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Abstract

As the first line of defense, innate immunity plays an important role in protecting the host against
pathogens. Innate lymphoid cells (ILCs) are emerging as important effector cells in the innate
immune system and the cell type that regulates immune and tissue homeostasis. ILC2s are a subset
of ILCs and are characterized by their capacity to produce large quantities of type 2 cytokines and
certain tissue growth factors. In animal models, lung ILC2s are involved in allergic airway
inflammation induced by exposure to allergens even in the absence of CD4* T cells and are likely
responsible for tissue repair and recovery after respiratory virus infection. ILC2s are also
identified in various organs in humans, and the numbers are increased in mucosal tissues from
patients with allergic disorders. Further investigations of this novel cell type will provide major
conceptual advances in our understanding of the mechanisms of asthma and allergic diseases.
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INTRODUCTION

Innate immunity plays an important role in protecting the host against pathogens such as
bacteria, viruses, and parasites. Innate lymphoid cells (ILCs) are emerging as important
effector cells of the innate immune system that are involved in pathogen clearance,
lymphoid organogenesis, and tissue remodeling. These cells are derived from a common
lymphoid progenitor, exhibit lymphoid morphology, lack rearranged antigen receptors, and
express no conventional lymphocyte or dendritic cell (DC) phenotypic markers.

Based on their cytokine production profiles and the transcription factors utilized for their
development and functions, ILCs have been recently categorized into three groups: group 1
ILCs (ILC1s), group 2 ILCs (ILC2s), and group 3 ILCs (ILC3s) (Spits et al., 2013). ILC1s
comprise IFN-y-secreting ILCs that likely use transcription factor T-bet for lineage
commitment. ILC2s comprise type 2 cytokine-producing ILCs that require transcription
factor GATAS for their development and function. ILC3s comprise IL-17- and/or IL-22-
producing ILCs that are dependent on transcription factor RORyt for lineage specification.
In this review, we will specifically focus on ILC2s, especially ILC2s in the lung, and discuss
their functional roles in allergic airway diseases.
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General features of ILC2s

ILC2s are considered to be the counterpart of Th2-type CD4* T cells in the adaptive
immune system. They characteristically produce type 2 cytokines, such as IL-5 and IL-13.
ILC2s were first described in mice in the early 2000s as non-B/non-T cells that secrete I1L-5
and IL-13 in response to IL-25 (Fort et al., 2001; Hurst et al., 2002). A subsequent study
showed that these IL-25-responsive ILCs play important roles in Nippostrongylus
brasiliensis worm expulsion (Fallon et al., 2006). In 2010, ILC2s were characterized in
detail by three groups, and they were independently named as natural helper cells, nuocytes,
and innate helper 2 cells (Moro et al., 2010; Neill et al., 2010; Price et al., 2010). They were
later named group 2 ILCs (ILC2s) in a consensus report (Spits et al., 2013).

Generally, mouse ILC2s are negative for classical cell surface markers for T cells, B cells,
natural killer (NK) cells, myeloid cells, and DCs, including CD3, CD4, CD8, CD5, CD19,
B220, TCR, NK1.1, Terl119, Gr-1, Mac-1, CD11c, CD14, and CD16/32; thus, they are
designated lineage-negative (Lin™). Mouse ILC2s do express ST2 (IL-33 receptor), CD127
(IL-7R a-chain), ICOS, CD117 (c-kit), Thyl, IL-17RB (IL-25 receptor), CD44 and CD25
(IL-2R a-chain). Mouse ILC2s are widely distributed in the tissues, including fat-associated
lymphoid clusters (FALC), mesenteric and mediastinal lymph nodes, liver, spleen, intestine,
bone marrow, visceral adipose tissue and lung. Developmentally, ILC2s arise from common
lymphoid precursors in the bone morrow and require common IL-2 receptor y-chain (cy),
transcription factor inhibitor of DNA binding 2 (1d2), nuclear orphan receptor RORa and
transcription factor GATAS for their development and differentiation (Hoyler et al., 2012;
Moro et al., 2010; Wong et al., 2012; Yang et al., 2011). Mature mouse ILC2s are activated
to produce type 2 cytokines, including IL-4, IL-5, IL-9 and IL-13, in response to the
cytokines, such as IL-25, I1L-33 and thymic stromal lymphopoietin (TSLP) (Kim et al., 2013;
Mjosberg et al., 2012; Moro et al., 2010; Neill et al., 2010; Price et al., 2010), that are
devived from epithelial cells and certain immune cells.

Initial studies on mouse ILC2s demonstrated their critical roles in innate immunity against a
variety of organisms. For example, ILC2s play critical roles in protective immunity against
helminth infection (Moro et al., 2010; Neill et al., 2010; Price et al., 2010), in influenza-
induced lung inflammation and airway hyperreactivity (AHR) (Chang et al., 2011), and in
respiratory epithelial repair after influenza infection (Monticelli et al., 2011). ILC2s and
their cytokines also play pathological roles in allergen-induced airway inflammation
(Barlow et al., 2012; Bartemes et al., 2012; Halim et al., 2012; Kim et al., 2012) and skin
inflammation (Kim et al., 2013; Roediger et al., 2013). Some homeostatic and tissue
remodeling roles for ILC2s have been reported, including eosinophil homeostasis (Molofsky
et al., 2013; Nussbaum et al., 2013) and hepatic fibrosis (McHedlidze et al., 2013).

Multipotent progenitor type 2 (MPPYPe2) cells are likely a special subset of ILC2s. These
cells were originally discovered in the gut-associated lymphoid tissue of IL-25-treated mice
(Saenz et al., 2010); they are also found in blood, lymph nodes, lung and the peritoneal
cavity (Saenz et al., 2013). Unlike other ILC2s, MPPYPe2 cells display a multipotent
capacity to differentiate into monocyte/macrophage and granulocyte lineages (Saenz et al.,
2010). In addition, MPPYPe2 cells can present antigens to T cells and promote Th2-type
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differentiation. A recent study demonstrated that MPPYPe2 cells are predominantly activated
by IL-25, but not IL-33, and exhibit distinct transcriptional profiles and developmental
requirements as compared to ILC2s (Saenz et al., 2013), suggesting that MPPYPe2 cells and
classical ILC2s are distinct subsets.

Lung ILC2s at resting condition

ILC2s are normally resident in the lungs of naive animals. In the lungs of naive mice, ILC2s
are Lin™ and generally express various cell surface markers, including CD117, CD122
(IL-2R B-chain), CD25, CD127, Ly5.2, Thyl, Sca-1, ST2, CD69, CD9, CD38, MHC class
I, CD44 and ICOS (Bartemes et al., 2012; Halim et al., 2012; Monticelli et al., 2011; Price
et al., 2010). Some heterogeneity in the expression of cell surface molecules is also observed
among the studies, likely due to differences in the experimental models and housing
conditions of the animals. Combinations of these cell markers are used to identify and
isolate ILC2s among the Lin™ populations in the lung of naive mice (Figure 1A).
Importantly, lung ILC2s are present in Rag2~/~ mice and ST2~/~ mice (i.e. deficient in
IL-33R), suggesting that they do not require TCR recombination or 1L-33 for their
development. In contrast, mice that are deficient in IL-2 receptor common vy-chain (cy),
IL-7R a-chain or transcription regulator 1d2 lack mature ILC2s, consistent with their
dependency on IL-7 and 1d2 for their development.

Lung ILC2s are a rare cell population. In wild-type C57BL/6 mice, lung ILC2s represent
only 0.25-1% of total live cells in the lung. ILC2s are located in collagen-rich regions close
to the confluence of medium-sized blood vessels and airways, but not in alveolar areas of
the lung (Nussbaum et al., 2013). Resting lung ILC2s have morphology similar to that of
resting lymphocytes, with no apparent intracellular granule structures (Bartemes et al.,
2012). However, once they are stimulated with IL-33, lung ILC2s increase in size and
display pronounced endoplasmic reticulum and Golgi apparatus (Figure 1C).

Resting lung ILC2s also display a gene expression profile distinct from those of
macrophages, DCs, CD4* T cells, NK cells, y8T cells, and regulatory T cells (Treg) in the
lung. More specifically, ILC2s show high mRNA expression levels of Gata3, Rora, Cd69,
112ra, 112rg, ll4ra, I7r, 117rb, 111rl1, 115, and 1113 (Halim et al., 2012). IL-5 and IL-13
transcripts were also detected in resting lung ILC2s in cytokine reporter mice (Ikutani et al.,
2012; Nussbaum et al., 2013; Price et al., 2010). At the protein level, ELISAs could not
detect IL-5 and IL-13 in the culture supernatants of naive and resting lung ILC2s (Bartemes
etal., 2012; Halim et al., 2012). However, ELISPOT assays revealed IL-5-producing lung
ILC2s when cultured in medium alone (Nussbaum et al., 2013), suggesting constitutive but
minimal production of IL-5 by resting ILC2s. Interestingly, this constitutive expression of
IL-5 by ILC2s may play a role in regulating eosinophil homeostasis in various organs
(Molofsky et al., 2013; Nussbaum et al., 2013). Some controversies exist as to expression of
IL-4. Although gene microarray analysis shows no or low expression levels of 114 (Halim et
al., 2012), IL-4 transcripts were found in ILC2s in the lungs of IL-4 reporter mice (Price et
al., 2010).
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Regulation and function of lung ILC2s

Exposure of lung ILC2s to cytokines and other inflammatory mediators rapidly activates
their effector functions. For example, IL-33 activates lung ILC2s to produce large quantities
of IL-5 and IL-13 in vitro (Bartemes et al., 2012; Halim et al., 2012) (Figure 1B). While
IL-25 and TSLP do not activate lung ILC2s by themselves, they synergistically enhance
cytokine production by ILC2s (Halim et al., 2012). IL-25 and 1L-33 also promote expansion
and/or migration of lung ILC2s, as intraperitoneal or intranasal administration of 1L-25 or
IL-33 increased ILC2 cell numbers in lung tissues and draining lymph nodes in vivo (Barlow
et al., 2012; Price et al., 2010). IL-33 is likely more potent than IL-25 in inducing ILC2 cell
expansion (Barlow et al., 2013). While stimulatory effects of TSLP on lung ILC2s have not
been demonstrated, TSLP has been shown to activate skin ILC2s (Kim et al., 2013),
suggesting specialization of ILC2s in different organs.

Lung ILC2 activities can also be regulated by IL-2-family cytokines. In vitro, neither I1L-2
nor IL-7 alone induces significant IL-5 and I1L-13 production by ILC2s. However, these two
cytokines synergistically enhance 1L-33- and IL-25-induced proliferation and type 2
cytokine production by lung ILC2s (Bartemes et al., 2012; Halim et al., 2012; Monticelli et
al., 2011). Interestingly, IL-2 itself stimulated lung CD25* ILCs, which have phenotypes
similar to those of ILC2s, to produce type 2 cytokines and IL-9 in culture (Wilhelm et al.,
2011). IL-9 produced by ILCs may have a positive feedback effect on ILCs, since lung ILCs
cultured with IL-9 increased production of type 2 cytokines (Wilhelm et al., 2011). 1L-9
might enhance ILC2 function by upregulating the anti-apoptotic protein BCL-3 in lung
ILC2s, thereby promoting ILC2 survival (Turner et al., 2013). In addition, TL1A, a TNF
superfamily member, has also been reported to induce ILC2 cell expansion (Yu et al., 2013).

Besides cytokines, lung ILC2s can be regulated by lipid mediators that are generated during
allergic inflammation. In vitro, leukotriene D4 (LTD,) potently stimulates mouse lung
ILC2s to produce not only IL-5 and IL-13 but also a large amount of IL-4; IL-4 is not
generally produced by ILC2s when stimulated with IL-33 (Doherty et al., 2013). Intranasal
administration of LTD,4 led to expansion of IL-5-producing ILC2s in the lung in vivo.
Furthermore, LTD4 potentiated proliferation and accumulation of ILC2s in mice exposed to
the fungus Alternaria (Doherty et al., 2013). Prostaglandin D, (PGD>) and lipoxin A4
(LXA) have also been shown to regulate migration and functions of ILC2s that are isolated
from human peripheral blood (Barnig et al., 2013; Chang et al., 2013).

Cytokines, in particular type 2 cytokines, are considered a major product of activated lung
ILC2s. Lung ILC2s have been found to produce IL-4, IL-5, IL-9, IL-13 and GM-CSF
protein (Bartemes et al., 2012; Halim et al., 2012; Wilhelm et al., 2011). In particular, IL-5
and IL-13 protein are produced in large quantities by ILC2s, perhaps beyond the levels that
are produced by Th2-type CD4* T cells, making these cells a unique “factory” of cytokines
(Bartemes et al., 2012). IL-9 protein expression by ILC2s has been shown in culture
supernatants of 1L-33-stimulated lung ILC2s and in papain-treated mouse lungs (Bartemes et
al., 2012; Wilhelm et al., 2011). While lung ILC2s that are stimulated with cytokines do not
produce detectable amounts of IL-4 protein (Bartemes et al., 2012; Halim et al., 2012),
LTD4-treated lung ILC2s produced a large amount of IL-4 (Doherty et al., 2013).
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Potential crosstalk between ILC2s and other immune cells

Besides producing cytokines, ILC2s may work with other immune cells and orchestrate
immune responses as a part of the immune system network. The functions of ILC2s are
clearly regulated by other immune cells. For example, the major ILC2-activating cytokine
IL-33 is produced not only by epithelial cells but also by several types of immune cells,
including natural killer T (NKT) cells, alveolar macrophages, DCs, and mast cells (Chang et
al., 2011; Gorski et al., 2013; Hsu et al., 2010; Kim et al., 2012). Theoretically, each of these
IL-33-producing immune cells can regulate ILC2 functions during the immune response.
Indeed, both NKT cells and alveolar macrophages have been shown to enhance IL-5
production by ILC2s in mice infected with influenza virus (Gorski et al., 2013). In addition,
ILC2 cell numbers were not maintained in Rag2~/~ mice infected with helminths or
challenged with the protease papain (Neill et al., 2010; Wilhelm et al., 2011), suggesting that
adaptive immune cells (presumably T cells) are required for ILC2 expansion, migration or
survival. By multiphoton microscopy, skin ILC2s have been shown to interact physically
with mast cells (Roediger et al., 2013), although the functional outcome of this interaction is
unknown.

Several pieces of evidence also suggest that ILC2s affect the functions of cells in the
adaptive immune system. Using a helminth infection model, Neil and colleagues showed
that adoptively transferred spleen ILC2s enhance IL-13 production by mesenteric lymph
node cells (presumably by T cells) from 1117br~/~ mice, suggesting that ILC2s could
regulate antigen-specific T cell responses (Neill et al., 2010). MPPYPe2 ce|ls have been
shown to promote the proliferation and Th2 cytokine production of antigen-specific CD4* T
cells in an MHC class I1- and IL-4-dependent manner (Saenz et al., 2010). Using an in vitro
approach, Drake et al. recently reported that lung ILC2s enhance CD4* T cell proliferation
and Th2 cytokine production when the isolated cell populations were cultured together
(Drake et al, 2013). Both OX40/0OX40L interaction and ILC2-derived I1L-4 appeared to play
important roles in this CD4* T cell-1LC2 interaction.

ILC2s can also interact with B cells. Moro et al. reported that FALC-derived ILC2s enhance
B1, but not B2, cell proliferation in an IL-5-dependent manner (Moro et al., 2010).
Production of 1gA (but not 1gG1, 1gG2b or 1gG3) antibody by splenic B cells was enhanced
by ILC2s. Recently, lung ILC2s were shown to promote both B1 and B2 cell expansion and
antibody production in vitro (Drake et al, 2013). In this condition, lung ILC2s enhanced
production of not only IgA but also IgM, IgG1 and IgE classes of antibodies by B cells. The
reasons for the differences between the observations in these studies are not totally clear but
may be explained by the different tissue origins of the ILC2s (Bartemes et al., 2012; Halim
etal., 2012; Moro et al., 2010). While further studies are necessary, the potential implication
of these observations may be significant in furthering our understanding of the regulatory
mechanisms of type 2 immunity.

Roles of ILC2s in asthma and allergic airway responses

Asthma, a major public health problem affecting millions of people worldwide, is an
inflammatory disorder of the airways that is characterized by chronic inflammation, AHR
and airway remodeling (Kim et al., 2010). Generally, allergic asthma is thought to be
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mediated by dysregulated production of Th2-type cytokines, although the involvement of
other cell types, such as Th17 cells, has also been implicated (Halwani et al., 2013). The
pathological roles for Th2 cytokines have been well established. IL-4 promotes IgE
production by B cells. IL-5 regulates eosinophil recruitment and maturation. IL-9 and IL-13
induce mast cell differentiation and maturation. IL-13 is also important for mucus
production by goblet cells, airway remodeling and development of AHR (Holgate, 2012;
Kim et al., 2010).

Although CD4* T cells are the important source of these Th2 cytokines, recent studies in
mouse models demonstrate that ILC2s can also serve as a major innate source for type 2
cytokines. For example, using an influenza infection model in mice, Chang et al. showed
that H3N1 influenza virus induces rapid development of neutrophilic airway inflammation
and AHR independent of the adaptive immune system (Chang et al., 2011). In this model,
lung ILC2s were essential for development of AHR. Indeed, depletion of ILC2s attenuated
AHR, and adoptive transfer of isolated ILC2s induced AHR in 11137/~ recipients, suggesting
arole for ILC2, in particular ILC2-derived 1L-13. Furthermore, 1L-33 derived from
macrophages likely plays a key role in activation of ILC2s because ST2~/~ mice failed to
develop AHR or airway inflammation (Chang et al., 2011).

Subsequent studies established the functional importance of ILC2s in allergic airway
inflammation. When mice were intranasally administered with a natural fungal allergen
Alternaria alternata or a protease allergen papain, lung ILC2s produced and secreted I1L-5
and IL-13, resulting in airway eosinophilia and increased mucus production (Bartemes et al.,
2012; Halim et al., 2012). Furthermore, blockade of the IL-33/ST2 pathway by antibody
treatment or by genetic depletion of ST2 abrogated the pathological effects of ILC2s,
suggesting that IL-33 released by allergen exposure plays a key role in activating ILC2s.
Because IL-7 is indispensable for development of lymphocytes and lymphoid cells, 117r~/=
mice are deficient in mature CD4* T cells and all ILC subgroups (Walker et al., 2013).
Importantly, 117r~/~ mice reconstituted with isolated lung ILC2s alone developed airway
eosinophilia and pathologic changes comparable to those of wild-type mice when they were
exposed to Alternaria (Figure 2), suggesting that ILC2s are sufficient to mediate allergic
airway inflammation even in the absence of CD4" T cells. Furthermore, in an OVA
sensitization and challenge model, ILC2s were the major source of IL-13 together with
conventional Th2-type CD4* T cells (Barlow et al., 2012). When adoptively transferred into
11137/~ mice that are normally resistant to developing AHR, wild-type ILC2s, but not IL-13-
deficient ILC2s, restored AHR and airway eosinophilia, suggesting that ILC2s are sufficient
to mediate immunopathology during OVA-induced allergic airway inflammation. Similarly,
IL-13-producing ILC2s were shown to be important for developing AHR in mice exposed to
glycolipids (Kim et al., 2012). Together, these findings demonstrate that ILC2s can mediate
allergic airway responses independent of adaptive immunity and that ILC2-derived type 2
cytokines, especially IL-5 and IL-13, play critical roles.

IL-9 derived from ILC2s may also play roles in allergic airway inflammation. Using
cytokine reporter mice, lung ILCs were shown to express IL-9 during the early phase of
papain-induced airway inflammation (Wilhelm et al., 2011). Although CD4* T cells can also
produce IL-9, lung ILCs were found to be the major source of IL-9 in this model.
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Furthermore, addition of IL-9 to purified lung ILCs enhanced the production of IL-5, IL-6
and IL-13 by ILCs, and neutralization of IL-9 reduced the production of these cytokines in
the lungs. Thus, ILC-derived IL-9 might form a positive feedback loop that amplifies
production of IL-5 and IL-13 by ILCs during allergic responses.

While the studies described above clearly demonstrate the pro-inflammatory roles for lung
ILC2s during allergic inflammation, potential protective roles for lung ILC2s should also be
recognized. For example, in mice infected with mouse-adapted PR8 influenza virus, lung
ILC2s promote airway epithelial cell repair and lung tissue homeostasis by secreting the
epithelial growth factor receptor (EGFR) ligand amphiregulin, resulting in increased
survival of the infected animals (Monticelli et al., 2011). Unlike the H3N1 influenza virus
model (Chang et al., 2011), no role for IL-13 in immunopathology of the lung was observed.
Furthermore, in mice sensitized and challeged with OVA antigen, lung ILC2s were found to
be a major source of 1L-22, and this IL-22 attenuated the development of allergic airway
disease (Taube et al., 2011). Collectively, lung ILC2s are likely an important innate source
of type 2 cytokines as well as factors that are critical for tissue repair and recovery of
homeostasis. ILC2s may influence several aspects of allergic airway diseases, resulting in
pathological or protective outcomes depending on the experimental conditions and disease
models.

Roles of ILC2s in allergic airway diseases in humans

A major question exists as to the roles for ILC2s in allergic airway diseases in humans. The
human counterpart of mouse ILC2s has been identified recently. Human ILC2s are typically
Lin~, CD45", CD127*, NKp44~, CD25* and CD161* (Kim et al., 2013; Mjosberg et al.,
2012; Mjosberg et al., 2011; Monticelli et al., 2011). Distinct expression of two prototypic
Th2-type CD4* T cell markers, namely chemoattractant receptor-homologous molecule
expressed on Th2 lymphocytes (CRTH2) and IL-33 receptor ST2, is an unique feature of
human ILC2s, and these molecules are useful to differentiate human ILC2s from other
human ILCs (Spits et al., 2013). Human ILC2s are reportedly found in peripheral blood,
lung, bronchoalveolar lavage (BAL) fluid, nasal tissue, tonsil, gut and skin of normal
healthy individuals. Similarly to mouse ILC2s, human ILC2s produce type 2 cytokines when
stimulated with IL-33, IL-25, and TSLP (Kim et al., 2013; Mjosberg et al., 2012; Mjosberg
etal., 2011; Monticelli et al., 2011).

The association between ILC2s and allergic airway diseases in humans was first reported by
Mjosberg and colleagues who observed that the numbers of Lin"CRTH2*CD127*CD161*
ILCs were increased in nasal polyp tissues from patients with chronic rhinosinusitis (CRS)
(Mjosberg et al., 2011). In a subsequent report, Shaw et al. compared ILC numbers in
ethmoid sinus mucosal tissues from patients with CRS with nasal polyps (CRSwNP) and
from patients with CRS without nasal polyps (CRSsNP) (Shaw et al., 2013); CRSwNP and
CRSsNP are considered to be associated with polarized Th2 and Th1 cytokine production,
respectively. Interestingly, patients with CRSWNP showed an increased frequency of
Lin"CRTH2*CD127*CD161*ST2* ILCs as compared to those with CRSsNP. In addition,
when CD45* lymphoid cells from sinonasal mucosa were cultured with 1L-33 plus IL-2 in
vitro, cells from CRSwWNP patients produced more IL-13 as compared to those from
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CRSsNP patients, suggesting that 1L-33-responsive and IL-13-producing ILC2s are
increased in CRSWNP patients. In another study, Kwon and colleagues characterized the
cytokines and immune cells in the pleural fluid of patients with primary spontaneous
pneumothorax, a common condition causing eosinophilic pleural effusion (Kwon et al.,
2013). Compared with control subjects, patients with PSP contained increased numbers of
Lin"CD45"c-Kit" CRTH2*ILC2s in their pleural effusions, and these ILC2s produced IL-5
when stimulated with IL-33 in vitro.

ILC2s can also be found in human peripheral blood. The Lin- CRTH2*CD127*CD161"*
ILC2s that are comparable to airway tissue ILC2s as described above were identified in
peripheral blood from normal healthy individuals, albeit at a low frequency (Mjosberg et al.,
2011). Interestingly, when stimulated in vitro with IL-33 plus IL-2, peripheral blood
mononuclear cells (PBMCs) from patients with allergic asthma produced significantly more
IL-5 and IL-13 than those from patients with allergic rhinitis or normal individuals
(Bartemes et al, 2013). Moreover, Lin"CRTH2*CD127* ILC2 cell numbers were increased
in the blood of patients with allergic asthma as compared to control groups, suggesting that
ILC2s may be involved in asthma. Together, these findings suggest that ILC2s are
associated with type 2 immune responses and inflammation in certain airway diseases in
humans; the involvement of ILC2s in the pathology of these diseases awaits future study.

Concluding remarks

After detailed characterization of ILC2s in 2010 (Moro et al., 2010; Neill et al., 2010; Price
et al., 2010), our knowledge on the biology of this novel cell type has expanded quickly.
ILC2s are resident in various normal tissues. Although small in number, ILC2s likely play
major roles in innate immunity and disease processes by producing large quantities of type 2
cytokines and tissue growth factors. In mice, ILC2s show both pathological and protective
functions in virus- or allergen-induced allergic immune responses. In humans, a link
between ILC2s and the airway diseases that are associated with type 2 immunity is being
established. The identification of this unique and multifunctional cell type has provided
major conceptual advances in the field.

However, the research in ILC2s is still in its infancy, and many questions remain to be
addressed. For example, although the murine models suggest that ILC2s contribute to the
initiation of allergic responses, little is known whether and how ILC2s are involved in the
chronic phase of the immune response. At the cellular level, the interactions between 1LC2s
and other immune and tissue cells, such as mast cells and epithelial cells, as well the
mechanisms involved in these interactions need to be studied. Our knowledge of the
processes involved in migration and tissue localization of ILC2s is also limited. The roles
for ILC2s in regulation and maintenance of immune homeostasis in various organs are
largely unknown. Finally, the contribution of ILC2s to the severity and exacerbation of
allergic airway diseases in humans provides a major question in the field. A further
understanding of the biology of ILC2s and their roles in resting condition and disease status
will definitely help us better understand the mechanisms of asthma and other allergic airway
diseases and develop novel therapeutic options for these diseases.
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Lung ILC2s respond vigorously to IL-33 and produce a large quantity of IL-5 and IL-13 in
vitro. (A) Gating strategy and identification of ILC2s in lung single cell suspensions from
naive BALB/c mice. (B) Four populations of lung cells, including Lin* cells,
Lin"CD25"CD44™ cells, Lin"CD25"CD44* cells and Lin"CD25*CD44N cells (i.e. ILC2s)
were isolated from naive BALB/c mice by FACS sorting. Sorted and unsorted lung cells
were cultured with medium alone or with 1L-33, and the levels of cytokines in the
supernatants were measured by ELISA. (C) Morphology of lung ILC2s. Lung ILC2s were
cultured with medium alone or IL-33 and examined under electron microscopy. Original

magnifications; 25,000x (medium alone, left) and 12,000x (IL-33, right).
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Figure 2.
Lung ILC2s mediate eosinophilic airway inflammation and pathology in mice exposed to

fungal allergen Alternaria. (A) ILC2s were isolated from the lungs of naive C57BL/6 mice,
and they were adoptively transferred to naive 117r~/~ mice, which are deficient in mature
CD4* T cells and ILCs. Mice were then exposed intranasally three times to PBS or
Alternaria extract over 6 days. Cell number and differentials in BAL fluids were
determined. (B) Representative histology (upper panels: H&E staining, lower panels: PAS
staining) of the mice as described in A.
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