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Abstract

The varied list of agonists that activate innate lymphoid cells (ILCs) continues to grow, but
whether and how these signals interact is not well defined, especially /in vivo. ILC subsets share
master transcription factors, chromatin landscapes, and effector cytokines with their corresponding
T helper (Th) cell subsets. Here we discuss how studies of these two cell types can inform each
other. Specifically, we outline a framework in which ILC agonists are grouped by the transcription
factors they activate. Optimal ILC activation requires at least three items from a “menu” of non-
redundant signals that collectively replicate the STAT and TCR signaling that drives effector Th
cell function. This conceptual model may also apply to TCR-independent “bystander” activation
of Th cells.
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Introduction

Innate lymphoid cells (ILCs) are tissue-resident immune cells widely distributed throughout
the body. Over the past decade, intensive research into ILC biology has established roles for
these cells in the maintenance of tissue homeostasis and orchestration of inflammation and
immunity in response to infection or tissue damage. ILCs derive from a common lymphoid
progenitor cell, which also gives rise to T cells of the adaptive immune system. ILC subsets
are similar to effector T cell subsets in their dependence on specific lineage-defining
transcription factors and their production of hallmark cytokines. A consensus nomenclature
has thus divided these cells into ILC1, ILC2, and ILC3 subsets to reflect their similarity to
Th1, Th2, and Th17 CD4+ T cells, respectively [1]. The existence of a dedicated ILCreg
subset to match T regulatory cells remains controversial and will not be discussed further;
nor will we focus on natural killer (NK) cells, the innate counterpart for CD8+ T cells.
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The development, localization, and biological functions of ILCs have been well-reviewed
elsewhere [2-5]. In this Opinion article we instead consider how to make sense of the
numerous signals that activate ILCs. We propose a framework for understanding how such
signals integrate to regulate ILC function, and perhaps also innate-like responses in effector
T cells. Specifically, we note that optimal transcription of most Th and ILC effector
cytokines requires a lineage-specific STAT and all three of the transcription factors activated
downstream of TCR signaling: NF-xB, AP-1, and NFAT. Using ILC2s and Th2 cells as an
example, we discuss evidence that multiple agonists combine to replicate this TCR signal in
ILCs and in T effector cells activated in a TCR-independent fashion.

Th and ILC similarity

Given the similarities between ILCs and CD4+ Th cells, past lessons learned from extensive
study of adaptive T cells may also prove useful for understanding ILC biology. Indeed, ILCs
are strikingly similar to effector Th cells at both the transcriptomic and epigenomic levels in
mice [6]. ILC and Th relationships appear to be more variable in humans, although ILC2s
and Th2s were not included in the study [7]. Profiling of chromatin accessibility between
ILC groups has identified distinct landscapes established early during lineage specification
that remain relatively fixed over the life of the cell, consistent with the potential for rapid
effector cytokine production [6]. ILC chromatin accessibility is distinct from that of naive
CDA4+ T cells, but as T cells differentiate, their chromatin is remodeled to resemble the
transcriptional landscape of ILCs. In the context of lung helminth infection, differentiated
Th2 cells undergo rapid epigenetic remodeling such that greater than 70% of the newly
accessible loci are shared in common with ILC2s residing in the same tissue, resulting in
strikingly similar gene expression [6,8]. Together these findings suggest that ILC effector
cytokine expression is likely regulated by the same transcriptional pathways that drive
effector gene expression in corresponding Th subsets.

T cell versus ILC activation

Naive CD4+ T cells require cognate peptide/MHC binding to the TCR, co-stimulation
through CD28, and a cytokine signal to direct differentiation into effector subsets. Once
activated, however, the epigenome of cytokine loci is modified as described above and the
requirement for co-stimulation falls away. Effector CD4+ T cells are thus maintained by
cytokine-driven STAT signaling and activated through the TCR. The STAT signal varies
between CD4+ subsets, with Th1 cells requiring STAT1 and STAT4, Th2 cells requiring
STATS5 and STAT6, and Th17 cells requiring STAT3 [9]. TCR signaling, on the other hand,
is stereotyped and always leads to activation of NF-xB, AP-1, and NFAT. The upstream
regulatory regions of effector cytokine loci often contain binding sites for all of these
transcription factors, so that they collectively drive optimal cytokine expression, in some
cases through direct cooperation. Such cooperativity is best defined for NFAT and AP-1,
which form a complex that binds regulatory elements with higher affinity than is afforded by
either factor alone [10,11]. NFAT:AP-1 cooperative binding sites are found in the promoters
of 112, 114, 115, 1113, Csf2, Ifng, Tnfaand others [12].
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ILCs and CD4+ Th cells share many features in common, including production of cytokines
that drive stereotyped immune responses against specific classes of pathogens. A key
difference between these cell types, however, is the way in which they are activated by
extracellular signals. Whereas CD4+ T cells respond to cognate peptide/MHC complexes via
the TCR, ILCs lack TCRs and instead rely on expression of cell surface receptors specific
for cytokines, neuropeptides, and eicosanoids. Integration of such signals is hypothesized to
attune ILCs to the local microenvironment and allow them to respond rapidly to deviations
from homeostasis [13].

Broadly, ILC1s are said to be activated by the cytokines IL-12 and IL-18 to produce IFN-y
and TNF-a; ILC2s are activated by IL-33, IL-25, and TSLP to produce IL-5 and IL-13; and
ILC3s are activated by IL-1p and IL-23 to produce 1L-22, IL-17, and GM-CSF. While
intuitive and often cited, this simple scheme belies the complexity of ILC activation /n vivo.
For example, at least 9 additional physiologic agonists have been reported to promote
cytokine expression in ILC2s [3,14,15]. Further, recent studies have begun to reveal how
ILCs are specifically adapted to their microenvironment, such that ILCs of the same group
can express different repertoires of activating receptors depending on their tissue localization
[14,16]. A current challenge in the field is therefore to identify the array of signals that drive
ILC activation in specific tissues and during different disease states, and to map out the
redundancy and synergy between these signals.

A framework for understanding ILC activation

In considering ILC activation, we will focus here on ILC2s, as these have been extensively
studied and a number of unique activating signals have been identified to date. ILC2s were
formally identified in 2010 by three groups [17-19]. In these initial descriptions, the
epithelial cytokines IL-33 and IL-25 were noted for their ability to activate murine ILC2s of
the lung, small intestine, and adipose tissues to produce the cytokines IL-5, IL-9, and IL-13.
An analogous human cell type, also responsive to 1L-33 and 1L-25, was quickly identified
[20]. Soon after these reports, TSLP was shown to activate ILC2s, particularly those residing
in the skin [21,22]. Thus, the triad of IL-33, IL-25, and TSLP became established as the key
cytokines regulating ILC2 activation and have since been highly cited in any work
discussing ILC2 biology.

While each of these signals undoubtedly serves important roles, we believe that grouping
IL-33, IL-25, and TSLP together is an artifact of history and lacks a biological basis.
Instead, we propose a framework for understanding ILC2 activation based on the induction
and cooperation of transcription factors that mediate effector gene expression. Given the
high overlap of transcriptomes and accessible chromatin loci in ILC2 and Th2 subsets [6], it
seems likely that similar transcriptional processes occur in both cell types. Drawing on our
understanding of T cell signaling then, we predict that optimal ILC2 proliferation and
activation requires STAT5, STAT6, NF-xB, AP-1, and NFAT. In Th2 cells, the TCR alone
accounts for NF-xB, AP-1, and NFAT, but we propose that ILC2s must integrate multiple
signals to compensate for their lack of a TCR. Therefore, we suggest that it is useful to
group ILC2 activating signals by the transcription factors they induce (Figure 1), as others
have also begun to do [23].
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ILC2 Activating Signals

STAT Signaling

Several STAT5-coupled receptors have been shown to regulate ILC2s, including those for
IL-7, IL-2, TSLP, and IL-9 [3]. Of note, activated ILC2s secrete IL-9 and an autocrine role
for this cytokine has been reported [24]. ILC2s also express the STAT6-coupled IL-4/13
receptor, which is required for their proliferation and function during type 2 inflammation
[25,26].

NF-xB/AP-1 Signaling

IL-33 and IL-25 were the first ILC2 activating signals identified; both of these epithelial
cytokines induce NF-xB and AP-1 downstream of their receptors [23]. It is important to
note, however, that relative expression levels of these receptors on ILC2s varies between
tissues. For example, the IL-33 receptor is highly expressed by ILC2s in the lung and
adipose tissue, whereas the IL-25 receptor is predominantly expressed on ILC2s of the small
intestine [14,27,28]. Additional ILC2 activating signals capable of inducing NF-xB and
AP-1 include TL1A (and its receptor DR3), IL-18, and GITRL (and its receptor GITR)
[14,15,29-31].

NFAT/AP-1 Signaling

More recent work has identified several signals capable of activating NFAT and AP-1 in
ILC2s. Airway ILC2s are highly responsive to cysteinyl leukotrienes, inflammatory lipids
derived from arachidonic acid [32]. Leukotriene signaling through the receptor CYSLTR1
generates a calcium flux that activates calcineurin, resulting in NFAT translocation from the
cytosol to the nucleus and subsequent expression of effector cytokines [33,34]. ILC2s of the
small intestine are similarly responsive to leukotriene signaling (McGinty and von Moltke,
unpublished). A second arachidonic acid derivative, prostaglandin D,, activates human
ILC2s through the receptor CRTH2, which is also expressed on effector Th2 cells. PGD, is
particularly potent as a chemoattractant, but has also been linked to NFAT induction [35,36].
Finally, the neuropeptide neuromedin U was recently shown to activate ILC2s in the small
intestine and lung in an NFAT-dependent manner [37-39].

Signal integration in ILC2s

In many cases ILC2 activating signals have been studied in isolation and declared to be the
dominant regulator of ILC2s in a given tissue or model. The absence of ILC2 activation in
mice deficient for one activating signal does not, however, preclude the existence of
additional non-redundant signals. Further, activation of ILC2s by supraphysiological levels
of recombinant cytokine, neuropeptide, or lipid does not fully determine their sufficiency.
For example, many /n vitro experiments incubate ILC2s in 10 ng/ml or more of cytokine for
multiple days. Such experiments are important to demonstrate what a cytokine can do, but
may not be representative of its function /n7 vivo. Also, when exogenous cytokine is
delivered /in vivo, it binds to ILC2s that are already homeostatically exposed to 1L-33, IL-2,
IL-25 and perhaps other signals [40-42]. We propose that in the context of rapid activation
and limiting agonist concentrations, the importance of cooperative signaling is amplified.
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Therefore, under physiologic conditions /n vivo, ILC2s likely integrate multiple signals to
mobilize the transcription factors known to drive cytokine expression in Th2 cells.

Experimental evidence to support this model of signal integration is accumulating. For
example, although caveats about agonist concentration and incubation time apply, /in vitro
ILC2 stimulation has repeatedly demonstrated the efficacy of combining a STATS5 signal
(IL-7, IL-2, or TSLP) with an NF-xB/AP-1 signal (IL-33 or IL-25) [17,18,43]. As predicted
by our model, in these assays overlapping signals such as IL-33 and IL-25 were generally
redundant. /n vitro synergy between IL-4 (STAT6) and IL-33 has also been reported,
although at high concentration either signal alone is sufficient to induce measurable cytokine
secretion [25]. More recently, leukotrienes, which mobilize NFAT in ILC2s, have received
attention and their synergy with IL-33 was a particular focus of these studies [33,34]. Both
in vivoand in vitro, sub-optimal doses of IL-33 or leukotriene induced little ILC2 activation,
but when given together, effector cytokine production was boosted well above levels
predicted for simple additive interaction. Such synergy has also been demonstrated between
IL-33 and the NFAT-inducing agonist NMU [44]. Conversely, deletion of either the 1L-33
receptor or ALOXS, the enzyme required to synthesize leukotrienes, demonstrated the non-
redundant requirement for both signals during type 2 inflammation in the lung. In human
ILC2s, effector cytokine production is enhanced in the combined presence of agonists
mobilizing STATS5 (IL-2), NF-xB/AP-1 (IL-33 and IL-25), and NFAT (PGD,), whereas
inhibition of autocrine PGD5 reduces cytokine production, suggesting signal integration is
required here as well [45,46].

Signal integration in ILC1s and ILC3s

How might our framework for ILC2 activation apply to other ILC subsets? The importance
of STAT and NF-xB/AP-1-inducing signals in ILC1 and ILC3 proliferation and activation is
well documented [3,4], but NFAT-mobilizing signals have not been reported for either cell
type, despite expression of NFAT family members at levels equal to or greater than in ILC2s
[16]. An NFAT binding site has not been reported upstream of //22, but the other ILC1 and
ILC3 effector cytokines, such as //17a, Csf2, Ifng, and Tnfa, are all regulated by NFAT [47].
NK cells and some ILC3s express activating NK receptors (NKR) that replicate TCR
signaling, including NFAT activation, by using ITAMs to activate SYK kinases. Whether
and how NFAT is mobilized in ILC1s and NKR-negative ILC3s remains to be determined,
although the latter appear to express the leukotriene receptor CYSLTR1 [16].

TCR-independent T cell activation

Given that the Th2 transcriptome and chromatin landscape converge on an ILC2-like
phenotype as Th2 effector cells differentiate, it is worth considering how lessons from ILC
studies might inform our understanding of effector T cell regulation and function. For
example, Th2 priming in the lymph node induces expression of cytokine receptors found on
ILC2s, and the terminal differentiation into Th2 effector cells requires tissue-derived I1L-25,
IL-33, and TSLP [8]. Whether NFAT activation also contributes to the differentiation of Th2
effectors has not been examined.
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Caveats

There is also accumulating evidence of TCR-independent T cell responses. Such
“bystander” responses to heterologous stimuli have been reviewed elsewhere [48], but
certain examples are illustrative of the similarities to ILC activation. For example, Th2 cells
generated in response to the helminth Ascaris suum are reactivated by the phylogenetically
distant helminth Nippostrongylus brasiliensis, even when MHC is blocked [49]. Instead, this
response requires the IL-33 receptor, which is up-regulated as part of the Th2 effector
program. Similarly, a recent study identified skin-resident commensal-specific T cells that
homeostatically produce IL-17A but are poised to produce IL-5 and IL-13 in response to
many of the same signals that regulate ILC2s: IL-33, IL-25, and IL-18 [31]. Similar mixed-
lineage resident cells expressing 1L-13 and ILC2-like receptors have been described in
human skin. Tissue T regulatory cells also bear striking resemblance to ILC2s, including
expression of GATA3 and receptors for 1L-33, IL-2 (high-affinity), and perhaps leukotrienes
[50,51]. In the context of autoimmune encephalomyelitis, bystander activation of memory
Th17 cells by IL-1p and IL-23 can contribute to pathogenesis [52]. Lastly, just like ILCs,
innate-like T cells including y& cells, MAIT cells, and NKT cells are tissue resident, acquire
a poised effector state during development, and can rapidly secrete cytokine in response to
tissue-derived signals, such as IL-18, IL-23, NK receptor ligands, and others [53-55].

We propose that the transcription factor framework we outlined for ILC activation, in which
several signals cooperate to activate the full complement of required transcription factors,
likely also applies to TCR-independent activation of T cells. The studies cited above mostly
examined the ability of individual cytokines to induce TCR-independent responses, but
additional signals are likely important under physiologic conditions. Indeed, some studies
have emphasized the importance of signal integration in the absence of a TCR signal. For
example, TCR-independent cytokine production by /n vitro differentiated Th cells is
optimally induced by combining an NF-xB/AP-1 signal with the appropriate STAT signal
for each Th subset [56]. Similarly, IL-1p (NF-xB/AP-1) and IL-23 (STAT3) synergistically
induce IL-17 secretion from intestinal y& T cells [57]. The element missing from all of these
studies, however, is a consideration of NFAT activation. As with the NKR* ILC3s, NK and
some y6 T cells express NKRs that can activate NF-xB, AP-1, and NFAT simultaneously,
and human effector Th2 cells express the PGD5 receptor CRTH2 and the leukotriene
receptor CYSLTR1, both of which could potentially induce the Ca2* flux needed for NFAT
activation [58,59]. Whether and how NFAT is activated in other effector T cells in a TCR-
independent manner has, to our knowledge, not been studied.

Although this review emphasizes the similarities between ILCs and effector T cells, this
comparison should not be taken too far. The TCR remains the predominant regulator of T
cell activation and there are important transcriptional differences between T cells and ILCs.
For example, Th2 cells readily secrete 1L-4 and only begin to make IL-5 when they are fully
activated [8]. Conversely, ILC2s secrete IL-5 constitutively, but only make IL-4 when NFAT
is activated [32,40], and a recent study identified discordant regulation of IL-5 and IL-13
that occurs in a subset of lung ILC2s but not Th2 cells [44]. We also note that comparisons
between ILC and Th cell transcriptomes and chromatin were made using recently generated
Th effectors. Similarly, several studies of TCR-independent CD4+ T cell activation used /n
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vitro generated effector cells. More work will therefore be needed to assess relationships
between ILCs and memory Th cells, and to test if the rules of TCR-independent activation
vary between different memory subsets (e.g. resident memory vs. effector memory). Lastly,
this review has focused on activating signals, but the proposed framework can be extended to
negative regulators and the various mechanisms they use to impede ILC function.

Summary & Outlook

This review outlined how multiple signals integrate to induce effector cytokine production in
ILCs and T cells. In this context, grouping agonists by the transcription factor(s) they
activate provides a conceptual framework, with optimal cytokine secretion predicted to
occur when at least one agonist from each group is present. From an evolutionary
perspective, this mechanism provides increased regulatory control and the opportunity to
encode different information with each signal. For example, coincidence detection, in which
activation results from temporally close but spatially distributed signals, might ensure that
maximal ILC activation occurs only when two or more upstream sensing pathways have
been stimulated. At the same time, there is some temporal segregation of signals across
homeostasis and inflammation. For example, ILC2s receive an NF-xB/AP-1 signal (e.g.
IL-33 or IL-25) both homeostatically and during inflammation, while NFAT-inducing
leukotrienes and NMU are acutely produced or released only in response to a defined
stimulus [33,40,41]. Recent studies have begun to consider the relative contributions of such
signals in different contexts across and even within tissues [14,44], but additional work is
needed to fully disentangle the complexities of ILC and TCR-independent T cell activation
in vivo.
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Figure 1. A Framework for ILC Activation
The signals that activate ILC effector functions can be organized into four groups based on

the transcription factors that they mobilize: (1) STAT5; (2) STAT6; (3) NF-xB/AP-1; and (4)
NFAT/AP-1. Under physiologic conditions /n vivo where agonist availability is limited,
optimal ILC activation likely requires at least one signal from each category. Collectively,
these signals replicate the STAT and TCR signaling that regulate adaptive T cell function.
This figure groups ILC2-activating signals, but the framework can also be applied to other
ILC subsets and to TCR-independent activation of bystander T cells.
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