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Summary

Group 3 innate lymphoid cells (ILC3), defined by expression of the tran-

scription factor retinoid-related orphan receptor ct, play key roles in the

regulation of inflammation and immunity in the gastrointestinal tract and

associated lymphoid tissues. ILC3 consist largely of two major subsets,

NCR+ ILC3 and LTi-like ILC3, but also demonstrate significant plasticity

and heterogeneity. Recent advances have begun to dissect the relationship

between ILC3 subsets and to define distinct functional states within the

intestinal tissue microenvironment. In this review we discuss the ever-

expanding roles of ILC3 in the context of intestinal homeostasis, infection

and inflammation – with a focus on comparing and contrasting the rela-

tive contributions of ILC3 subsets.

Keywords: group 3 innate lymphoid cells; innate lymphoid cell; lymphoid

tissue-inducer cells; mucosal immunology.

The innate lymphoid cell family

The innate lymphoid cell (ILC) family has been the focus

of intense investigation over recent years and ILC have

emerged as key players in immune responses within mul-

tiple organs, particularly barrier surfaces such as the lung,

skin and gastrointestinal tract.1–4 The current nomencla-

ture broadly divides ILC into three subgroups that are

defined by their master transcription factor usage and

cytokine-producing capacity, and which closely mirror

CD4+ T helper (Th) cell subsets.3 However, in contrast to

T cells, ILC lack antigen-specific receptors and do not

require de novo proliferation and polarization for cytokine

production, instead acting as ‘pre-primed’ terminal effec-

tor cells that constitutively reside in barrier tissues and

respond to alarmins and cytokine signals released follow-

ing tissue damage.

Group 1 ILC (ILC1), which include classical natural

killer (NK) cells as well as bona fide non-NK ILC1,

respond to interleukin-12 (IL-12), IL-15 and IL-18 and

are defined by their expression of the transcription factor

T-bet, production of the cytokines interferon-c (IFN-c)
and tumour necrosis factor-a and mediate immune

responses to intracellular pathogens and tumours.3,5–7

Group 2 ILC (ILC2) respond to tissue-derived alarmins

including IL-25 and IL-33, are characterized by their

expression of GATA-3, produce the cytokines IL-5, IL-9

and IL-13 and contribute to immune responses against

multicellular pathogens (such as nematode parasites) as

well as the pathogenesis of type 2 inflammatory diseases

including asthma and atopic dermatitis.1–3

Retinoid-related orphan receptor ct (RORct) -expres-

sing group 3 ILC (ILC3) respond to signals from tissue-

resident myeloid cells, such as IL-1b and IL-23, by pro-

ducing cytokines including IL-17A, IL-17F and IL-22.1–4,8

In the adult mouse, ILC3 can be further subdivided into

at least two major subsets – the first is defined by the

expression of the NK cell-associated receptor NKp46 and

has been termed natural-cytotoxicity-receptor-positive

ILC3 (NCR+ ILC3). The second major subset is defined

by their expression of the chemokine receptor CCR6 and

phenotypically mirrors fetal lymphoid tissue-inducer cells

Abbreviations: CHILP, common helper ILC progenitor; GM-CSF, granulocyte–macrophage colony-stimulating factor; ID2,
inhibitor of DNA-binding protein; IFN-c, interferon-c; IL, interleukin; ILC, innate lymphoid cell; ILCP, ILC progenitor; ILF,
isolated lymphoid follicule; LTi, lymphoid tissue-inducer; NCR+, natural-cytotoxicity-receptor-positive; NK cell, natural killer
cell; RORct, retinoid-related orphan receptor ct; SFB, segmented filamentous bacteria; Th, T helper; TNF-a, tumour necrosis
factor-a

ª 2016 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 150, 265–275 265
This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

IMMUNOLOGY REV I EW ART ICLE

http://creativecommons.org/licenses/by/4.0/


(LTi), and so have been termed LTi-like ILC3. Despite

both subsets sharing significant functional overlap,

increasing evidence suggests that these subsets also have

distinct, non-redundant functions.

Group 3 innate lymphoid cell development

All ILC subsets (ILC1, ILC2 and ILC3), as well as

adaptive lymphoid cells (B and T cells), are derived

from a common lymphoid precursor (CLP) that is pre-

sent in the fetal liver and adult bone marrow.9,10

Recent studies have elegantly defined the presence of

common ILC precursors that develop downstream of

the common lymphoid precursor, and which have lost

the potential to develop into T and B cells.5,11–13 The

initial differentiation of ILC-restricted progenitors from

multipotent common lymphoid precursors is dependent

upon IL-7 and characterized by expression of the inhi-

bitor of DNA-binding protein (ID2)14,15 (Fig. 1). ID2+

progenitors give rise to all IL-7Ra-expressing ILC and

have been termed the ‘common helper ILC progenitor’

(CHILP) to distinguish these cells from NK cell pro-

genitors5 (Fig. 1). Progressive commitment to the ILC

lineage is also dependent, to varying degrees, on a mul-

titude of transcription factors including GATA-3, TOX,

TCF-1 and NFIL316–21 (and reviewed in detail in refer-

ences 10 and 22).

Further commitment towards individual ILC sub-

groups is associated with transition through a phase

characterized by promyelocytic leukaemia zinc finger

(PLZF) expression (encoded by Zbtb16) and high surface

expression of programmed cell death protein-1 (PD-1)

(Fig. 1).11,23 Whereas ID2+ CHILP give rise to all major

ILC subsets, PLZF-expressing progenitors (ILCP) gave

rise to ILC1, ILC2 and NKp46+ ILC3 – but not LTi-like

ILC3 – suggesting that PLZF+ ILCP have lost the capac-

ity to generate LTi-like ILC3 progeny.11 In line with this

finding, a bifurcation of ILC progenitor programming

occurs before acquisition of PLZF expression that gener-

ates a distinct LTi precursor that is Id2+ PLZF� and

characterized by the expression of CXCR5, a4b7 and

CCR6 (Fig. 1).12,13 These studies suggest that adult LTi-

like ILC3 may be developmentally divergent from other

ILC, including NKp46+ ILC3, and indicate that these

two ILC3 subsets may differ to a greater degree than

currently appreciated.

Expression of RORct is essential for the development

and maturation of all members of the ILC3 family,

including fetal LTi, adult LTi-like ILC3 and NKp46+

ILC3.24–27 RORct-expressing progenitors are present in

the fetal liver of mice.14 Although much of ILC3 develop-

ment is thought to take place in this compartment before

birth, ILC3 may also develop from adult bone marrow

ILCP and immature committed ILC3 precursors have the

capacity to migrate from the bone marrow to the

periphery where they undergo final maturation.14,28–30

Similarly, human adult CD34+ haematopoietic precursor

cells have been described that exhibit RORct expression

and an ILC3 transcriptional signature,29 while human

CD34+ RORct+ precursors have been found in adult ton-

sils and the gut.28,29,31 Hence, in addition to the genera-

tion of fully committed mature ILC3 subsets during fetal

development, further ILC3 maturation of precursors may

occur locally in the tissue following birth.
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Figure 1. Ontogeny of group 3 innate lymphoid cells (ILC3). All

ILC subsets are derived from a common lymphoid progenitor

(CLP), Initial commitment towards an ILC fate is associated with

up-regulation of the transcription factor inhibitor of DNA-binding

protein (ID2) and is dependent upon interleukin-7 (IL-7). This pro-

genitor population gives rise to all IL-7receptor (IL-7R) expressing

ILC family members and has been termed the common ‘helper’ ILC

progenitor (CHILP). Recent evidence suggests that bifurcation of

progenitors occurs downstream of the CHILP. Acquisition of

promyelocytic leukaemia zinc finger (PLZF) expression and expres-

sion of programmed cell death protein-1 (PD-1) mark further com-

mitment to the ILC lineage (ILCP). However, while ILCP give rise

to ILC1, ILC2 and NKp46+ ILC3s, these cells fail to generate lym-

phoid tissue-inducer (LTi)-like ILC3 progeny. In contrast, a distinct

LTi-precursor (LTiP) lacking PLZF-expression is defined as CXCR5+

a4b7
+ and CCR6+ and gives rise to fetal LTi and adult LTi-like ILC3.

The bifurcation of group 3 ILC subsets during development may

imprint differential transcriptional programmes that underlie the

function of mature ILC3 subsets in the periphery.
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Tissue-resident ILC3: from cradle to grave

Group 3 ILC are among the first immune cells to seed

intestinal tissue. Before birth, fetal LTi-like ILC3 are cru-

cial initiators of peripheral secondary lymphoid tissue

organogenesis and, in concert with endothelial lymphoid

tissue organizer populations,32 are required for the gener-

ation of lymphoid tissues, including the mesenteric lymph

node and Peyer’s patches in the small intestine24,33

(reviewed in detail in ref. 34). LTi act to orchestrate the

generation of nascent lymphoid tissue through a process

that requires the interaction between LTi cells and stro-

mal organizer cells and that is dependent upon LTi-

expressed lymphotoxin.34,35

Similarly, interactions between adult LTi-like ILC3 and

stromal cells are also important for lymphoid tissue for-

mation later in life, as evident from the formation of dis-

crete LTi-like ILC3 clusters termed cryptopatches in the

intestinal lamina propria that form 1–2 weeks after

birth.34,36 Cryptopatches predominantly contain LTi-like

ILC3 and dendritic cells organized around stromal cell

populations, and are situated close to the bottom of

intestinal crypt structures. Cryptopatch-resident ILC3

maintain the local crypt stem cell pool and regulate tissue

repair following inflammation, chemotherapy or trans-

plantation.37–39 In addition, cryptopatches act as a site for

B-cell recruitment to form mature tertiary lymphoid

structures known as isolated lymphoid follicules

(ILFs).36,40,41 ILFs are important sites for production of

IgA against intestinal bacteria and ILF hyperplasia occurs

in the context of inflammation or bacterial outgrowth,41

suggesting that ILFs are ILC3-regulated inducible lym-

phoid tissues required for orchestration of local responses

to commensal bacteria.

Commensal microbiota-derived signals are critical in

driving ILC3 recruitment and expansion in the intes-

tine.27,30 Before birth, ILC3 seeding of the fetal intestine

may be modulated by passively transmitted maternal sig-

nals, including those derived from the microbiota.42 Aryl

hydrocarbon receptor (Ahr) ligands bound by maternal

antibodies cross the placenta and increase the number of

NKp46+ ILC3 in the uncolonized fetal intestine.42 Addi-

tional environmental signals experienced in utero can fur-

ther modulate ILC3. Similarly, maternal retinoids were

found to be critical for the development of LTi cells in

the developing fetus by regulating transcription of

RORct.43 Dietary metabolites also play key roles in sup-

porting ILC3 function and stability. Vitamin A depriva-

tion results in a loss of intestinal ILC3 in adult mice,

which can be reversed upon supplementation of diet with

the vitamin A-derived metabolite retinoic acid.44,45 Simi-

larly, Ahr acts to sense soluble aromatic hydrocar-

bons – present in the diet and produced by commensal

bacteria – and is essential for the development of both

LTi-like and NKp46+ ILC3, as well as IL-22

production.14,27,28,46–51 Together these signals tune ILC3

numbers and responses and establish bidirectional inter-

actions between ILC3 and the commensal microbiota

during the initial colonization of barrier tissue sites.

In contrast, relatively little is known about the fate or

lifespan of ILC3 subsets. ILC3 have a long half-life in tis-

sues and lymph nodes and are largely replenished locally

within the tissue.30,52 Surprisingly, ILC3 can maintain their

phenotype and function even in the absence of RORct
expression and persist for a significant length of time.53

Nonetheless, changes in dietary metabolites, chronic

inflammation or infectious insult result in disruption of

ILC3 effector functions or even irreversible depletion of

ILC from the intestinal tissue altogether.54,55 Further stud-

ies are required to understand how ILC3 numbers and

functions are maintained and how they can be restored

following damage or infection-induced perturbation.

ILC3 plasticity and heterogeneity

Although the developmental networks that drive ILC3

ontogeny have been extensively defined in recent years,

the degree to which mature ILC3 subsets differ tran-

scriptionally and functionally in peripheral tissues is only

now beginning to emerge. Recent high-resolution epige-

netic and transcriptomic analyses of human and murine

ILC3 have begun to clarify subset-specific functional and

transcriptional phenotypes, while revealing that ILC3

exhibit a higher degree of plasticity and heterogeneity

than previously appreciated.56–60 Despite sharing many

overlapping transcriptional pathways LTi-like and

NKp46+ ILC3 subsets exhibit considerable differences in

chromatin accessibility and predicted transcription factor

occupancy among accessible gene regulatory elements.58–

60 Differences between these two canonical ILC3 subsets

are further highlighted on the transcriptional level.56,60

Despite significant overlap in expression of core ILC3

member genes, including Rorc and Il23r, NKp46+ ILC3

and LTi-like ILC3 also displayed subset-restricted gene

expression56 (Fig. 2). NKp46+ ILC3 are characterized by

subset-restricted expression of multiple genes required

for their development and maturation, such as Il12rb2,

Tbx21 and Notch1,51,61 and are defined by expression of

eponymous NK cell-associated receptors. Recent evidence

suggests that NKp46 expression may act as a novel pat-

tern recognition molecule to facilitate responses to fun-

gal pathogens,62 whereas engagement of NKp44 on

human ILC3 results in pro-inflammatory cytokine pro-

duction.63 Although NCR+ ILC3 are largely thought to

be non-cytotoxic cells, NKp46+ ILC3 express

Gzmc – which encodes a murine granzyme molecule

known to induce cell death.60,64 This observation is in

line with a considerable transcriptional overlap between

NKp46+ ILC3 and ILC1, which also exhibit a degree of

cytotoxic capacity.65 Indeed NKp46+ ILC3 were found to
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share more transcripts with ILC1s than with LTi-like

ILC3.56

The LTi-like ILC3 demonstrate subset-specific expres-

sion of characteristic genes such as Cd4 and Ccr6, but

also express additional genes indicative of novel function-

ality in LTi-like ILC3 (Fig. 2). Among these is the gene

encoding RET – a neuroregulatory receptor – which is

important for LTi-mediated formation of Peyer’s

patches.66 LTi-like ILC3 expression of RET endows them

with the ability to respond to neurotrophic factors

released from enteric glial cells in response to microbial

signals. Neurotrophic factor signalling reinforced produc-

tion of IL-22 and modulation of epithelial barrier integ-

rity,67 suggesting that LTi-like ILC3 may have the unique

potential to respond to environmental cues from the

enteric nervous system. Indeed, inflammation-induced

tertiary lymphoid tissue formation – which is regulated

by ILC3 – requires vagal nerve innervation in the intes-

tine.68 In addition, LTi-like ILC3 were also found to

specifically express Neuropilin-1, an immunoregulatory

factor that is expressed by subsets of regulatory T

cells,56,69,70 which may indicate additional novel and

subset-restricted roles for LTi-like ILC3.

Despite the identification of ILC3 subset-specific func-

tions, recent evidence has also highlighted a significant

degree of heterogeneity among tissue-resident ILC3,

which blurs the boundaries of current subset classifica-

tion. Single cell-sequencing analyses of all ILC present in

the small intestinal lamina propria of mice distinguished

five discrete transcriptional states among ILC3.60 Several

transcripts identified have not previously been associated

with a function in ILC3 and encode genes involved in

metabolism, as well as chemokines and growth factors

(Fig. 2 and60). Nonetheless, comparison mapping of bulk

sequencing data of sorted NKp46+ ILC3 and LTi-like

ILC3 subsets demonstrated that the two major ILC3 sub-

sets span several transcriptional states, suggesting a

dynamic interchange between transcriptional or func-

tional states in response to environmental cues and/or

cellular interactions.60 This is in line with the finding that

intestinal RORct-expressing ILC demonstrate significant

plasticity (Fig. 3). In addition to CCR6+ LTi-like ILC3

NCR+ ILC3 LTi-like ILC3
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Figure 2. Group 3 innate lymphoid cell (ILC3) subset-defining phenotypes and functions. Fully mature ILC3 subsets in peripheral tissues are

broadly categorized into two major subsets; NKp46+ ILC3 (left panel) and lymphoid tissue-inducer (LTi) -like ILC3 (right panel). Although both

subsets express retinoid-related orphan receptor ct (RORct) and share some core functions, emerging evidence suggests subset-restricted func-

tions. Phenotypic surface markers that typically used to define ILC3 subsets (bold) include natural killer (NK) -cell-associated receptors, such as

NKp46 and CD49a, for natural-cytotoxicity-receptor-positive (NCR+) ILC3s, whereas LTi-like ILC3s are primarily characterized by their expres-

sion of CCR6 and variable expression of CD4. Differential localization of NKp46+ ILC3 and LTi-like ILC3 to the lamina propria and lymphoid

tissues, respectively, is determined by differential chemokine receptor profiles. The difference in ILC3 subset localization is indicative of functional

specialization. LTi-like ILC3 express multiple molecules that endow this subset with the ability to indirectly and directly modulate innate-like and

adaptive immune responses in lymphoid tissues. In contrast, NCR+ ILC3 appear to largely lack the ability to modulate adaptive immune

responses but exhibit unique interactions with populations of myeloid and stromal cells in the tissue that drive the relatively pro-inflammatory

phenotype of this subset. Finally, although the majority of mature ILC3s exhibit NCR+ or LTi-like phenotypes recent transcriptomic studies indi-

cate that multiple intermediate activation states may exist, which are likely determined by transition through metabolic states and differing envi-

ronmental niches.
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and NKp46+ ILC3, the small intestine contains a popula-

tion of ‘double-negative’ RORct+ CCR6� NKp46�

ILC3.61,71 ‘Double-negative’ ILC3 represent intestinal pre-

cursors of the NKp46+ ILC3 subset, and acquire NKp46

and IFN-c expression in a process driven by up-regula-

tion of T-bet and dependent upon IL-23, Notch signalling

and the microbiota.51,61,71 In addition, fate-mapping stud-

ies revealed the presence of NKp46+ T-bet+ ‘ex-ILC3’ that

had lost RORct-expression in response to pro-inflamma-

tory cytokine stimulation and that functionally and phe-

notypically resemble ILC1 5,61,71 (Fig. 3). Complimentary

findings in human tissue samples demonstrated reversible

conversion between NCR+ ILC3 subsets and ILC1-like

‘ex-ILC3’ dependent on the local cytokine milieu, which

was determined by tissue-resident myeloid popula-

tions.72,73 These findings demonstrate significant plasticity

among CCR6� ILC3, which is both tuneable and reversi-

ble. However, the relationship of this plastic ILC3 lineage

to LTi-like ILC3 is unclear.

Although CCR6+ LTi-like ILC3 are thought to be rela-

tively stable and ontologically distinct, recent evidence

suggests that a proportion of ILC3 expressing a CCR6+

LTi-like phenotype may also be derived from the plastic

population of ILC3 in the intestine. Fate-mapping of the

NKp46 locus revealed populations of ‘ex-NKp46 ILC3’

that no longer expressed NKp46, many of which had

reverted to a ‘double-negative’ ILC3 phenotype.74,75 Tran-

sition between phenotypes was regulated locally via Notch

and suppressed by transforming growth factor-b, suggest-
ing that the NKp46+ ILC3 phenotype is unstable and

dynamically regulated.74,75 Surprisingly, a small propor-

tion of CD4� CCR6+ ILC3 also exhibited a history of

NKp46 expression, suggesting that at least some ILC3

with an LTi-like phenotype may be derived from the

same precursor as NKp46+ ILC3, rather than from a pure

LTi-precursor.74 Taken together, these findings highlight

the heterogeneity and plasticity of ILC3 in the intestine,

challenge the distinction between mature ILC3 subsets

and highlight the difficulty of categorizing ILC3 subsets

based on a limited numbers of surface markers.

In humans it has been challenging to address the full

extent of ILC3 heterogeneity and to identify human ILC3

subsets that are directly analogous to murine LTi-like

ILC3 and NKp46+ ILC3 subsets. Recent single-cell

sequencing studies using non-biased clustering of tran-

scriptome data among human ILC identified three dis-

tinct RORct-expressing ILC3 subsets.57 Although all

human ILC3 subsets shared expression of Rorc, Tox, Ahr,

Tcf7 and Notch-induced genes, distinct subsets could be

distinguished by the expression of either NKp44, HLA-

associated genes or SELL (which encodes CD62L).57 The

latter subset also expressed CD45RA and responded

poorly to re-stimulation, suggesting the presence of a

‘naive’ or undifferentiated ILC3 phenotype in humans.

Interestingly, murine ‘ex-NKp46 ILC3’ that have reverted

to a ‘double-negative’ phenotype also demonstrate rela-

tively suppressed cytokine-producing capacity.74 Hence,

further investigation is required to determine the relation-

ship of this ‘naive’ human ILC3 subset to other estab-

lished human ILC3 phenotypes, particularly whether this

population is analogous to the plastic ‘double-negative’

ILC3 precursor found in mice.
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Figure 3. Plasticity and heterogeneity of intestinal group 3 innate

lymphoid cell (ILC3). In addition to NKp46+ ILC3 and CCR6+ lym-

phoid tissue-inducer (LTi) -like ILC3 a ‘double-negative’

NKp46� CCR6� ILC3 population is present in the intestine. These

cells act as a plastic precursor pool that gives rise to NKp46+ ILC3s

in a reversible manner in response to local signals, which is regulated

by a gradient of T-bet expression. In addition, NKp46+ ILC3s may

further lose retinoid-related orphan receptor ct (RORct) expression

in response to inflammatory cytokines and take on a phenotype that

mirrors ILC1. These ‘ex-ILC3’ retain their plasticity and are able to

revert to an NKp46+ ILC3 or ‘double-negative’ precursor phenotype

upon alterations in the local cytokine milieu. LTi-like ILC3 are

thought to develop from a distinct progenitor. However, a small

proportion of CCR6+ ILC3 display a history of NKp46 expression

(ex-NKp46 ILC3), suggesting that they may also be derived from tis-

sue-resident plastic ILC3s, although these cells largely lack expression

of other LTi-associated markers such as CD4 and MHCII. These

findings blur the boundaries of ILC3 subset ontogeny and necessitate

further studies to determine the relationship between bona fide LTi-

like ILC3 and those derived from plastic precursors. The high degree

of reversible plasticity among ILC3s suggests a highly dynamic regu-

lation of phenotype and function in response to environmental and

infectious cues. This may be beneficial and allow transient increases

in ILC3s with a pro-inflammatory capacity when required, while

allowing reversion to a more tolerogenic balance of ILC3 subsets fol-

lowing resolution of the infection or inflammatory insult.
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Both mouse and human single-cell sequencing

approaches highlighted expression of MHCII as a defining

marker of a distinct ILC3 subset.56,60 MHCII has previ-

ously been identified on adult LTi-like ILC3 in mice and

humans,76 suggesting that bona fide LTi-like ILC3 may be

distinguished functionally from the plastic pool of CCR6�

ILC3 (including NCR+ ILC3) by their ability to interact

with adaptive immune cells. Hence, it is tempting to

speculate that human NKp44+ and HLA+ ILC3 subsets

may be analogous to murine NKp46+ and MHCII+ LTi-

like ILC3 populations, respectively – although further

studies are required to define these populations further in

multiple human tissues.

ILC3 functions under homeostatic conditions

ILC3 play critical roles in maintaining intestinal tissue

health and homeostasis, predominantly through the regu-

lation of steady-state interactions with commensal bacte-

ria. This is achieved by constitutive production of

cytokines that act to regulate epithelial barrier function

and commensal bacterial diversity, as well as through

interactions with cells of the adaptive immune system

that further enforce a tolerogenic environment to prevent

commensal bacteria-driven inflammation. Emerging evi-

dence suggests that ILC3 subsets may differentially con-

tribute to homeostasis in a subset-specific manner.

Steady-state ILC3 are the dominant source of IL-22, a

cytokine that acts on non-haematopoietic cells including

intestinal epithelial cells.8 IL-22 signalling induces a cas-

cade of gene expression in epithelial cells typified by the

secretion of antimicrobial peptides such as RegIII pro-

teins, S100a8 and S100a9.8,77 These antimicrobial peptides

act to regulate spatial segregation of commensal bacteria

from the epithelial barrier by establishing a gradient of

bactericidal activity, which has been termed the ‘demilita-

rized zone’.77 Production of IL-22 further reinforces spa-

tial segregation of commensal bacteria by driving

transcription of membrane-bound mucins and goblet cell

hyperplasia.78,79

Mice with disrupted ILC3-derived IL-22 responses

exhibit altered gut microbiota and increased susceptibility

to experimentally induced colitis.49,80–82 Most notably,

expansion of segmented filamentous bacteria (SFB) – a

canonical Th17-inducing commensal species – occurs in

the absence of ILC3 responses.49 ILC3-derived IL-22

induced by SFB colonization stimulates serum amyloid

protein production from epithelial cells that drive the

recruitment of Th17 cells to the ileum, which subse-

quently act to control SFB burdens.83 Both intestinal

NKp46+ ILC3 and LTi-like ILC3 produce IL-22 but inha-

bit distinct niches within the lamina propria and intesti-

nal lymphoid structures. Interestingly, mice specifically

lacking NKp46+ ILC3 do not demonstrate dysbiosis, out-

growth of SFB or changes in Th17 cell numbers in the

small intestine at steady state.84 Further studies

specifically depleting LTi-like ILC3 are needed to deter-

mine whether these findings merely reflect redundancy

among IL-22-producing ILC3 or subset-specific roles in

the regulation of commensal bacterial species. ILC3-

derived IL-22 also results in fucosylation of intestinal

epithelial cell-associated carbohydrate chains following

colonization of the intestinal tract by commensal bacte-

ria.85–87 Whereas, certain species of mutualistic bacteria

possess the necessary machinery to use carbohydrate

fucose as an energy source, many pathogenic bacteria lack

this ability and are outcompeted for energy sources.

IL-22-dependent fucosylation favours the occupancy of

mutualistic species in intestinal niches close to the epithe-

lial barrier and was shown to protect against infections by

Salmonella spp., Citrobacter rodentium and the oppor-

tunistic pathogen Enterococcus faecalis.85–87

In addition, ILC3-derived IL-22 is essential to prevent

bacterial translocation and infections with opportunistic

pathogens present in the commensal flora. Mice lacking

homoeostatic IL-22 production or depleted for ILC3

demonstrate bacterial translocation to the peripheral

organs as a result of disrupted barrier integrity and a fail-

ure to contain lymphoid tissue-resident commensal bacte-

ria species.88–90 Thus, ILC3 play critical roles during

homeostasis by regulating epithelial barrier responses and

the balance of commensal bacterial species, largely

through the production of IL-22.

ILC3 interactions with adaptive immunity

NKp46+ ILC3 are largely dispersed in the intestinal lam-

ina propria, whereas LTi-like ILC3 are found clustered

within lymphoid tissues where they have the potential to

influence the adaptive immune system. This localization

is determined in part through subset-specific chemokine

receptor expression. Localization of NKp46+ ILC3 is dic-

tated by expression of CXCR6 resulting in retention in

the lamina propria in response to CXCL16-producing

dendritic cell subsets.91,92 LTi-like ILC3 localize to sec-

ondary and tertiary lymphoid tissues driven by expression

of CXCR5, CCR6 and CCR7 and cluster within interfol-

licular regions where they are ideally poised to interact

with both T and B cells. Indeed, LTi-like ILC3 express

multiple proteins that enable interactions with adaptive

immune cells93,94 (Fig. 2).

MHCII is highly expressed on CCR6+ LTi-like ILC3

resident in lymph nodes, but absent on NKp46+

ILC3.55,76,94,95 Under homeostatic conditions MHCII+

ILC3 act to limit intestinal inflammation by deletion of

commensal bacteria-specific CD4+ T cells from the intes-

tine and associated lymphoid tissues.55,76,96 This pathway

may have implications for human disease as HLA-DR

expression on human intestinal ILC3 is reduced in paedi-

atric Crohn’s disease patients.55 MHCII+ ILC3 migrate
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from the intestine to the mesenteric lymph node in a

CCR7-dependent manner, suggesting that antigens may

be acquired locally in the tissue before migration to

lymph nodes.94 Surprisingly, a dichotomous relationship

between MHCII and IL-22 expression was recently

reported among intestinal ILC3,60 seemingly in contrast

to previous reports that LTi-like ILC3 are a dominant

source of IL-22 of the intestine56,67,97 (Fig. 2). Hence, fur-

ther investigation is required to determine whether LTi-

like ILC3-intrinsic expression of MHCII and IL-22 is

mutually exclusive and/or determined by the local tissue

environment.

In contrast to canonical antigen-presenting cells

MHCII+ LTi-like ILC3 lack expression of the classical co-

stimulatory molecules CD80 and CD86 at steady state, in

line with an inhibitory role for ILC3-mediated antigen

presentation.55,76 However, under inflammatory condi-

tions MHCII+ ILC3 can up-regulate these molecules and

act to promote immune responses.95 In addition, ILC3

can augment CD4+ T-cell responses through expression

of auxiliary co-stimulatory molecules. ILC3 promote the

survival of memory CD4+ T cells and aid T cell-depen-

dent antibody responses by expression of OX40L and

CD30L.98–100 Interactions between ILC3 and adaptive

immune populations are probably also bi-directional as

mice lacking T cells demonstrate increased intestinal ILC3

numbers and IL-22 production.101 Furthermore, a recent

study demonstrated CCR6+ LTi-like ILC3 express the

lipid antigen-presenting molecule CD1d (Fig. 2), and pro-

cess and present lipids to activate invariant NK T cells,

whereas CD1d-dependent cross-talk also induced IL-22

production from the presenting ILC3.102 In addition,

ILC3 prevent spontaneous CD8+ T-cell activation in

neonatal lymph nodes, although it remains unclear

whether modulation of CD8+ T-cell responses is also

dependent upon ILC3 antigen-presenting function or

cell–cell interactions.103

In addition to cell-to-cell interactions with adaptive

immune cells, ILC3 have the capacity to modulate adap-

tive immune responses by the release of soluble mediators

in the local tissue microenvironment. In this regard both

gut NKp46+ and LTi-like ILC3 are an important source

of granulocyte–macrophage colony stimulating factor

(GM-CSF) under steady-state conditions. Microbiota-

dependent IL-1b production by intestinal macrophages

activates ILC3 to secrete GM-CSF, which in turn modu-

lates mononuclear phagocyte function to promote local

regulatory T-cell differentiation and reinforce tolerance.104

ILC3 also express multiple proteins that endow them with

the capacity to regulate B-cell responses. ILC3 resident in

Peyer’s patches and intestinal lymphoid structures play

key roles in the regulation of IgA production in the

intestinal tract, via lymphotoxin-dependent mecha-

nisms.41,105–107 LTi-like ILC3 express both membrane-

bound lymphotoxin heterotrimers (LTa1b2) as well as

soluble lymphotoxin a homotrimers (LTa3), which

control T-independent and T-dependent IgA responses,

respectively.105,106 Human and mouse splenic ILC3 also

stimulate innate-like B-cell IgG production through CD40

interactions, production of BAFF/APRIL and via the

Notch ligand Delta-like 1.108,109 Taken together ILC3

demonstrate increasingly expanding roles in modulating

adaptive immune responses.

ILC3 in inflammation and infection

In addition to maintaining tissue homeostasis ILC3 are

an important source of cytokines that act to control

mucosal infections. In the context of infection and

inflammation, IL-22 production by ILC3 is induced by

cytokine signals derived from bacterial-sensing myeloid

cells, such as IL-23 and IL-1b.73,83,96,97,110 CX3CR1
+

mononuclear phagocytes are a dominant source of IL-23

during infection, which stimulates optimal ILC3 IL-22

production.111 Conversely, ILC3 cytokine production is

negatively regulated by epithelially derived cytokines such

as thymic stromal lymphopoietin and IL-25, which act to

suppress IL-22 production.112,113 Therefore, signals from

multiple intestinal resident cells combine to fine-tune IL-

22 production by ILC3.

Extensive research has demonstrated protective roles of

ILC3 during infection by using the bacterial pathogen

Citrobacter rodentium, a model of intestinal inflammation

and clinically relevant enteropathic Escherichia coli infec-

tion. ILC3-derived IL-22 is required for survival and

immunity to C. rodentium infection in immunocompro-

mised mice, whereas in the presence of adaptive immu-

nity ILC3-derived IL-22 is required to prevent morbidity

in the early phase of infection before the generation of a

bacteria-specific T-cell response.27,114–117 As both subsets

of ILC3 produce IL-22 in the intestine the relative contri-

bution of these two subsets to anti-bacterial immunity

has proven controversial. Initial studies proposed that

NCR+ ILC3 are important during C. rodentium infection

in mice with partial or total immunodeficiency.27,51,91,117

However, NKp46+ ILC3 are dispensable for the control of

C. rodentium infection in the presence of T cells.84,118 In

contrast, lack of total ILC3 results in impaired control of

infection, suggesting that LTi-like ILC3 may be sufficient

for immunity to C. rodentium.118 In line with this, CD4+

LTi-like ILC3 have been reported to be a dominant

source of IL-22 during the early stages of C. rodentium

infection.97 Nonetheless, NKp46+ ILC3 may have other

important non-redundant roles during C. rodentium

infection, as infected mice lacking NKp46+ ILC3 exhibited

severe caecal damage.84 In addition, intestinal ILC3-

derived IL-22 may also contribute to immunity roles in a

diverse range of clinically relevant infections in the gut

including the nosocomial pathogen Clostridium difficile,119

rotavirus,120 the fungal pathogen Candida albicans,121 as
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well as gastrointestinal helminths.78 In contrast, some

enteric pathogens have evolved to circumvent and exploit

the ILC3 response to infection. For example, Salmonella

exploit IL-22-dependent antimicrobial responses to com-

pete with the commensal microbiota and colonize the

inflamed gut.122

ILC3 also contribute to local immunity and inflamma-

tion through the production of other cytokines. IL-17A

production by CCR6+ ILC3 is required for Klebsiella

pneumoniae clearance and contributes to protection

against systemic Candida albicans infection.53,123 ILC3-

derived IL-17A has further been associated with patho-

genesis of obesity-associated airway inflammation and

psoriasis in mice and humans.124–126 Although relatively

less characterized, ILC3 also secrete IL-17F and a role for

this cytokine in skin inflammation has also been sug-

gested.127

Pro-inflammatory cytokine production, such as IFN-c
and tumour necrosis factor-a, by NCR+ ILC3 and ‘ex-

ILC3’ may also contribute to protective immunity.61 How-

ever, chronic activation of ILC3 can result in disease due to

uncontrolled inflammation. ILC3 drive colitis in an innate

anti-CD40 driven model of colitis and during Helicobacter

hepaticus infection in an IL-23-dependent manner, which

has been associated with production of GM-CSF and IFN-c
by pro-inflammatory ILC3.71,118,128,129 Neonatal ILC3 can

also mediate intestinal pathology in response to transgenic

over-expression of IL-23 through the release of IL-17A, IL-

22, IFN-c and GM-CSF.130 In line with a disease-causing

role of ILC3, Crohn’s disease patients exhibit increased fre-

quency of NCR� (NKp44� CD56�) CCR6+ ILC3 and have

elevated levels of IL-17A.131 Hence, in contrast to their pro-

tective and homeostatic roles, ILC3 may also take on pro-

inflammatory roles and contribute to tissue damage and

inflammation during disease. Further studies are required

to fully define the signals and environmental cues that reg-

ulate the pro- versus anti-inflammatory phenotypes of

ILC3 subsets.

Concluding remarks

Group 3 ILC play central roles in lymphoid organogene-

sis, orchestration of adaptive immunity, regulation of

peripheral tolerance and as effector cells in the context of

immunity and inflammation. Recent studies have ele-

gantly delineated the developmental and epigenetic net-

works that dictate ILC3 function and identified novel

phenotypes that expand the spectrum of functions

ascribed to ILC3 in mucosal barrier tissues. However,

challenges remain in resolving the relevance of ILC3

heterogeneity and incorporating recently identified novel

transcriptional and metabolic states in the context of cur-

rent nomenclature. A more nuanced understanding of

ILC3 subset-specific roles in intestinal immunity will aid

the development of targeted therapeutic interventions

aimed at maintaining beneficial homeostatic ILC3

functions, while neutralizing pro-inflammatory ILC3

pathways that contribute to the onset or progression of

tissue inflammation.
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