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Abstract

Recent discoveries have led to the identification of a novel group of immune cells, the innate 

lymphoid cells (ILCs). The members of this group are divided into three subpopulations: ILC1s, 

ILC2s, and ILC3s. ILC2s produce Th2 cytokines, IL-4, IL-5, and IL-13, upon activation by 

epithelial cell-derived cytokines, lipid mediators (cysteinyl leukotrienes and prostaglandin D2), 

and TNF family member TL1A and promote structural and immune cell responses in the airways 

after antigen exposure. In addition, ILC2 function is also influenced by inducible T cell 

costimulator (ICOS)/ ICOS-ligand (ICOS-L) interactions via direct contact between immune cells. 

The most common airway antigens are allergens and viruses which are highly linked to the 

induction of airway diseases with underlying type 2 inflammation including asthma and allergic 

rhinitis. Based on recent findings linking ILC2s and airway Th2 responses, there is intensive 

investigation into the role of ILC2s in human disease with the hope of a better understanding of 

the pathophysiology and the discovery of novel potential therapeutic targets. This review 

summarizes the recent advances made in elucidating ILC2 involvement in human Th2 airway 

disease.
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Introduction

Th2 inflammatory responses in the airway are characterized by the induction of Th2 

cytokines including IL-4, IL-5, and IL-13 that lead to IgE production, increased mucus 

production, and tissue eosinophilia that play important roles in asthma, allergic rhinitis, and 

nasal polyposis [1, 2]. Conventionally, the increased Th2 cytokine production present in 

these diseases was largely attributed to CD4+ Th2 cells. However, a report in 2001 showed 
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that a non-T/non-B accessory cell in mice produced IL-5 and IL-13 in response to IL-25 [3], 

and in 2010, three independent studies later identified these “accessory cells” as group 2 

innate lymphoid cells (ILC2s, originally termed natural helper cells, nuocytes, and innate 

type 2 helper cells) [4–7].

ILC2s develop from common lymphoid progenitors but lack the surface expression of the 

common lineage markers associated with T cells (CD3, CD4, and αβ/γδ TCR), B cells 

(CD19 and CD20), and other leukocytes including CD11c, CD14, CD16, CD56, and FcεR1. 

ILC2s are part of a larger group of lineage-negative lymphoid cells that include ILC1s and 

ILC3s and are distinctly different in their role in immunity. ILC1s and ILC3s produce Th1 

(IFNγ) and Th17 (IL-17, IL-22) cytokines, respectively. In contrast, ILC2s produce Th2 

cytokines regulated by GATA-3, the master Th2 cytokine transcription factor, which is 

highly expressed in CD4+ Th2 cells and has been shown to be critical to the development 

and function of ILC2s [8–10, 11••]. ILC2s are especially potent producers of IL-5 that 

mediates eosinophil activation and survival and IL-13 that regulates multiple aspects of 

airway inflammation, mucus metaplasia, smooth muscle remodeling, and airway 

hyperresponsiveness (AHR) [12•]. ILC2s can also produce IL-4 after stimulation with 

specific mediators including cysteinyl leukotrienes (CysLTs) and prostaglandin D2 (PGD2) 

[13, 14]. Most of the early investigations of ILC2s have been performed in mice, and the 

precise role ILC2s play in human disease has not yet been elucidated in part due to the lack 

of ILC2-specific markers. Studies of ILCs utilize negative selection with lineage antibodies 

(to exclude T, B, NK, NKT cells as well as others) followed by positive selection with CD45 

(hematopoietic marker) and one or more of IL-2Rα (CD25), CD44, IL-7Rα (CD127), ST2 

(IL-33R), and CRTH2 (receptor for PGD2) [15].

ILC2 populations are found in several tissues, including the respiratory and gastrointestinal 

tracts as well as the skin, and there are increasing numbers of studies demonstrating strong 

correlations between levels and activation of ILC2s in asthma, chronic rhinosinusitis (CRS), 

atopic dermatitis, and eosinophilic esophagitis [16–18, 19••, 20••, 21]. Importantly, ILC2s 

are not directly activated in an antigen-specific manner supporting a possible role in 

propagation of inflammatory disease independent of specific allergen exposure. Thus, 

triggers including viruses that often exacerbate asthma and CRS may also activate ILC2s. 

The involvement of ILC2s in human diseases outside of the airway, including atopic 

dermatitis, eosinophilic esophagitis, and obesity, is reviewed elsewhere [22, 23]. 

Additionally, this review will largely focus on the involvement of ILC2s in human airway 

diseases with brief mention of mouse model studies where insight from human studies was 

unavailable, also reviewed elsewhere [8, 15].

Sources of ILC2 Activation

ILC2 activation results in the production and secretion of Th2 cytokines that play pivotal 

roles in Th2-induced airway diseases. Initial studies of ILC2s demonstrated robust 

production of IL-5 and IL-13 [5, 6]. IL-5 is essential in the recruitment, activation, and 

survival of eosinophils [24], and IL-13 promotes mucus production, AHR, and fibrosis [25]. 

Our work and others have demonstrated that ILC2s also produce IL-4 which has a critical 

role in promoting CD4+ Th2 cell differentiation and IgE class switching [26]. ILC2s also 
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secrete IL-9, which promotes mast cell accumulation and mucus production [27]. 

Interestingly, ILC2s also secrete the epidermal growth factor receptor (EGFR) ligand 

amphiregulin (AREG) that may promote tissue repair in the lung after viral infections [28]. 

Human studies with asthmatics have shown the beneficial effects of blocking IL-4, IL-5, and 

IL-13, supporting the importance of Th2 cytokines in asthma [29]. Thus, ILC2s may 

regulate innate type 2 responses as well as critically link innate and adaptive responses in 

allergic airway diseases.

The activation of ILC2s is a downstream response to allergens and other antigens including 

viruses and therefore requires activation signals from other cell types. Interestingly, ILC2s 

have also recently been shown to interact directly (through cell contact) or indirectly 

(through mediator release) with several other cell types including T cells, basophils, mast 

cells, eosinophils, and epithelial cells [17]. This crosstalk between airway ILC2s and other 

cell types supports a significant role of ILC2s in orchestrating type 2 immune responses, as 

depicted in Fig. 1. The initial mediators found to initiate ILC2 activation were epithelial cell-

derived cytokines: IL-25, IL-33, and thymic stromal lymphopoietin (TSLP). More recently, 

studies have shown that ILC2s are activated by lipid mediators (CysLTs and PGD2) and 

TNF-like ligand 1A (TL1A), which have all been associated with Th2-driven diseases [30–

33]. Homeostatic survival and proliferation of ILC2s are regulated by IL-2 and IL-7 which 

signal through the common γ chain receptor [23, 34]. Importantly, other mediators reduce 

ILC2 activation including PGI2 and lipoxin A4 (LXA4) [35, 36]. The primary modulators of 

ILC2 function are described in more detail below.

IL-33

IL-33 potently induces early type 2 responses in mice and is elevated in asthmatic airways 

compared to nonasthmatics [37]. The cellular sources of airway IL-33 in humans include 

bronchial epithelial cells and smooth muscle cells [38, 39]. In addition, genomewide 

association studies in asthma show that IL-33 and its receptor, ST2, are linked with 

susceptibility to asthma [40]. IL-33 has also been linked to chronic obstructive pulmonary 

disease (COPD), CRS, and allergic rhinitis [41–43]. Further, recent studies detected 

increased airway IL-33 levels in asthmatics that correlated with elevated ILC2s [21, 44]. 

IL-33 is a unique cytokine as it is bound to nuclear chromatin in a biologically active 

immature form prior to being released as a danger signal during cellular stress including 

exposure to the fungal allergen Alternaria [45]. One report showed that the secretion of 

IL-33 in human bronchial airway epithelial cells exposed to Alternaria is dependent on ATP 

release and calcium influx [46]. After secretion, IL-33 binds to a heterodimeric receptor 

made up of ST2 and IL-1R accessory protein (IL-1RAcP) [47]. Importantly, IL-33 has broad 

effects on multiple cell types including ILC2s, mast cells, eosinophils, and Th2 lymphocytes 

[22, 47, 48]. In 2011, Mjosberg et al. demonstrated that human peripheral blood and fetal gut 

CRTH2-expressing ILC2s responded to IL-33 to produce IL-13 and ILC2s were detected in 

the fetal and adult lung, suggesting that human airway ILC2s might also respond to IL-33 

[49]. In support of these findings, previous mouse model studies have shown that IL-33 

activates ILC2s to induce type 2 lung inflammation [10, 50–52]. Thus, IL-33 is a dominant 

trigger of ILC2 activation in humans.
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IL-25

IL-25 (IL-17E) is a member of the IL-17 family but has a very distinct role in inflammatory 

responses compared with other IL-17 family members [3]. IL-25 is expressed in a variety of 

cell types including lung epithelial cells, eosinophils, mast cells, and Th2 cells [53]. Notably, 

IL-25 expression is increased in asthmatic airways after allergen challenge and may promote 

angiogenesis in asthma [54, 55]. Further, rhinovirus-induced airway inflammatory responses 

associated with asthma exacerbations are diminished by the blockade of IL-25 receptor in 

mice [56]. Together, these studies suggest a potential role for IL-25 in asthmatic airway 

responses.

Prior to the characterization of ILC2s, early work showed that a non-T/non-B cell type was 

activated by IL-25 [3]. Similar to IL-33, IL-25 promotes IL-5 and IL-13 production by 

ILC2s, though one study showed that IL-33 is more potent and faster acting than IL-25 in 

inducing ILC2 activation and airway inflammation in mice [49, 57]. Interestingly, another 

study demonstrated that IL-25 induces the expansion of a novel progenitor non-ILC2 subset 

of cells, termed MPPtype2 that can differentiate into basophils, mast cells, and macrophages 

in mice [58]. Thus, IL-25 may have a multitude of roles in type 2 inflammation apart from 

ILC2 activation.

TSLP

TSLP is primarily expressed by epithelial cells and is induced in response to toll-like 

receptor (TLR) agonists, infections, and allergens [59]. TSLP has effects on both innate and 

adaptive immunity during type 2 inflammatory responses. Harada et al. investigated the 

association between TSLP single nucleotide polymorphisms (SNPs) and allergic diseases 

and found several SNPs associated with asthma and pulmonary function [60]. TSLP 

expression is elevated in the airways of asthmatics, correlates with disease severity, and is 

also increased in atopic dermatitis, allergic rhinitis, and nasal polyposis [61, 62]. TSLP was 

initially shown to activate dendritic cells to induce CD4+ Th2 cell polarization through 

OX40/OX40L interactions [63]. The TSLP receptor is a heterodimer of TSLPR and IL-7Rα, 

which is expressed in human ILC2s [11••]. Importantly, TSLP induces IL-4, IL-5, and IL-13 

secretion from human blood and nasal polyp ILC2s, as well as enhanced ILC2 GATA-3 

expression [11••]. This study is in agreement with other studies performed in murine 

models, demonstrating TSLP activation of ILC2s [64, 65]. Finally, a recent allergen 

challenge study in asthmatics showed that anti-TSLP therapy reduced early- and late-phase 

responses [66]. Thus, there is strong support for TSLP as a key mediator in the pathogenesis 

of asthma and allergic inflammation.

Lipid Mediators

Eicosanoid lipid mediators contribute to many aspects of inflammation and include the 

prostaglandins and leukotrienes that are rapidly produced by activated mast cells, 

macrophages, dendritic cells, and eosinophils [32, 67]. PGD2 binds to CRTH2, which is 

expressed on Th2 cells, eosinophils, and ILC2s, and is produced in large quantities in 

response to IgE-induced mast cell activation [67]. Further, PGD2 is increased in patients 

with allergic rhinitis and severe asthma and is a potent bronchoconstrictor in both healthy 

and asthmatic subjects [33, 68–71]. Recently, PGD2 and CysLTs have been shown to 
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promote ILC2 activation, whereas PGI2 and LXA4 reduce ILC2 activity [14, 35, 36, 72]. In 

human peripheral blood ILC2s, PGD2 has been shown to increase IL-13 secretion above 

IL-2, IL-25, and IL-33 stimulation [36]. In addition, our group showed enhanced PGD2-

induced blood ILC2 chemotaxis from allergic compared with nonallergic individuals [72]. A 

subsequent report confirmed these findings and demonstrated that PGD2 induces migration 

of both human skin and blood ILC2s, as well as promotes ILC2 IL-4, IL-5, and IL-13 

production, which were mimicked by stimulating ILC2s with supernatants of activated mast 

cells [13].

Similar to PGD2, CysLT levels are also found to be elevated in asthma, allergic rhinitis, 

aspirin-exacerbated respiratory disease, and CRS and can induce airway mucus secretion 

and bronchoconstriction [32, 73, 74]. Administration of leukotrienes (LT) LTC4, LTD4, and 

LTE4 alone has been shown to induce bronchoconstriction in both asthmatics and 

nonasthmatics [75]. LTD4 binds with high affinity to the type 1 CysLT receptor (CysLT1R), 

which is also antagonized by montelukast. Our group has shown that mouse ILC2s express 

CysLT1R and that stimulation of ILC2s with LTD4 rapidly induces the secretion of IL-4, 

IL-5, and IL-13 in a CysLT1R-dependent manner in vitro and in vivo [14]. A subsequent 

study demonstrated that human ILC2s respond to CysLTs suggesting that mouse ILC2 

studies are translational to humans [13]. Thus, CysLTs and PGD2 that are present in human 

type 2 inflammatory airway diseases can potently activate ILC2s to produce Th2 cytokines.

While some lipid mediators promote ILC2 activation and Th2 inflammation, two lipid 

mediators have been shown to inhibit ILC2 function. A recent report by Zhou et al. 

demonstrated that a PGI2 analog inhibited human ILC2 expression of IL-5 and IL-13 after 

stimulation with IL-2 and IL-33 [35]. In addition, further findings in a mouse model showed 

that PGI2 inhibited ILC2 IL-5 and IL-13 secretion and reduced ILC2 proliferation. This 

study suggests a potential mechanism by which PGI2 may attenuate allergic airway 

inflammation through the inhibition of ILC2 activation. Another study previously 

demonstrated that LXA4, a proresolution and anti-inflammatory factor, inhibited IL-13 

production from human ILC2s that were stimulated with PGD2, IL-25, and IL-33 [36]. 

LXA4 is thought to be decreased in severe asthma, and this study provides a possible 

mechanism by which reduced levels of LXA4 in asthmatics may result in increased ILC2 

activity and ultimately unregulated asthmatic inflammation [76].

TL1A

The TNF family member TL1A (TNFSF15) is the ligand for DR3, a TNF receptor 

superfamily member (TNFRSF25) [77]. DR3 is commonly found on T cells and NKT cells 

but has recently been detected on ILC2s [31, 78]. Previous reports have suggested that 

TL1A/DR3 interactions contribute to type 2 inflammation in animal models [79]. Two recent 

reports have since demonstrated that TL1A promotes ILC2 responses [31, 78]. Treatment of 

human ILC2s with TL1A alone increased IL-5 and IL-13 production, and TL1A also 

enhanced IL-25 or IL-33 ILC2 activation [31]. Another report showed that TL1A 

costimulation induced ILC2 IL-13 secretion and that DR3 was required for ILC2 expansion 

after allergen challenge, but not after helminth infection in mice [78]. Together, these studies 

suggest that TL1A may promote ILC2 activation in specific conditions.
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ICOS/ICOS-L Interactions

Direct cellular interactions between ICOS and ICOS-ligand have very recently been shown 

to regulate ILC2 function [80•, 81, 82]. ICOS is part of the immunoglobulin superfamily and 

was thought to be expressed solely on activated or memory Tcells, whereas ICOS-L was 

thought to be expressed by B cells and antigen-presenting cells [83]. ICOS/ICOS-L 

interactions were previously known to have a role in the regulation of Th2 cytokine 

production, AHR, IgE production, and B cell differentiation in mouse models [84]. A recent 

study by Maazi et al. demonstrated that human peripheral blood ILC2s express both the 

ICOS receptor as well as ICOS-L and their expression was increased by in vitro culture with 

IL-2 and IL-7 but not IL-33 [80•]. Blockade of ICOS/ICOS-L interactions on human ILC2s 

in culture diminished both IL-5 and IL-13 secretion after stimulation with IL-2, IL-7, and 

IL-33. Further, ICOS promoted ILC2 survival signaling and initiated ILC2-induced 

inflammation and AHR in Alternaria- or IL-33-challenged mice. Additional studies 

performed by other groups have supported ICOS/ICOS-L interactions as an important 

pathway of mouse ILC2 proliferation, homeostasis, and activation [81, 82]. Thus, the direct 

contact between ICOS and ICOS-ligand regulates ILC2 function and represents a 

therapeutic target of ILC2 activation and lung inflammation.

ILC2 Responses Induced by Allergens and Viruses

ILC2 activation can be triggered by allergens including house dust mite (HDM), Alternaria 
alternata, and papain, as well as viruses including influenza, rhinovirus (RV), and respiratory 

syncytial virus (RSV). Most investigations into human ILC2 activation in the airways have 

been correlative. In order to investigate the effects of allergens and viruses on human 

airways, studies have utilized mouse models of lung inflammation induced by airway 

challenges with allergens and viruses. In-depth evaluation of these individual studies is 

reviewed elsewhere [15, 34], though increasing evidence from human studies suggests that 

similar pathways may occur in human airway disease.

A. alternata is a fungal allergen that is associated with severe and sometimes fatal/near-fatal 

asthma exacerbations in humans after exposure [85]. One of the more novel aspects about 

this fungal allergen is that it specifically promotes the rapid release of IL-33, which in turn 

rapidly activates downstream ILC2 responses [46, 86]. A recent study in children with 

severe asthma with fungal sensitization reported increased IL-33 in both the bronchoalveolar 

lavage (BAL) fluid and endobronchial biopsy specimen compared to children without fungal 

sensitization [44]. Our group and others have shown that even a single dose of Alternaria in 

unsensitized mice can induce rapid IL-33 release, ILC2 activation, and IL-33-dependent 

airway eosinophilia [10, 46, 51, 86]. Further, we have shown that Alternaria administered to 

mice during an adaptive response to a different allergen (rye grass) leads to enhanced 

eosinophilia, AHR, and ILC2 activation [87]. Importantly, the ILC2-driven response to 

Alternaria occurs independent of adaptive immunity as mice lacking B and T cells are able 

to mount the same response as wild-type mice. The triggering of the IL-33-ILC2 axis by 

Alternaria suggests an IgE-independent mechanism of induction of AHR and type 2 

inflammation.
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HDM sensitization and exposure is thought to contribute to the development and symptoms 

of asthma [88]. Though adaptive Th2 responses to HDM are well characterized, recent 

evidence suggests that relevant innate airway responses may drive ILC2 activation. HDM 

activates TLRs on the surface of epithelial cells and induces epithelial cell-derived cytokine 

secretion as well as activates mast cells in an IgE-independent manner [89, 90]. Recently, 

one study found that HDM induces ILC2 expansion in the lung and BAL of mice and 

showed that ILC2s are important Th2 cytokine producers comparable to CD4+ cells during 

repetitive challenges [12•]. In another report, mice that lack ILC2s but have CD4 cells had 

reduced levels of Th2 cytokines and IgE after HDM challenges, thus highlighting the 

importance of ILC2s in bridging innate to adaptive Th2 responses [91].

Papain is an inhaled protease allergen known to induce occupational asthma [92]. Papain 

contains cysteine protease activity that activates epithelial IL-33 production, and several 

studies have investigated the effects of papain on ILC2 activation in mice [93–98]. Similar to 

Alternaria, papain induces eosinophilic lung inflammation in the absence of T and B cells, 

and depletion of ILC2s abrogates this response suggesting that ILC2s have a dominant role 

in papain-induced lung inflammation [94, 95]. Though studies in humans exposed to papain 

are limited, the animal models suggest a potential role for ILC2s in papain-induced 

occupational asthma.

Respiratory viruses including RV, influenza virus, and RSV have been implicated in asthma 

development and exacerbation [99, 100]. Mouse studies have shown that IL-33 is released in 

response to influenza infection leading to ILC2 activation that promoted AHR or induced 

tissue repair [50, 101–104]. Additionally, increased IL-25 secretion and ILC2 activation 

have been reported after RV infection in neonatal mice [105]. Another study found that RSV 

infection in mice induced ILC2 IL-13 production in an IL-33-ST2-dependent manner [106]. 

Importantly, there is one human study that investigated IL-33 production and ILC2 

activation after in vivo rhinovirus challenges performed in asthmatics and controls [107••]. 

The authors found that IL-5, IL-13, and IL-33 levels were elevated in the BAL and nasal 

fluid of asthmatics after RV infection compared to baseline and nonasthmatics. Importantly, 

the in vitro addition of supernatants from rhinovirus-infected epithelium added to purified 

ILC2s led to IL-33-dependent Th2 cytokine production. Thus, rhinovirus may induce asthma 

exacerbations in part through an IL-33/ILC2 pathway.

ILC2s in Human Airway Disease

Animal model studies support the notion that ILC2s may play an important role in type 2 

airway diseases. Recently, ILC2s have been detected in samples from patients with asthma, 

allergic rhinitis, and chronic rhinosinusitis with nasal polyposis (Table 1), suggesting that 

they may contribute to human disease. Combined with animal data, further human ILC2 

studies may lead to advances in understanding disease pathogenesis as well as human ILC2 

biology.

Asthma

Asthma is a chronic inflammatory disorder, resulting in shortness of breath, wheezing, 

excessive mucus production, and airway remodeling. Evidence of Th2 inflammation has 
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been detected in the airways of a large subset of asthmatics [116]. Though the adaptive 

CD4+ Th2 paradigm may explain IgE and CD4+ cell-specific response to allergens, other 

triggers including viral infections and tobacco smoke have been shown to worsen asthma 

symptoms suggesting that innate immune pathways contribute. Asthmatics have elevated 

airway levels of IL-33, TSLP, IL-25, PGD2, and CysLTs which have been shown to activate 

ILC2s [39, 54, 61, 68, 117]. Two studies set out to determine whether ILC2 levels differed in 

the peripheral blood of asthmatics. Barnig et al. found no differences in peripheral blood 

ILC2 levels between severe asthmatics, mild asthmatics, and healthy individuals [36]. 

However, Bartemes et al. detected higher ILC2 levels in the blood of allergic asthmatics 

compared to patients with allergic rhinitis and healthy individuals [110]. Further, they found 

that IL-5 production from peripheral blood ILC2s of allergic asthmatics was more 

responsive to IL-33 and IL-2 treatment compared with healthy individuals and patients with 

allergic rhinitis. The differences in findings may stem from diverse patient populations and 

whether or not they were allergic.

Importantly, several groups have recently examined the presence of ILC2s in the airways of 

asthmatics. Christianson et al. found elevated ILC2s, and specifically IL-13-producing 

ILC2s, in the BAL fluid of asthmatics compared to controls, which also suggests heightened 

activation of ILC2s in asthmatics [111]. In addition, two recent studies found elevated ILC2 

levels in the sputum and blood of adult severe asthmatics compared to mild asthmatics, as 

well as in the BAL, induced sputum, and blood of children with severe asthma compared to 

children without [19••, 20••]. Notably, the adult asthmatics were treated with systemic 

corticosteroids (CS) and had activated airway ILC2s despite CS use. These reports implicate 

ILC2s in the pathogenesis of severe asthma for which there are limited treatment options, 

and targeting ILC2s or their regulatory cytokines represents a therapeutic strategy.

Allergic Rhinitis

Allergic rhinitis is an IgE-mediated response to inhaled allergens that involves many 

inflammatory cells from the innate and adaptive immune systems including T and B cells, 

mast cells, basophils, eosinophils, and dendritic cells. Cross-linking of IgE on mast cells 

induces a plethora of mediator release including histamine, CysLTs, and prostaglandins. 

CysLTs and PGD2 are therefore available to rapidly activate ILC2s, thus supporting a role 

for an adaptive IgE response in stimulating innate Th2 cytokine-producing cells. 

Interestingly, a recent study investigated the ability of human IgE-activated mast cells to 

generate active IL-33 and found that activation of mast cells results in the generation of 

proteases able to cleave full-length IL-33 into more biologically active forms [118]. In 

addition, the report showed that the cleaved forms of IL-33 were able to directly activate 

mouse lung ILC2s with greater potency than full-length IL-33, as demonstrated by increased 

IL-5 and IL-13 secretion and further providing a direct connection between IgE responses 

and ILC2 activation. This is in agreement with another mouse model study highlighting the 

mast cell/IL-33/ST2 axis in IgE-dependent inflammation [119].

There are currently only a few human studies investigating ILC2s in allergic rhinitis in 

humans [108••, 109]. Our group has demonstrated a significant increase in the percent of 

peripheral blood ILC2s 4 h postnasal cat allergen challenge of cat-allergic individuals 
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compared with diluent challenge in the same individuals at a separate visit [108••]. One 

possible mechanism of the increase in peripheral blood ILC2s during nasal allergen 

exposure may be that ILC2s are recruited from the bone marrow into circulation. Another 

group investigated the association between seasonal allergic rhinitis (SAR) and peripheral 

blood ILC2 levels measured in and out of the grass pollen season from nonatopic, SAR, and 

SAR individuals who received subcutaneous immunotherapy (SCIT) [109]. Consistent with 

our findings, the group demonstrated that ILC2 levels were significantly increased in SAR 

individuals during grass pollen season and this increase was not present in nonatopic and 

SAR with SCIT individuals. A key question remains in both reports regarding the origin and 

destination of the peripheral blood ILC2s during allergen exposure.

Chronic Rhinosinusitis with Nasal Polyposis

CRS is defined by inflammation of the epithelial lining of the nose and sinuses for over 12 

weeks and is often associated with the presence of nasal polyps [120]. Comorbidities 

including asthma and COPD are associated with CRS [121]. Several groups have recently 

shown an enrichment of ILC2s in sinus and nasal polyp tissue (CRSwNP), suggesting that 

ILC2s may contribute to the pathophysiology of CRSwNP [49, 113–115]. Mjosberg et al. 

first reported the presence of ILC2s in nasal polyps that respond to IL-33 and TSLP 

(expressed by nasal polyp epithelium) and induce polyp ILC2 IL-13 production [11••, 49]. 

In addition, the authors showed that ILC2 GATA-3 is enhanced by TSLP and required for 

ILC2 IL-13 production. Shaw et al. demonstrated elevated ST2+ ILC2s, as well as an 

increase in ST2 expression in the inflamed sinus mucosa, and an increase in IL-33 

production from sinonasal epithelial cells from CRSwNP patients compared to CRS patients 

without nasal polyps (CRSsNP) and healthy controls [112]. They further showed that ILC2s 

responded to IL-2 and IL-33 stimulation and produced IL-13, thus suggesting a possible 

mechanism by which sinonasal epithelial cells secrete IL-33 and activate ILC2s to produce 

IL-13 in CRSwNP. Our group has shown that ILC2s were significantly elevated in 

eosinophilic compared with noneosinophilic nasal polyp endotypes thus further implicating 

ILC2s in human eosinophilic disease [113]. Additionally, we found that patients treated with 

systemic CS had reduced NP ILC2s and, using a mouse model, showed that mouse ILC2s 

are susceptible to CS treatment. However, another study has suggested that TSLP induces 

ILC2 CS resistance, and perhaps the context dictates whether ILC2s are sensitive or resistant 

to CS [122].

Other Lung Diseases

Aside from asthma, some studies have investigated the role of ILC2s in other lung diseases 

including pulmonary fibrosis and primary spontaneous pneumothorax (PSP). Hams et al. 

demonstrated increased IL-25 and ILC2 levels in the lung tissue and BAL of subjects with 

idiopathic pulmonary fibrosis [123]. In addition, they utilized a mouse model of pulmonary 

fibrosis and found that IL-25-driven ILC2 secretion of IL-13 was sufficient to cause collagen 

deposition in the lungs of challenged mice. Another report demonstrated an increase in ILC2 

levels in the pleural fluid of patients with PSP and that either IL-33 alone or pleural fluid 

from PSP patients could induce ILC2 IL-5 production resulting in eosinophilic pleural 

effusion [124]. These studies highlight ILC2 involvement in a wider array of diseases and 

may identify novel pathways induced by ILC2 responses in human disease.
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Summary

ILC2s are newly discovered innate immune cell members that have been shown to have an 

important role in airway Th2 immunity. ILC2s are activated by several key inflammatory 

mediators including epithelial cell-derived cytokines and lipid mediators. These mediators 

are released from epithelial cells as well as other structural cells and immune cells. 

Activation of ILC2s results in a rapid and robust release of IL-4, IL-5, and IL-13 known to 

participate in airway eosinophilia, mucus production, AHR, and tissue remodeling. The 

activation of ILC2s provides a mechanism by which the innate immune response to allergens 

and viruses can facilitate Th2 inflammation independent of adaptive immunity. Current 

ILC2 investigations are challenging due to the rarity of ILC2s in tissues and the lack of 

specific positive cell surface markers as well as consistent methods of identification and 

isolation. Despite these limitations, there are a growing number of successful human studies 

demonstrating ILC2s in Th2 airway diseases, and mouse models strongly support the 

contribution of ILC2s in these diseases. However, studies beyond the scope of this review 

also suggest a protective role for ILC2s in tissue repair and metabolism. Therefore, although 

ILC2s are becoming promising candidates for targeting Th2 inflammatory diseases, more 

work is needed to characterize the role of this novel population of cells in health and human 

disease.
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Fig. 1. 
Sources of ILC2 activation and downstream mediators. Upon exposure to environmental 

antigens including viruses and allergens, airway epithelial cells rapidly release cytokines 

IL-25, IL-33, and TSLP that directly activate ILC2s. Additionally, PGD2 and CysLTs from 

activated mast cells and eosinophils, as well as TL1A produced by DCs, can potently 

activate ILC2s. Allergens induce CysLT and PGD2 production from mast cells through 

binding of surface IgE. Activation of ILC2s results in the secretion of Th2 cytokines IL-5, 

IL-9, and IL-13. AREG is largely made by ILC2s after stimulation with IL-33, and IL-4 is 

produced by ILC2s after stimulation with CysLTs, PGD2, and TSLP. These mediators can 

then influence other airway cells to induce adaptive Th2 cell differentiation, eosinophil 

recruitment and activation, AHR, mucus production, and tissue repair and remodeling. 

CysLT cysteinyl leukotrienes, PGD2 prostaglandin D2, AREG amphiregulin
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Table 1

Relevant human studies of ILC2s in airway disease

Disease Outcome Reference

Allergic rhinitis Allergen challenge increased peripheral blood ILC2 levels in allergic individuals. [108••]

ILC2 levels in peripheral blood increased during grass pollen season in individuals with seasonal allergic 
rhinitis.

[109]

Asthma ILC2s are present in the peripheral blood of asthmatics and healthy controls, however, not in 
significantly different levels.

[36]

ILC2s were elevated in the peripheral blood of atopic asthmatics, and circulating ILC2s were found 
responsive to IL-33 and secrete IL-5 and IL-13.

[110]

IL-33, ILC2, and IL-13-producing ILC2 levels were increased in the BAL fluid of asthmatics. [111]

IL-5- and IL-13-producing ILC2s were elevated in both the blood and sputum of severe asthmatics 
compared to mild asthmatics.

[19••]

ILC2 levels were higher in the sputum collected from severe asthmatic children compared to children 
with recurrent lower respiratory tract infections.

[20••]

Chronic rhinosinusitis ILC2s are enriched in nasal polyps of CRS patients. [49]

Increased ILC2s in inflamed sinonasal mucosa in patients with CRSwNP compared to patients with 
CRSsNP and increased IL-33 induced IL-13 secretion.

[112]

ILC2s enriched in eosinophilic nasal polyp endotype and were inversely related to systemic steroid use. [113]

CRSwNP and allergic CRS positively correlated with ILC2, IL-5, and IL-13 levels. [114]

CRS patients with coexisting asthma or allergy had increased ILC2 levels. ILC2 levels positively 
correlated with nasal symptom score and blood eosinophil counts.

[115]
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