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Abstract

Innate lymphoid cell (ILCs) subsets differentially populate various barrier and non-barrier tissues, 

where they play important roles in tissue homeostasis and tissue-specific responses to pathogen 

attack. Recent findings have provided insight into the molecular mechanisms that guide ILC 

migration into peripheral tissues, revealing common features among different ILC subsets as well 

as important distinctions. Recent studies have also highlighted the impact of tissue-specific cues 

on ILC migration, and the importance of the local immunological milieu. We review these 

findings here and discuss how the migratory patterns and tissue tropism of different ILC subsets 

relate to the development and differentiation of these cells, and to ILC-mediated tissue-specific 

regulation of innate and adaptive immune responses. In this context we outline open questions and 

important areas of future research.

Introduction

ILCs emerge from the lymphoid lineage and are characterized by the lack of expression of 

lymphocyte antigen receptors. ILCs have been divided into three different subsets – ILC1, 

ILC2, and ILC3 – according to their dependence on distinct lineage-determining 

transcription factors (reviewed in [1–3]). This classification scheme includes phenotypically 

and functionally distinct cells in common subsets; for example, the ILC3 subset includes 

both CCR6− (chemokine CC motif receptor) NKp46+/− (natural killer cell P46-related 

protein/NCR1) ILC3, and CCR6+ CD4+/− lymphoid tissue inducer (LTi) subsets [4,5]. It is 

clear that much remains to be understood with regard to how development of ILCs relates to 

their function in the periphery.

In terms of effector function, ILCs exhibit striking similarities to T cells. Similarly to CD8+ 

T cells, natural killer (NK) cells are cytotoxic to tumor cells and virus-infected cells. 

Signature cytokines of type 1 T helper (Th1), Th2, and Th17 cells are produced by ILC1, 

ILC2, and ILC3 cells, respectively. ILC1 produce interferon (IFN)-γ and tumor necrosis 

factor (TNF)-α; ILC2 produce interleukins (IL)-4, IL-5, IL-9, IL-13 and amphiregulin; and 

ILC3 produce LTα1β2, IL-17A, IL-22, granulocyte macrophage colony-stimulating factor 
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(GM-CSF), and TNFα [1–3]. ILCs use these cytokines to fight infection by intracellular 

pathogens (ILC1), helminths (ILC2), and extracellular pathogens (ILC3). ILC1 and ILC3 

have been associated with inflammatory disease, and ILC2 play central roles in Th2 type 

allergic inflammation and in the regulation of metabolic homeostasis [6–12]. T cell effector 

function is associated with migration to target tissues, which is preceded by migration of 

naïve T cells from the thymus to secondary lymphoid tissues (SLTs) [13–15]. Similarly, 

effector function of mature myeloid cells requires migration from the bone marrow, as either 

precursors or mature cells, to peripheral tissues [16]. ILC subsets have differential tissue 

distribution, as discussed further below, and the factors that determine this tissue-specific 

migration and residence, as well as the trafficking mechanisms involved, are an area of 

active investigation. In particular, given that ILCs have characteristics of both innate and 

adaptive immune cells, how do ILC migration programs relate to those of other immune cell 

subsets?

ILCs are widely distributed throughout barrier and non-barrier tissues including the skin, 

intestines, lungs, uterus, liver, spleen, and SLTs, and tissue localization is strongly 

associated to subset type [17–21]. Recent studies have revealed that some ILCs, specifically 

ILC1 and ILC3, express lymphoid tissue-homing receptors (HRs) to migrate into SLTs, and 

can switch expression of HRs to migrate to non-lymphoid tissues in a manner similar to T 

cells [22,23]. ILC2, on the other hand, appear to migrate directly from the hematopoietic site 

to target tissues, in a manner similar to myeloid cells and some innate T cells [22]. 

Trafficking receptors play important roles in ILC tissue tropism and interaction with other 

cell types [22,24,25], and recent evidence suggests that they may be important for the 

migration of bone marrow ILC progenitors to peripheral tissues [26]. Furthermore, specific 

tissue tropism of ILCs is important for their functions in immune regulation [22–25,27].

We review here current understanding of the migration programs that mediate the 

distribution of ILC subsets in different tissues. We begin by integrating evidence for 

differential tissue distribution of ILC subsets in both mice and human, and compare it, when 

relevant, to our understanding of T cells and innate immune cell migration programs. In this 

context, we outline common and distinct features of the migration programs of ILC subsets, 

discuss how they relate to ILC development and function, and outline areas requiring further 

investigation in this rapidly moving field.

Tissue Distribution of ILC Subsets

ILCs are widely distributed in the body, and a growing body of evidence suggests that ILC 

subsets are strategically localized in specific tissues in a manner that relates to their roles in 

immune and inflammatory responses [10,11,28–36]. Most studies to date focus on one or 

two ILC subsets and tissue types; to present a more comprehensive view we have integrated 

available data on ILC tissue distributions (Figure 1). NK cells are the dominant population 

in the bone marrow, spleen, lymph nodes, lungs and liver (>80% of all ILCs), whereas ILC2 

are the dominant population in the lung. Lung ILC2 are found in collagen-rich interstitial 

tissues and can in some situations induce eosinophilia through the production of IL-5 and 

IL-13 [28,30–32]. Although smaller in number than ILC2, lung ILC3 can mediate airway 

hyper-reactivity through IL-17 production [29]. ILC2 are also found in significant numbers 
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in lamina propria of the small intestine (SI LP), although the majority of ILCs in this locale 

are ILC3. Intestinal ILC2 mediate antihelminth responses through production of IL-5 and 

IL-13 [20,28]. Within the intestine, ILC3 are also found in intestinal cryptic patches, isolated 

lymphoid follicles, and the perifollicular areas of Peyer’s patches (PPs) [33,34].

ILC1 are the dominant ILC population in intestinal intraepithelial (IE) compartment (Figure 

1). By contrast, ILC2 are the dominant ILC subset in the skin, where ILC2 production of 

IL-5 and IL-13 are important mediators of Th2 type immune responses [37]. ILC2 are also 

found in white adipose tissue (WAT) where they promote thermogenesis through a process 

termed ‘beiging’ [10,11]. ILC2 are present in significant numbers also in fat-associated 

lymphoid clusters in the intestinal mesentery, and mediate anti-helminth inflammatory 

responses [38].

Taken together, these findings suggest that tissue localization is intimately related to ILC 

phenotype and function. What processes underlie this differential distribution, and at what 

stage in ILC development are these mechanisms at work?

Origins of Peripheral ILCs

ILCs emerge from fetal progenitors and adult bone-marrow progenitors [39,40]. ILCs 

populate various tissues from mid to late stages of fetal development. In mice, fetal ILC 

progenitors with an LTi phenotype populate the intestine as early as embryonic day (E)12.5–

13.5, and develop lymphoid structures such as PPs via the expression of LTα1β2 [41,42]. 

These progenitors also have the potential to become ILC1 and ILC2 in the gut. T-bet+ (T 

box 21/TBX21), RORγt+ [retinoic acid receptor (RAR)-related orphan receptor] and 

GATA3+ (GATA binding protein 3) cells are detected in the fetal gut at E15.5, indicating 

the presence of most ILC subsets at late-stage fetal development [41]. In humans, a subset of 

ILCs defined by the expression of CRTH2 (chemoattractant receptor expressed on Th2 

cells) populate the fetal gut [43]. Together with other innate lymphocytes, such as γδ T and 

mucosal-associated invariant T (MAIT) cells [44], these fetal ILCs are thought to provide 

protection from pathogens during early life before the development of adult ILCs and 

antigen-specific lymphocytes.

ILCs in the adult bone marrow undergo multiple stages of differentiation to become 

functionally mature ILCs (reviewed in [1]). Individual ILC subsets emerge from the 

common lymphoid progenitors (CLP) after a series differentiation stages that include the 

bipotent CXCR6+ (chemokine CXC motif receptor 6) ILC/NK progenitors (αLP) and the 

common ‘helper-like’ ILC precursors (CHILP), which become common ILC progenitors 

(ILCP) (Table 1, Key Table). The immediate precursors for NK, ILC1, ILC2, and ILC3 have 

been described [36,45–49].

The generation of ILCs is regulated by distinct sets of transcription factors. Transcription 

factors such as nuclear factor interleukin 3 regulated (NFIL3), inhibitor of DNA binding 2 

(ID2), thymocyte selection-associated high mobility group box protein (TOX), GATA3, and 

zinc finger and BTB domain-containing protein 16 (PLZF) regulate ILCP development 

[1,36]. Eomesodermin (Eomes), TOX, v-Ets avian erythroblastosis virus E26 oncogene 

homolog 1 (ETS1), T-bet, and Runt-related transcription factor 3 (RUNX3) regulate NK cell 
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development. T-bet is required for ILC1, whereas GATA3, Notch, RORα, transcription 

factor 1 (TCF1), and growth factor-independent 1 (GFI1) regulate ILC2 development. 

RORγt, Notch, TCF1, RUNX1, and aryl hydrocarbon receptor (AHR) are required for ILC3 

development. The transcriptional regulation of ILC development has been reviewed 

recently, and we refer the reader to these articles for further in-depth discussion [1,4,50].

ILC distribution in the body is determined, in part, by the migratory capacity of ILC 

progenitors from the fetal liver or bone marrow to peripheral tissues. Mature ILCs are 

generally distinguished from ILC progenitors by high levels of expression of subset-specific 

surface markers (NK1.1, NKp46, KLRG1, IL-2/IL-15Rβ, IL-23R, IL-33R, IL-25R, ICOS, 

CD4, and CCR6) and transcription factors (Eomes, T-bet, GATA3, and RORγt) [22,51,52]. 

Moreover, when these cells are activated by appropriate cytokines, they produce lineage-

specific effector cytokines. While NK cells are present in the bone marrow, few non-NK 

mature ILCs are found in the bone marrow (Figure 1). For example, T-bet+ ILC1 and 

RORγt+ ILC3 are found in peripheral tissues, but few of these cells are present in the bone 

marrow [51,53]. GATA3+ ILC2 progenitors are found in the bone marrow, but these cells do 

not produce ILC2 effector cytokines such as IL-4, IL-5, and IL-13 [47,54]. Similarly, 

functionally immature ILC1 and ILC3 progenitors, but few mature ILCs, are found in the 

bone marrow or fetal liver [36,39,53]. Taken together, these findings argue against the 

notion that mature ILCs emerge from the bone marrow to populate peripheral tissues; 

instead, the majority of peripheral ILCs are likely to be the descendants of ILC progenitors 

or precursors that emigrated the bone marrow. In turn, this argues that tissue-selective 

migration of lineage-committed ILC precursors, such as progenitors for NK, ILC1, ILC2, 

and ILC3 cells, and selective differentiation and expansion of common ILC progenitors, 

such as αLP, CHILP and ILCP, in the periphery are key factors in determining ILC 

distribution in the body.

Homing Receptors for ILCPs

HRs, including integrins and chemoattractant receptors, regulate the migration of 

hematopoietic progenitors and mature cells [55,56]. The NK/ILC progenitors, αLP, express 

the integrin α4β7 and the chemokine receptor CXCR6 [52,53]. ILCPs also express α4β7 

[39]. These receptors are implicated in immune cell migration and cell–cell interaction in 

peripheral tissues. MAdCAM-1 (mucosal vascular addressin cell adhesion molecule 1), the 

major binding partner for α4β7, is highly expressed by the endothelial cells of peripheral 

tissues such as gut-associated lymphoid tissues, intestinal lamina propria, and sinus-lining 

cells of the spleen marginal zone [57]. α4β7 also binds to vascular cell adhesion protein 1 

(VCAM-1), which is expressed by activated endothelial cells [58,59]. An extracellular 

matrix protein, fibronectin, provides an additional substrate for α4β7 [60]. Thus, α4β7 has 

the potential to guide ILCP cells to both mucosal and non-mucosal tissues. Leukocytes 

undergo multistep processes (rolling, chemoattractant receptor activation, and firm 

adhesion) on blood vessels to enter tissues [55,61]. α4β7 and potentially other adhesion 

molecules would mediate the rolling and firm adhesion of ILC progenitors on endothelial 

cells. To trigger firm adhesion of lymphocytes on blood vessels, the activation of 

chemoattractant receptors and integrins is required [61]. Several chemokine receptors appear 

to regulate the migration of ILCPs from the bone marrow to peripheral tissues. CXCR6 
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regulates lymphocyte migration to various peripheral tissues (the liver, spleen red pulp, 

intestine, lungs, and skin) and promotes cell–cell interaction with dendritic cells and 

fibroblastic reticular cells [62,63]. CXCR6 appears to play regulatory roles in the migration 

of ILCPs. In CXCR6−/− mice, the number of Lin− IL-7Rα+ c-Kitmed RORγt+ ILC3 

precursors was decreased in the fetal liver, and CXCR6−/− ILC3 precursors failed to 

populate peripheral tissues such as SI LP and liver [26]. By contrast, the numbers of bone 

marrow ILCP cells were increased in CXCR6−/− mice. Thus, it appears that CXCR6 

regulates the bone marrow emigration and peripheral seeding of ILCPs.

Another potentially important HR for ILC progenitors or precursors is CCR9. Bone marrow 

CLPs and ILC2 progenitors express CCR9 [47,64]. CCR9 is a key HR for small intestine- 

and thymus-homing mature lymphocytes and progenitors, such as multipotent progenitors 

and CLPs [64–66]. It is a major HR to guide ILCPs into the gut [22]. It is expected that 

additional HRs are likely to play important roles in migration of ILCPs to other tissues. 

Indeed, CCR7 plays a role in the migration of ILCPs to SLTs. CCR7 is also utilized by 

naïve CD4+ T cells and dendritic cells to enter lymph nodes [67]. CCL21 (chemokine CC 

motif ligand 21) and CCL19, expressed by the high endothelial venules and T zone stromal 

cells of lymph nodes, respectively, activate CCR7 to recruit CCR7+ cells into lymphoid 

tissues [68,69]. CLPs and potentially other progenitors in the bone marrow express CCR7 

[64]. Thus, multiple ILCPs have the capacity to migrate to various peripheral tissues.

Tissue factors for Differentiation and Population of ILCs in Peripheral 

Tissues

In general, the factors that induce the differentiation, expansion and contraction of ILCs 

have the potential to control ILC tissue distribution. Cytokines induce the proliferation and 

differentiation of ILCPs. IL-7 is widely expressed in the body and supports the generation of 

all ILCs, including non-NK ILCs and NK cells [36,70–72]. NK cell development from αLP 

is induced by IL-15 [73–75]. IL-7 is also required for the generation of T and B cells, and 

IL-15 is also required for the development of CD8+ T cells and γδ T cells [76]. In this 

regard, the cytokines that specifically generate individual ILC subsets from ILC progenitors 

or precursors remain unclear.

Cytokines also induce the proliferation and activation of mature ILCs. IL-15 and IL-18 

activate NK cells for IFNγ production [75,77,78]. IL-12 and IL-15 activate ILC1 for IFN-γ 

production [18,19]. These cytokines are produced constitutively or in response to pro-

inflammatory signals, such as Toll-like receptor (TLR) ligands and type I IFN, by antigen-

presenting cells (APCs), stromal cells, fibroblasts, endothelial cells, and/or epithelial cells 

[73]. IL-2, IL-4, IL-9, IL-25, IL-33, thymic stromal lymphopoietin (TSLP), and TNF-like 

ligand 1A (TL1A) activate ILC2 [4]. These cytokines are produced constitutively or upon 

cellular stress by various immune cells and tissue cells. IL-1β and IL-23 activate ILC3 and 

are produced by myeloid cells and tissue cells after activation with inflammatory signals and 

TLR ligands [79–81]. Infection and inflammation can alter ILC composition in affected 

tissues. For example, the infection by an extracellular bacterial pathogen, Citrobacter 

rodentium, increases ILC3 but decreases ILC2 frequency, whereas helminthic infection 

increases ILC2 but decreases ILC3 frequency in the gut [20,82]. Differential TLR activation 
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and cytokine production during infection or inflammatory conditions are likely to influence 

the size of ILC populations in peripheral tissues. More studies will be necessary to establish 

the roles of ILC-activating cytokines in the expansion and contraction of ILC subsets in 

diverse immunological contexts.

Nutritional status is another factor that affects ILC composition in peripheral tissues. The 

vitamin A metabolite, all-trans retinoic acid (RA), increases ILC3 but decreases ILC2 

populations [20]. RA is highly produced in the intestine, particularly SI, and supports innate 

and adaptive immune responses [83,84]. RA also increases IL-22 production by ILC3 [81]. 

AHR drives the generation of ILC3 subsets such as LTi and NKp46+ ILCs in the intestine 

[85–87]. AHR is a transcription factor that induces the expression xenobiotic-metabolizing 

enzymes such as cytochrome P450. AHR activation is triggered by diverse synthetic and 

naturally occurring compounds such as dietary carotenoids and tryptophan derivatives 

[88,89]. Thus, AHR ligands act as another gut-specific tissue factor that induces the 

generation of ILC3. Gut microbiota selectively induces ILC3. In germ-free (GF) or 

Myd88−/− (myeloid differentiation primary response 88) mice, the numbers of IL-22-

producing ILC3 were decreased [90,91]. By contrast, others have observed normal or 

increased numbers of ILC3 in GF mice [87,92], which suggests that the ILC3 response to 

microbiota can vary, perhaps because of the variations in microbiota composition. ILC1 and 

ILC2 are not significantly affected by microbiota [18,93]. This distinction suggests 

potentially variable but selective influence of microbiota on ILC differentiation or 

expansion. In addition, circadian rhythm and metabolic cues, such as caloric intake, control 

the production of effector cytokines such as IL-5 and IL-13 by ILC2 [28]. Thus, ILC 

numbers and activities in peripheral tissues are under the control of hematopoietic cytokines, 

inflammatory cytokines, nutrients, dietary materials, and other environmental cues.

Migration of Mature ILCs to Lymphoid Tissues

While the majority of ILCs in SLTs are NK cells, non-NK ILCs such as ILC1, ILC2, and 

ILC3 are also present in SLTs at detectable levels (Figure 1). The ILCs in SLTs have the 

potential to influence the activation and differentiation of T and B cells [80,94]. In addition, 

SLTs would provide a conducive environment for functional maturation of ILCs themselves 

through ILC-activating signals from dendritic cells. Mature ILCs in SLTs can be generated 

in situ from ILC progenitors or mature ILCs that migrated from other tissues. The presence 

of mature circulating ILCs in the blood circulation [35,43] suggests that ILCs actively 

migrate into SLTs such as the spleen and lymph nodes. T and B cells acquire new sets of 

trafficking receptors after activation in SLTs, and migrate to other tissues through blood 

circulation [13–15]. A recent study indicates that ILCs have the potential to undergo a 

similar process [22]. Lymphocytes migrate into SLTs through two different pathways. The 

first route is through specialized blood vessels such as high endothelial cells (HEVs) in 

lymph nodes. The second route is through afferent lymphatic vessels which drain immune 

cells along with tissue fluid. NK cells migrate to LNs through HEVs [95,96]. This migration 

is mediated by CCR7 or CXCR3. By producing IFN-γ, NK cells that migrated to LNs can 

promote T cell differentiation into Th1 cells [95]. ILCs have the potential to perform a 

similar function. ILC1 and ILC3 migrate to SLTs, and this migration also requires CCR7 

[22]. Utilizing photoactivatable fluorescent proteins, it has been determined that LTi ILC3 
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migrate from the small intestine to the draining mesenteric lymph nodes (MLNs) in a CCR7-

dependent manner [23]. This CCR7-dependent ILC3 exit from the small intestinal tissue is 

similar to that reported for effector T cells such as Th17 cells [97].

The lymphocyte localization in SLTs is largely determined by coordinated expression of 

CCR7 (the T zone HR) and CXCR5 (the B zone HR) [98]. In this regard, CXCR5+ LTi 

ILC3 are present in SLTs [99,100]. The CXCL13–CXCR5 axis recruits LTi ILC3 to 

lymphoid follicles and the spleen marginal zone [27,100,101]. A major function of these LTi 

ILC3 in LNs is to support stromal cells and maintain lymph node integrity through 

lymphotoxin production [102]. Thus, ILCs have the potential to migrate and localize to 

specialized areas of SLTs to regulate innate and adaptive immune responses, and maintain 

tissue integrity. More studies will be necessary to fully establish the migration mechanism 

and localization sites of ILCs within SLTs.

Trafficking Receptor Switches and the Establishment of ILC Tissue 

Residency in Non-Lymphoid Tissues

Naïve T cells acquire non-lymphoid tissue HRs while they undergo differentiation in SLTs. 

For example, naïve T cells acquire CCR9 and α4β7 expression in MLNs or PPs to migrate to 

the gut [103]. However, they acquire skin HRs such as cutaneous lymphocyte antigen 

(CLA), CCR4, CCR8, and CCR10 in skin-draining lymph nodes [104]. CCR4, CCR8, and 

CCR10 are implicated in lymphocyte trafficking to inflamed skin tissues [105–108]. This 

process is termed the ‘HR or trafficking receptor switch’ (Figures 2,3). It has been reported 

that ILCs undergo a similar HR switch. Spleen ILC3 highly express CCR7, but activation of 

these cells with IL-7 and RA downregulated CCR7 but upregulated CCR9 and α4β7 

expression [22]. Once activated with RA ex vivo, spleen ILC3 efficiently migrated to the 

intestine. A similar switch occurs in T cells during their activation by antigens and RA 

presented by mucosal dendritic cells and macrophages [109]. In a manner similar to ILC3, 

ILC1 also undergo the HR switch to express gut HRs [22].

An important difference between ILC2 and other ILC subsets (i.e., ILC1 and ILC3) is that 

ILC2 do not need the RA-dependent HR switch to express gut HRs (Figure 3). All ILC2 in 

the bone marrow, spleen, and MLNs highly express CCR9 and α4β7 [22]. This indicates that 

gut HRs are upregulated at an ILC2 progenitor stage in the bone marrow rather than on 

mature ILC2 in SLTs. In addition, ILC2 do not significantly express CCR7, unlike ILC3 and 

ILC1 [22]. This indicates that ILC2 lineage cells may enter SLTs utilizing other HRs, or that 

they are made in situ in SLTs from progenitors.

ILC2 are the dominant ILC subset in the skin (Figure 1). Human skin ILC2 express CLA, 

CCR4, and CCR10 [6], which are commonly expressed by cutaneous or skin-homing 

circulating T cells. It has been reported that mouse skin ILC2 express some of the skin HRs 

and CD103 (the α chain of integrin αEβ7) [37]. Integrin αEβ7 promotes lymphocyte 

interaction with keratinocytes through E-cadherin, as demonstrated for epidermal γδ T cells 

[110]. CLA binds to the vascular lectin endothelial cell-leukocyte adhesion molecule 1 

(ELAM-1), a major vascular addressin for the skin [111]. Thus, ILC2 have the necessary 

trafficking receptors to actively migrate into the skin. Vitamin D (1,25-dihydroxyvitamin 
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D3) induces CCR10 on skin-homing T cells [112]. While it is not clear if vitamin D induces 

CCR10 on ILCs, it has been reported that it inhibited the expression of α4β7 on human ILCs 

[113], which can potentially suppress ILC migration to the gut. The site of skin HR 

upregulation by ILC2 should be determined along with the identity of the factors that induce 

HR expression.

Beyond the lymphoid tissue and tissue-specific HRs, ILC subsets express additional HRs. 

These HRs include CCR5, CCR6, CXCR3, CXCR4, CX3CR1, S1PR5 (sphingosine-1-

phosphate receptor 5), and integrins (ITG-α2, αm, and α4) as shown in Table 1. These 

receptors support lymphocyte migration, localization, and cell–cell interaction in peripheral 

tissues. For example, intestinal CX3CR1+ myeloid cells express CXCL16 (the ligand for 

CXCR6) for functional interaction with CXCR6+ NKp46+ ILC3 [25]. This promotes the 

accumulation of ILC3 in the gut and their activation by DC-produced IL-23. CXCR6 also 

promotes NK cell migration to the liver [24]. CCR6 guides LTi cells to CCL20-producing 

stromal cells and epithelial cells in the gut [33,34]. S1PR5, a receptor for the bioactive lipid 

mediator sphingosine-1-phosphate, is required for tissue exit of NK cells from lymph nodes 

and the bone marrow [114]. The roles of S1P receptors in tissue exit by ILCs have not been 

established. A question of interest is if ILCs express group or subset-specific HRs. CD4+ T 

helper subsets characteristically express CCR5 and CXCR3 (Th1), CCR4 and CCR8 (Th2), 

and CCR6 (Th17) for polarized immune responses [115–117]. CCR6 fits this category of 

HRs in that it is characteristically expressed by LTi ILC3 subsets [118]. It remains to be 

determined if ILC subsets are similarly polarized in HR expression.

Concluding Remarks

The migration programs of ILCs have been unclear, but recent progress has revealed new 

insights into migration potential and tissue tropism. First, ILC progenitors or precursors in 

the bone marrow and fetal liver migrate to the periphery for development and maturation. 

ILCPs express α4β7, CCR7, CCR9, and/or CXCR6 for migration to barrier and non-barrier 

tissues, such as spleen, liver, lymph nodes, skin, and mucosal tissues. The migration of ILC 

progenitors or precursors to peripheral tissues would be important for tissue-specific 

generation of ILC subsets with diverse functions (Figure 2). Second, some ILC precursors 

and mature ILCs use HRs, such as CCR7, to actively migrate to lymphoid tissues in a 

manner similar to naïve and central memory T cells. These cells have the potential to 

circulate through the blood circulation, migrate into secondary lymphoid tissues, and 

colocalize with T cells and dendritic cells. Third, ILCPs or mature ILCs undergo HR 

switches in peripheral tissues to develop diverse tissue homing capacities. They lose original 

HRs but upregulate additional non-lymphoid tissue homing receptors (Figure 2). This HR 

switch appears to be heterogeneous and dependent on both tissue sites and ILC subsets. For 

example, ILC2 upregulate gut HRs in the bone marrow, while ILC3 and ILC1 acquire gut 

HRs in the periphery. Similarly, ILCs express HRs specific for the skin and potentially other 

tissues as well. Through heterogeneous HR switches, ILCs develop diverse trafficking 

potentials. This process ensures efficient ILC migration and interaction with other cell types, 

such as APCs and target cells, to effectively mount innate immunity and to regulate 

metabolism and adaptive immune responses.
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Much remains to be understood regarding how the migratory behavior of ILC subsets relates 

to their development and function (see Outstanding Questions). A major obstacle in the 

study of ILC migration is the relative paucity of ILCs compared to other lymphocytes in the 

body. Another problem is lack of ILC-specific markers or fluorescent-tagging systems to 

track their migration. This makes it extremely difficult to perform intravital microscopy to 

study their migration in vivo. Development of animal models with increased ILC numbers or 

ILC subsets specifically tagged with fluorescent proteins will be highly useful. Utilization of 

parabiosis models are expected to be an effective method to study ILC migration between 

organs.

Outstanding Questions

Do ILCs enter peripheral tissues as progenitors, precursors, or as mature ILCs?

Do ILCs recirculate between secondary lymphoid organs and non-lymphoid tissues, 

in a manner similar to some T cells?

Do ILCs enter lymph nodes through high endothelial venules or lymphatic vessels?

Do ILC subsets differ from each other in their migration behavior to peripheral 

tissues? What is the molecular basis for these differences?

What are the HRs that are specifically expressed by individual ILC subsets?

When and where do ILC subsets acquire tissue-specific HRs?

What are the factors and tissue-specific cues that induce the expression of key HRs?

What are the HRs that are functionally important for ILC effector functions?

What HRs are important for the tissue tropism of ILC1 in the intraepithelial 

compartment of the intestine?

Do ILC2 undergo tissue-specific HR switches for migration to skin, fat, and lungs?

We conclude by highlighting important areas of future research in ILC migration, tissue-

specificity, and function. It will be important to determine the factors that impact on both the 

differentiation of ILC progenitors and the expression of HRs in different peripheral tissues. 

The mechanisms that control the expansion and contraction of ILC populations in response 

to infector or inflammatory insults, and how these relate to the migratory programs of ILCs, 

are important areas of investigation, as are the mechanisms – specifically the HRs – that 

regulate ILC recirculation between lymph nodes and blood circulation. An important step 

will be to examine whether ILC lineage-determining transcription factors and cytokines play 

a role in HR expression and in the regulation of ILC trafficking machinery. Deciphering 

these issues will be key to understanding the tissue- and pathogen-specific functions of ILC 

subsets in the body.
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Trends

• ILC progenitors express homing receptors and actively migrate to peripheral 

tissues.

• ILC subsets have distinct tissue tropisms, which are regulated in part by their 

selective expression of homing receptors.

• ILC subsets have heterogeneous migration programs with similarities to those of 

both adaptive (T cells) and innate immune cells.

• ILCs undergo homing receptor switches to develop specific tissue tropisms.
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Figure 1. 
Tissue Distribution of ILC Subsets. Average percent frequencies of NK, ILC1, ILC2, and 

ILC3 in total ILCs in indicated tissues of C57BL/6 mice are shown (n ≥ 4; 7–10 weeks of 

age). Total ILC frequencies among CD45+ leukocytes are also shown. NK cells were 

identified based on CD3−CD19−CD127−NKp46+NK1.1+ (most tissues), 

CD3−CD19−RORγt−NKp46+NK1.1+ (intestinal LP), or 

CD3−CD19−CD127−RORγt−NKp46+NK1.1+ Eomes+ (IE) phenotype as described before 

[17,36]. ILC1 were identified by Lin−RORγt−CD127+NKp46+NK1.1+ (most tissues) or 

Lin−RORγt−CD127−NKp46+NK1.1+ (IE) phenotype as described before [17,18,36]. ILC2 

were identified by Lin−CD127+CD90+KLRG1+GATA3+ (most tissues), 

Lin−CD90+CD25+GATA3+ (spleen and skin), or Lin−CD127+CD90+T1/ST2+GATA3+ 

(lungs and WAT) phenotype [10,20,37,47,93]. ILC3 were identified by 

Lin−GATA3−CD127+CD90+RORγt+ phenotype [20]. ILC3 subsets within the total ILC3 

group were not examined separately. The ILC1 population in the bone marrow includes 

ILC1 progenitors. Abbreviations: BM, bone marrow; IE, intraepithelial compartment; ILC, 

innate lymphoid cell; LP, lamina propria; MLN, mesenteric lymph node; NK, natural killer 

cell; PLN, peripheral lymph node (inguinal LN).
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Figure 2. 
Potential HR Switches for the Development and Effector Functions of ILCs. Three potential 

types of HR switches are shown. The first HR switch occurs during ILC development in 

hematopoietic tissues, such as bone marrow and spleen. ILC precursors and mature ILCs 

express peripheral tissue-HRs such as α4β7, CCR9, and CXCR6. The second type of HR 

switch occurs in lymphoid tissues where ILCs upregulate HRs for their migration to NLT. 

Tissue-specific cues in peripheral tissues induce distinct HRs on ILCs. The third type of HR 

switch occurs at the effector stage during infection or inflammatory responses. This type of 

HR switch upregulates HRs important for ILC effector functions. ILC subsets are apparently 

different from each other in these HR switches. Abbreviations: CCR, chemokine CC motif 

receptor; CLP, common lymphoid progenitors; CXCR, chemokine CXC motif receptor; 

HSC, hematopoietic stem cells; HR, homing receptor; ILC, innate lymphoid cell; SLT, 

secondary lymphoid tissue; NLT, non-lymphoid tissue.
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Figure 3. 
Acquisition of Gut HRs by ILC Subsets. As an example for the second type of HR switch 

described in Figure 2, ILC1 and ILC3 in GALT, such as MLNs and PPs, upregulate CCR9 

and α4β7 (two major gut HRs) in response to RA. At the same time, they lose CCR7 

expression. This process is facilitated by mucosal dendritic cells, which produce both 

cytokines and RA. However, ILC2 acquire gut HRs during their development in 

hematopoietic tissues in a RA-independent manner. Abbreviations: CCR, chemokine CC 

motif receptor; GALT, gut-associated lymphoid tissue; HRs, homing receptors; ILC, innate 

lymphoid cell; MLNs, mesenteric lymph nodes; PPs, Peyer’s patches; RA, retinoic acid.
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Table 1

Homing Receptors (HRs) of ILC Subsets and Their Progenitorsa

a
ILC subsets such as NK, ILC1, ILC2, and ILC3 emerge from a group of progenitor cells such as CLP, αLP, CHILP, and ILCP in the bone 

marrow or from fetal liver progenitors. These ILC progenitors or precursors express CCR7, α4β7, CCR9, CXCR6, and/or S1PR5, which enables 

their migration to the periphery. HRs expressed by human ILCs are shown in parentheses.

ND, not determined.
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