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Type-2 Innate Lymphoid Cells in Asthma and Allergy
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Abstract

Type-2 innate lymphoid cells (ILC2) belong to an expanding
family of innate lymphocytes that provide a potent source of
immune effector cytokines at the initiation of immune responses.
ILC2 arise, under the control of the transcription factors ROR«a
and GATA3, from lymphoid progenitors in the bone marrow,

metabolic homeostasis. Furthermore, recent reports have
indicated that ILC2 not only play roles at the initiation of type-2

to secrete type-2 cytokines including IL-5 and IL-13. Using

experimental models, ILC2 have been implicated in allergic
diseases, such as asthma and atopic dermatitis, but also in

immunity but can also contribute to chronic pathology, such

as fibrosis, and can impact on the priming of the adaptive T-cell
response. The identification of ILC2 in patients with allergic
dermatitis and allergic rhinitis indicates that these cells may
represent new therapeutic targets.
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For some 25 years, after the
characterization of different Th1l and
Th2 cell subsets based on their distinct
cytokine secretion profiles, a model
prevailed based on the orchestration of
immune responses by T cells through
their release of a complex repertoire of
cytokines (1). The model identified Thl
cells as driving type-1 immunity to
intracellular pathogens and autoimmune
diseases. By contrast, Th2 cells were
proposed to control extracellular parasite
infections but also underlie the
immunopathology of allergy and asthma.
We now recognize additional T helper
cell subsets, including Th17 cells and T
follicular helper cells, that via cytokine
release have bespoke roles in regulating
different aspects of immune responses.
However, a recent major paradigm shift
has added another layer of complexity to
immunoregulation by cytokines with the
discovery of innate lymphoid cells (ILCs)
(2). ILCs produce many Th cell-associated
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cytokines but do not express cell surface
markers associated with other immune
cell lineages (lineage-negative [Lin ])

and do not express a T-cell receptor.

The ILC family now includes ILC1
(predominantly IFN-y-expressing cells),
ILC2 (predominantly IL-5- and IL-13-
expressing cells), and ILC3 (predominantly
IL-22- and IL-17-expressing cells) (3-6).
Due to their recent discovery, our
knowledge of these cells is still rather
rudimentary, but major roles are emerging
for ILCs in protective immunity against
parasitic helminths (ILC2) (7-9) and
bacteria (ILC1 and ILC3) (10-12), and in
autoimmune disorders (ILC1 and ILC3)
(13), allergic disease (ILC2) (14-16), and
obesity (17-19).

Recent comprehensive reviews have
described the identification and phenotypic
characterization of ILC (3-6, 20). This
review focuses on the most recent advances
in our understanding of the factors that
regulate ILC2 development and how these

cells contribute to allergy and lung
inflammation.

ILC2

ILC2 are found in the blood, spleen,
intestine, liver, lung, fat-associated
lymphoid clusters, and lymph

nodes of mice (7-9). They are Lin™
(CD3CD4CD8CD19CD11bCD11cFceR1
NK1.1Grl ™) CD45"CD127 "Scal "ICOS™
KLRG1'CD25"CD117"" g T2 #Ple]L -
17BR%P The human equivalents of
ILC2 were reported in human lung
parenchyma and bronchoalveolar lavage
(BAL) fluid, as lineage-negative cells
expressing IL-7Ra and the ST2 receptor
for IL-33 (21). More comprehensively,
Mjosberg and colleagues reported
CD45"CD127CD1177CD161"
(chemoattractant receptor-homologous
molecule expressed on Th2 cells) CRTH2™
cells in peripheral blood, fetal gut, and the
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inflamed nasal polyps of patients with
rhinosinusitis, that responded to IL-25 and
IL-33 by producing IL-13 and IL-5 but not
IL-17A or IL-22 (22).

Regulators of
ILC2 Development

ILC Precursors

Progress in defining the transcriptional
regulation of ILC differentiation has been
rapid. In part this is because many of the
factors that have been demonstrated to play
important roles in ILC commitment have
been discovered previously to regulate the
development of other blood cell lineages. For
example, GATA-binding protein 3 (GATA3)
and T cell factor 1 (TCF1) have both been
identified as important for regulating ILC2
development (23, 24). However, both of
these factors have been demonstrated

previously to be essential for normal T-cell
development, and further investigation has
revealed that GATA3 and TCF-1 are
required for the generation of a progenitor
downstream of the common lymphoid
progenitor (CLPs) but upstream of the 1d2™
ILC precursor and are required for multiple
ILC subsets (25, 26) (Figure 1).

ILC2 arise from CLPs in the bone
marrow and, like all ILCs, require the
transcriptional inhibitor Id2 for their
development (7, 27, 28). This basic
helix-loop-helix transcriptional regulator
inhibits the activity of the E proteins
(29), which have been implicated in the
differentiation of B and T cells. Thus,
suppression of these alternative cell fates
represents a crucial step in the ILC
developmental pathway.

Downstream of this Id2-dependent
progenitor appears to lie an ILC precursor
that is dependent on the transcription factor

promyelocytic leukaemia zinc finger protein
(PLZF) (encoded by Zbtb16), and this
progenitor gives rise to ILC1, ILC2, and
ILC3, but not classical natural killer (NK)
cells or LTi (30) (Figure 1). Fate mapping
demonstrated that CLPs, T cells, and

B cells did not express PLZF during

their development. Constantinides and
colleagues went on to identify a rare PLZF™
cell subset in fetal liver and adult bone
marrow that could give rise to all ILC
lineages except LTi and classical NK cells
(30). Unlike CLPs, these PLZF" cells,
which were Lin~CD127°CD117"
a4B7MGATA3 TOX" (with a small
proportion expressing Roryt), did not
generate T or B cells. Notably, deletion of
PLZF in Zbtb16 '~ mice only leads to the
ablation of the ILC1 and ILC2 subsets, but
not ILC3s, indicating that although PLZF is
expressed in an ILC3 precursor, it is not
essential for ILC3 development.
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Figure 1. Transcriptional control of type-2 innate lymphoid cells (ILC2) development. Although the precise roles of specific transcription factors in ILC2
ontogeny are still to be elucidated, a general map is emerging in which a common lymphoid progenitor progressively commits to an ILC precursor. The data in
this scheme are mainly derived from the mouse system. Subsequent activation of transcription factors such as RORy (ILC3) and RORa (ILC2) restricts the
lineages still further. GATA3 = GATA-binding protein 3; ICOS = inducible T cell costimulator; 1d2 = inhibitor of DNA binding 2; KLRG1 = killer cell lectin-like
receptor G1; NK = natural killer; PLZF = promyelocytic leukaemia zinc finger protein; TCF1 = T cell factor 1; TSLP = thymic stromal lymphopoietin.
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Figure 2. Type-2 innate lymphoid cells (ILC2) contribute to diverse type-2 immune responses. Stimuli such as allergens or parasitic worms lead to the
release of ILC2-inducing factors such as IL-25, IL-33, and TSLP from the epithelium. These cytokines cause ILC2 to proliferate and produce type-2
cytokines and type-2 effector pathways.

The timing and duration of Notch for the generation of mouse ILC2 from CLPs  ILC2, and the use of a tuneable intracellular
signals has also been shown to be critical for  in vitro (27). Notch signaling is also domain of Notchl indicated that low
lymphoid differentiation and is required important for the generation of human levels of Notch signaling lead to T-cell
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development, whereas high concentrations
lead to ILC2 differentiation (31). However,
the requirement for the Notch pathway

in vivo has yet to be ascertained.

Committed ILC2

In contrast to the more generic ILC
commitment factors, the transcription
factor RORyt (encoded by Rorc) has been
identified as a key regulator of ILC3 cells (10,
32-34), and ROR« has been identified as

a key determinant of ILC2 differentiation
(27, 35). However, even here there is overlap
of transcription factor use, with Th17 cells
requiring RORyt, and RORa also playing

a subordinate role in Th17 cell development.

The transcription factor RORa has been
shown to be critical for ILC2 development.
RORa-deficient “Staggerer” mice, which
carry a spontaneous deletion in the Rora gene
(36), show severely impaired expansion
of ILC2s in response to IL-25 injection,
Nippostrongylus brasiliensis infection, or
intranasal papain administration and fail to
rapidly initiate characteristic type-2 immunity
(27, 35). Although Rora mRNA can be
detected in other ILC populations (albeit at
considerably lower levels than in ILC2), the
other ILC subsets are present at normal
frequency in RORa-deficient mice (27, 35).
RORa-deficient mice lack a population of
ILC2-like cells in the bone marrow that
appear to be immature ILC2 (Sca-17, IL-
7Ra”, CD25% ST2*, IL-137, IL-57) and
generate ILC2 robustly on adoptive
transfer (35).

In addition to its role in early
lymphocyte development, as discussed above,
GATAS3 is also required for downstream
ILC2 maintenance and function. Using an
I113-Cre to delete conditional Gata3 alleles,
GATAS3 was shown to be essential for type-2
cytokine production (37). Furusawa and
colleagues suggest that this results from
IL-33 activation of the p38 mitogen-
activated protein kinase, phosphorylation of
GATA3, and the subsequent binding of
GATA3 to the promoters of IL-5 and
IL-13 (38). GATA3 expression has also
been used to define an ILC2-committed
Lin~Scal "1d2* Gata3™ (or “LSIG”)
precursor in the bone marrow (23), similar
to immature natural helper cells (35).
GATA3 appears important for the
maintenance of these Id2-positive ILC2
precursors with deletion of Gata3 from Id2-
ERt2Cre-expressing cells resulting in the
selective ablation of ILC2 cells in vivo and
their impaired survival in culture (23).
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Notably, partial silencing of Gata3 in
human ILC2 resulted in their reduced
responsiveness to IL-33 and thymic stromal
lymphopoietin (TSLP), whereas ectopic
expression of GATA3 in CRTH2™ ILCs
induced CRTH2 and ST?2, resulting in an
increased potential to produce type-2
cytokines (39).

Gfil is another transcription factor that
has been demonstrated previously to play roles
in hematopoiesis and Th2 cell development
(40). Spooner and colleagues have now
reported that Gfil also alters ILC2 function
(41). Using Gfil-reporter and knockout mice,
the authors found that Gfil was necessary for
IL-33 signaling, but not IL-25. In the absence
of Gfil, ILC2 uncharacteristically expressed
IL-17A as well as IL-13, suggesting that
Gfil is necessary for repressing the IL-17A
pathway (41).

Spencer and colleagues have recently
added to the factors that may influence ILC
commitment by recognizing that vitamin A
deficiency can lead to a reduction in the
frequency of ILC3 but a reciprocal increase
in ILC2 (42). They went on to show that
administration of retinoic acid (a metabolite
of vitamin A) to Rag2 ™/ Il2rg™’~
mice induced ILC3, whereas treatment
with a retinoic acid inhibitor resulted in
ILC2 accumulation. Because purified
mature ILC2 and ILC3 were resistant to
external retinoic acid regulation, these
results suggest that it is ILC precursors
that are retinoic acid sensitive (Figure 1).
Indeed, ILC2 precursors gave rise to
increased numbers if IL-13-producing
ILC2 when retinoic acid signaling was
inhibited. Importantly, the authors went on
to demonstrate that vitamin A deficiency
resulted in increased susceptibility to
gastrointestinal bacterial infection with
Citrobacter rodentium but enhanced
resistance to parasitic helminth infection.

ILC2 in Skin Allergy

Atopic dermatitis (AD) is a common
pruritic inflammatory skin disease with

a complex etiology that depends on genetic
and environmental susceptibility factors.
AD is associated with barrier dysfunction,
and adaptive immune responses to common
environmental allergens, characterized by
the presence of Th2 cells and high levels of
IL-13 and IL-4, have been detected in AD
lesions (43, 44). The recent discovery of
ILC2 has led to the investigation of the

potential involvement of these cells in this
disease, and ILC2 cells have been reported
to have an increased frequency in mouse
and human atopic lesional skin (43, 45).
Both studies report the increased frequency
of ILC2 in AD skin but offer different
conclusions as to the critical cytokines
responsible for ILC2 function in AD. Kim
and colleagues reported that TSLP acted
independently of IL-33 in mouse and
human skin (43), and Salimi and colleagues
found that IL-25, IL-33, and TSLP could all
activate mouse and human skin ILC2 (45).

Salimi and colleagues concentrated
on human ILC2 and defined lineage-
negative, IL-7Ra " CRTH2 " c-kit "ICOS "
CD161"CD25"CCR4 " CCR10 "NKp46~
CD56, RORa"GATA3™ ILC2 that were
resident in the skin of healthy control
subjects, and which increased in frequency
and expressed elevated ST2, IL-17BR,
TSLPR, and KLRG1 in skin biopsies from
the lesions of patients with AD (45).
Increased transcripts encoding IL-33 and
IL-25 were also detected in the cells in
acute lesional atopic dermatitis skin as
compared with control subjects, and
in vitro cultured human ILC2 released
type-2 cytokines and amphiregulin in
response to IL-33 stimulation. These data
are consistent with the elevated IL33
mRNA reported previously in the lesional
skin of patients with AD and, similarly,
the detection of higher levels of IL-25 in
patients with AD (46-48). Notably, IL-33,
and to a lesser extent TSLP (but not
IL-25), induced migration of skin-derived
human ILC2 (45, 49).

Interestingly, Salimi and colleagues
proposed a novel mechanism by which ILC2
may contribute to the sensing of barrier
dysfunction (45). Skin resident human
ILC2 express high levels of the inhibitory
receptor KLRG1 (23), and this raised
the possibility that this was required to
suppress ILC2 activation. Thus, skin-
derived ILC2 were cultured with IL-33 in
the presence or absence of E-cadherin, an
adhesion protein pivotal for maintaining
the integrity of epithelia and a known
ligand of KLRGL. Strikingly, the presence of
E-cadherin down-regulated the expression
of GATA3, IL-13, IL-5, and amphiregulin
by ILC2. Because atopic dermatitis lesions
are associated with E-cadherin down-
regulation, this may lead to the release
of a brake that would normally control
the expression of type-2 cytokines,
leading to their hyperproduction by
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ILC2. Overproduction of wound-healing
regulators, such as amphiregulin, has been
implicated previously in barrier repair and
the pathogenesis of atopic dermatitis (50).
To investigate experimentally the role
of ILC2 in vivo, both Kim and colleagues
(43) and Salimi and colleagues (45) used an
MC903-induced mouse model of atopic
dermatitis-like inflammation. This was
achieved using three different mouse
models of ILC2 deficiency, antibody
depletion of CD25 cells (43) or CD90™" cells
(45) in Ragl ~/~ mice and RORa-deficient
chimeric mice. All three approaches
supported a role for ILC2, independently of
T cells, in the initiation of skin inflammation.
Using knockout mice deficient in IL-25,
IL-33, or TSLP, the relative contribution of
these cytokines to skin inflammation was also
determined (45). IL-25 and IL-33 were the
predominant ILC2-inducing cytokines in
response to skin challenge, with TSLP having
a less marked role. This contrasts with the
report that TSLP is the primary cytokine
inducing skin ILC2 and that this response
was independent of IL-33 (43). One
difference between these studies was the
mouse strain background used, and this may
underlie some of these differences. However,
in combination with the human study data it
appears likely that IL-25, IL-33, and TSLP are
all involved in the regulation of ILC2 and
allergic skin inflammation, and this overlap
may have significant therapeutic implications.
In addition to being activated via
IL-33, IL-25, and TSLP, the eicosanoid
prostaglandin D, (PGD,), which binds to
CRTH2, has been shown recently to be
a potent inducer of human ILC2 (49, 51, 52).
PGD, enhanced ILC2 expression of IL-4,
IL-5, IL-9, IL-13, and, among others,
granulocyte macrophage colony-
stimulating factor and IL-3, and also
acted as a potent chemoattractant for
ILC2. Notably, degranulating human mast
cells are a major source of PGD, during
allergy, and mast cell-derived PGD,
efficiently up-regulated type-2 cytokine
expression and migration by human
ILC2. Mast cell degranulation is caused
predominantly by IgE/FceRI crosslinking,
and these data suggest that ILC2 may be
attracted and activated during the adaptive
type-2 response. It is noteworthy that
intravital imaging of mouse ILC2 in the skin
indicated that they interacted with mast
cells and produced IL-13 (53). Another
eicosanoid signaling pathway has also been
reported for mouse lung ILC2. These cells
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express the cysteinyl leukotriene receptor 1
(CysLT1R) and respond to leukotriene D, by
expressing type-2 cytokines in vitro and in
vivo (54). Notably, the leukotriene inhibitor
montelukast can inhibit cytokine production
by both mouse and human ILC2 (52, 54),
suggesting that part of the therapeutic effect
of this drug in asthma may be due to blocking
ILC2 activation. Notably, human ILC2 also
express the pro-resolvin receptor ALX/FRP2,
which binds the resolving lipoxin A4 (51).
Like leukotrienes and prostaglandins, lipoxin
A, is derived enzymatically from arachidonic
acid. However, unlike these proinflammatory
mediators, lipoxin A4 has antiinflammatory
properties and has been used to inhibit
airway hyperreactivity and inflammation
(55). Indeed, lipoxin A4 inhibited IL-13
production by ILC2 from human peripheral
blood that was cocultured with IL-2, IL-

25, IL-33, and PGD2 (51). These changes
were rather minor but indicate that this
pathway may represent a therapeutic target
in the suppression of ILC2.

ILC2 in Lung Allergy
and Inflammation

In mice, lung-resident ILC2 responding to
IL-25, IL-33, and TSLP have been shown
to contribute to airway inflammation

and hyperreactivity, induced by viral or
allergen challenge (14-16, 21, 22, 56) (Figure
2). These studies focused on the initiation of
type-2 responses often in short-term models
where the interaction of ILC2 with the
adaptive immune response was not
measured. A recent report demonstrates that
in addition to mediating acute type-2
inflammation, ILC2 can also influence
adaptive immunity (57). ILC2-deficient mice
(RORa-deficient) develop an impaired

Th2 cell response to inhaled allergen
(papain), and this can be reversed by the
reconstitution of ILC2 by adoptive transfer.
This defect was due to a deficiency in ILC2-
derived IL-13 that was shown to be critical
for efficient induction of Th2 cells. Although
IL-13 did not act directly on naive CD4

T cells, it was required for the efficient
migration of activated dendritic cells to the
draining lymph node of the lung. The deficit
in primed dendritic cells in the secondary
lymphoid organs resulted in impaired Th2
cell priming. Thus, ILC2 play roles both
during the early induction of effector
functions and by enhancing adaptive
Th2-driven immunity (Figure 2).

The potential importance of ILC2 in
tissue repair has also led to investigation of
their roles in fibrosis. After infection with the
HINT1 influenza virus, ILC2 were found
to express amphiregulin that has been
demonstrated to play roles as a regulator
of wound healing and was required for
restoring epithelial integrity and lung function
(21). IL-33 is a potent activator of lung ILC2,
and treatment of lung with IL-33 rapidly
induces genes important for maintaining
epithelial barrier function, including various
keratin molecules (e.g., Krt14) and a number
of late cornified envelope molecules (e.g.,
Lce3a), but also collagens (58). Indeed, a role
for IL-33 and ILC2 in hepatic fibrosis has
been reported recently (59). Notably, IL-33
has also been implicated as a factor in
regulating airway remodelling in children
with severe steroid-resistant asthma (60).
Levels of IL-33 correlated with increased
reticular basement membrane thickness
in endobronchial biopsies, and mouse
studies in which neonatal mice were dosed
with house dust mite allergens indicated
that, in contrast to IL-13 levels, IL-33
concentrations were steroid resistant. A
similar link between IL-33 stimulation in
the context of ovalbumin (OVA) challenge
in the lung and steroid resistance was
recently reported to be due to TSLP (61).
When mice were dosed with only IL-33, the
inflammatory response could be inhibited by
treatment with dexamethasone. By contrast,
low doses of IL-33 in the presence of
OVA administration led to steroid-resistant
inflammation in which the ILC2 population
was preferentially more resistant to steroid
treatment than T cells. Further investigation
indicated that TSLP, induced in the IL-33/
OVA model, caused the ILC2 to become
resistant to steroid-mediated cell death via
a STAT5 pathway. Strikingly, a STAT5
inhibitor, pimozide (an antipsychotic drug),
reversed the effects of TSLP in vivo, resulting
in ILC2 now becoming susceptible to
dexamethasone treatment.

However, IL-33 is not the only
epithelium-derived ILC2 growth and
differentiation factor that can induce
fibrosis. Using a house dust mite allergen
stimulation model in adult mice, and with
the coadministration of an adenoviral
vector expressing Smad2 to enhance
a remodelling phenotype, Gregory and
colleagues reported that anti-IL-25
abrogated peribronchial collagen deposition
and airway hyperreactivity (62). This
correlated with a moderate reduction of
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IL-5 and IL-13 and a more profound decrease
in IL-33 and TSLP. A further report has
shown that IL-25 leads to the generation
of IL-13-producing ILC2 that are sufficient
to drive collagen deposition in the lungs of
mice challenged with the type-2 immune
response-inducing schistosome eggs (63).
The authors also reported that IL-25 and
ILC2 were increased in the BAL of patients
with idiopathic pulmonary fibrosis.

Thus, IL-33, IL-25, and TSLP can all
activate ILC2, and there is a paucity of
information defining whether there is
any specificity in the cytokine elicited
in response to a particular allergen.

For example, although IL-33 is induced most
rapidly in response to intranasal challenge
with Alternaria fungal allergens, in its absence
IL-25 is up-regulated, although with

slower kinetics, and induces ILC2 expansion
(64). Similarly, IL-33 plays a more prominent
role in the response to ragweed allergens, but
IL-25 also plays a role in the lung response
to this allergen (58). TSLP is also often
detectable, and given its role in causing steroid
resistance it would be interesting to determine
if cotreatment of pimozide with steroids
might also be more effective in inhibiting lung
remodelling in steroid-resistant asthma.

This picture has recently become more
complex, with data showing that the tumor
necrosis factor family member TL1A (Tnfsf15)
can also directly activate ILC2 to produce
type-2 cytokines (65, 66). TL1A is expressed
after activation of myeloid cells and
endothelial cells at mucosal surfaces but can
also be expressed by T cells that carry the
cognate receptor DR3 (67). TL1IA-DR3
signaling has been shown to play a role in
a number of disease models, including
rheumatoid arthritis, multiple sclerosis,
inflammatory bowel disease, and allergic
inflammation (68). Polymorphisms in the
TNFSFI5 gene, encoding TL1A, also associate
with rheumatoid arthritis and inflammatory
bowel disease. ILC2 express DR3, and
treatment with TL1A resulted in ILC2
proliferation and their expression of

IL-5 in vitro (65, 66) and in vivo (66). This
response was enhanced in the presence of
IL-7 but was an order of magnitude below
that induced by IL-33. DR3™'~ mice were
used by both groups to analyze the effect of
TL1A signaling in the response to intranasal
papain. ILC2 numbers were reduced in the
lungs and BAL of DR3™'~ mice, as compared
with control mice, and this correlated with
decreased inflammation (65, 66). This effect
was not due solely to the role of TL1IA on T
cells, because DR3™'~Rag2™'~ mice also had
fewer ILC2, but these data may also suggest
that DR3 signaling in T cells is required to
regulate ILC2 numbers (66). Notably, human
ILC2 also express DR3 and respond to TL1A.
However, like the mouse system, human
TL1A is less potent than IL-33 and IL-25 but
acts synergistically with these factors to drive
an optimal ILC2 response. Thus TL1A
regulates both adaptive immune cells and
ILC2 and may represent a therapeutic target
in asthma.

Asthma is now recognized as
a heterogeneous syndrome, and only
now are we starting to dissect it into its
representative parts. Although ILC2 fit
conveniently into an eosinophil-dominated
allergic asthma phenotype, the elements
regulating nonallergic asthma, often
characterized by neutrophils, are less clear.
Obesity is often associated with asthma,
especially in nonatopic adults who show
steroid resistance. It now appears that ILC3
may form part of the underlying etiology
of this asthma phenotype (18). Mice fed
a high-fat diet (HFD) developed increased
airways hyperreactivity that was dependent
on IL-17A produced by ILC3. These ILC3
were sensitive to the increased levels of IL-
1B released by M1 macrophages in the
lungs of obese mice, and blockade of the
IL-1 signaling pathway using IL-1 receptor
antagonist Anakinra was sufficient to
prevent airway hyperresponsiveness in
HFD-fed wild-type mice. ILC3-like cells
were also identified in the BAL of patients
with asthma, but larger patient cohorts will

be necessary to determine whether there is
a correlation between ILC3 numbers and
specific asthma subtypes (18). It will also
be important to determine how these
responses may alter in the presence of
allergen challenges.

The link between ILCs and obesity also
extends to ILC2 that are found constitutively
in the visceral adipose tissue and are
associated with eosinophils and alternatively
activated macrophages. In this context both
IL-33 and IL-25 have been shown to increase
ILC2 cell numbers and maintain a lean
phenotype when mice are fed an HFD (17,
19). However, the mechanisms by which
eosinophils and alternatively activated
macrophages regulate glucose homeostasis
and weight gain remain to be discovered.

Conclusions

Progress in our understanding of the biology
of innate lymphoid cells continues apace.
Committed progenitor and precursor
populations have now been identified, and
we have started to unearth the molecular
cues that constitute the transcriptional
programs that lead to specific ILC subsets.
Notably, these innate cells are intimately
involved not only in immune defense but
also in metabolic regulation, and dietary
changes can influence their differentiation
and functional characteristics. However,
how such factors alter disease states, such
as asthma and allergy, is currently poorly
understood. Significantly, recent reports
have indicated that ILC2 not only play roles
at the initiation of type-2 immunity but also
can contribute to chronic pathology, such
as fibrosis, and can impact on the priming of
the adaptive T-cell response. Importantly,
as these new avenues of research open up,
novel therapeutic targets are being identified
for further investigation. H

Author disclosures are available with the text
of this article at www.atsjournals.org.

References

1 O’Shea JJ, Paul WE. Mechanisms underlying lineage commitment and
plasticity of helper CD4+ T cells. Science 2010;327:1098-1102.

2 Spits H, Di Santo JP. The expanding family of innate lymphoid cells:
regulators and effectors of immunity and tissue remodeling. Nat

Immunol 2011;12:21-27.

3 Halim TY, McKenzie AN. New kids on the block: group 2 innate
lymphoid cells and type 2 inflammation in the lung. Chest 2013;144:

1681-1686.

S268

4 Licona-Limén P, Kim LK, Palm NW, Flavell RA. TH2, allergy and group
2 innate lymphoid cells. Nat Immunol 2013;14:536-542.

5 Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G,
Koyasu S, Locksley RM, McKenzie AN, Mebius RE, et al. Innate
lymphoid cells—a proposal for uniform nomenclature. Nat Rev
Immunol 2013;13:145-149.

6 Walker JA, Barlow JL, McKenzie AN. Innate lymphoid cells—how did

we miss them? Nat Rev Immunol 2013;13:75-87.
7 Moro K, Yamada T, Tanabe M, Takeuchi T, lkawa T, Kawamoto H,

Furusawa J, Ohtani M, Fujii H, Koyasu S. Innate production of T(H)2

AnnalsATS Volume 11 Supplement 5| December 2014


http://www.atsjournals.org/doi/suppl/10.1513/AnnalsATS.201403-097AW/suppl_file/disclosures.pdf
http://www.atsjournals.org

TRANSATLANTIC AIRWAY CONFERENCE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

cytokines by adipose tissue-associated c-Kit(+)Sca-1(+) lymphoid
cells. Nature 2010;463:540-544.

Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, Bucks C,
Kane CM, Fallon PG, Pannell R, et al. Nuocytes represent a new
innate effector leukocyte that mediates type-2 immunity. Nature
2010;464:1367-1370.

Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle DJ,
Locksley RM. Systemically dispersed innate IL-13-expressing cells in
type 2 immunity. Proc Natl Acad Sci USA 2010;107:11489-11494.

Sanos SL, Bui VL, Mortha A, Oberle K, Heners C, Johner C, Diefenbach
A. RORgammat and commensal microflora are required for the
differentiation of mucosal interleukin 22-producing NKp46+ cells.
Nat Immunol 2009;10:83-91.

Sawa S, Lochner M, Satoh-Takayama N, Dulauroy S, Bérard M,
Kleinschek M, Cua D, Di Santo JP, Eberl G. RORyt+ innate lymphoid
cells regulate intestinal homeostasis by integrating negative signals
from the symbiotic microbiota. Nat Immunol 2011;12:320-326.

Sonnenberg GF, Monticelli LA, Alenghat T, Fung TC, Hutnick NA,
Kunisawa J, Shibata N, Grunberg S, Sinha R, Zahm AM, et al. Innate
lymphoid cells promote anatomical containment of lymphoid-
resident commensal bacteria. Science 2012;336:1321-1325.

Buonocore S, Ahern PP, Uhlig HH, Ivanov I, Littman DR, Maloy KJ,
Powrie F. Innate lymphoid cells drive interleukin-23-dependent
innate intestinal pathology. Nature 2010;464:1371-1375.

Barlow JL, Bellosi A, Hardman CS, Drynan LF, Wong SH, Cruickshank
JP, McKenzie AN. Innate IL-13-producing nuocytes arise during
allergic lung inflammation and contribute to airways hyperreactivity.
J Allergy Clin Immunol 2012;129:191-198.e1-4.

Chang YJ, Kim HY, Albacker LA, Baumgarth N, McKenzie AN, Smith
DE, Dekruyff RH, Umetsu DT. Innate lymphoid cells mediate
influenza-induced airway hyper-reactivity independently of adaptive
immunity. Nat Immunol 2011;12:631-638.

Halim TY, Krauss RH, Sun AC, Takei F. Lung natural helper cells are
a critical source of Th2 cell-type cytokines in protease allergen-
induced airway inflammation. Immunity 2012;36:451-463.

Hams E, Locksley RM, McKenzie AN, Fallon PG. Cutting edge: IL-25
elicits innate lymphoid type 2 and type Il NKT cells that regulate
obesity in mice. J Immunol 2013;191:5349-5353.

Kim HY, Lee HJ, Chang YJ, Pichavant M, Shore SA, Fitzgerald KA,
lwakura Y, Israel E, Bolger K, Faul J, et al. Interleukin-17-producing
innate lymphoid cells and the NLRP3 inflammasome facilitate
obesity-associated airway hyperreactivity. Nat Med 2014;20:54-61.

Molofsky AB, Nussbaum JC, Liang HE, Van Dyken SJ, Cheng LE,
Mohapatra A, Chawla A, Locksley RM. Innate lymphoid type 2 cells
sustain visceral adipose tissue eosinophils and alternatively
activated macrophages. J Exp Med 2013;210:535-549.

Walker JA, McKenzie AN. Development and function of group 2 innate
lymphoid cells. Curr Opin Immunol 2013;25:148-155.

Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG,
Doering TA, Angelosanto JM, Laidlaw BJ, Yang CY, Sathaliyawala T,
et al. Innate lymphoid cells promote lung-tissue homeostasis after
infection with influenza virus. Nat Immunol 2011;12:1045-1054.

Mjosberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM, Piet B,
Fokkens WJ, Cupedo T, Spits H. Human IL-25- and IL-33-responsive
type 2 innate lymphoid cells are defined by expression of CRTH2
and CD161. Nat Immunol 2011;12:1055-1062.

Hoyler T, Klose CS, Souabni A, Turqueti-Neves A, Pfeifer D, Rawlins
EL, Voehringer D, Busslinger M, Diefenbach A. The transcription
factor GATA-3 controls cell fate and maintenance of type 2 innate
lymphoid cells. Immunity 2012;37:634-648.

Yang Q, Monticelli LA, Saenz SA, Chi AW, Sonnenberg GF, Tang J, De
Obaldia ME, Bailis W, Bryson JL, Toscano K, et al. T cell factor 1 is
required for group 2 innate lymphoid cell generation. Immunity 2013;
38:694-704.

Mielke LA, Groom JR, Rankin LC, Seillet C, Masson F, Putoczki T, Belz
GT. TCF-1 controls ILC2 and NKp46+RORyt+ innate lymphocyte
differentiation and protection in intestinal inflammation. J Immunol
2013;191:4383-4391.

Serafini N, Klein Wolterink RG, Satoh-Takayama N, Xu W, Vosshenrich
CA, Hendriks RW, Di Santo JP. Gata3 drives development of
RORyt+ group 3 innate lymphoid cells. J Exp Med 2014;211:
199-208.

McKenzie: ILC2 in Asthma and Allergy

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Wong SH, Walker JA, Jolin HE, Drynan LF, Hams E, Camelo A, Barlow
JL, Neill DR, Panova V, Koch U, et al. Transcription factor RORa is
critical for nuocyte development. Nat Immunol 2012;13:229-236.

Yang Q, Saenz SA, Zlotoff DA, Artis D, Bhandoola A. Cutting edge:
natural helper cells derive from lymphoid progenitors. J Immunol
2011;187:5505-5509.

Kee BL. E and ID proteins branch out. Nat Rev Immunol 2009;9:
175-184.

Constantinides MG, McDonald BD, Verhoef PA, Bendelac A. A
committed precursor to innate lymphoid cells. Nature 2014;508:
397-401.

Gentek R, Munneke JM, Helbig C, Blom B, Hazenberg MD, Spits H,
Amsen D. Modulation of signal strength switches notch from an
inducer of T cells to an inducer of ILC2. Front Immunol 2013;4:334.

Eberl G, Marmon S, Sunshine MJ, Rennert PD, Choi Y, Littman DR.
An essential function for the nuclear receptor RORgamma(t) in the
generation of fetal lymphoid tissue inducer cells. Nat Immunol 2004;
5:64-73.

Luci C, Reynders A, Ivanov Il, Cognet C, Chiche L, Chasson L,
Hardwigsen J, Anguiano E, Banchereau J, Chaussabel D, et al.
Influence of the transcription factor RORgammat on the development
of NKp46+ cell populations in gut and skin. Nat Immunol 2009;10:
75-82.

Satoh-Takayama N, Vosshenrich CA, Lesjean-Pottier S, Sawa S,
Lochner M, Rattis F, Mention JJ, Thiam K, Cerf-Bensussan N,
Mandelboim O, et al. Microbial flora drives interleukin 22 production
in intestinal NKp46+ cells that provide innate mucosal immune
defense. Immunity 2008;29:958-970.

Halim TY, MacLaren A, Romanish MT, Gold MJ, McNagny KM, Takei F.
Retinoic-acid-receptor-related orphan nuclear receptor alpha is
required for natural helper cell development and allergic
inflammation. Immunity 2012;37:463-474.

Hamilton BA, Frankel WN, Kerrebrock AW, Hawkins TL, FitzZHugh W,
Kusumi K, Russell LB, Mueller KL, van Berkel V, Birren BW, et al.
Disruption of the nuclear hormone receptor RORalpha in staggerer
mice. Nature 1996;379:736-739.

Liang HE, Reinhardt RL, Bando JK, Sullivan BM, Ho IC, Locksley RM.
Divergent expression patterns of IL-4 and IL-13 define unique
functions in allergic immunity. Nat Immunol 2012;13:58-66.

Furusawa J, Moro K, Motomura Y, Okamoto K, Zhu J, Takayanagi H,
Kubo M, Koyasu S. Critical role of p38 and GATAS in natural helper
cell function. J Immunol 2013;191:1818-1826.

Mijésberg J, Bernink J, Golebski K, Karrich JJ, Peters CP, Blom B, te
Velde AA, Fokkens WJ, van Drunen CM, Spits H. The transcription
factor GATAS is essential for the function of human type 2 innate
lymphoid cells. Immunity 2012;37:649-659.

Mordy T, Khandanpour C. Growth factor independence 1 (Gfi1) as
a regulator of lymphocyte development and activation. Semin
Immunol 2011;23:368-378.

Spooner CJ, Lesch J, Yan D, Khan AA, Abbas A, Ramirez-Carrozzi V,
Zhou M, Soriano R, Eastham-Anderson J, Diehl L, et al. Specification
of type 2 innate lymphocytes by the transcriptional determinant Gfi1.
Nat Immunol 2013;14:1229-1236.

Spencer SP, Wilhelm C, Yang Q, Hall JA, Bouladoux N, Boyd A,
Nutman TB, Urban JF Jr, Wang J, Ramalingam TR, et al. Adaptation
of innate lymphoid cells to a micronutrient deficiency promotes type
2 barrier immunity. Science 2014;343:432-437.

Kim BS, Siracusa MC, Saenz SA, Noti M, Monticelli LA, Sonnenberg
GF, Hepworth MR, Van Voorhees AS, Comeau MR, Artis D. TSLP
elicits IL-33-independent innate lymphoid cell responses to promote
skin inflammation. Sci Trans! Med 2013;5:170ra116.

Leung DY, Boguniewicz M, Howell MD, Nomura |, Hamid QA. New
insights into atopic dermatitis. J Clin Invest 2004;113:651-657.

Salimi M, Barlow JL, Saunders SP, Xue L, Gutowska-Owsiak D, Wang
X, Huang LC, Johnson D, Scanlon ST, McKenzie AN, et al. A role for
IL-25 and IL-33-driven type-2 innate lymphoid cells in
atopic dermatitis. J Exp Med 2013;210:2939-2950.

Hvid M, Vestergaard C, Kemp K, Christensen GB, Deleuran B, Deleuran
M. IL-25 in atopic dermatitis: a possible link between inflammation
and skin barrier dysfunction? J Invest Dermatol 2011;131:150-157.

Miller AM. Role of IL-33 in inflammation and disease. J Inflamm (Lond)
2011;8:22.

S$269



TRANSATLANTIC AIRWAY CONFERENCE

48

49

50

51

52

53

54

55

56

57

Wang YH, Angkasekwinai P, Lu N, Voo KS, Arima K, Hanabuchi S,
Hippe A, Corrigan CJ, Dong C, Homey B, et al. IL-25 augments type
2 immune responses by enhancing the expansion and functions
of TSLP-DC-activated Th2 memory cells. J Exp Med 2007;204:
1837-1847.

Chang JE, Doherty TA, Baum R, Broide D. Prostaglandin D2 regulates
human type 2 innate lymphoid cell chemotaxis. J Allergy Clin
Immunol 2014;133:899, e3.

De Benedetto A, Agnihothri R, McGirt LY, Bankova LG, Beck LA. Atopic
dermatitis: a disease caused by innate immune defects? J Invest
Dermatol 2009;129:14-30.

Barnig C, Cernadas M, Dutile S, Liu X, Perrella MA, Kazani S, Wechsler
ME, Israel E, Levy BD. Lipoxin A4 regulates natural killer cell and type
2 innate lymphoid cell activation in asthma. Sci Transl Med 2013;5:
174ra126.

Xue L, Salimi M, Panse |, Mjosberg JM, McKenzie AN, Spits H,
Klenerman P, Ogg G. Prostaglandin d activates group 2 innate
lymphoid cells through chemoattractant receptor-homologous
molecule expressed on t2 cells. J Allergy Clin Immunol 2014;133:
1184, e7.

Roediger B, Kyle R, Yip KH, Sumaria N, Guy TV, Kim BS, Mitchell AJ,
Tay SS, Jain R, Forbes-Blom E, et al. Cutaneous immunosurveillance
and regulation of inflammation by group 2 innate lymphoid cells.
Nat Immunol 2013;14:564-573.

Doherty TA, Khorram N, Lund S, Mehta AK, Croft M, Broide DH. Lung
type 2 innate lymphoid cells express cysteinyl leukotriene receptor 1,
which regulates TH2 cytokine production. J Allergy Clin Immunol
2013;132:205-213.

Levy BD, De Sanctis GT, Devchand PR, Kim E, Ackerman K, Schmidt
BA, Szczeklik W, Drazen JM, Serhan CN. Multi-pronged inhibition of
airway hyper-responsiveness and inflammation by lipoxin A(4). Nat
Med 2002;8:1018-1023.

Klein Wolterink RG, Kleinjan A, van Nimwegen M, Bergen |, de Bruijn M,
Levani Y, Hendriks RW. Pulmonary innate lymphoid cells are major
producers of IL-5 and IL-13 in murine models of allergic asthma. Eur
J Immunol 2012;42:1106-1116.

Halim TY, Steer CA, Matha L, Gold MJ, Martinez-Gonzalez |, McNagny
KM, McKenzie AN, Takei F. Group 2 innate lymphoid cells are critical
for the initiation of adaptive T helper 2 cell-mediated allergic lung
inflammation. Immunity 2014;40:425-435.

S$270

58

59

60

61

62

63

64

65

66

67

68

Barlow JL, Peel S, Fox J, Panova V, Hardman CS, Camelo A, Bucks C,
Wu X, Kane CM, Neill DR, et al. IL-33 is more potent than IL-25 in
provoking IL-13-producing nuocytes (type 2 innate lymphoid cells)
and airway contraction. J Allergy Clin Immunol 2013;132:933-941.

McHedlidze T, Waldner M, Zopf S, Walker J, Rankin AL, Schuchmann
M, Voehringer D, McKenzie AN, Neurath MF, Pflanz S, et al.
Interleukin-33-dependent innate lymphoid cells mediate hepatic
fibrosis. Immunity 2013;39:357-371.

Saglani S, Lui S, Ullmann N, Campbell GA, Sherburn RT, Mathie SA,
Denney L, Bossley CJ, Oates T, Walker SA, et al. IL-33 promotes
airway remodeling in pediatric patients with severe steroid-resistant
asthma. J Allergy Clin Immunol 2013;132:676-685.e13.

Kabata H, Moro K, Fukunaga K, Suzuki Y, Miyata J, Masaki K,
Betsuyaku T, Koyasu S, Asano K. Thymic stromal lymphopoietin
induces corticosteroid resistance in natural helper cells during airway
inflammation. Nat Commun 2013;4:2675.

Gregory LG, Jones CP, Walker SA, Sawant D, Gowers KH, Campbell
GA, McKenzie AN, Lloyd CM. IL-25 drives remodelling in allergic
airways disease induced by house dust mite. Thorax 2013;68:82-90.

Hams E, Armstrong ME, Barlow JL, Saunders SP, Schwartz C, Cooke
G, Fahy RJ, Crotty TB, Hirani N, Flynn RJ, et al. IL-25 and type 2
innate lymphoid cells induce pulmonary fibrosis. Proc Natl Acad Sci
USA 2014;111:367-372.

Hardman CS, Panova V, McKenzie AN. IL-33 citrine reporter mice
reveal the temporal and spatial expression of IL-33 during allergic
lung inflammation. Eur J Immunol 2013;43:488-498.

Meylan F, Hawley ET, Barron L, Barlow JL, Penumetcha P, Pelletier M,
Sciume G, Richard AC, Hayes ET, Gomez-Rodriguez J, et al. The TNF-
family cytokine TL1A promotes allergic immunopathology through
group 2 innate lymphoid cells. Mucosal Immunol 2014;7:958-968.

Yu X, Pappu R, Ramirez-Carrozzi V, Ota N, Caplazi P, Zhang J, Yan D,
Xu M, Lee WP, Grogan JL. TNF superfamily member tl1a elicits
type 2 innate lymphoid cells at mucosal barriers. Mucosal Immunol
2014;7:730-340.

Meylan F, Davidson TS, Kahle E, Kinder M, Acharya K, Jankovic D,
Bundoc V, Hodges M, Shevach EM, Keane-Myers A, et al. The
TNF-family receptor DR3 is essential for diverse T cell-mediated
inflammatory diseases. Immunity 2008;29:79-89.

Schreiber TH, Podack ER. Immunobiology of TNFSF15 and
TNFRSF25. Immunol Res 2013;57:3-11.

AnnalsATS Volume 11 Supplement 5| December 2014



Reproduced with permission of the copyright owner. Further reproduction prohibited without
permission.



	ADM_225029_20141202_00007.pdf
	link2external
	link2external
	link2external


