02.006

249. Dann SM, Wang HC, Gambarin KJ, Actor JK, Robinson P, Lewis DE, et al.
Interleukin-15 activates human natural killer cells to clear the intestinal protozoan
cryptosporidium. J Infect Dis (2005) 192:1294–302. doi: 10.1086/444393

250. Lillehoj HS, Trout JM. Avian gut-associated lymphoid tissues and intestinal
immune responses to eimeria parasites. Clin Microbiol Rev (1996) 9:349–60.
doi: 10.1128/CMR.9.3.349

251. Zhang L, Liu R, SongM, Hu Y, Pan B, Cai J, et al. Eimeria tenella: interleukin 17
contributes to host immunopathology in the gut during experimental infection. Exp
Parasitol (2013) 133:121–30. doi: 10.1016/j.exppara.2012.11.009

252. Stange J, Hepworth MR, Rausch S, Zajic L, Kuhl AA, Uyttenhove C, et al. IL-22
mediates host defense against an intestinal intracellular parasite in the absence of IFN-
gamma at the cost of Th17-driven immunopathology. J Immunol (2012) 188:2410–8.
doi: 10.4049/jimmunol.1102062
frontiersin.org

https://doi.org/10.1158/2159-8290.CD-RW2021-123
https://doi.org/10.1158/2159-8290.CD-RW2021-123
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1038/ncomms5724
https://doi.org/10.1126/science.1224820
https://doi.org/10.1128/IAI.00522-09
https://doi.org/10.1128/IAI.00522-09
https://doi.org/10.1126/science.1127059
https://doi.org/10.1038/sj.onc.1210251
https://doi.org/10.1016/j.xcrm.2021.100353
https://doi.org/10.1111/pim.12516
https://doi.org/10.1111/j.1600-065X.2010.00992.x
https://doi.org/10.1084/jem.20090900
https://doi.org/10.1016/j.immuni.2015.01.011
https://doi.org/10.1038/nri3742
https://doi.org/10.3389/fimmu.2017.00212
https://doi.org/10.1371/journal.ppat.1004607
https://doi.org/10.1016/j.pt.2017.02.006
https://doi.org/10.1086/444393
https://doi.org/10.1128/CMR.9.3.349
https://doi.org/10.1016/j.exppara.2012.11.009
https://doi.org/10.4049/jimmunol.1102062
https://doi.org/10.3389/fimmu.2023.1171680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Crosstalk between the gut microbiota and innate lymphoid cells in intestinal mucosal immunity
	1 Gut microbiota and intestinal mucosal immunity
	1.1 Gut microbiota
	1.2 Intestinal mucosal immunity

	2 ILCs
	2.1 Differentiation and development of ILCs
	2.2 Classification and functional characteristics of ILCs
	2.2.1 NK Cells and ILC1s
	2.2.2 ILC2s
	2.2.3 ILC3s and LTi cells


	3 Interaction between ILCs and the gut microbiome
	3.1 Intestinal microbiome regulates ILCs
	3.1.1 Normal gut microbiota regulates ILCs
	3.1.2 Pathogenic bacteria regulate ILCs
	3.1.3 Diet regulates ILCs via gut microbiota

	3.2 ILCs affect the intestinal microbiome
	3.2.1 NK cells and ILC1s affect gut microbiota
	3.2.2 ILC2s affect gut microbiota
	3.2.3 ILC3s and LTi cells affect gut microbiota


	4 Interaction between ILCs and symbiotic bacteria under disease
	4.1 Inflammatory bowel disease
	4.2 Food allergy
	4.3 Colorectal cancer
	4.4 Parasitic infection

	5 Conclusion
	Author contributions
	Funding
	References


