
Sense and immuno-sensibility: innate lymphoid cell niches and 
circuits

Adelle P. McFarland1, Marco Colonna1

1Department of Pathology and Immunology, Washington University School of Medicine, St. Louis, 
MO 63110, United States

Abstract

Tissue-resident lymphocytes that lack expression of rearranged antigen receptors and are lineage 

negative for classical T and B cell markers are collectively known as innate lymphoid cells (ILCs). 

The ILC family is remarkably heterogeneous and exhibits plasticity; however, mature ILCs can be 

grouped based on their steady state expression of distinct surface receptors and transcription 

factors as well as production of signature cytokines following activation. The study of ILC subsets 

in mouse and human tissues has revealed that the elicitation and magnitude of their effector 

functions is determined by a combination of extrinsic cues specific to the niches in which they 

reside. In this short review, we will summarize some recent findings related to tissue-specific 

signals that govern ILC responses and localization.
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ILC2 circuits: stromal- and tuft cell-derived cytokines in ILC2 activation

The subgrouping of ILCs tracks with the established paradigm for adaptive T helper cell 

subsets. ILC2s are the innate counterparts of Th2 cells as they highly express Gata3 and 

produce IL-5 and IL-13. Secretion of IL-25, IL-33 and TSLP following epithelial damage 

during injury or parasitic infections acts as a trigger for production of IL-5 and IL-13 by 

ILC2s. Recent efforts have been made to define the specific cellular sources of these ILC2-

activating cytokines and what factors control their production. Reporter mice revealed that 

mucosal tuft cells, which are rare chemosensory epithelial cells, are the main producers of 

IL-25 in the intestines [1]. During helminth infection, tuft cell-derived IL-25 triggers IL-13 

production by ILC2s that acts in a circuit to promote increased differentiation of tuft and 

goblet cells [1,2]. Dietary/microbiota-derived succinate was recently identified as an 

upstream signal that promotes IL-25 production by tuft cells to initiate the tuft cell-ILC2 

circuit and provides protective barrier immunity [3,4]. It will be interesting to test whether 
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modulation of intestinal succinate via alterations in diet or microbiota can be harnessed to 

combat parasitic infections or counteract aberrant type 1/3 inflammation.

Stromal cells have recently gained recognition as an important source of IL-33 that regulates 

ILC2 expansion and function within numerous compartments. In the mouse lung, ILC2s 

localize with adventitial stromal cells (ASCs) which are important for tissue remodeling and 

inflammatory responses [6]. ASC-derived IL-33 acts on ILC2s and ILC2-derived IL-13 acts 

on ASCs thereby forming a circuit (reminiscent of that formed between tuft cells and ILC2s 

in the intestines) that enables reciprocal cell expansion following helminth infection. Similar 

examples of stromal-ILC2 cell interactions have been described in other tissues in mice, 

including pericryptal fibroblasts and colonic mesenchymal cells in the intestines, cardiac 

fibroblasts in the heart, and adipose stem and progenitor cells in white adipose tissue [5–9]. 

What are the stimuli that direct stromal cell production of IL-33? Are they different across 

tissues? Such information could be used to target ILC2 activation or inhibition within 

specific compartments. Elucidating those signals could also inform about the circumstances 

in which ILC2 activation is immunologically required in particular tissues and the conditions 

in which ILC2s are the culprits of pathologic type 2 inflammation.

In addition to epithelial- and stromal-derived cytokines, recent work has brought to light the 

importance of neuro-immune crosstalk in lung and intestinal ILC2 programs. ILC2s highly 

and selectively express the neuropeptide receptor NMUR1 at steady state and co-localize 

with enteric neurons [10–12]. Furthermore, addition of the NMUR1 ligand neuromedin U 

(NmU) promotes ILC2 proliferation and amplifies the effects of ILC2-activating cytokines. 

In addition to neuropeptides, ILC2s can also sense vasoactive intestinal peptide (VIP) which, 

in combination with IL-7, can increase expression of IL-5 in vitro [13]. Therefore, tissue-

specific signals that regulate ILC2 effector functions include not only cytokines but also 

peptides that are likely dynamically regulated across tissues and immune states.

Although IL-25, IL-33 and TSLP are clearly important for activating ILC2s, ILC2 

functionality is not strictly based on these signals. Deletion of IL-25, IL-33 and TLSP 

receptors in ILC2s does not affect their numbers nor their production of IL-5 in the skin 

[14]. In this setting, IL-18 is the key factor that activates type 2 inflammation. The 

importance of the microanatomical niche in ILC2 regulation is perhaps best exemplified in 

single-cell RNAseq data. Although ILC2s isolated from different tissues share a common 

program of activation following exposure to IL-25/IL-33/TSLP in vitro, with unique 

expression programs induced by each cytokine [10], their steady-state transcriptional 

identity is inextricably linked to the tissues in which they reside even in the absence of a 

microbiota and deficiency in IL-25/IL-33/TSLP signaling [14]. Presently, the tissue-specific 

signals that guide the establishment and maintenance of resident ILC2 programs are largely 

undefined.

Location, location, location: importance of the ILC3 microanatomical niche

Similar to ILC2s, ILC3s also function within several known circuits. ILC3s mirror Th17 

cells with their expression of RORγt and production of IL-17 and IL-22. The prototypical 

fetal lymphoid tissue inducer (LTi) cells are group 3 ILC family members that are critical for 
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lymphoid tissue development. Secondary lymphoid organ (SLO) formation depends on LTi-

derived lymphotoxin (LT) α1β2 ligation of LTβ-receptor on stromal cells [15–17]. The 

activation of LTβ-receptor on the stromal cells in turn induces their maturation into 

lymphoid tissue organizer cells that feedback to LTi by promoting their continued 

recruitment within the SLO. Intense focus has been paid to the role of adult LTi-like ILC3 in 

lymphoid tissue development in the intestines. Cryptopatches (CP) and isolated lymphoid 

follicles (ILFs) are tertiary lymphoid tissues that contain most of the adult LTi-like ILC3 in 

the small intestines and colon [18,19]. Clusters of LTi-like ILC3s are surrounded by 

dendritic cells and stromal cells in CPs as well as B cells in ILFs. Recently is was revealed 

that recruitment of ILC3s into colonic CPs and ILFs is a function of fibroblastic stromal 

cells whereby their production of the oxysterol 7α,25-hydroxycholesterol acts as 

chemoattractant by binding to GPR183 expressed by LTi-like ILC3s [20]. Whether diet, the 

microbiota, or inflammatory conditions regulate production of 7α,25-hydroxycholesterol in 

the CP niche and the consequent dynamics on ILC3 localization remain to be elucidated.

In addition to LTi-like ILC3-stromal interactions within CPs, ILC3s also form a regulatory 

circuit all on their own. Expression of the tumor necrosis factor superfamily member 

receptor activator of nuclear factor κB ligand (RANKL) and RANK expressed on LTi-like 

ILC3s functions as a sort of quorum sensing mechanism [21]. Loss of either RANKL or 

RANK on ILC3s results in an expansion of LTi-like ILC3s as well as enhanced RORγt 

expression and production of IL-17 and IL-22. Therefore, intestinal LTi-like ILC3 

populations are controlled by their self-interaction and is a particularly relevant 

autoregulatory mechanism for those cells residing within CPs and ILFs where their 

population density is highest.

Other ILC3 circuits include the maintenance of intestinal stem cells via IL-22-mediated 

action that limits tissue damage by preserving stem cells [22]. Additionally, IL-22 

production by ILC3s following intestinal colonization with segmented filamentous bacteria 

(SFB) induces serum amyloid A (SAA) production by epithelial cells that drives recruitment 

of SFB-specific Th17 cells [23]. Overall, ILC3 functionality within the intestines depends on 

the microanatomical niche of where the cells reside. Whether it be within CPs and ILFs 

where effector responses to pathogens are mounted, in proximity to intestinal stem cells in 

crypts where damage responses are prompted, or poised within the intraepithelial space 

ready to receive signals from DCs to drive the SAA-Th17 axis – the many roles of ILC3s in 

the intestines are choreographed via strategic recruitment and positioning of these 

lymphocytes within microanatomical niches. Despite this ILC3 pattern of circuitry in the 

intestines and the role of neuro-immune crosstalk in ILC2 function, we know very little 

about ILC3 interaction with enteric neurons and such studies will be an interesting line of 

future inquiry. Furthermore, the function of ILC3s beyond production of IL-17 and IL-22 in 

regulating gut homeostasis is an active area of investigation as recent work reported that 

ILC3-derived IL-2 is essential for maintaining intestinal regulatory T cells [24].

Group 1 ILC identity crisis

The group 1 ILC family includes ILC1s as well as cNK cells. ILC1s mirror Th1 cells as they 

express the transcription factor T-bet and produce IFN-γ. ILC1s are closely related to 
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conventional NK (cNK) cells but are not dependent on Eomes for their development and are 

not as cytotoxic. Depending on the tissue, ILC1s have differential dependencies on specific 

transcription factors. In mice, Nfil3 is required for ILC1 development in all tissues examined 

except for the salivary gland [25]. Hobit, a transcription factor important for tissue-residency 

programs of T cells, is required specifically for liver ILC1s but not ILC1s in other tissues or 

liver cNK cells, which instead depend on Blimp1 [26–28]. Aside from transcription factor 

dependencies, another feature of ILC1s that distinguishes them from cNK is imprinting by 

TGF-β family members as a result of their tissue-residency, which has been observed in 

salivary gland and intestinal intraepithelial ILC1s [29,30].

Recent efforts have been made to better characterize the tissue-specific transcriptional 

programs of group 1 ILCs in mice and humans [31–35]. It has been challenging to identify a 

true “core” ILC1 signature versus cNK cells due to the heterogeneity of this family within 

and across tissues. Although the expression of IL-7R is a hallmark of ILC2 and ILC3 

populations, ILC1s exhibit more variability in their expression of this receptor. In mice, the 

majority of liver and salivary gland ILC1s are IL7R− as well as intraepithelial ILC1s 

(ielICL1) which aligns them with cNK cells [25,34]. Similarly, IL-7R expression on human 

ILC1s is variegated, with IL-7R+ and IL-7R− populations identified in tonsils and intestinal 

intraepithelial populations [30,32,36,37]. Recently, a multi-pronged study integrating single-

cell RNAseq and CyTOF analysis found that IL-7R decreases in a gradation as human ILC3 

transition into ILC1 [35], although it is unclear why these transitioning cells reduce IL-7R 

expression. Moreover, the dynamics of ILC1 IL-7R expression across individuals and health 

states warrants more exploration.

As stated, group 1 ILCs in mice are remarkably heterogenous across tissues. Therefore, in 

order to more accurately denote cell identities nomenclature for specific subpopulations 

within tissues will likely be adopted (for instance, the already commissioned “iel-ILC1”). 

However, in humans the tissue microenvironment appears to be less of a determinant of 

transcriptional group 1 ILC identity than in mice. Single cell RNA-seq analysis revealed 

ILC1 and cNK isolated from human lung, jejunum and spleen clustered according to cell 

ontogeny independent of their tissue origin [32]. There was also extensive transcriptional 

overlap between human tissue ILC1s and splenic cNK cells, although intestinal ILC1s 

proved to be the most transcriptionally heterogenous with overlapping and non-overlapping 

cNK signatures identified similar to what is observed in mice [32,34]. What is the 

explanation for the discordant degree of diversity of group 1 ILC populations in mice versus 

humans? Does pathogen exposure, metabolic state, or diet somehow promote a contraction 

in group 1 ILC diversity as a product of overall life experience that is not reflected in lab 

mice? Perhaps the diversity in human ILC1s may be managed by a spectrum of cellular 

plasticity as indicated by a recent study that describes the existence of intermediate ILC3-

ILC1 cell identities [35]. Or perhaps, as more human tissues are sampled and sequenced 

from healthy and diseased donors alike, our appreciation for human group 1 ILC 

heterogeneity will expand in turn.
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Not strictly resident: ILCs on the move

ILC development and subsequent expansion in tissues proceeds following seeding by a 

progenitor from the bone marrow or fetal liver [38]. As better genetic tools for marking and 

tracking ILCs become available, it is now becoming clear that ILCs are not strictly tissue-

resident populations and that they can traffic from the tissues in which they developed. 

Accordingly, they can play protective or inflammatory roles at peripheral sites. Some of the 

first evidence for recirculation of ILCs came from the discovery that CD49a+ liver ILC1s 

were capable of conferring hapten-specific memory responses in mice [39]. Recent work has 

delineated the steps of this process, whereby hapten sensitization induces recruitment of 

IL-7R+ ILC1s into skin-draining lymph nodes (LNs) via CXCR3 where they acquire 

memory potential [40]. Subsequently, these memory ILC1s egress from LNs via 

sphingosine-1-phosphate (S1P) receptors, a G protein-coupled receptor family that is also 

required for T and cNK cell movement across lymphatic endothelial barriers [41,42]. 

Following egress from the LNs, memory ILC1s are recruited to the liver where they 

maintain long-term residency until challenge.

The fate and migration of other ILC populations under non-steady-state conditions is an 

active area of research. During Nippostrongylus brasiliensis infection or following i.p. 

injection of IL-25, “inflammatory” KLRG1hi ILC2s (iILC2s) appear in the lung, liver, and 

spleen [43]. iILC2s can proliferate and expand the ILC2 pool or can develop into ILC3-like 

cells capable of producing IL-17. Recent work has revealed that iILC2s from the small 

intestine lamina propria (siLP) can migrate to peripheral organs, such as the lung, liver and 

spleen, transiently expand during acute infection, and subsequently contribute to the steady-

state ILC2 pool following pathogen clearance [44]. The accumulation of iILC2s at distant 

sites was dependent on S1P signaling, similar to the mechanism controlling the circulation 

of T cells, cNK cells and memory ILC1s [40–42]. Importantly, survival of Rag1−/− mice 

during early-stage N. brasiliensis lung infection was dependent on the migration of iILC2s 

indicating that siLP-derived iILC2s provide crucial multiorgan protection to the host.

Future perspectives in ILC biology

The characterization of ILCs in tissues and the identification of the signals, both at steady-

state and during inflammation, that guide their trafficking, activation and function has been 

the focus of this field for the last decade. Emerging areas in ILC biology are now shifting 

attention from the cellular niche to the intrinsic molecular programs that these lymphocytes 

utilize. Studies on T and NK cells have revealed the importance of specific metabolic 

pathways in driving polarization and effector responses as well as in the generation of 

memory. For example, Th17 cells employ aerobic glycolysis for energy whereas Tregs and 

memory T cells rely on fatty acid oxidization [45]. The metabolic programs utilized by ILCs 

and the context-dependent metabolic switches and checkpoints that they confront is an 

active area of investigation. Recent data on ILC3s has provided evidence that, unlike T cells, 

these cells simultaneously utilize both glycolysis and mitochondrial ROS to meet the 

metabolic demands of activation [46]. In addition to metabolism, epigenetics is another 

emerging area in ILC biology. The functional polarization of ILCs is controlled by the 

concerted action of enhancers and transcription factors that poise these cells for rapid 
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responses [33,47–49]. However, more work is needed to determine the exact regulatory 

programs under their control and how they differ from T cell programs. A deeper molecular 

definition of ILC identity will aid in our understanding of what distinguishes these cells 

within the immune system and will likely reveal novel aspects of their biology beyond 

prototypical effector responses.
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Highlights

• Signaling circuits between ILC2s and stromal cells as well as tuft cells 

dictates ILC2 activation in different tissue niches.

• ILC3 function in the intestines is determined in part by residence in 

microanatomical niches including tertiary lymphoid tissues and crypts.

• Group 1 ILCs are tremendously heterogenous in mice, but this appears to be a 

discordant phenotype from what is observed in humans.

• Under certain conditions, ILC1s and ILC2s can become migratory and 

contribute to host defense systemically.
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Innate lymphoid cell circuitry
In the small intestines, stromal cells localized in cryptopatches produce 7α,25-

hydroxycholesterol that engages GPR183 expressed by ILC3s. Sensing of this oxysterol 

promotes chemotaxis of ILC3s into the tertiary lymphoid tissue [20]. Interaction of RANK 

with RANKL between adjacent ILC3s suppresses effector activity, thereby allowing cell 

clustering to mediate cell activation [21]. ILC2s are activated by neuropeptides (neuromedin 

U, NmU) and vasoactive intestinal peptides (VIP) produced by enteric neurons [10–13]. 

Succinate in the intestinal lumen triggers IL-25 production by chemosensory tuft cells that 

activates ILC2 expression of IL-13 which signals back onto tuft cells increasing their 

differentiation [3,4]. During N. brasiliensis infection, IL-25 signaling on ILC2s promotes an 

inflammatory KLRG1hi ILC2 (iILC2) phenotype [43]. iILC2s in the small intestine lamina 

propria can migrate to peripheral organs, such as the lung, where they contribute to systemic 

pathogen control [44]. Lung adventitial stromal cells, which contribute to tissue remodeling 

and inflammatory responses, form a circuit with ILC2s whereby stromal cell production of 

IL-33 and TSLP induces activation of ILC2s and expression of IL-13 that promotes ASC 

expansion [5].
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