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Asthma is a complex and heterogeneous disease with several
phenotypes, including an allergic asthma phenotype
characterized by TH2 cytokine production and associated with
allergen sensitization and adaptive immunity. Asthma also
includes nonallergic asthma phenotypes, such as asthma
associated with exposure to air pollution, infection, or obesity,
that require innate rather than adaptive immunity. These innate
pathways that lead to asthma involve macrophages, neutrophils,
natural killer T cells, and innate lymphoid cells, newly
described cell types that produce a variety of cytokines,
including IL-5 and IL-13. We review the recent data regarding
innate lymphoid cells and their role in asthma. (J Allergy Clin
Immunol 2014;133:943-50.)
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For several decades, asthma has been thought of as an
immunologic disease mediated by TH2 cells and adaptive
immunity.1 Indeed, allergen-specific TH2 cells play a critical
role in asthma because they produce IL-4, a switch factor for
IgE; IL-5, a growth and differentiation factor for eosinophils;
and IL-13, which can directly cause airway hyperreactivity
(AHR), a cardinal feature of asthma, by directly affecting airway
epithelial cells and airway smooth muscle cells.
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TABLE I. Properties of ILCs

1. ILCs are non-T, non-B lymphocytes present in mucosal and lymphoid

tissues.

2. ILCs are not antigen specific.

3. ILCs secrete a variety of cytokines, including IFN-g, IL-5, IL-9, IL-13,

IL-17, and IL-22.

4. ILCs rapidly respond to environmental factors.

5. ILCs are involved in tissue homeostasis, lymphoid tissue organogenesis,

resistance to infection, control of the composition of commensal mi-

crobiota, and pathology at mucosal surfaces.

6. ILC2s might be involved in atopic diseases by producing IL-5, IL-9,

and IL-13 and by interacting with mast cells, NKT cells, TH2 cells,

eosinophils, epithelial cells, and macrophages.
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HETEROGENEITY OF ASTHMA
However, although TH2 cells and eosinophils can explain

many of the features of asthma, it has become very clear over
the past 5 years that asthma is much more than TH2 cells and
eosinophils and that asthma is in fact a very heterogeneous and
complex trait with at least several distinct phenotypes.2 There
is an allergic asthma phenotype triggered by exposure to
allergens and associated with eosinophils in the airways and
with allergic sensitization and adaptive immunity. There are
also nonallergic asthma phenotypes associated with exposure
to environmental factors, such as air pollution, including ozone,
cigarette smoke, and diesel particles; associated with exercise,
viral infection, stress, and obesity2; and often associated with
neutrophils in the airways and innate immunity independent of
TH2 cells.3-6 There might also be intrinsic forms of asthma and
possibly other forms as well. This heterogeneity in asthmatic
patients suggests that other factors and components of immunity,
in addition to allergy and TH2 cells, must be involved in
regulating and shaping the inflammation seen in asthmatic
patients.2 Indeed, recent studies suggest innate lymphoid cells
(ILCs) mediate several nontraditional, non-TH2 cell pathways
that regulate asthma. In this review we will discuss the potential
role in asthma of ILCs, which produce a striking array of
cytokines similar to the wide variety of cytokines produced by
adaptive T cells.7
ILC FAMILY
ILCs represent an emerging family of non-T, non-B

effector cells that have conserved effector cell functions
and play crucial roles in tissue homeostasis, repair, and
remodeling and in innate immunity to pathogenic and
nonpathogenic microorganisms (Table I).8 Unlike adaptive
immune cells, ILCs lack rearranged antigen-specific
receptors and therefore are antigen nonspecific but react
promptly to a wide range of innate signals. Given the amount
and variety of cytokines produced by ILCs and their potential
importance in immune regulation, it is surprising that ILCs
were not discovered earlier, but this might be due to the
initial focus of immunologists on adaptive immune cells,
particularly CD41 T cells producing IFN-g and IL-4
(eg, TH1 and TH2 cells).

The specific characteristics and features of ILCs are not fully
defined, but a classification scheme has been developed.9 The
prototypic ILC is the natural killer (NK) cell (studied for many
years), which produces IFN-g and expresses T-box transcription
factor (T-bet) and cytolytic activity.
Type 1 ILCs (ILC1s) are related to NK cells in that they both

express T-bet and IFN-g, but ILC1s do not appear to express
perforin, granzyme B, or killer-cell immunoglobulin-like
receptors and respond primarily to IL-7 rather than IL-15
(Fig 1).10 Human ILC1s have been shown to expand in the
intestines in patients with Crohn disease.
Type 2 ILCs (ILC2s; previously called natural helper cells or

nuocytes),7 which produce IL-13, IL-5, and IL-9, were initially
described in the gut in the context of helminth infection. ILC2s
require the transcription factor retinoic acid receptor–related
orphan receptor (ROR) a11,12 and the GATA transcription factor
Gata3.13 ILC2s have been shown to mediate eosinophilia and
goblet cell hyperplasia, both of which are critical for antihelminth
responses and for allergic diseases. Recently, ILC2s have
been shown to exist in the lungs and to have a role in the
pathophysiology of asthma and allergic inflammation,14 as
described in the sections below.
Type 3 ILCs (ILC3s) have also been described and require the

RORgt and GATA3 transcription factors for development.15-17

ILC3s include at least 3 different subtypes: (1) lymphoid tissue
inducer cells required for lymphoid organogenesis and
producing IL-17 and IL-2218; (2) IL-22–producing ILC3s
participating in host defense in the skin, lungs, and gut; and
(3) IL-17–producing ILC3s, which express CCR6 and are active
in the gut in patients with some forms of colitis19 and in the
lungs in some models of asthma.20 Together, ILCs define a
universe of cells that is parallel to the universe of CD4 adaptive
T cells, which includes TH1 cells (comparable with ILC1s/NK
cells), TH2 cells (comparable with ILC2s), and TH17 and
TH22 cells (comparable with ILC3s). Like CD4 helper cells,
which arise from a common precursor cell, ILCs are also
thought to arise from a common precursor cell characterized
by expression of the transcription factor inhibitor of DNA
binding 2.12,21,22 The existence of these parallel universes of
adaptive and innate cells, both of which are associated with
the production of a wide variety of cytokines, blurs the lines
between innate and adaptive immunity.
ILC2s
Cells with the characteristics of ILC2s were first described

in 2001 as non-T, non-B cells that expanded on administration
of IL-2523,24 and were associated with a TH2-like immune
response with increased serum IgE levels and eosinophilic
infiltrates in the lungs and digestive tract. Similar non-T,
non-B lymphocytes producing IL-5 and IL-13 were described
in the lungs of asthmatic patients, but their specific function
was unclear.25 In 2010, 3 different groups characterized a
mouse non-T, non-B cell ILC type that produced large
quantities of IL-5 and IL-13 in response to IL-25 and
IL-33.26-28 These cells expanded and mediated protection
during helminth infection and were found in lymphoid struc-
tures associated with adipose tissue and in gut-associated
lymphoid tissue. The initial reports of ILC2s described
cell types with slightly different cell-surface markers and
function,24,27-29 but a consensus nomenclature panel renamed
all of these type 2 ILCs because these cells secreted IL-5 and
IL-13.7 Although there are subtle differences between the
cells described in these reports, in general, mouse ILC2s



FIG 1. Development and function of ILCs. All ILCs develop from a common precursor cell characterized by

expression of the transcriptional repressor inhibitor of DNA binding 2 (ID2), expression of the common

cytokine receptor g chain (not shown), and dependence on IL-7 for development. ILC1s produce IFN-g on

stimulation with IL-12, depend on T-bet for their development, and are involved in the pathogenesis of

Crohn disease. ILC2s depend on the transcription factors GATA3 and RORa for their development. They

produce IL-5, IL-13, and IL-9, although skin ILC2s are reported to produce IL-4, IL-5, and IL-13. ILC2s are

activated by stimulation with IL-33, IL-25, and IL-2 and participate in the development of some forms of

asthma. Different from mucosal ILC2s, the skin ILC2 response is elicited by TSLP and promotes atopic

dermatitis. ILC3s require the transcription factor RORgt for their development and respond to IL-23 and

IL-1b. ILC3s include 3 different subsets: lymphoid tissue inducer (LTi) ILC3s, natural cytotoxicity receptor

(NCR)1 ILC3s, and NCR2 ILC3s. LTi ILC3s play an important role in lymphoid tissue organogenesis and

produce IL-17 and IL-22. NCR2 ILC3s express CCR6, produce IL-17 and sometimes IL-22, and are critical

in the development of obesity-induced asthma and inflammatory bowel disease. NCR1 ILC3s produce

IL-22 and also depend on the aryl hydrocarbon receptor (AHR) and T-bet for their function. Some ILC3s

downregulate RORgt and transform into ILC1s. NCR1 ILC3s might contribute to the development of

psoriasis. OVA, Ovalbumin.
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express CD25 (IL-2 receptor a), CD90 (Thy1), variable
amounts of CD117 (c-Kit), and CD127 (IL-7 receptor a)
and mediate the type 2 immunologic responses underlying
helminth host defense and asthma/allergy. Additionally,
ILC2s express variable amounts of CD278 (inducible
costimulator), ST2 (IL-33 receptor), and IL-17RB and are
IL-25 responsive (IL-17E) and IL-33 responsive, such that
these cells proliferate and expand in response to IL-25 and
IL-33 and in response to pathogens, including helminths,
viruses, and fungi.24,27-29 It should be noted that ILC2s have
subtle differences depending on the mouse strains, the organ
in which the cell resides, and its activation state. ILC2s appear
to require IL-7 and IL-33 for their development and the
transcription factors inhibitor of DNA binding 2, RORa,
and GATA3, as well as Notch signaling.11,12,21 In addition,
the transcription factor Gfi1 also controls the development
and activation of ILC2s by directly activating Il1rl1, which
codes for the IL-33 receptor ST2, which favorably regulates
the responsiveness of ILC2s to IL-33 but not IL-25 and
inhibits the expression of IL-17.30 The role of ILC2s in
patients with lung disease is being defined, and recent
studies of lung inflammation and development of asthma are
discussed in next section.
ILC2s in asthma
Although IL-25 administration led to the discovery of ILC2s in

several model systems, IL-33 has greater effects on ILC2
function, allowing ST22/2 mice (mice lacking the IL-33
receptor) to help define specific roles for ILC2s in various
models. For example, ST22/2 mice, although having
near-normal AHR responses after sensitization and challenge
with allergen, have greatly reduced AHR after infection with
influenza.14 This suggested that in mice ILC2s play a critical
role in influenza-induced AHR and less of a role in allergic
asthma. Indeed, ILC2s were shown to be present in the lungs,
particularly during influenza infection, and mediated the
AHR response associated with influenza infection.14 During
influenza infection, the virus infects alveolar macrophages,
which then release IL-33, which expands and activates ILC2s
to secrete IL-13 and IL-5. Furthermore, the activation of ILC2s
by influenza infection was confirmed by other studies
showing that IL-5 production by ILC2s during influenza infection
resulted in progressive accumulation of eosinophils after viral
clearance.31

An important role for ILC2s during influenza virus infection
might help to explain the mechanisms by which viral
infection cause asthma, which until now have been very poorly
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understood. Viral respiratory tract infections precipitate most
of the hospitalizations in asthmatic patients, but previous
paradigms of asthma have focused on how viral infections worsen
TH2/allergen-induced lung inflammation and AHR.32 However,
viral infections can precipitate symptoms in virtually all patients
with asthma, regardless of the presence of allergy, suggesting that
non-TH2 mechanisms for asthma must be activated by viral
infection. Thus acute infection of mice with influenza A virus
rapidly induced AHR, even in the total absence of adaptive
immunity, in Rag22/2 mice. However, the response depended
on IL-33, its receptor ST2 (Il1rl1), and ILC2s expressing c-Kit,
Sca-1, Thy1.2 (CD90), and ST2, and did not occur in ST22/2

mice.14 Influenza-induced AHR was dependent on IL-13, and
adoptive transfer experiments demonstrated that IL-13–secreting
ILC2s were capable of restoring AHR in IL-132/2 hosts.
Furthermore, depletion of ILC2s by treatment of Rag22/2 mice,
which have ILC2s, with anti-Thy1.2 (CD90) mAb abolished the
influenza-induced AHR response. This reliance on IL-13 is
similar to the situation observed in models of allergic asthma,
although in patients with allergic asthma, the IL-13 is
produced by allergen-specific TH2 cells and natural killer T
(NKT) cells.33

In another study influenza infection was shown to also
activate ILC2s, but in this case the ILC2s produced amphir-
egulin, which was required for restoring lung-tissue homeostasis
after influenza infection. By depleting CD90.2-expressing ILC2s
in Rag12/2 mice, the authors found increased airway damage,
suggesting that ILC2s played a key role in the maintaining
epithelial cell integrity and improving lung function after viral
infection.22 The homeostatic function of ILC2s was independent
of IL-13 and IL-22, although a more recent study suggests that
IL-22 is essential for lung epithelial repair after influenza
infection.34

Thus these studies show that ILC2s can both promote
inflammatory lung disease and restore airway epithelial cell
integrity after injury. Although these 2 functions of ILC2s
might appear contradictory, these roles could reflect the
homeostatic versus pathologic role of ILC2s similar to the
contrasting roles that have been observed with many other
immune cell types. For example, TH1, TH2, and TH17 cells
each have evolutionarily conserved salutary effects (in resis-
tance to intracellular, helminth, and fungal infections, respec-
tively), as well as pathologic effects (in causing autoimmunity
or allergy). Therefore the context in which ILC2s are activated
determines whether their function is beneficial (enhancing
epithelial cell integrity) or dysregulated and detrimental
(causing airway inflammation and AHR). ILC2s might have
evolved to repair lung injury, as in influenza-infected mice.
However, when overactivated without opposing constraints,
ILC2s might cause airway inflammation and AHR. On the
other hand, in the context of helminth infection, ILC2s are
also rapidly activated and essential for the initial TH2-like
response, which enhances an effective adaptive response
associated with eosinophilia and increased mucus production
needed for worm expulsion. Alternatively, it is possible that
subsets of ILC2s might exist, such that some ILC2 subsets
produce more IL-13 and less amphiregulin and cause airways
disease, whereas others produce more amphiregulin and less
IL-13 and reverse airway injury. Further investigation into
the characteristics of ILC2s and possible subsets will help to
resolve this issue.
ILC2s in allergic airway disease
Allergen-induced innate IL-13–producing ILC2s in

lungs. In addition to having a role in the lung during influenza
infection, the production of IL-13 and IL-5 by ILC2s suggests
that ILC2s could play an important role in allergic asthma.
Indeed, several studies have shown that ILC2s are associated
with allergic asthma. First, in a mouse model in which mice
were sensitized to ovalbumin and challenged through the
airways to induce allergic inflammation, Kearly et al35 showed
persistent AHR correlated with the continued presence of TH2
cells, but not eosinophils, in the lungs. In their study they
found the ST2–IL-33 pathway was important because
treatment with blocking antibodies against ST2 reduced IL-4
and IL-13 secretion, allergic inflammation, and AHR.
However, they concluded that TH2 cells were the primary
cell type that causes AHR, although ILC2s, which also rely
on the ST2–IL-33 pathway, might contribute to type 2 allergic
airway inflammation. Similarly, studies by Barlow et al36 using
ll41/eGFPIl131/Tomato(Tom) dual-reporter mice showed that
ovalbumin-induced ILC2s provide significant IL-13 in the
lung. They found that CD41 T cells infiltrating the lung almost
exclusively express IL-13 and not IL-4, whereas T cells in the
draining lymph nodes produce primarily IL-4. Therefore both
T cells and ILC2s expand in the allergic lung and are highly
biased toward IL-13 production. Furthermore, intranasal
administration of recombinant IL-25 or IL-33 induces the
expansion of IL-5– and IL-13–producing ILC2s in the lungs,
bronchoalveolar lavage fluid, and mediastinal lymph
nodes.36-39 In another study, Klein Wolterink et al40 showed
that both ILC2s and TH2 cells produce large amounts of
IL-5 and IL-13, which contribute to house dust mite–induced
or ovalbumin-induced allergic asthma.40

Several groups have explored the mechanisms by which ILC2s
become activated by allergens. First, Wilhelm et al41 found that
papain, an allergen with protease activity expressed by many
potent allergens, activated ILC2s, particularly those producing
IL-9. This process required IL-2 and IL-33 (but not IL-25), and
blockade of IL-9 resulted in reduced expression of IL-5 and
IL-13, suggesting that ILC2s might initially produce IL-9 and
then mature in an autocrine fashion to produce IL-5 and IL-13.
Second, Halim et al42 extended the study of protease-containing
allergens in ILC2 activation and showed that protease
activity itself damaged airway epithelial cells, which released
IL-33 and in turn activated ILC2s. This group showed that
intranasal administration of papain to Rag12/2 mice, but not
Rag22/2Il2rg2/2 mice (ILC2s are present in Rag12/2 mice but
not Rag22/2Il2rg2/2 mice), rapidly caused lung eosinophilia,
mucus hypersecretion, and an increase in bronchoalveolar
lavage fluid IL-5 and IL-13 levels (AHR was not examined).
Furthermore, depletion of ILC2s in Rag12/2 mice by anti-
CD25 mAb injection significantly reduced lung eosinophilia
and mucus secretion on papain administration, and adoptive
transfer of ILC2s into Rag22/2Il2rg2/2 mice reconstituted these
symptoms. Similar results were obtained with the allergen from
Alternaria alternata, which also has protease activity, and
induced IL-33 and IL-25 production from airway epithelial cells
and the expansion of lung Lin2CD251CD44hi ILC2s.37 This
suggested that ILC2s are a critical early source of IL-5 and
IL-13 in protease allergen–induced lung inflammation and that
this occurs in a T cell–independent manner. Although all of these
studies suggest that ILC2s expand and are present during
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allergen-induced airways disease, none have shown that ILC2s
are actually required for the development of allergen-induced
AHR. Further study of this important question is necessary to
more precisely understand the ILC2 requirement in patients
with allergic lung disease.
Interaction between ILC2s and other innate and

adaptive cells
As an innate cell type, ILC2s likely interact with many other

cell types. First, ILC2s have been shown to synergize with TH2
cells in the gut for the expulsion of metazoan helminths.27 ILC2s
respond early during helminth infection (presumably to IL-33,
IL-25, and thymic stromal lymphopoietin [TSLP] released by
damaged gut epithelial cells). However, effective elimination
of helminths also requires adaptive TH2 cells, which develop
later during infection. Interestingly, the sustained presence of
ILC2s in the gut during helminth infection required adaptive
immunity,27 presumably because of production by the adaptive
cells of IL-2, which might also increase IL-9 production by
ILC2s.43

Interaction between ILC2s and NKT cells. ILC2s also
appear to interact with invariant natural killer T (iNKT) cells.
iNKT cells are innate-like T cells that recognize glycolipid
antigens presented by CD1d, rapidly produce large quantities of
cytokines, and are thought to have an important role in regulating
the development of asthma.44 The interaction between iNKT
cells, airway epithelial cells, and macrophages might be
mediated by bacterial or fungal glycolipids that directly activate
iNKT cells. For example, in several airway models iNKT cells
activated by these glycolipids induced IL-33 production in
airway epithelial cells and macrophages, leading to activation
of ILC2s and rapid induction of AHR.45 The glycolipids studied
included those from Sphingomonas species,45 which are
present in the lungs of patients with chronic asthma,46 and
from Aspergillus fumigatus,47 which is frequently associated
with severe steroid-resistant asthma.48,49 These AHR
responses were blocked with anti-ST2 mAb, which is greatly
reduced in ST22/2 mice, and restored by adoptive transfer of
IL-13–producing ILC2s.45 It might be that the environment is
replete with iNKT cell–activating glycolipids, such as from plant
pollens,50 house dust,51 some bacteria, and fungi, allowing
iNKT cells to interact with ILC2s to greatly enhance the
development of AHR and asthma through mechanisms involving
an IL-33–ST2–IL-13 axis.
ILC2s, eosinophils, and mast cells. Because ILC2s

produce IL-5, they also appear to control eosinophil homeosta-
sis in the lung, small intestine, and peripheral blood. In naive
mice ILC2s represent the majority of IL-5–producing cells in
the peripheral tissues, and ILC2s turn over more slowly
compared with IL-5-producing CD41 T cells.52 ILC2s thus
maintain serum IL-5 levels in mice. In addition, ILC2s release
IL-5 in response to vasoactive intestinal peptide, which is
released after feeding. This relationship between IL-5 release
and feeding appears to explain eosinophil circadian cycling
by regulating eosinophilopoiesis and eosinophil tissue
accumulation. Similar interactions between ILC2s and eosino-
phils occur in visceral adipose tissue, where ILC2s promote
the accumulation of eosinophils and maintain alternatively
activated macrophages.53
In the skin of mice, ILC2s have been shown to be abundant
and require IL-7 for survival.54 These cells produced IL-13
constitutively (and possibly IL-9) and interacted with cutaneous
mast cells, which are known to produce IL-33.55 This suggests
that the recognition of allergens by IgE on mast cells might
lead to increased secretion of IL-33 and to activation of ILC2s,
which then secrete IL-5, to enhance eosinophil accumulation.
Thus once allergen-specific IgE is present, this innate pathway
involving mast cells/ILC2s/IL-33/IL-9 and releasing IL-13 and
IL-5 could dominate the persistence of an allergic type of
inflammation.
ILC2s in human disease
As with many new discoveries in the immune system,

the initial studies of ILC2s were all performed in mice.
Subsequently, however, multiple studies suggest that ILC2s
are also important in human subjects, particularly in the
human respiratory tract, although much more investigation is
required to understand their role in human disease. First,
Allakhverdi et al25 reported that non-T, non-B cells producing
IL-13 and IL-5 with characteristics of ILC2s were present in
the sputum of asthmatic subjects but not in that of healthy
subjects. These investigators found that the non-T, non-B
CD341 cells expressed receptors for TSLP and IL-33 and
responded to these cytokines by rapidly producing high
IL-13, IL-5, and chemokine levels. In addition, numbers of
these cells increased in response to specific allergen inhalation
challenge. Although Allakhverdi et al did not further
characterize this subset, their findings suggest that ILC2s
might play an important role in asthma. The source of the
IL-33 and TSLP was not clear, although airway epithelial
cells and airway smooth muscle cells might be the source of
IL-33 in asthmatic patients.56

The second area of investigation suggesting an important role
for ILC2s and the ILC2 axis in asthmatic patients is observations
in genome-wide association studies identifying the genes for
IL-33, ST2, and RORa as very important susceptibility genes for
human asthma.57

Third, recent studies have identified human ILC2s as
important sources of IL-13 and IL-5. These studies include
reports of ILC2s in fetal gut tissue, which were identified as
Lin2, IL-7 receptor a (CD127)1 cells expressing chemoattrac-
tant receptor–homologous molecule expressed on TH2 cells
(CRTH2) and CD161,58 in the pleural effusion of patients with
primary spontaneous pneumothorax associated with the presence
of IL-5, IL-33, and TSLP59 in the lungs of healthy subjects (and
responding to prostaglandin D2, a ligand of CRTH2)

60 and in the
skin of patients with atopic dermatitis identified as Lin2CD1271

cells dependent on TSLP rather than on IL-33 or IL-25.61

These reports and studies of murine ILC2s suggest that the
specific cell-surface markers of ILC2s might vary depending
on the activation state and site of derivation (eg, lung, gut, or
skin). Finally, ILC2s have been found in nasal polyp tissue
from patients with chronic rhinosinusitis.58 Because TSLP
levels are increased in nasal polyps of patients with chronic
rhinosinusitis62 and because IL-33 and ST2 are increased in
the serum and tissue of patients with allergic rhinitis,63 ILC2s
might play an important role in human subjects with allergic
rhinitis. These studies together suggest that ILC2s likely play
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a critical role in human subjects, both in the respiratory tract and
in the skin.
ILC1s, ILC3s, and asthma
ILC1s and asthma. ILC1s or NK cells have not been

studied extensively in the context of asthma in part because the
tools for specifically ablating ILC1s or NK cells are limited.
However, more than a decade ago, Korsgren et al64 showed in a
mouse model that NK cells might control the development of
allergic eosinophilic airways inflammation. Depletion of innate
cells (both NK and NKT cells) with anti-NK1.1 antibody
greatly reduced eosinophilic infiltrates in the lung tissue and
was associated with decreased IL-5 and IL-12 levels in the
lung and reductions in allergen-specific IgE and IgG levels.
Because NKT cell–deficient mice did not have reduced
allergen-induced airway eosinophilia, the authors concluded
that NK cells might have an important role in enhancing
allergen-induced airway inflammation. However, because
airway inflammation does not always correlate with AHR and
because no assessment of AHR (a measure more related to
asthma) was made in this model, determining the specific
role of NK cells/ILC1s in asthmatic patients requires further
study. Indeed, examination of ILC1s taken from the lungs of
asthmatic patients suggested that ILC1s promoted eosinophil
apoptosis and functioned to inhibit eosinophilic airway
inflammation.60

ILC3s and asthma. The role of ILC3s producing IL-17A in
asthmatic patients must of necessity relate to a role for IL-17A in
asthmatic patients, which has been controversial because IL-17A
was shown early on to either inhibit or exacerbate allergic
asthma.4,65 However, recent studies indicate that IL-17 can
directly cause AHR,66,67 although the source of IL-17 has been
assumed to be TH17 cells.

Given that IL-17 might be pathogenic in airways disease, a role
for ILC3s producing IL-17A and causing AHR associated with
obesity has been recently proposed.20 Obesity, which is
associated with type 2 diabetes mellitus, cardiovascular disease,
liver disease, and some forms of cancer,68 is also a major risk
factor for the development of asthma,69-71 particularly for a
severe, therapy-resistant form of asthma distinct from allergic
asthma.72 In a mouse model of obesity-induced AHR, Kim
et al20 demonstrated that obese mice, which spontaneously had
AHR, had significant numbers of IL-17–producing cells in their
lungs and that the majority of these IL-17A–producing cells
were Lin2Thy1.21Scal-11 ILC3s. Unlike ILC2s, the ILC3s
were RORgt1CD441CCR61 and did not make IL-13. Moreover,
Rag2/2 mice treated with a high-fat diet also became obese and
had AHR associated with an increase in IL-17–producing ILC3
numbers in their lungs, indicating that this pathway for AHR
could occur in the absence of adaptive immunity. IL-17 was
required for the obesity-induced AHR because IL172/2 mice
fed the high-fat diet did not have AHR, even though these mice
became obese. The development of IL-17–producing ILC3s in
the obese mice required the NLRP3 inflammasome because
Nlrp32/2 mice on the high-fat diet became obese but did
not have AHR. NLRP3-mediated AHR developed through
enhanced IL-1b production in the obese mice, particularly in
lung macrophages, which converted from M2 to M1 macro-
phages, producing IL-1b. Moreover, blocking IL-1b signaling
with a short treatment course of an IL-1 receptor antagonist
(anakinra) abrogated development of AHR in the obese mice
and greatly decreased the numbers IL-17–producing lung
ILC3s. IL-1b mediated the development of IL-17–producing
ILC3s because administration of IL-1b to Rag2/2 mice or
Nlrp32/2 mice directly induced AHR associated with a great
increase in IL-17–producing IL-3 cell numbers in the lungs.
Furthermore, adoptive transfer of IL-17–producing ILC3s to
Rag22/2Il2rg2/2 mice restored IL-1b–induced AHR, indicating
that IL-17–producing ILC3s by themselves could induce AHR.
Importantly, examination of the bronchoalveolar lavage fluid
from a small group of patients with severe asthma demonstrated
the presence of IL-17–producing ILC3s, particularly in the
lungs of patients with more severe disease. This indicated that
(1) ILC3s are present in the lungs of patients with asthma and
(2) ILC3s might play an important role in some forms of human
asthma.
In addition to caloric excess, other nutritional factors can

affect the development of ILC3s. Thus vitamin A deficiency
in mice resulted in greatly reduced numbers of IL-22– and
IL-17–producing ILC3s,73 which are normally abundant in
the small intestine and protect against intestinal infection.
Surprisingly, vitamin A deficiency was also associated with
a significant reciprocal increase in ILC2 numbers, indicating
that vitamin A drives the expansion of ILC3s but inhibits
the growth of ILC2s. The imbalance of ILC2s and ILC3s
during vitamin A deficiency resulted in a susceptibility to
intestinal bacterial but protection against intestinal helminth
infection. Moreover, treatment of vitamin A–deficient
mice with all-trans retinoic acid restored the number of
ILC3s to normal levels, whereas it reduced the number of
ILC2s, confirming an important role of vitamin A in ILC
homeostasis.
The mechanism by which ILC3s protect against bacterial

infection is related to their capacity to produce IL-22 and
soluble LTa3 and to express membrane-bound LTa3
(LTa1b2).74-76 IL-22, production of which depends on aryl
hydrocarbon receptor75 and signal transducer and activator of
transcription 3 signaling,77 induces epithelial cells to secrete
antimicrobial peptides, whereas soluble LTa3 regulates
influx into the lamina propria of T cells that induce IgA
production. In contrast, LTa1b2 controls the induction of
IgA synthesis by CD11c1 dendritic cells independent of
T cells by enhancing inducible nitric oxide synthase
production in dendritic cells. All of these functions are critical
in controlling the composition of commensal and pathogenic
intestinal microbiota.
Concluding remarks
The discovery of ILCs over the past several years has changed

our understanding of the principles for immune regulation and
shown how innate immunity profoundly shapes the development
of asthma. In some situations ILCs appear to be as important as
adaptive immune cells, greatly contributing to some forms of
allergic disease and asthma. Although the unique cell-surface
and intracellular markers of ILC2s and their interactions with
other cell types are not fully understood and many additional
questions regarding their function remain to be answered, studies
of these ILC2s have opened a new area of investigation that
might lead to much improved therapies for lung and allergic
diseases.
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What do we know?
d ILCs comprise a newly described set of lymphocytes that

produce an array of cytokines rivaling adaptive CD41 T
cells.

d The role of ILCs in immunity is currently being defined,
but they are likely to play important roles in regulating
atopic diseases, including asthma.

d ILCs are activated in non–antigen-specific ways and, as
innate cells, rapidly produce cytokines, including IL-5,
IL-13, IFN-g, and IL-17. These cytokines can direct the
development of adaptive immunity or mediate immune
responses independent of adaptive immunity.

d ILCs produce a broad array of cytokines, including IL-5,
IL-13, and IL-17.

d ILCs respond in a non–antigen-specific fashion.

d ILCs can function independently of adaptive immunity
but might also regulate adaptive immunity.
What is still unknown?

ILCs have only recently been identified, and many of their
functions and characteristics are still being determined.
Among the numerous questions regarding ILCs that remain
are:

d How do ILC2 cells interact with adaptive immune cells?

d How do ILC3 cells interact with adaptive immune cells?

d Because ILCs are low frequency cells in the naive state,
when and how do they expand in number? In what situa-
tions do they become critical in host defense against infec-
tion or in causing pathology?

d Are ILCs important in human disease, and if so, in which
diseases? Are ILC2 and ILC3 cells required for the devel-
opment of human asthma, as they are in some mouse
models of asthma? Are they required for the development
of atopic dermatitis or other atopic diseases?

d Are ILCs important in humans infected with helminths or
other pathogens?

d Are ILC1 and ILC3 cells required for the development of
human inflammatory bowel disease?

d Is targeting ILCs worthwhile in the treatment of disease?

d Will additional subsets of ILCs be discovered?

REFERENCES

1. Robinson DS, Hamid Q, Ying S, Tsicopoulos A, Barkans J, Bentley AM, et al. Pre-

dominant Th2-like bronchoalveolar T-lymphocyte population in atopic asthma. N

Engl J Med 1992;326:298-304.

2. Kim HY, DeKruyff RH, Umetsu DT. The many paths to asthma: phenotype shaped

by innate and adaptive immunity. Nat Immunol 2010;11:577-84.

3. Johnston RA, Zhu M, Rivera-Sanchez YM, Lu FL, Theman TA, Flynt L, et al.

Allergic airway responses in obese mice. Am J Respir Crit Care Med 2007;176:

650-8.

4. Pichavant M, Goya S, Meyer EH, Johnston RA, Kim HY, Matangkasombut P, et al.

Ozone exposure in a mouse model induces airway hyperreactivity that requires the

presence of natural killer T cells and IL-17. J Exp Med 2008;205:385-93.

5. Kim EY, Battaile JT, Patel AC, You Y, Agapov E, Grayson MH, et al. Persistent

activation of an innate immune response translates respiratory viral infection

into chronic lung disease. Nat Med 2008;14:633-40.

6. Wright RJ. Stress and atopic disorders. J Allergy Clin Immunol 2005;116:1301-6.

7. Spits H, Cupedo T. Innate lymphoid cells: emerging insights in development, line-

age relationships, and function. Annu Rev Immunol 2012;30:647-75.
8. Spits H, Di Santo JP. The expanding family of innate lymphoid cells: regulators

and effectors of immunity and tissue remodeling. Nat Immunol 2011;12:21-7.

9. Bernink J, Mjosberg J, Spits H. Th1- and Th2-like subsets of innate lymphoid cells.

Immunol Rev 2013;252:133-8.

10. Bernink JH, Peters CP, Munneke M, te Velde AA, Meijer SL, Weijer K, et al.

Human type 1 innate lymphoid cells accumulate in inflamed mucosal tissues.

Nat Immunol 2013;14:221-9.

11. 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;37:463-74.

12. Wong SH, Walker JA, Jolin HE, Drynan LF, Hams E, Camelo A, et al.

Transcription factor RORalpha is critical for nuocyte development. Nat Immunol

2012;13:229-36.

13. Hoyler T, Klose CS, Souabni A, Turqueti-Neves A, Pfeifer D, Rawlins EL, et al.

The transcription factor GATA-3 controls cell fate and maintenance of type 2

innate lymphoid cells. Immunity 2012;37:634-48.

14. Chang YJ, Kim HY, Albacker LA, Baumgarth N, McKenzie AN, Smith DE, et al.

Innate lymphoid cells mediate influenza-induced airway hyper-reactivity

independently of adaptive immunity. Nat Immunol 2011;12:631-8.

15. Sanos SL, Vonarbourg C, Mortha A, Diefenbach A. Control of epithelial cell func-

tion by interleukin-22-producing RORgammat1 innate lymphoid cells. Immu-

nology 2011;132:453-65.

16. Possot C, Schmutz S, Chea S, Boucontet L, Louise A, Cumano A, et al. Notch

signaling is necessary for adult, but not fetal, development of RORgammat(1)

innate lymphoid cells. Nat Immunol 2011;12:949-58.

17. Serafini N, Klein Wolterink RG, Satoh-Takayama N, Xu W, Vosshenrich CA, Hen-

driks RW, et al. Gata3 drives development of RORgammat1 group 3 innate

lymphoid cells. J Exp Med 2014;211:199-208.

18. Sonnenberg GF, Monticelli LA, Elloso MM, Fouser LA, Artis D. CD4(1)

lymphoid tissue-inducer cells promote innate immunity in the gut. Immunity

2011;34:122-34.

19. Coccia M, Harrison OJ, Schiering C, Asquith MJ, Becher B, Powrie F, et al.

IL-1beta mediates chronic intestinal inflammation by promoting the accumulation

of IL-17A secreting innate lymphoid cells and CD4(1) Th17 cells. J Exp Med

2012;209:1595-609.

20. Kim HY, Lee HJ, Chang YJ, Pichavant M, Shore SA, Fitzgerald KA, et al. Inter-

leukin-17-producing innate lymphoid cells and the NLRP3 inflammasome facili-

tate obesity-associated airway hyperreactivity. Nat Med 2014;20:54-61.

21. Zhou L. Striking similarity: GATA-3 regulates ILC2 and Th2 cells. Immunity

2012;37:589-91.

22. Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG, Doering TA,

et al. Innate lymphoid cells promote lung-tissue homeostasis after infection with

influenza virus. Nat Immunol 2011;12:1045-54.

23. Fort MM, Cheung J, Yen D, Li J, Zurawski SM, Lo S, et al. IL-25 induces IL-4,

IL-5, and IL-13 and Th2-associated pathologies in vivo. Immunity 2001;15:

985-95.

24. Fallon PG, Ballantyne SJ, Mangan NE, Barlow JL, Dasvarma A, Hewett DR, et al.

Identification of an interleukin (IL)-25-dependent cell population that provides IL-

4, IL-5, and IL-13 at the onset of helminth expulsion. J Exp Med 2006;203:

1105-16.

25. Allakhverdi Z, Comeau MR, Smith DE, Toy D, Endam LM, Desrosiers M, et al.

CD341 hemopoietic progenitor cells are potent effectors of allergic

inflammation. J Allergy Clin Immunol 2009;123:472-8.

26. Saenz SA, Siracusa MC, Perrigoue JG, Spencer SP, Urban JF Jr, Tocker JE, et al.

IL25 elicits a multipotent progenitor cell population that promotes T(H)2 cytokine

responses. Nature 2010;464:1362-6.

27. Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, et al.

Nuocytes represent a new innate effector leukocyte that mediates type-2

immunity. Nature 2010;464:1367-70.

28. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate

production of T(H)2 cytokines by adipose tissue-associated c-Kit(1)Sca-1(1)

lymphoid cells. Nature 2010;28:540-4.

29. Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle DJ, et al.

Systemically dispersed innate IL-13-expressing cells in type 2 immunity. Proc

Natl Acad Sci U S A 2010;107:11489-94.

30. Spooner CJ, Lesch J, Yan D, Khan AA, Abbas A, Ramirez-Carrozzi V, et al. Spec-

ification of type 2 innate lymphocytes by the transcriptional determinant Gfi1. Nat

Immunol 2013;14:1229-36.

31. Gorski SA, Hahn YS, Braciale TJ. Group 2 innate lymphoid cell production of IL-5

is regulated by NKT cells during influenza virus infection. PLoS Pathog 2013;9:

e1003615.

32. Bartlett NW, Walton RP, Edwards MR, Aniscenko J, Caramori G, Zhu J, et al.

Mouse models of rhinovirus-induced disease and exacerbation of allergic airway

inflammation. Nat Med 2008;14:199-204.

http://refhub.elsevier.com/S0091-6749(14)00264-4/sref1
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref1
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref1
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref2
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref2
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref3
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref3
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref3
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref4
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref4
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref4
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref5
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref5
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref5
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref6
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref7
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref7
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref8
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref8
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref9
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref9
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref10
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref10
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref10
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref11
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref11
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref11
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref12
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref12
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref12
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref13
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref13
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref13
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref14
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref14
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref14
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref15
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref15
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref15
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref15
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref16
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref16
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref16
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref16
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref17
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref17
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref17
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref17
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref18
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref18
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref18
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref18
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref19
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref19
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref19
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref19
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref19
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref20
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref20
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref20
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref21
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref21
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref22
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref22
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref22
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref23
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref23
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref23
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref24
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref24
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref24
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref24
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref25
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref25
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref25
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref25
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref26
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref26
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref26
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref27
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref27
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref27
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref28
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref28
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref28
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref28
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref28
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref29
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref29
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref29
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref30
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref30
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref30
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref32
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref32
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref32
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref33
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref33
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref33


J ALLERGY CLIN IMMUNOL

APRIL 2014

950 YU ET AL
33. Wills-Karp M. Interleukin-13 in asthma pathogenesis. Immunol Rev 2004;202:

175-90.

34. Pociask DA, Scheller EV, Mandalapu S, McHugh KJ, Enelow RI, Fattman CL,

et al. IL-22 is essential for lung epithelial repair following influenza infection.

Am J Pathol 2013;182:1288-96.

35. Kearley J, Buckland KF, Mathie SA, Lloyd CM. Resolution of allergic

inflammation and airway hyperreactivity is dependent upon disruption of the T1/

ST2-IL-33 pathway. Am J Respir Crit Care Med 2009;179:772-81.

36. Barlow JL, Bellosi A, Hardman CS, Drynan LF, Wong SH, Cruickshank JP, et al.

Innate IL-13-producing nuocytes arise during allergic lung inflammation and

contribute to airways hyperreactivity. J Allergy Clin Immunol 2012;129:191-8,

e1-4.

37. Bartemes KR, Iijima K, Kobayashi T, Kephart GM, McKenzie AN, Kita H. IL-33-

responsive lineage- CD251 CD44(hi) lymphoid cells mediate innate type 2 immu-

nity and allergic inflammation in the lungs. J Immunol 2012;188:1503-13.

38. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, et al.

IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related pro-

tein ST2 and induces T helper type 2-associated cytokines. Immunity 2005;23:

479-90.

39. Hurst SD, Muchamuel T, Gorman DM, Gilbert JM, Clifford T, Kwan S, et al. New

IL-17 family members promote Th1 or Th2 responses in the lung: in vivo function

of the novel cytokine IL-25. J Immunol 2002;169:443-53.

40. Klein Wolterink RG, Kleinjan A, van Nimwegen M, Bergen I, de Bruijn M,

Levani Y, et al. Pulmonary innate lymphoid cells are major producers of IL-5

and IL-13 in murine models of allergic asthma. Eur J Immunol 2012;42:

1106-16.

41. Wilhelm C, Hirota K, Stieglitz B, Van Snick J, Tolaini M, Lahl K, et al.

An IL-9 fate reporter demonstrates the induction of an innate IL-9 response in

lung inflammation. Nat Immunol 2011;12:1071-7.

42. 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;36:451-63.

43. Veldhoen M, Uyttenhove C, van Snick J, Helmby H, Westendorf A, Buer J, et al.

Transforming growth factor-beta ‘reprograms’ the differentiation of T helper 2

cells and promotes an interleukin 9-producing subset. Nat Immunol 2008;9:

1341-6.

44. Matangkasombut P, Pichavant M, Dekruyff RH, Umetsu DT. Natural killer T cells

and the regulation of asthma. Mucosal Immunol 2009;2:383-92.

45. Kim HY, Chang YJ, Subramanian S, Lee HH, Albacker LA, Matangkasombut P,

et al. Innate lymphoid cells responding to IL-33 mediate airway hyperreactivity

independently of adaptive immunity. J Allergy Clin Immunol 2012;129:216-27,

e1-6.

46. Huang YJ, Nelson CE, Brodie EL, Desantis TZ, Baek MS, Liu J, et al.

Airway microbiota and bronchial hyperresponsiveness in patients with

suboptimally controlled asthma. J Allergy Clin Immunol 2011;127:372-81,

e1-3.

47. Albacker LA, Chaudhary V, Chang YJ, Kim HY, Chuang YT, Pichavant M, et al.

Invariant natural killer T cells recognize a fungal glycosphingolipid that can induce

airway hyperreactivity. Nat Med 2013;19:1297-304.

48. Agarwal R. Severe asthma with fungal sensitization. Curr Allergy Asthma Rep

2011;11:403-13.

49. Greenberger PA. Allergic bronchopulmonary aspergillosis. J Allergy Clin Immunol

2002;110:685-92.

50. Agea E, Russano A, Bistoni O, Mannucci R, Nicoletti I, Corazzi L, et al.

Human CD1-restricted T cell recognition of lipids from pollens. J Exp Med

2005;202:295-308.

51. Wingender G, Rogers P, Batzer G, Lee MS, Bai D, Pei B, et al. Invariant NKT cells

are required for airway inflammation induced by environmental antigens. J Exp

Med 2011;208:1151-62.

52. Nussbaum JC, Van Dyken SJ, von Moltke J, Cheng LE, Mohapatra A, Molofsky

AB, et al. Type 2 innate lymphoid cells control eosinophil homeostasis. Nature

2013;502:245-8.

53. Molofsky AB, Nussbaum JC, Liang HE, Van Dyken SJ, Cheng LE, Mohapatra A,

et al. Innate lymphoid type 2 cells sustain visceral adipose tissue eosinophils and

alternatively activated macrophages. J Exp Med 2013;210:535-49.

54. Roediger B, Kyle R, Yip KH, Sumaria N, Guy TV, Kim BS, et al.

Cutaneous immunosurveillance and regulation of inflammation by group 2 innate

lymphoid cells. Nat Immunol 2013;14:564-73.
55. Hsu CL, Neilsen CV, Bryce PJ. IL-33 is produced by mast cells and regulates

IgE-dependent inflammation. PLoS One 2010;5:e11944.

56. Prefontaine D, Lajoie-Kadoch S, Foley S, Audusseau S, Olivenstein R, Halayko

AJ, et al. Increased expression of IL-33 in severe asthma: evidence of expression

by airway smooth muscle cells. J Immunol 2009;183:5094-103.

57. Moffatt MF, Gut IG, Demenais F, Strachan DP, Bouzigon E, Heath S, et al. A large-

scale, consortium-based genomewide association study of asthma. N Engl J Med

2010;363:1211-21.

58. Mjosberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM, Piet B, et al.

Human IL-25- and IL-33-responsive type 2 innate lymphoid cells are defined by

expression of CRTH2 and CD161. Nat Immunol 2011;12:1055-62.

59. Kwon BI, Hong S, Shin K, Choi EH, Hwang JJ, Lee SH. Innate type 2 immunity is

associated with eosinophilic pleural effusion in primary spontaneous

pneumothorax. Am J Respir Crit Care Med 2013;188:577-85.

60. Barnig C, Cernadas M, Dutile S, Liu X, Perrella MA, Kazani S, et al.

Lipoxin A4 regulates natural killer cell and type 2 innate lymphoid cell activation

in asthma. Sci Transl Med 2013;5:174ra26.

61. Kim BS, Siracusa MC, Saenz SA, Noti M, Monticelli LA, Sonnenberg GF, et al.

TSLP elicits IL-33-independent innate lymphoid cell responses to promote skin

inflammation. Sci Transl Med 2013;5:170ra16.

62. Nagarkar DR, Poposki JA, Tan BK, Comeau MR, Peters AT, Hulse KE, et al.

Thymic stromal lymphopoietin activity is increased in nasal polyps of patients

with chronic rhinosinusitis. J Allergy Clin Immunol 2013;132:593-600.e12.

63. Kamekura R, Kojima T, Takano K, Go M, Sawada N, Himi T. The role of IL-33

and its receptor ST2 in human nasal epithelium with allergic rhinitis. Clin Exp Al-

lergy 2012;42:218-28.

64. Korsgren M, Persson CG, Sundler F, Bjerke T, Hansson T, Chambers BJ, et al. Nat-

ural killer cells determine development of allergen-induced eosinophilic airway

inflammation in mice. J Exp Med 1999;189:553-62.

65. Schnyder-Candrian S, Togbe D, Couillin I, Mercier I, Brombacher F, Quesniaux V,

et al. Interleukin-17 is a negative regulator of established allergic asthma. J Exp

Med 2006;203:2715-25.

66. Kudo M, Melton AC, Chen C, Engler MB, Huang KE, Ren X, et al. IL-17A

produced by alphabeta T cells drives airway hyper-responsiveness in mice and

enhances mouse and human airway smooth muscle contraction. Nat Med 2012;

18:547-54.

67. McKinley L, Alcorn JF, Peterson A, Dupont RB, Kapadia S, Logar A, et al.

TH17 cells mediate steroid-resistant airway inflammation and airway hyperrespon-

siveness in mice. J Immunol 2008;181:4089-97.

68. Osborn O, Olefsky JM. The cellular and signaling networks linking the immune

system and metabolism in disease. Nat Med 2012;18:363-74.

69. Wenzel SE. Asthma phenotypes: the evolution from clinical to molecular

approaches. Nat Med 2012;18:716-25.

70. Holguin F, Bleecker ER, Busse WW, Calhoun WJ, Castro M, Erzurum SC, et al.

Obesity and asthma: an association modified by age of asthma onset. J Allergy

Clin Immunol 2011;127:1486-93.e2.

71. Camargo CA Jr, Weiss ST, Zhang S, Willett WC, Speizer FE. Prospective study of

body mass index, weight change, and risk of adult-onset asthma in women. Arch

Intern Med 1999;159:2582-8.

72. Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X, et al.

Identification of asthma phenotypes using cluster analysis in the Severe Asthma

Research Program. Am J Respir Crit Care Med 2010;181:315-23.

73. Spencer SP, Wilhelm C, Yang Q, Hall JA, Bouladoux N, Boyd A, et al. Adaptation

of innate lymphoid cells to a micronutrient deficiency promotes type 2 barrier im-

munity. Science 2014;343:432-7.

74. Sonnenberg GF, Monticelli LA, Alenghat T, Fung TC, Hutnick NA, Kunisawa J,

et al. Innate lymphoid cells promote anatomical containment of lymphoid-

resident commensal bacteria. Science 2012;336:1321-5.

75. Qiu J, Guo X, Chen ZM, He L, Sonnenberg GF, Artis D, et al. Group 3 innate

lymphoid cells inhibit T-cell-mediated intestinal inflammation through aryl

hydrocarbon receptor signaling and regulation of microflora. Immunity 2013;39:

386-99.

76. Kruglov AA, Grivennikov SI, Kuprash DV, Winsauer C, Prepens S, Seleznik GM,

et al. Nonredundant function of soluble LTalpha3 produced by innate lymphoid

cells in intestinal homeostasis. Science 2013;342:1243-6.

77. Guo X, Qiu J, Tu T, Yang X, Deng L, Anders RA, et al. Induction of innate

lymphoid cell-derived interleukin-22 by the transcription factor STAT3 mediates

protection against intestinal infection. Immunity 2014;40:25-39.

http://refhub.elsevier.com/S0091-6749(14)00264-4/sref34
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref34
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref35
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref35
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref35
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref36
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref36
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref36
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref37
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref37
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref37
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref37
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref38
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref38
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref38
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref38
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref39
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref39
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref39
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref39
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref40
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref40
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref40
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref41
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref41
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref41
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref41
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref42
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref42
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref42
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref43
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref43
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref43
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref45
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref45
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref45
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref45
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref46
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref46
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref47
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref47
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref47
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref47
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref48
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref48
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref48
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref48
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref49
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref49
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref49
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref50
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref50
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref51
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref51
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref52
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref52
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref52
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref53
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref53
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref53
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref54
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref54
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref54
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref55
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref55
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref55
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref56
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref56
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref56
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref57
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref57
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref58
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref58
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref58
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref59
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref59
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref59
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref60
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref60
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref60
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref61
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref61
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref61
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref62
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref62
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref62
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref63
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref63
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref63
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref64
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref64
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref64
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref65
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref65
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref65
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref66
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref66
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref66
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref67
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref67
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref67
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref68
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref68
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref68
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref68
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref69
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref69
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref69
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref70
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref70
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref71
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref71
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref72
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref72
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref72
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref73
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref73
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref73
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref74
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref74
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref74
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref76
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref76
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref76
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref77
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref77
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref77
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref78
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref78
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref78
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref78
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref79
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref79
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref79
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref80
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref80
http://refhub.elsevier.com/S0091-6749(14)00264-4/sref80

	Innate lymphoid cells and asthma
	Heterogeneity of asthma
	ILC family
	ILC2s
	ILC2s in asthma
	ILC2s in allergic airway disease
	Allergen-induced innate IL-13–producing ILC2s in lungs

	Interaction between ILC2s and other innate and adaptive cells
	Interaction between ILC2s and NKT cells
	ILC2s, eosinophils, and mast cells

	ILC2s in human disease
	ILC1s, ILC3s, and asthma
	ILC1s and asthma
	ILC3s and asthma

	Concluding remarks

	References


