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Innate lymphoid cells in the airways
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The airways, similar to other mucosal surfaces, are continuously exposed to the out-
side environment and a barrage of antigens, allergens, and microorganisms. Of critical
importance therefore is the ability to mount rapid and effective immune responses to
control commensal and pathogenic microbes, while simultaneously limiting the extent
of these responses to prevent immune pathology and chronic inflammation. The function
of the adaptive immune response in controlling these processes at mucosal surfaces has
been well documented but the important role of the innate immune system, particularly
the recently identified family of innate lymphoid cells, has only lately become apparent.
In this review, we give an overview of the innate lymphoid cells that exist in the air-
ways and examine the evidence pertaining to their emerging roles in airways immunity,

inflammation, and homeostasis.
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Introduction

Innate lymphoid cells (ILCs) represent a recently identified fam-
ily of lymphoid cells that play diverse roles in lymphoid tissue
formation, immunity, inflammation, and tissue remodeling [1].
These cells lack specific, rearranged antigen receptors, and secrete
cytokines to influence immune responses and remodeling of sur-
rounding tissue. ILCs display heterogeneity with respect to their
location, cytokine production, and effector functions but are uni-
fied by their lymphoid origin and requirement for the transcription
factor Id2 during development. To a large extent, the repertoire
of ILCs parallels that of the known subsets of T-helper (Th) cells,
namely Thl, Th2, and Th17 and, while lineage relationships are
not well understood, transcription factors required for the devel-
opment of each specific ILC subtype have recently been identified
(Fig. 1).

Natural killer (NK) cells represent the prototypic ILCs and,
through their secretion of IFN-y and their cytolytic capacity, serve
as effector lymphocytes in antiviral and antitumor immunity [2].
NK cells are dependent on the cytokine IL-15 for their devel-
opment and also require the transcription factor E4BP4/NF-IL3
[3,4]. More recently, a second family of ILCs has been described
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that depends upon the expression of Rorc, which encodes the
transcription factor RORyt [5]. Lymphoid tissue-inducer (LTi)
cells were the first of this family to be identified and are required
for lymphoid organogenesis during development, and repair and
remodeling of lymphoid tissues in the adult [6]. At least two other
RORyt-dependent ILC subsets have since been identified, namely
ILC17 and ILC22, which secrete the cytokines IL-17A and IL-22,
respectively. ILC17 cells have been reported mainly in the intesti-
nal tract where they become activated by IL-23 to drive inflamma-
tory conditions of the intestine [7]. ILC22 cells are also present in
the intestinal tract where they mediate early protective immune
responses to enteric pathogens [8]. A third subset of LTi-like ILCs
has also been identified, which simultaneously produces both
IL-17 and IL-22 [9]. However, it remains to be determined whether
the dual-producing ILC17/22 population represents a distinct ILC
subset or merely reflects plasticity of the LTi-like lineage.

A further branch of the ILC family, identified recently by sev-
eral groups, is characterized by the secretion of type-2 cytokines,
including IL-13, IL-5, and IL-6. These cells were initially described
as an IL-25 regulated, non-B, non-T cell population that provides
an early source of type-2 cytokines during helminthic infection
[10,11]. Now variously termed nuocytes [12], natural helper cells
(NHCs) [13], and innate helper (Th2) cells [14], these cells have
been defined further by their lack of all conventional lineage mark-
ers and expression of the molecules ICOS, CD90, ST2, CD25, and
CD127, the latter three being subunits of the cytokine receptors
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Figure 1. The innate lymphoid cell family. Distinct members of the innate lymphoid cell (ILC) family develop from common lymphoid progenitors
(CLPs) and require the transcription factor, Id2. Upon expression of lineage-specific transcription factors, cells are induced to differentiate into the
conventional NK, RORyt-dependent and type-2 branches of the ILC family. These cells secrete a characteristic set of cytokines that are appropriate

to their immunological function.

for IL-33, IL-2, and IL-7, respectively. In response to IL-25 and
IL-33, these cells are induced to secrete type-2 cytokines, notably
IL-13 and IL-5, and are essential for the prompt induction of type-2
immune responses and efficient expulsion of helminthic parasites
in vivo [10, 12-15]. Unlike LTi-like cells, these ILCs do not require
RORyt for their development but instead require the transcrip-
tion factor RORa ([16] and our unpublished observations). Only
minor phenotypic differences have been identified between nuo-
cytes, NHCs and Th2 cells, (e.g. variable c-Kit expression) and these
can most probably be ascribed to variation in their location and
maturational state. We therefore propose that while distinct sub-
sets of type-2 cytokine secreting ILCs may well exist, for practical
purposes they can be grouped collectively as “type-2 ILCs”.

The ILC subsets described above have predominantly been
studied in the context of the gut mucosa and their critical and
diverse roles in controlling intestinal immunity and inflammation
are becoming increasingly apparent. At present, however, little is
known regarding the existence of ILCs at other mucosal surfaces,
such as the airways, although hints as to the critical roles ILCs
might play in mediating immunity and tissue homeostasis at these
sites are beginning to emerge.

Asthma, lung inflammation, and
airways hyperreactivity

Allergic asthma is a chronic inflammatory disease of the airways,
which occurs as a consequence of inappropriate immunological
responses to environmental antigens. It is characterized by
chronic airway inflammation and airway hyperreactivity (AHR),
resulting in bronchoconstriction, mucus secretion, and significant
morbidity. Allergic asthma is typified by a type-2 immune response
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involving eosinophilia, elevated concentrations of IgE, mucus
hypersecretion, and goblet cell hyperplasia. Animal models of al-
lergic asthma have highlighted the importance of type-2 cytokines
in driving these responses and a role for Th2 cells has been well
established [17-20]. Evidence suggests that the immune response
is initiated at the mucosal surface, where epithelial cell cytokines
such as IL-25, IL-33, and TSLP (thymic stromal lymphopoietin)
have been implicated in the recruitment and activation of type-2
immune cells [21]. Some of the features of allergic asthma, such
as AHR and the inflammatory cell infiltrate, are mimicked in
models of nonallergic asthma, which can be induced by viruses
or other environmental factors, such as air pollution.

Type-2 ILCs in allergic asthma

While the function of the adaptive immune system in allergic
asthma has been well characterized, the role of the innate immune
system has only recently advanced to the forefront of asthma
research. Mounting evidence suggests that the initial phase of a
type-2 immune response occurs independently of adaptive immu-
nity, since IL-33 or IL-25 can initiate type-2 cytokine production
in Rag2~~ mice, accompanied by eosinophilic lung inflammation
and AHR ([22,23] and our unpublished observations). An innate
source of type-2 cytokines must therefore exist and, in light of the
critical role played by ILCs in intestinal type-2 immunity, several
recent studies have addressed potential roles for these cells in
models of experimental asthma.

A number of investigators have identified type-2 ILCs in the
naive lung [23-25], consistent with their importance in initiating
type-2 responses in the airways. Resembling their counterparts in
the intestinal tract, these lineage-negative cells express ICOS, ST2,
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CD25, and CD44, require Id2 and CD127 (IL-7Ra) for their devel-
opment [23,25], and are not dependent on the transcription factor
RORyt [25]. However, lung and intestinal type-2 ILCs are known
to exhibit differences in the expression of molecules that might
govern their location, such as the gut-homing chemokine receptor
CCR9 (our unpublished observations). Using reporter genes for
IL-4 and IL-13, a recent study demonstrated that IL-13-producing
type-2 ILCs were upregulated during lung inflammation following
cytokine administration (intranasal IL-25 or IL-33) or during
an OVA-driven model of allergic asthma [26]. In both models,
type-2 ILCs represented the major innate source of IL-13, which
is known to be essential for AHR, mucus production and inflam-
mation in these models [19,27,28]. Notably, adoptive transfer of
IL-33-primed wild type, but not I113~~, type-2 ILCs was sufficient
to restore IL-25-induced AHR to otherwise resistant I113~~ mice.
Similar results were obtained in a second study, which identified
type-2 ILCs as the major source of IL-5 and IL-13 in AHR induced
by the fungal aeroallergen, Alternaria alternata [23]. Exposure
to intranasal Alternaria extract resulted in the rapid (<1 h)
induction of IL-33 in the airways, followed several hours later
by a burst of type-2 cytokines and eosinophilia. IL-5 and IL-13
induction required the IL-33 receptor subunit ST2 and originated
from an innate cellular source, since the cytokine burst persisted
in Ragl "~ mice. Similar to the study by Barlow et al. [26], type-2
ILCs isolated from the lungs of naive wild-type mice restored the
Alternaria-induced AHR response to nonresponsive I7r~~ mice.

Recently, a third study has examined NKT cell-driven AHR
induced by the glycolipid antigen, a-Galactosylceramide (a-
GalCer) [24]. Similar to the response elicited by other intranasally
administered antigens, a-GalCer drove IL-33 production, which
appeared to be critical to the inflammatory response since AHR
was abrogated by ST2 blockade or gene deficiency. The sources of
IL-33 were identified as alveolar macrophages, dendritic cells, and
type II pneumocytes, and IL-33 production was dependent upon
CD1d-mediated interaction of these cells with NKT cells. The
major IL-33 responsive population was type-2 ILCs, which again
proved to be an important innate source of IL-13. Interestingly,
however, NKT cells also produced IL-13 in this model, consistent
with previous observations in IL-25-induced AHR [29], and were
as efficient as type-2 ILCs in restoring AHR when adoptively
transferred to I113~/~ hosts. This raises the question as to whether
type-2 ILCs represent the universal innate source of IL-13 in AHR,
or whether additional innate sources could compensate for this
function in their absence. The recent identification of ROR« as an
important transcription factor in type-2 ILC development should
now enable examination of the specific roles played by ILCs in this
process. Interestingly, one study indicates that RORa-deficient
mice are partially protected from AHR [30]. While a more
detailed examination is required and a role for ROR« in other
cells must be investigated, it is tempting to speculate that type-2
ILCs might play a nonredundant role in the AHR response.

In addition to their essential role in providing IL-13, type-2
ILCs produce IL-5, IL-6, IL-9, and IL-10 when cultured with IL-33
[12,23] and reporter mice have recently been used to identify ILCs
that secrete IL-5 and IL-9 in vivo [31,32]. Both studies identified
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lin~CD90"CD25"ST2* cells, which exhibit considerable overlap
in their secretion of IL-5, IL-9, and IL-13, consistent with their
being classified here as type-2 ILCs. Notably, a minority of cells
produces IL-4 and it is possible that this source of cytokine may
contribute to IL-4-dependent Th2 differentiation [12,32]. The
IL-9 fate-mapping (fm) reporter revealed that IL-9™+ ILCs accu-
mulated during papain-induced lung inflammation and were the
predominant source of IL-9, as assessed by intracellular cytokine
staining [32]. IL-9 production by these cells appeared to be tran-
sient and could be induced by IL-33 in vivo, and to a lesser extent
IL-25. IL-9™+ IL.Cs almost universally expressed IL-13 and produc-
tion of this cytokine correlated with IL-9 availability, suggesting
a potential positive feedback mechanism for cytokine secretion.
Notably, production of IL-9, but not the other type-2 cytokines,
required the provision of IL-2 from adaptive immune cells. This
may be relevant to the broader question as to whether compo-
nents of the adaptive response, most likely T cells, are required
for the maintenance of ILCs during an immune response. Such
an interaction seems likely, since helminth-infected Rag2~~ mice
fail to maintain type-2 ILCs over the course of infection [12] and
because type-2 ILCs are maintained throughout what would typ-
ically be considered the adaptive phase of an OVA-driven AHR
response [26]. The exact nature of this interplay between the in-
nate and adaptive arms of type-2 immunity, and its physiological
consequences, awaits further investigation.

Among the experimental models of allergic asthma described
above, a common theme emerges in that, upon antigen challenge,
type-2 ILCs represent the predominant cell type responding to the
epithelial cytokines IL-33 and IL-25. Following stimulation, type-2
ILCs deliver an essential, early burst of type-2 cytokines, which
serve to recruit other cellular components of type-2 immunity and
amplify the inflammatory response. In addition to a key role in ini-
tiating this allergic response, it remains to be determined whether
type-2 ILC-derived cytokines, particularly IL-13, are involved in
maintaining inflammation and whether these factors might also
play a role in driving pulmonary fibrosis, which is a significant
complication of chronic inflammation [27,28,33].

Type-2 ILCs during influenza infection

Viral respiratory tract infections constitute a major environmental
trigger for asthma exacerbations and, while the mechanisms un-
derlying this synergism are poorly understood, a mouse model of
rhinovirus infection revealed that viral infection enhanced type-2
responses to allergens, and the associated lung inflammation and
AHR [34]. This exacerbation correlated with elevated levels of
the type-2 cytokines IL-13 and IL-4 and intriguingly two recent
studies have highlighted important roles for type-2 ILCs in exper-
imental mouse models of influenza virus infection [25,35]. Both
groups report a lung-resident ILC population, which increases in
frequency during infection and is capable of secreting the type-2
cytokine, IL-13. The specific roles identified for type-2 ILCs in these
models of infection are, however, quite distinct. Chang et al. [35]
report that type-2 ILCs are responsible for driving acute AHR in re-
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sponse to infection, while Monticelli et al. [25] describe a role for
ILCs in promoting lung repair after infection. While representing
seemingly opposing roles, these two potential functions of ILCs
are not necessarily mutually exclusive.

AHR in response to the influenza subtype H3N1, reported by
Chang et al. [35], occurred independently of adaptive immunity
and required ST2, suggesting that, similar to allergic asthma, the
IL-33-ST2 signaling pathway is required for this response. Consis-
tent with this mechanism, IL-33 was induced upon viral infection
and an examination of IL-33 producing cells in the early phase of
the response (24 h) suggested that alveolar macrophages might
represent a major source of this cytokine. H3N1-induced AHR was
critically dependent on IL-13, similar to that observed in models of
allergic asthma [19] and adoptive transfer of IL-33-primed type-2
ILCs demonstrated that only those cells capable of IL-13 secretion
could restore AHR to 1113~ hosts. Type-2 ILCs are therefore an
important source of IL-13 in H3N1-induced AHR, which recapitu-
lates many of the features of allergic asthma.

In the second study, Monticelli et al. [25] identified a con-
trasting role for type-2 ILCs in the restoration of lung-tissue
homeostasis after influenza (H1N1) infection. Using an anti-
CD90.2 antibody to deplete ILCs in Ragl '~ mice, these investi-
gators highlighted a role for ILCs in the maintenance of epithelial
integrity and lung function, which correlated with a reduction in
morbidity of HIN1-infected mice. Repair and remodeling of lung
tissue could be reinstated through the adoptive transfer of naive
allotypic CD90.1"lin~ST2" cells, conclusively demonstrating that
type-2 ILCs are both necessary and sufficient to promote lung
repair. ILC-mediated lung repair involved epithelial cell hyperpla-
sia but was not a function of IL-13 production, since administration
of recombinant IL-13 did not recapitulate this result. Similarly, the
effect was not mediated by IL-22, as had been suggested by a pre-
vious study [36]. Taking a genomic approach to elucidating the
mechanism of ILC action, Monticelli et al. identified a gene sig-
nature in ILCs from naive mice that was reminiscent of the gene
expression pattern identified in whole lung following LPS-induced
acute lung injury. This included a number of genes associated
with tissue remodeling and wound healing and included the gene
encoding amphiregulin, a member of the epidermal growth fac-
tor family. Administration of amphiregulin alone was sufficient
to restore lung function and epithelial cell integrity in influenza-
infected mice, highlighting a key mechanism by which type-2 ILCs
might promote the repair of lung tissue. The fact that the ILC gene
signature resembles that induced during LPS-induced inflamma-
tion hints that ILCs might be important players in the restoration
of homeostasis after acute lung injury. Consistent with this asser-
tion, RORa-deficient mice, which lack functional type-2 ILCs, are
more susceptible to LPS-induced lung inflammation [37].

Thus, type-2 ILCs are induced during viral infection, most
likely in response to IL-33 or IL-25 produced by lung-resident cells.
Depletion studies suggest these cells do not appear to play a major
role in viral clearance and in fact produce no IL-17A, and little
or no IFN-y [12,25,35]. Instead, lung ILCs play divergent roles
in promoting airway inflammation through IL-13 secretion and
promoting lung-tissue repair via the production of factors such as
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amphiregulin. It remains to be determined whether the same type-
2 ILC fulfils each of these inflammatory and reparative roles and
whether the differences in function reflect the different viruses
used or the kinetics of the response. Nevertheless, it seems likely
that these two aspects of type-2 ILC function may occur in parallel
over the course of infection. Indeed, IL-33 induces both IL-13 and
amphiregulin secretion from ILCs [25] so the effects mediated by
these cytokines could manifest simultaneously (Fig. 2).

Equivalent populations in human airways

Populations equivalent to type-2 ILCs have recently been
identified in humans, both in the gut and the airways.
Lin~CD127*ST2TCRTH2" cells were reported to be resident in
the lung parenchyma and BAL and furthermore are enriched in
nasal polyps from patients with chronic rhinosinusitis, a chronic
type-2 inflammatory condition characterized by eosinophilia and
high concentrations of IgE [25,38]. These cells share a number
of markers with mouse type-2 ILCs, including CD25 and ST2, and
also produce IL-13 in response to the cytokines IL-25 and IL-33
[38]. Similar to their equivalents in the mouse, cells isolated from
foetal gut did not produce IL-17A or IL-22 and were negative for
the NKp44 receptor, thus distinguishing them from their RORyt-
dependent, IL-22 producing counterparts [38].

Aside from their association with polyps in chronic rhinosinusi-
tis, little is yet known about the potential involvement of type-2
ILCs in human asthma. However, components of the type-2 ILC
signaling axis, namely IL-33, IL-13, and RORa have recently been
identified by genome wide association and functional screens as
being relevant to susceptibility to human asthma [39-41]. It is
therefore tempting to speculate that the same pathways identified
as being critical to murine type-2 ILC development and AHR may
be relevant to the human airways.

An antiinflammatory role for IL-22-secreting
lung ILCs

ILCs that secrete IL-22 have recently been identified in the lungs of
mice during a model of experimental allergic asthma [42]. IL-22 is
an IL-10 family member that may exhibit pro- or antiinflammatory
functions, depending upon the inflammatory context [43]. IL-22
contributes to tissue repair and the maintenance of epithelial bar-
riers. Consistent with these roles, the heterodimeric receptor for
IL-22, comprising subunits IL-22R1 and IL-10R2, is present on
nonhematopoietic cells in skin, intestine, and lung. The role of
IL-22 in the airways is currently not well understood but it has
been reported that, similar to IL-17A [44], IL-22 is required
for asthma onset but has a protective effect during established
inflammation, potentially through its effects on dendritic cells
[45,46].

In a recent report, IL-22 production was enhanced in the con-
text of OVA-induced allergic airway inflammation and the predom-
inant source of this cytokine was lineage”CD90.2%Sca-1* innate

www.eji-journal.eu

1371 &



W 1372

Jennifer A. Walker and Andrew N. J. McKenzie

Virus i E

* Allergen
* o %

Eur. J. Immunol. 2012. 42: 1368-1374

Epithelial cells

-

TLR7/8 Type Il

Pneumocyte

Alveolar
Macrophage

IL-33

T

IL-13

Airways Hyperreactivity |
(Eosinophilia, goblet cell hyperplasia, Th2 recruitment)

IL-33
(IL-25)

Wiregulin

? _ Stimulus

rd

IL-22?

NN

Figure 2. The role of IL-33 signaling and ILCs in AHR and lung homeostasis. Upon antigen challenge or viral infection, resident lung cells such
as alveolar macrophages, type II pneumocytes and epithelial cells may be induced to secrete IL-33. This cytokine, in conjunction with other
factors such as IL-25, activates type-2 ILCs to produce type-2 cytokines, such as IL-13, which drive eosinophilic lung inflammation and airway
hyperreactivity. Perhaps simultaneously, IL-33 also drives type-2 ILCs to produce wound-healing factors, such as amphiregulin, which promote
the repair of inflamed lung tissue. Concurrently, ILC22 cells may be recruited by as yet unknown signals and induced to secrete IL-22, which may
promote lung repair directly or serve to dampen the production of cytokines from lung epithelial cells.

lymphoid cells [42]. Fate mapping experiments demonstrated that
these cells had expressed Rorc, and a proportion also produced
IL-17A, consistent with their being members of the Rorc/IL-22/
IL-17A branch of the innate lymphoid cell family. Experiments us-
ing 1122/~ mice demonstrated that IL-22 plays a protective role in
limiting AHR and airway inflammation. Consistent with these find-
ings, the AHR response could be exacerbated using an anti-IL-22
antibody, or ameliorated by the administration of exogenous
IL-22. Similar results were obtained in a second study [47],
although T cells were identified as the predominant source of
IL-22 in that case.

Treatment of IL-13-stimulated murine epithelial cell lines with
IL-22 reduced their production of II25 mRNA [47] and the
chemokine CCL17 [42], which is important for the recruitment
of CCR4-expressing Th2 cells. Interestingly, the abundance of
IL-25 and CCL17 in BAL correlated inversely with IL-22 avail-
ability in OVA-sensitized mice [42,47] and anti-IL-25 treatment
was sufficient to reverse the proinflammatory effect of anti-IL.-22
[47]. Although not proving a direct mechanistic link, this evidence
suggests that diminution of IL-25 production from epithelial cells
might represent a means by which IL-22 could exert its antiin-
flammatory effects. Interestingly, neutralization of IL-25 is protec-
tive during the AHR response, resulting in diminished levels of
IL-13 and an enhancement in the production of IL-17A, which has
been shown to attenuate established AHR [44,48,49]. [L-17A may
represent an important downstream effector of this antiinflamma-
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tory pathway, since IL-17A neutralization over rides the protective
effect of IL-22 during AHR [46]. While the relevant cellular sources
of IL-22 during airway inflammation have yet to be conclusively
identified, the suppression of IL-25 secretion by epithelial cells and
concomitant elevation in IL-17A may represent plausible mecha-
nisms through which ILC22 cells could exert a protective effect
during lung inflammation.

Conclusions

The contribution of the adaptive immune system to AHR has
been well characterized but until recently the critical roles played
by cells of the innate immune system have been underappreci-
ated. Similar to ILCs in the intestinal tract, airway ILCs repre-
sent key mediators of lung inflammation and AHR, while also
having additional roles to play in the restoration of lung tissue
after inflammation. The precise signals that balance the pro- and
anti-inflammatory activities of ILCs await investigation, as do the
physiologically relevant sources of ILC-promoting cytokines, such
as IL-33 and IL-25. It also remains to be determined how the ILCs
present in the lung relate to those that reside within the intesti-
nal tract and whether the same population of lung ILCs can bring
about homeostatic and inflammatory responses. Equivalent popu-
lations of ILCs exist in the human airways and therefore represent
new therapeutic targets for the prevention and management of
inflammatory lung disease.
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