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Abstract

Group 2 innate lymphoid cells (ILC2s) play critical roles in anti-helminth immunity and airway

epithelial repair. Recently, these cells have also emerged as key players in the development of

allergic inflammation at multiple barrier surfaces. ILC2s arise from common lymphoid

progenitors in the bone marrow, are dependent on the transcription factors RORα, GATA3 and

TCF-1 and produce the type 2 cytokines IL-4, IL-5, IL-9 and/or IL-13. The epithelial cell-derived

cytokines IL-25, IL-33 and TSLP regulate the activation and effector functions of ILC2s, and

recent studies suggest that their responsiveness to these cytokines and other factors may depend on

their tissue environment. In this review, we focus on recent advances in our understanding of how

ILC2s are differentially regulated in the context of allergic inflammation and discuss the

therapeutic potential of targeting ILC2s in the treatment of allergic diseases.

Introduction

Allergic diseases such as asthma, allergic rhinitis, atopic dermatitis (AD) and food allergy

are driven by T helper type 2 (TH2) cytokine responses characterized by the production of

the cytokines interleukin (IL)-4, IL-5, IL-9 and IL-13. Exposure to environmental allergens

at epithelial barrier surfaces induces epithelial cell-derived cytokine responses that promote

dendritic cell activation, the development of CD4+ TH2 cell responses, antigen-specific IgE

production and the recruitment of effector cell populations such as granulocytes to mucosal

surfaces. Innate lymphoid type 2 cells (ILC2s) are a recently described subset of innate

immune cells that also respond to epithelial cell-derived cytokines IL-25, IL-33 and thymic

stromal lymphopoietin (TSLP) at mucosal and skin surfaces and produce the TH2 cell-

associated cytokines IL-4, IL-5, IL-9 and IL-13. This review will focus on the recent
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advances in our understanding of how ILC2s contribute to the development of allergic

inflammation at multiple barrier surfaces and how they may differentially respond to tissue-

specific cytokines and factors. We highlight recent studies that reveal how ILC2s are

regulated and discuss the therapeutic potential of targeting ILC2s in the context of allergic

disease.

Definition

Innate lymphoid cells (ILCs) are part of a family of immune cells that are heterogeneous in

their cytokine production profiles, transcription factor expression and effector functions

[1,2]. ILCs do not express cell lineage markers associated with T cells, B cells, dendritic

cells (DCs), macrophages and granulocytes, but express CD90 (Thy1 antigen), CD25

(IL-2Rα) and CD127 (IL-7Rα) [1]. These cells are derived from a common lymphoid

progenitor, and their development is partially or wholly dependent on the common γ-chain

(γc or CD132), IL-7, Notch and the transcription factor Inhibitor of DNA binding 2 (Id2)

(Table 1) [3–6]. ILCs are currently categorized into three distinct populations based on their

developmental requirements for defined transcription factors and their expression of cell

surface markers and effector cytokines [1]: group 1 ILCs (ILC1s) include classical NK cells

and T-bet-dependent IFN-γ–producing ILCs; RORα- [6,7], GATA3- [8,9] and TCF-1-

dependent [10] group 2 ILCs (ILC2s) produce IL-5, IL-9, IL-13 and/or amphiregulin[5]; and

RORγt-dependent group 3 ILCs (ILC3s) produce IL-17A and/or IL-22 [11]. These ILC

groups are analogous to the previously described TH1, TH2 and TH17 CD4+ T helper cell

subsets. However, although ILCs appear to have parallel functions to adaptive CD4+ T cells,

they are unique in that they respond to innate signals in the absence of antigen-specificity

and have distinct phenotypic and functional profiles.

Although these cells are critical for protective immunity to helminth parasites in the intestine

and lung epithelial repair in the context of influenza infection [5,12–14], ILC2s also appear

to promote pathologic allergic inflammation at multiple barrier surfaces (Fig. 1).

Importantly, these cells have been implicated in the pathogenesis of a number of human

allergic diseases such as asthma, allergic rhinitis and atopic dermatitis (AD) (Table 1).

Although originally thought to be an ILC2-like population, multipotent progenitor type 2

(MPPtype2) cells, also shown to be critical for promoting type 2 cytokine-mediated immunity

to helminth infection [15], have been distinguished from ILC2s in that they are optimally

elicited by IL-25 rather than IL-33 and exhibit a progenitor phenotype with the ability to

differentiate into multiple granulocyte populations. Further, MPPtype2 cells exhibit distinct

developmental requirements, altered genome-wide transcriptional profile from ILC2s and

undergo extramedullary hematopoiesis [16]. Although it would be predicted that MPPtype2

cells are involved in allergic disease, future studies will be required to define their role in

this context. Given that MPPtype2 cells and ILC2s appear to be distinct populations, this

review will focus specifically on the biology of ILC2s in the context of allergic

inflammation.
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Regulation and effector function of ILC2s

Studies in murine models suggest that ILC2s play protective roles in infection. For example,

in the context of helminth infection, ILC2s produce IL-13 that promotes goblet cell mucus

secretion and smooth muscle contraction, processes that mediate the expulsion of helminth

parasites. In the context of influenza infection, ILC2s were found to be a critical source of

the epidermal growth factor receptor (EGFR) ligand amphiregulin (Areg), which mediates

respiratory epithelial repair following influenza virus-induced lung injury [5]. In contrast to

the protective functions of ILC2s during helminth or influenza virus infection, ILC2s induce

pathogenic inflammation in the context of allergic disease. ILC2-derived IL-5, IL-9 and

IL-13 promote allergic inflammation at barrier surfaces and are associated with the

development of asthma-associated airway hyperreactivity (AHR), allergic rhinitis, AD and

food allergy (Table 1 and Fig. 1). The production of IL-4 was described only recently in

human nasal polyp and murine lung ILC2 populations [17,18]. The precise effector function

of IL-4 in the context of ILC2s remains to be determined.

The regulation of ILC2s appears to involve a complex network of signals at the epithelial

barrier surface that results in their activation and acquisition of effector functions. ILC2s are

elicited by pathogens such as helminth parasites, viruses and fungi as well as allergens, and

are activated by the epithelial cell-derived cytokines IL-25, IL-33 and thymic stromal

lymphopoietin (TSLP) [11,19]. ILC2s are also activated by IL-2 and express the receptor for

IL-7, indicating that they also respond to other stromal and hematopoietic cell-derived

cytokines [20]. Beyond cytokine signals, ILC2s have recently been shown respond directly

to eicosanoids associated with the pathogenesis of asthma. Specifically, ILC2s are activated

by prostaglandin D2 (PGD2) [21] and leukotriene D4 (LTD4) [18] and are inhibited by

lipoxin A4 (LXA4) [21] (Fig. 1). Although asthma-associated eicosanoids appear to

influence ILC2 function, how cytokine- or tissue-specific signals may regulate the

functional and anatomic specialization of ILC2s remains unclear.

ILC2s and asthma

Although originally identified in the intestine and fat-associated lymphoid clusters [12–14],

lineage (Lin)-negative CD25+CD90+IL-33R+ ILC2s in the lung were first described in

murine models of influenza, where they were found to exhibit both protective [5] and

pathogenic [22] roles in response to virus-induced lung inflammation. Subsequently, IL-33-

induced ILC2s that produced IL-13 were shown to contribute to the development of AHR in

multiple murine asthma models in the absence of CD4+ T cells [23–27]. Similarly, in

models of allergen-induced airway inflammation, it was demonstrated that IL-25-, IL-33-

and TSLP-responsive ILC2s were critical to the development of allergic airway

inflammation in lymphocyte-deficient mice [7,28,29]. While all of these studies

demonstrated that lung-resident ILC2s produce IL-5 and IL-13 effector cytokines,

Stockinger and colleagues further demonstrated a critical role for IL-9 in the context of

papain-induced lung inflammation. Induction of allergic inflammation in IL-9 reporter mice

revealed that ILC2s also express IL-9 in an IL-2-dependent manner, which played a critical

role in promoting the survival of ILC2s and in the induction of IL-5 and IL-13 expression

(Table 1) [30].
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Multiple studies indicate that IL-33 is the most significant activator of IL-13-producing

ILC2s in allergic inflammation [17,24–26,31,32], but recent reports suggest that other

factors, such as eicosanoids, could also play a key role in promoting ILC2 responses in the

context of allergic airway inflammation. A recent study has shown that lung ILC2s express

the receptor for LTD4, and ligation of this receptor rapidly induces IL-5 production by

ILC2s. This process is abrogated by montelukast, a leukotriene receptor antagonist used in

the treatment of asthma [18]. In the same study, LTD4 but not IL-33 induced high levels of

IL-4 production by ILC2s [18]. Collectively, these studies demonstrated that lung-resident

ILC2s are activated by epithelial cell-derived cytokines and leukotrienes and promote

allergic inflammation in the lung in multiple model systems (Table 1). However, many

outstanding questions remain regarding the regulation and inhibition of ILC2 responses in

allergic airway inflammation and the mechanisms by which these cells migrate into and out

of lung tissue.

In humans, Lin− CD127+ CRTH2+ and Lin− CD127+ CD25+ CD90+ IL-33R+ lung ILC2s

were first identified in healthy fetal and adult lung tissue by flow cyotmetry [5,33] and

subsequently visualized by immunofluorescence as Lin− c-Kit+ CD161+ cells [21].

Although ILC2s have not been shown to be enriched to date in disease, elevated expression

of IL-25, IL-33 and TSLP has been demonstrated in human asthmatic lung tissue [34–36].

Further, human peripheral blood ILC2s respond to asthma-associated prostaglandin D2

(PGD2) by producing IL-13, and this process is inhibited by another molecule called lipoxin

A4 (LXA4)[21]. The studies described above, in which pathogenic LTD4-initiated murine

lung ILC2 responses were abrogated following treatment with montelukast, indicate that

ILC2s may be a relevant target in the treatment of asthma in patients (Table 1) [18]. Further

studies in human subjects will be required to determine whether ILC2s are pathogenic in

human asthma and whether these cells could be targeted therapeutically.

Chronic rhinosinusitis

Chronic rhinosinusitis (CRS) is a common complication arising from allergic rhinitis and,

when associated with nasal polyps, is strongly associated with type 2 cytokine production in

the nasal mucosa. CRS was the first human disease in which an accumulation of Lin−

CRTH2+ CD161+ ILC2s in inflamed tissue was clearly shown[33]. ILC2s in nasal polyps of

CRS patients were originally identified as being responsive to IL-25- and IL-33, and

subsequently shown to also respond to TSLP [17]. These studies highlighted that human

ILC2s produce IL-4, IL-5, IL-9 and IL-13, and express the TSLP receptor (TSLPR) [17]. A

recent study confirmed that ILC2s are enriched in ethmoid sinus mucosa of patients with

CRS and nasal polyps in comparison to control CRS patients without nasal polyps [32]. This

study also demonstrated that the ILC2s from CRS patients responded to IL-33-mediated

stimulation by producing IL-13 [32], further suggesting that ILC2s may contribute to the

pathogenesis of allergic upper airway disease in humans. Consistent with findings in prior

studies [17], TSLP has recently been shown to be highly expressed in the nasal polyps of

CRS patients (Table 1) [37]. Although IL-33 appears to be more potent than TSLP in

activating type 2 cytokine production from nasal polyp ILC2s [17], further studies will be

required to determine which cytokines optimally promote ILC2-mediated inflammation in

Kim et al. Page 4

Curr Opin Immunol. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



CRS and whether these cells have a causal role in the development of nasal polyps or

pathology in CRS patients.

Atopic dermatitis

Lesional human AD skin has been demonstrated to have elevated expression of IL-25, IL-33

and TSLP [38–41]. Additionally, ILC2s have been identified in both murine and human skin

and are enriched in the lesional skin of human AD patients [20,23]. Although IL-33 has

emerged as the dominant cytokine in the activation of ILC2s from murine lung [42], human

blood and nasal polyps [17], skin ILC2s were found to be IL-33- and IL-25-independent but

dependent on TSLP for their elicitation during murine AD-like disease [43]. Further, skin-

associated ILC2s could directly induce AD-like pathology and TH2 cell responses in vivo

[43]. In a subsequent study, intravital multiphoton microscopy was employed to visualize

interactions between skin-resident ILC2s and mast cells [20]. Further, skin ILC2s were

found to constitutively express IL-13 and produce IL-5 in response to IL-2-mediated

activation [20]. Collectively, these studies demonstrate that skin ILC2s promote type 2

cytokine-associated skin inflammation and coordinately interact with other innate and

adaptive cells in the skin to influence their function (Table 1). The unique dependence of

skin ILC2s on TSLP suggests that there may be additional differences in the regulation of

skin-resident ILC2 responses, but further studies will be required to fully assess the factors

that promote and regulate ILC2-mediated skin inflammation.

Food allergy

ILC2s were originally identified in gastrointestinal tissue and found to promote anti-

helminth immunity in the gut [12–14]. These studies identified that IL-25- and IL-33-

responsive ILC2s were critical for the development of type 2 cytokine-associated

inflammation and goblet cell hyperplasia that facilitate expulsion of Nippostrongylus

brasiliensis in the absence of adaptive immunity [12–14]. A more recent study has shown

that IL-33 is critical for the induction of IL-13 production by ILC2s to mediate worm

expulsion [31]. A murine model of oxazalone-induced colitis demonstrated that ILC2s

promote gut inflammation in an IL-25-dependent fashion [44]. In the context of food

allergy, elevated IL-25, IL-33 and TSLP responses have been observed in murine models

and in patients [45–47]. Taken together, these studies provoke the hypothesis that ILC2s

may promote gut inflammation in the context of food allergy through the expression of the

type 2 cytokines IL-4, IL-5 and IL-13. However, the specific role of ILC2s in murine

models of food allergy remains to be examined. In addition, although ILC2s have been

characterized in human fetal gut and in the gut of healthy subjects as well as patients with

inflammatory bowel disease, enrichment and accumulation of these populations has not been

demonstrated in inflamed human intestinal tissue [33], suggesting that further studies will be

required to elucidate the role of ILC2s in promoting intestinal allergic inflammation in

humans (Table 1).
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Conclusions and future directions

Originally described in the context of anti-helminth immunity, ILC2s appear to play a

variety of roles at multiple barrier surfaces including the upper and lower airways, skin and

gut [48]. However, there are a number of questions that remain regarding the function of

ILC2s. For example, the potential tissue-specific factors that regulate ILC2s remain poorly

understood. The body of evidence suggests that IL-33 may be the dominant cytokine for the

activation of lung and airway ILC2s [17,19,42], while IL-25 is critical for their elicitation in

gut inflammation [44]. In the skin, ILC2s appear to be predominantly regulated by TSLP in

the context of AD-like disease [43]. Collectively, whether IL-25, IL-33 or TSLP is the

dominant cytokine for the activation and/or elicitation of ILC2s at different barrier surfaces

remains to be fully determined. Additionally, recent studies have shown that ILC2s interact

with other innate cell populations such as mast cells[20] and that ILC2s can influence TH2

cell responses [43]. In this context, another recent study has identified that group 3 ILCs

(ILC3s) in the gut regulate CD4+ T cell responses to commensal bacteria via MHC II

expression [49], and MHC II expression has been previously demonstrated on ILC2s [13].

Thus, understanding how ILC2s may coordinately promote or regulate type 2 cytokine-

associated inflammation through interactions with various innate and adaptive cell

populations remains to be further explored. Moreover, the role that ILC2s play in food

allergy and other allergic diseases such as urticaria, eosinophilic gastrointestinal diseases,

and anaphylaxis remains entirely unexplored. Finally, future studies aimed at better

understanding the regulation and effector mechanisms of human ILC2s will be critical to

developing therapeutics that target ILC2s to treat allergic disease.
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Figure 1. ILC2s influence the development of Th2 cytokine-mediated inflammation through
multiple pathways
In response to helminth parasites or allergens, epithelial cells, macrophages, and mast cells

at multiple barrier surfaces, including the gut, lung and skin, produce the cytokines IL-25,

IL-33 and TSLP or eicosanoids that regulate the accumulation and activation of ILC2s.

Activated ILC2s produce effector molecules such as amphiregulin (Areg), IL-4, IL-5, IL-9

and IL-13. These factors influence the responses and cytokine production of innate effector

cells, including alternatively activated macrophages (AAMØ), eosinophils, mast cells and
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basophils. In addition, ILC2s influence adaptive responses through production of effector

molecules, and potentially interact with B cells and T cells through expression of ICOS or

MHC II, respectively. Together, ILC2-derived effector molecules and the influence of

ILC2s on other innate and adaptive immune cells contribute to the development of type 2

cytokine-mediated inflammation in the gut, lung and skin.
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