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Abstract In recent years, several distinct innate lym-
phoid cell populations (ILC) have been characterized in
mice and humans. Group 2 ILC function as a rapid
responder population in type 2 immune responses. Thus, a
wealth of data has implicated an important role for ILC2 in
immunity to parasitic infection and in immune pathology in
inflammatory and allergic responses. In this review, we
describe recent progress in our understanding of the
development and ontogeny of ILC2 populations and the
mechanisms by which these cells function in a variety of
infection and disease settings. Finally, we emphasize recent
findings indicating functional interactions between these
innate cells and their adaptive CD4" Th2 cell counterparts.
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Introduction

Cytokines produced by both the innate and adaptive arms
of the immune system are critical for protective immunity
to infection. However, expansion of sufficient numbers of
antigen-specific T helper (Th) cells, from rare naive pro-
genitors to mediate such responses typically takes
5-10 days. Therefore, innate cell types are critical for the
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early control of infection, particularly at mucosal and
barrier surfaces. In recent years, much interest has focused
on the role of several distinct groups of innate lymphoid
cell (ILC) in immune responses. Similar to CD4" T cells,
these ILC populations have been classified by their
expression of specific transcription factors (TFs) and
effector cytokines (Spits et al. 2013). Group 1 ILC (ILC1)
produce IFN-y and are thought to be dependent on
expression of the Thl-associated TF T-bet, whilst devel-
opment of IL-17/IL-22-secreting group 3 ILC (ILC3)
requires retinoic acid receptor-related orphan receptor
(ROR) vyt. By contrast, group 2 ILC (ILC2) are distin-
guished by their expression of type 2-associated cytokines
including IL-5 and IL-13. The focus of the current review
is on the recent progress in our understanding of the
development of ILC2 and their role in protective immunity
and inflammation. For recent reviews of other aspects of
ILC biology, we recommend other recent excellent articles
(Hoyler et al. 2013; Romera-Hernandez et al. 2013; Son-
nenberg and Artis 2012; Tait Wojno and Artis 2012;
Vosshenrich and Di Santo 2013).

Identification and Characterization of ILC2

An initial description of a novel innate source of type 2
cytokines came from McKenzie, Fallon and colleagues in
2006 (Fallon et al. 2006). These researchers showed that
infection of mice with the nematode parasite Nippo-
strongylus brasiliensis induced a non B/non T cell
population that produced high levels of IL-4, IL-5 and IL-
13 (Fallon et al. 2006). Genetic deficiency in the IL-17
family cytokine IL-25 resulted in a failure to induce this
novel population and was associated with inefficient
clearance of the parasite. Subsequently, in 2010, several
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groups independently characterized populations of type 2
cytokine-producing ILC induced by epithelial-derived
cytokines including IL-25 and the IL-1 family member IL-
33. Moro et al. (2010) described a subset of lymphoid cells
that lacked expression of common lineage-defining cell
surface antigens (Lin™) present in fat-associated lymphoid
clusters (FALC) and named them natural helper cells.
These cells expanded in response to IL-33 and were found
to enhance gut helminth expulsion. Similarly, Price et al.
(2010) and Neill et al. (2010) identified Lin~ ILC popu-
lations that expressed IL-33 and IL-25 receptors in gut and
lung tissues, using IL-4 and IL-13 reporter mice, respec-
tively. These cells were also shown to be important in
mediating gut parasite expulsion and were named innate
helper cells (Price et al. 2010) and nuocytes (Neill et al.
2010) by these respective groups.

The cells described by all three papers shared numerous
similarities, including expression of cell surface markers
CD45, CD90, inducible co-stimulator, variable levels of
cKit and Sca-1, and the cytokines receptors CD25 (IL-
2Ra), CD127 (IL-7Ra), IL-17RB (IL-25R), and T1/ST2
(IL-33R). These cells were further distinguished by their
capacity for producing type-2 cytokines (mainly IL-5 and
IL-13) in response to IL-2, IL-25 and/or IL-33, which
contributed to their ability to mediate their roles in gut
parasite clearance. Importantly, an IL-25/IL-33-responsive
ILC2 population was also identified in human lung and gut
by Spits and colleagues (Mjosberg et al. 2011).

Development and Ontogeny of ILC2

Much recent research has focused on the developmental
requirements of ILC2. These cells are found in normal or
even elevated numbers in T/B cell-deficient (Ragl "~ and
Rag2_/ 7) and athymic (nu/nu) mice, distinguishing their
developmental requirements from those of conventional T
and B lymphocytes (Moro et al. 2010; Neill et al. 2010).
Similar to other classes of lymphocytes, ILC2 were found
to originate from common lymphoid progenitor (CLP) cells
(Yang et al. 2011) that develop from more immature pro-
genitors via fms-related tyrosine kinase 3 (Flt3) signaling
(Sitnicka et al. 2002). The expression of inhibitor of DNA
binding 2 (Id2), which suppresses the B and T cell potential
of the CLP (Ji et al. 2008), is essential for the development
of ILC2 (Moro et al. 2010). Using Id2-green fluorescent
protein reporter mice, Diefenbach and colleagues recently
identified an Id2*Lin-CD127"a4B7" progenitor cell in
mouse bone marrow that appears to function as a com-
mitted precursor for all ILC populations (Klose et al.
2014). Approximately 50 % of these cells expressed high
levels of the promyelocytic leukemia zinc finger (PLZF)
protein TF that was independently identified as a marker
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for an ILC progenitor (ILCP) population (Constantinides
et al. 2014). Two independent studies have shown a
requirement for the transcription factor nuclear factor, IL-3
(Nfil3, also known as E4BP4) in the development of all
ILC populations (Geiger et al. 2014; Seillet et al. 2014).
Thus ILC1, ILC2 and ILC3 populations are absent or
present at greatly reduced frequencies in Nfil3™/~ mice, a
consequence of a requirement for Nfil3 expression during
CLP to ILCP transition (Geiger et al. 2014). Subsequently,
Id2"Lin-CD127 04B7PLZF* ILCP populations likely
give rise to an ILC2-commited ILC2 progenitor population
that expresses high levels of CD25 and T1/ST2 (Hoyler
et al. 2012).

Whilst the transcriptional programs required for ILC2
development and function are not fully understood, a role
for a number of TFs and cytokines has been identified. In
this regard, IL-7 is required for the development of all ILC
populations with the exception of conventional NK cells
and recently described ILC1 populations (Klose et al.
2014). By contrast, the retinoic acid receptor-related RORa
has been shown to be a key TF solely for ILC2 develop-
ment as in Rora mutant mice numbers of ILC2, but not
other ILC populations, are markedly reduced (Halim et al.
2012; Wong et al. 2012). Additionally, CLP require IL-33
and Notch signaling to develop into ILC2 in vitro. Indeed,
using a pan-Notch inhibitor, Yang et al. (2013) demon-
strated that Notch signaling was important in ILC2
development in vivo. Downstream from Notch, signaling
through the T cell factor (TCF)-1 TF was vital for ILC2
maturation, since Tc¢f7 (which encodes TCF-1) knockout
mice lacked mature ILC2 and their associated immune
responses (Yang et al. 2013). TCF-1 directly drove 1I7r
expression, allowing ILC2 responsiveness to this cytokine.
Forced TCF-1 expression in bone marrow cells in vitro,
however, appears to by-pass the need for Notch signaling
as the cells up-regulate many of the factors associated with
ILC2 function independently of Notch signaling (Yang
et al. 2013). Interestingly, data indicate that the role of
TCF-1 in ILC development is not limited to ILC2 as
numbers of RORyt" ILC3 are also reduced in the absence
of this TF (Mielke et al. 2013; Yang et al. 2013).

The canonical Th2-associated TF GATA-3 is also a key
factor for ILC2 development and function. Similar to the
case for T cells, GATA-3 is required at a very early pro-
genitor stage as in gata3-deficient mice, the development
of all IL-7-dependent ILC populations is compromised
(Serafini et al. 2014; Yagi et al. 2014). GATA-3 is also
required for the maintenance and function of mature mouse
(Hoyler et al. 2012) and human (Mjosberg et al. 2012)
ILC2, but not other ILC populations, after development.
Another key TF that determines ILC2 function is growth
factor independence 1 (Gfil). Gfil is highly expressed in
developing ILC2 progenitors (Spooner et al. 2013)
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mirroring gata3 expression. Furthermore, Gfil promotes
expression of T1/ST2, whilst Gfil-deficient ILC2 express
low levels of T1/ST2 and are poorly responsive to 1L-33,
consequently producing lower levels of IL-5 and IL-13 in
response to N. brasiliensis infection (Spooner et al. 2013).

ILC2 Responses in Infection

ILC2 play an important role in protective type 2 immune
responses at mucosal and barrier surfaces. Perhaps the best-
described functions for ILC2 are in gut immunity and as a
key effector population in anti-helminth immunity (Moro
et al. 2010; Neill et al. 2010; Price et al. 2010). Moro et al.
(2010) demonstrated that alymphoid gc™ Rag2™"~ mice
had profoundly reduced goblet cell hyperplasia, mucus
deposition and diminished levels of IL-13 in the peritoneal
cavity in response to N. brasiliensis infection. Importantly,
this defect could be reversed upon adoptive transfer of
ILC2 but not CD4" T cells. In a similar manner, using
illr]™"~ (IL-33R-deficient) and ill7br~~ (IL-25R-defi-
cient) mice, Neill et al. (2010) demonstrated that absence
of either of these receptors alone delayed early helminth
clearance, but this was eventually achieved with the
expansion of ILC2 populations. However, when both the
IL-33 and IL-25 receptors were knocked out, N. brasili-
ensis clearance was severely affected, suggesting partial
functional redundancy between these cytokines. Parasite
clearance was rescued by adoptive transfer of wild-type,
but not IL-13-deficient, ILC2 into the double knockout
mice underlying the critical importance of ILC2 as pro-
ducers of this cytokine in infection (Neill et al. 2010).

Similar to their function in the gut, ILC2 are important
in driving parasite clearance from the lung via production
of cytokines including IL-5 and IL-13 (Turner et al. 2013;
Wilhelm et al. 2011; Yasuda et al. 2012). Interestingly,
Stockinger and colleagues demonstrated that ILC2 were
also an important cellular source of IL-9 in vivo. In this
regard, using an IL-9 reporter mouse strain, these investi-
gators demonstrated that ILC2, and not CD4" Th9 cells,
were the main source of this cytokine in a model of airway
inflammation (Wilhelm et al. 2011). Moreover, IL-9 was
shown to act in an autocrine manner promoting ILC2 cell
survival and function during the lung stage of N. brasili-
ensis infection (Turner et al. 2013).

Interestingly, some helminths appear to have evolved
mechanisms of counteracting ILC2 activation. Secretory
products of the nematode Heligmosomoides polygyrus have
long been known to suppress protective type 2 immune
responses during infection (reviewed in McSorley et al.
2013). Recent data from the Maizels laboratory have
shown that H. polygyrus products can inhibit IL-33 release
and subsequent activation of ILC2 in experimental models

of allergy and inflammation (McSorley et al. 2014). It
remains to be seen if this ability to dampen ILC2 activation
is peculiar to H. polygyrus or a more general mechanism by
which parasites evade immune clearance.

Demonstrations of the importance of type 2 cytokines in
damage limitation and tissue repair have been widely
reported (reviewed in Allen and Sutherland 2014). Con-
sistent with these data, studies have shown that, in addition
to acting as key players in immunity, ILC2 have important
roles in the repair of tissue damage. The Artis laboratory
reported that ILC2 numbers increase in the lungs of
influenza virus-infected Raglf/ ~ mice; however, their
depletion with anti-CD90 antibody did not affect viral
replication (Monticelli et al. 2011). Instead, ILC2 were
shown to support lung repair and its return to homeostasis
following viral insult through their production of amphi-
regulin (Monticelli et al. 2011), a member of the epithelial
growth factor family which functions as an immunomod-
ulatory cytokine (Zaiss et al. 2013). Interestingly,
amphiregulin is selectively expressed by CD4" Th2 cells,
but not Thl or Thl7 subsets, further emphasizing the
similarity in function between ILC2 and their adaptive
CD4™" Th counterparts (Zaiss et al. 2006).

By contrast, whilst ILC2 appear to have a benign and
restorative effect following viral infection in the lung, they
have also been implicated in the pathogenesis of lung
fibrosis in animal models and are present in the lungs of
patients suffering from idiopathic pulmonary fibrosis
(Hams et al. 2014), a condition believed to be driven by
deregulated repair mechanisms (Noble et al. 2012). Simi-
larly, ILC2 have been implicated in the pathogenesis of
hepatic fibrosis. In this regard, ILC2 production of IL-13 is
critical for the pro-fibrotic effects of IL-33 in the liver
(McHedlidze et al. 2013).

ILC2 are also present in high numbers in the dermis.
Imaging studies have shown that ILC2 appear to “patrol”
the skin slowly as compared with resident T cells (Roedi-
ger et al. 2013). Furthermore, ILC2 interact with other
skin-resident cells, including dermal mast cells. The func-
tional significance of these interactions has yet to be fully
elucidated, nonetheless these studies are suggestive of a
role for dermal ILC2 in immunosurveillance within this
organ (Roediger et al. 2013).

Role of ILC2 in the Pathogenesis of Allergic
Inflammation

In addition to their protective effects in type 2 immune
responses to parasites, ILC2 have been implicated in the
pathogenesis of allergic and atopic inflammatory diseases.
Central to this effect of ILC2 is their ability to respond to
innate cytokines such as IL-33. IL-33 has been implicated
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in the pathogenesis of asthma and intranasal administration
of IL-33 induces a rapid inflammatory response in the
lungs of recipient mice (reviewed in Mirchandani et al.
2012). Importantly, adoptive transfer of wild-type ILC2
into il1r1~"~ mice was sufficient to restore the character-
istic lung inflammatory response induced by exogenous IL-
33 treatment (Salmond et al. 2012), implicating ILC2 as the
primary IL-33-driven effector cell population.

A number of groups have demonstrated the role of ILC2
as key producers of type 2 cytokines in several different
experimental lung inflammation models (Barlow et al.
2012, 2013; Bartemes et al. 2012; Chang et al. 2011; Kim
et al. 2012; Scanlon and McKenzie 2012; Walker and
McKenzie 2013). The activation of ILC2 within lungs is
very rapid, with high levels of IL-5 and IL-13 production
within 12 h of exposure of mice to the fungal allergen
Alternaria alternata (Bartemes et al. 2012). Interestingly,
IL-33 is a more potent trigger of the deleterious inflam-
matory effects of ILC2 function in the lungs as compared
to IL-25 (Barlow et al. 2013). Furthermore, signals induced
by IL-33 and thymic stromal lymphopoietin (TSLP) are
required for the immune pathology mediated by ILC2
under conditions of chronic allergen exposure (Iijima et al.
2014). TSLP may also render lung ILC2 resistant to cor-
ticosteroids, suggesting this pathway might represent a
future therapeutic target (Kabata et al. 2013).

In addition to the role for environmental allergens in
lung inflammation, respiratory tract viral infections are also
potent triggers for asthma exacerbations. Chang et al.
(2011) showed that ILC2, activated by macrophage-
derived IL-33, were sufficient to drive influenza-induced
airway hyperresponsiveness (AHR) in mice. This effect
was mediated by ILC2-derived IL-13, since adoptive
transfer of wild-type ILC2 into infected i/13™~ mice was
sufficient to restore viral-induced AHR in these otherwise
AHR-resistant mice (Chang et al. 2011). Whilst the phys-
iological role of ILC2 in human airway inflammation is not
fully understood, ILC2 were shown to be elevated in nasal
biopsies of chronic rhinosinusitis patients as compared to
healthy controls (Mjosberg et al. 2011) demonstrating an
association of these cells with human disease. Moreover, a
recent report has shown that the prevalence of ILC2 in the
blood of allergic asthma patients was substantially higher
than either allergic rhinitis patients or healthy controls
(Bartemes et al. 2014). These results are consistent with a
role for ILC2 in the immunopathology of allergic asthma in
humans.

Recent evidence has also pointed towards a role for
ILC2 in type 2 inflammation in the skin. In this regard,
cutaneous allergic inflammation and dermatitis can be
elicited by IL-2-induced proliferation of skin-resident ILC2
(Roediger et al. 2013), or via IL-33/IL-25- and/or TSLP-
driven ILC2 responses (Imai et al. 2013; Kim et al. 2012;
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Salimi et al. 2013). Furthermore, human ILC2 express
skin-homing receptors and are elevated in atopic lesions
from human patients (Salimi et al. 2013). Together these
data indicate that, like their adaptive CD4™" Th2 counter-
parts, ILC2 activation can be a double-edged sword
eliciting both beneficial and damaging type 2 immune
responses.

ILC2 Interactions with Innate Cells

In addition to modulating the activity of non-immune cells
such as epithelial goblet cells, cytokine production by ILC2
has profound effects on important immune effector cell
populations. One such example was identified by Koyasu
and colleagues in their original description of FALC-
associated “natural helper cells”. These investigators
identified IL-5 production by ILC2 as sufficient to induce
B1 cell proliferation in vitro, an effect also seen in vivo
when B1 cells were co-transferred with ILC2 into
gc¢’"Rag2™~ mice (Moro et al. 2010). Recently, the
Locksley laboratory investigated the interactions of ILC2
and eosinophils using an IL-5 reporter mouse strain, in
which IL-5-expressing cells could be specifically deleted.
They demonstrated that, during homeostasis, lung ILC2
constitutively express IL-5; whereas IL-13 is upregulated
following triggers such as parasitic infection (Nussbaum
et al. 2013). Few eosinophils were present in the lung under
homeostatic conditions; however, following ILC2 stimu-
lation, upregulation of IL-13 and eotaxin-1 (CCL11)
occurred, leading to eosinophil recruitment. Deletion of
ILC2 in Ragl™~ mice reduced eotaxin levels and this
effect was partially restored with exogenous IL-13. Inter-
estingly, within the intestine, where eosinophils are present
at baseline, IL-5 levels followed a circadian pattern that in
turn correlated with blood eosinophil numbers. The authors
demonstrated that intestinal ILC2 responded to vasoactive
peptides (VIP) released in response to food ingestion by
producing IL-5 (Nussbaum et al. 2013). Together these
data suggest that blood eosinophil circadian patterns are
regulated through a VIP-IL-5 intestinal ILC2 pathway.
Further studies demonstrated that ILC2 present in vis-
ceral adipose tissue (VAT) regulate VAT eosinophil
numbers through IL-5 production (Molofsky et al. 2013).
VAT ILC2 activation by IL-33 or IL-25 led to increases in
both eosinophil and alternatively activated macrophage
(AAM) numbers (Hams et al. 2013; Molofsky et al. 2013).
These studies have highlighted an important role for ILC2
in regulating obesity and glucose tolerance. Specifically,
depletion of ILC2 elevated weight gain whereas treating
obese mice with IL-25, thereby driving ILC2 responses,
induced weight loss (Hams et al. 2013). It is possible that
ILC2 production of IL-13 enhances AAM polarization in
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adipose tissue and thus serves to protect from metabolic
dysregulation and obesity (Odegaard et al. 2007).

ILC2 Interactions with T Cells

Since their initial discovery ILC2 have been regarded as an
innate counterpart to adaptive CD4™" Th2 cells, however,
an important question was how and when do these two cell
types functionally interact? In recent months several
important studies have shown that ILC2 and Th2 cells
reciprocally modulate the others’ function and that ILC2
are important in the induction of an effective antigen-
specific Th2 response. An early clue that ILC2 and CD4"T
cells might interact came from the finding that exogenous
IL-2 potently induced ILC2 proliferation (Moro et al.
2010). We, and others, recently confirmed that antigen-
driven CD4" T cell-derived IL-2 directly induces ILC2
proliferation and cytokine production in co-cultures (Mir-
chandani et al. 2014; Oliphant et al. 2014). Most
interestingly, in these in vitro experiments, it was shown
that ILC2 could directly affect CD4™ T cell activation via
MHC II-dependent peptide presentation. Importantly ILC2
express both MHC class II molecules and co-stimulatory
ligands (Oliphant et al. 2014) and are, thus, capable of
providing both “signal 1 and “signal 2” required for the
activation of naive T cells. Of note, ILC2 appear to pref-
erentially induce Th2 and oppose Th1 polarization of naive
T cells in a contact-dependent manner (Mirchandani et al.
2014); however, the molecular mechanisms behind this
effect are yet to be fully elucidated.

ILC2 and T cell interactions were also shown to be
functionally relevant in vivo. Thus, co-transfer of ILC2
markedly enhanced ovalbumin-specific T cell responses in
the lungs of recipient mice (Mirchandani et al. 2014).
Furthermore, depletion of ILC2 diminishes adaptive Th2
responses to inhaled allergens (Gold et al. 2014; Halim
et al. 2014) and parasites (Oliphant et al. 2014). It is likely
that ILC2 promote CD4" Th2 responses by both cytokine-
dependent and -independent processes. In this regard, fol-
lowing intranasal papain delivery, ILC2-derived IL-13
indirectly enhances T cell priming by promoting dendritic
cell migration to draining lymph nodes (Halim et al. 2014).
By contrast MHC class II-deficient ILC2 are incapable of
restoring Th2 responses in N. brasiliensis-infected ILC2-
depleted mice, indicating an important role for direct Ag-
presentation by ILC2 in vivo (Oliphant et al. 2014).

Conclusions and Future Prospects

The study of ILC2 and other ILC populations has pro-
gressed at a dramatic pace in the last half decade. Since

their initial characterization in 2010, important roles for
ILC2 in numerous infectious and disease settings have
been reported. A prior impediment to studying ILC2
function in vivo was the lack of animal models specifically
lacking this cell type. However, recently described mouse
strains allowing inducible deletion of ILC2 should allow
the physiological roles of these populations in vivo to be
fully dissected (Nussbaum et al. 2013; Oliphant et al.
2014). Further important questions concern the function of
ILC2 in human immunity and disease. Do they fulfill the
same roles as described in animal studies and can their
function be therapeutically manipulated? It is anticipated
that the study of these cell populations will continue to
provide insight into type 2 immune responses in the com-
ing years.
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