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Two years ago, T helper cells, including Th1, Th2 and Th17
cells, were considered to be the most significant sources of
cytokine during the orchestration of immune responses in the
lung. Following the discovery of innate lymphoid cells, we
now know that these previously unappreciated cytokine-
secreting cells, including ILC1 (IFN-y-expressing NK cells),
ILC2 (IL-5 and IL-13-expressing nuocytes) and RORy ILC
(IL-17 and IL-22-expressing ‘ILC3’) are important mediators
in immune processes. Herein we review the role of ILC2
specifically in inflammatory lung responses with special
attention to allergen-induced and viral-induced type 2 lung
disease.
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Introduction

An essential component of effective host cell-mediated
immunity is the co-ordinated crosstalk between its
innate and antigen-specific adaptive arms. Nowhere is
this more crucial than at mucosal surfaces, such as the
lung, which serve as the barrier between the external
and the sterile internal environments, where both
pathogenic microorganisms and innocuous substances
such as commensal bacteria and inhaled antigens are
frequently encountered. Several different populations
of innate-like lymphocytes, including natural killer
(NK) cells [1], ¥ T cells [2] and CD1d-restricted
NKTT cells [3] have been previously implicated in the
regulation of immune responses in the respiratory tract.
This review will focus on the roles of the recently
discovered population of type 2 innate lymphoid cells
(ILC2), which reside at the nexus between innate and
adaptive immunity in directing type 2 inflammatory
responses and may additionally participate in lung
remodelling and repair (Figure 1).

Definition

Innate lymphoid cells (ILCs) have a morphology typical
of lymphocytes, but lack rearranged antigen receptors,
and are currently grouped into three known subsets: NK
cells, RORyt-dependent ILCs and RORa-dependent
ILCs (referred to herein as ILC2) [4°%,5]. The latter
two populations lack cell surface markers associated with
other major hematopoetic lineages and express CD25
(IL-2Ra), CD90 (Thyl), CD117 (c-Kit) and CD127
(IL-7Ra). Additionally, ILC2 express CD278 (ICOS),
ST2 (IL.-33R) and IL-17BR, and are IL.-25-responsive
(IL-17E) and IL-33-responsive. Importantly they also
secrete large quantities of cytokines such as IL.-5, 11.-9
and I1.-13 that are part of the type 2 immunological
response underlying allergic asthma and helminth—host
defence. Several groups have reported ILLC2 populations
including nuocytes [6,7°°], natural helper cells (NHCs)
[8°°] and innate helper 2 cells (Ih2s) [9]. Using IL-5-
reporter [10] and IL-9-reporter [11] mice, respectively,
cells with a similar cell surface and functional phenotype
have also been described.

Whether these cells are identical, different subsets or the
same cell at different stages of development remains an
open question. ILC2 arise from a common lymphoid
progenitor [12°,13] in the bone marrow and have been
shown to require IL.-7 and I1.-33 for their development.
The transcription factors Id2 and RORa are essential for
their development and function, and Notch signals may
also be necessary [12°,13]. The cells proliferate in
response to 1L.-25 and IL-33 administration and in
response to pathogens such as helminths, viruses and
fungi [7°°,9] and play a central role in type 2-mediated
immunity through the cytokines they secrete.

ILC2 in allergic airway disease

Multiple groups have observed I1LC2 in the lungs and
mediastinal lymph nodes of mice [4°%,12°,14°°,15-19],
and lineage” CD127" ILCs in the guts, lung parenchyma
and airways of foetal and adult humans [12°,20°°].

The functions of ILC2 in the lung are a subject of on-
going study, but given their potential to direct type 2
responses, it is reasonable to believe that they may play a
direct role in type 2 immune pathologies. Increased
serum and tissue expression of 11.-33 and ST2 has been
noted in rhinitis patients [21-23], and epithelial and
airway smooth muscle cells appear to represent two major
sources of [1.-33 in asthmatics [24]. Allergen challenge in
asthmatics was also associated with increases in 1L.-25 and
IL-25R expression [25,26] with basophils and eosinophils
as possible sources [25]. In human patients with chronic
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ILC2 are central mediators of type 2 immune responses in the lung. After interaction with certain noxious agents, including helminths, allergens,
viruses, and proteases, pulmonary epithelium and other cells such as alveolar macrophages, can produce IL-33 and IL-25 which drive the expansion of
ILC2. Once activated, these cells can produce important type 2 cytokines including IL-6 (B cell growth factor), IL-5 (eosinophil proliferation), IL-9 (mast
cell growth factor), and IL-13 (AHR, mucus production, smooth muscle contractility, alternative activation of macrophages and airway remodelling).
ILC2 may also have an important role in wound healing and remodelling, through amphiregulin.

rhinosinusitis, a disease dominated by eosinophils,
increased proportions of ILLC2 were observed in nasal
polyps compared to the uninflamed nasal tissue of non-
allergic controls [20°°].

Several studies have found evidence that ILCZ partici-
pate in mouse models of type 2 allergic airway inflam-
mation. Intranasally administered recombinant IL.-25 or
IL.-33 induced the expansion of an ILCZ2 population
recovered from the lungs, bronchoalveolar lavage
(BAL) and mediastinal lymph nodes [4°°]. Intranasal
IL.-33 was able to drive airway ecosinophilia and the

production of lung IL-5 and IL-13 in both wildtype
and Ragl™ I~ mice [16]. Transfers of wildtype ILC2 into
IL.-13-deficient mice showed that they were sufficient to
restore IL-25-induced or IL-33-induced airway hyper-
reactivity (AHR) [4°°].

Additionally, ILC2 infiltrate the lungs in the challenge
phase of an ovalbumin-alum model and were found to be
a substantial population within lung IL-13" cells [4°°].
Inhalation of the clinically relevant fungal allergen A/zer-
naria alternata was able to induce 11.-33, the expansion of
ILC2, the subsequent production of IL.-5 and IL.-13 and
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cosinophilia, a chain of events not observed in ST27/~
mice [16]. In another study, inhalation of the Va14-INK'T
cell-activating glycolipid antigen «-galactosylceramide
resulted in increased production of IL-33 in the lung,
possibly through increased production by alveolar macro-
phages [14°°]. Using transfers of wildtype Va14-iINKT
cells and ILC2, respectively, into IL-137/~ mice, it was
found that either cell population was sufficient to restore
glycolipid-induced AHR. Finally, in papain-induced and
house dust mite models of allergic airway disease, 1LC2
were also found to be necessary for eosinophilia and
mucus secretion via their production of IL-5 and IL-13
[18]. Wilhelm ez a/. took this work further, and found in
the papain-induced model the presence of IL-9-produ-
cing ILC2 [13]. Indeed, IL.-2 and IL.-33 (but not 1L.-25)
were required to induce 11.-9 by ILC2 in this model,
while blockade of IL-9 using neutralizing antibodies
resulted in reduced expression of IL-5 and IL-13,
suggesting that ILC2 may be the link between IL-9
and its established role in mediating type 2 immune
responses.

Two recent studies have examined the role of 1LL-22, a
molecule ostensibly antagonistic to 11.-25 and 11.-33, in
models of Th2 airway inflammation. IL-22, an IL-9-
inducible cytokine structurally homologous to IL-10
[27] is produced in normal human lung tissue and is
found to be downregulated in individuals with sarcoidosis
and acute respiratory distress syndrome (ARDS) [28].
Taube et al. used an ovalbumin-alum model of allergic
airway inflammation, and found a population of
CD25*CD44*IL-17"~ ILC that secreted IL-22. In
Rore-Cre mice crossed with RosaZ6-stop-eYFP mice,
the vast majority of these cells fate-mapped to RORvyt
[29°]. Knocking out IL.-22 in this model was correlated
with an increase in lung I1.-33 that correlated with a more
severe form of allergic inflammation and AHR. Conver-
sely, administration of recombinant IL-22 inhibited
AHR, cellular infiltration, Th2 cytokine production and
IL.-13-responsive chemokine production [29°].

Using a similar ovalbumin-alum model, Takahashi ez a/.
found that anti-1L-22 therapy produced similar effects as
the IL.-22 knockout: an exaggeration of AHR and inflam-
mation. Notably, recombinant I[.-22 administered intra-
nasally led to decreased IL.-25 expression and the
amelioration of cosinophil recruitment and AHR, effects
that were reversed if anti-IL-25 antibodies were also
administered [30]. However, this report did not specifi-
cally demonstrate that ILC were the main source of the
1L-22.

Together, these data suggest the possibility that other
subsets of ILCs, including IL.-22-producing ROR~yt-de-
pendent ILCs, may be able to regulate ILC2 behaviour
and function 77 vivo, a situation reminiscent of the coun-
ter-regulation of Th1l and Th2 cells.
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ILC2 during influenza infection

Viral respiratory tract infections are a major trigger for
asthma exacerbations, although the underlying mechan-
isms remain poorly understood. Such responses can be
modelled in mice, with rhinovirus infection enhancing
type 2 responses to allergens and increasing lung inflam-
mation and AHR [31]. Notably, two recent studies have
highlighted important roles for II.C2 in experimental
mouse models of influenza virus infection [12°,14°°].
These reports focused on a lung-resident ILLC2 popu-
lation, which increased in frequency during infection and
expressed IL-13. Chang ¢z a/. reported a role for ILC2 in
influenza subtype H3N1 virus-induced acute AHR [14°°].
This occurred in the absence of adaptive immunity and
required the I1.-33-ST2 signalling pathway. 11.-33 was
induced upon viral infection during the first 24 hours of
the response and it was suggested that alveolar macro-
phages might represent a major cellular source of this
cytokine. Virally induced AHR was dependent on 11.-13
and adoptive transfer experiments demonstrated that
only IL-13-secreting ILC2 were capable of restoring
AHR to IL-137"" hosts. This reliance upon IL-13 is
similar to the situation observed in models of allergic
asthma [32].

Interestingly, Monticelli ¢z a/. reported that ILC2 were
important for restoration of lung-tissue homeostasis after
influenza HINT1 infection. By depleting CD90.2 expres-
sing cells in Ragl™~ mice, which include the ILC2
population, it was suggested that ILC2 play a key role
in the maintenance of epithelial integrity and lung func-
tion following viral infection [12°]. Crucially, adoptive
transfer of allotypic CD90.1" ILC2 restored lung repair.
This was independent of I1.-13 and 11.-22, and gene
expression profiling identified amphiregulin, a member
of the epidermal growth factor family, as a potential key
player. Administration of amphiregulin was sufficient to
restore epithelial cell integrity in influenza-infected mice,
highlighting a mechanism by which ILLC2 might promote
tissue repair.

Pulmonary ILC2 in helminth infections

Several species of helminth migrate to the lungs as part of
their normal life cycle where they penetrate the alveoli
and are responsible for extensive tissue destruction.
Type 2 cytokines are a crucial lynchpin in the fast and
effective as evidenced in mice with impaired type 2
immunity [33]. Two recent reports have shown that
accumulation of Nippostrongylus brasiliensis or Strongy-
loides venezuelensis in the lungs of mice results in cyto-
kine-producing ILC2 [17,34]. In the latter case, this
expansion correlated with the production of 11.-33 and
was [1.-33-dependent [16]. The fact that chitin was able
to induce similar patterns of 11.-33 production suggests
that the interaction of helminth antigens with innate
receptors on the epithelial cell surface is required for
11.-33 release [34].

www.sciencedirect.com

Current Opinion in Immunology 2012, 24:1-6

J.€01.2012.08.009

Please cite this article in press as: Scanlon ST, McKenzie AN]. Type 2 innate lymphoid cells: new players in asthma and allergy, Curr Opin Immunol (2012), http://dx.doi.org/10.1016/



http://dx.doi.org/10.1016/j.coi.2012.08.009
http://dx.doi.org/10.1016/j.coi.2012.08.009

COIMMU-1133; NO. OF PAGES 6

4 Allergy and hypersensitivity

The modulation of ILC2 as therapy

Given that ILC2 are major producers of IL.-5 and IL.-13 in
several models of airway allergic inflammation and in-
fection, and that IL.-13 is a major factor underlying the
type-2-induced AHR, goblet cell metaplasia, mucus
hypersecretion and inflammatory chemokines that
characterize human asthma [32], it is tempting to specu-
late whether modulation of ILC2 development and func-
tion may be of use in the clinic.

Several groups have targeted 11.-25 and I1.-33 and their
receptors, which are the primary pathways responsible for
the expansion of ILC2 in the lung. Blockade of I1.-33 with a
neutralizing antibody in an ovalbumin-alum model
resulted in significantly reduced inflammatory cell infil-
trates, BAL IL-4, IL-5 and IL-13, and serum anti-oval-
bumin IgE [35]. Both anti-I1.-33 and anti-ST2 neutralizing
antibody therapies were also effective in an Aspergillus
Sfumigatus model of airway inflammation. Anti-ST?2 treat-
ment resulted in an abrogation of mucus secretion, lung
Th2 cytokine mRNA expression, cellular inflammation and
methacholine-induced AHR compared to controls [36].

In a similar fashion, targeting I1.-25 expression in a mouse
ovalbumin-alum model with a monoclonal antibody
during sensitization and challenge prevented the devel-
opment of allergic inflammation, an IgE-immune
response and AHR. Interestingly, neutralization of IL.-
25 at the time of challenge but not sensitization had no
effect on lung cellularity or immunoglobulin production,
but, nevertheless, resulted in a significant reduction of
AHR. Notably, antigen-restimulated mediastinal lymph
node cells retained their ability to produce large
quantities of IL.-5 and TL.-13 if IL.-25 was neutralized
during challenge but not when therapy was extended to
include both sensitization and challenge [37].

IL.-25-neutralizing therapy has also been employed in
pneumonia virus of mice (PVM) model of respiratory
syncytial virus (RSV)-associated asthma. Treatment with
anti-IL-25 during the challenge phase resulted in signifi-
cantly reduced lung Th2 cytokine mRNA expression and
reduced airway remodelling [38].

Thus, targeting the cytokines that lie upstream of 1L.C2
activation appears beneficial, at least in mouse asthma
models. The recent identification of RORa as a key
transcription factor involved in ILC2 development raises
the possibility of manufacturing therapeutic RORa
inhibitors that would specifically block the production
of ILC2 in lung type 2 inflammatory disease.

Future directions

ILC2, a cell population that serves as a crucial link
between innate immunity and the type 2 adaptive
immune response, appears to play important roles in
the lung including responses to parasitic helminths, tissue

repair and the pathogenesis of allergic asthma. In order to
effectively design therapeutic agents, further studies are
needed in several areas to better understand ILC2 function.

Trafficking: What are the signals that are responsible for the
transit of ILLC2 into the lung? It has been previously
reported that expanded ILC2 express high levels of
CCR9, CXCR4 and CXCR®6 [7°°]. It is currently unknown
which chemokine receptors are expressed in lung-homing
ILC2. Interestingly, Barlow ¢ /. demonstrated that ILC2
donotexpand into the lungs of IL.-13~/~ mice that received
IL.-25 intranasally but do expand into the mesentery after
ILL-25 administration intraperitoneally, suggesting that IL-
13 or IL.-13-downstream chemokines are required for ILC2

trafficking into the lung but not into the peritoneum [4°°].

Function: While initial studies clearly show that ILC2 can
play a role in the pathogenesis of asthma along the 11.-25/
33-ILC-IL.-5/13 axis, several gaps remain in our under-
standing. As more information on the signals required for
ILC2 development and differentiation become available,
conditional knockout and/or depletion strategies would
allow testing of their role in the sensitization and chal-
lenge phases, respectively. Questions remain about the
function of ILC2 in the draining lymph nodes — are
these cells an identical population to lung ILC2? What
part do they play in the differentiation of Th2 cells?
Additionally, 7 wiwo microscopic techniques [39,40]
would help reveal their spatial and temporal distribution
and potential interaction partners.

Human relevance: Studies looking at segmental allergen
challenged asthmatics would be useful in determining
how relevant ILLC2 are in the pathogenesis of disease.
Additionally, the role of ILCZ2 in other diseases of the
lung, including chronic obstructive pulmonary disorder
(COPD), pulmonary fibrosis, acute lung injury and bron-
chitis should be investigated in experimental animal
models and human patients.

Conclusion

After so long in obscurity, the discovery of ILCs has
changed our perception of T cells as the major cyto-
kine-secreting regulators of immunity and made us aware
of completely unappreciated innate immune cell sources
of regulatory cytokines. The goal is now to define their
place in immunity and disease.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Culley FJ: Natural killer cells in infection and inflammation of
the lung. Immunology 2009, 128:151-163.

2. Afshar R, Medoff BD, Luster AD: Allergic asthma: a tale of many
T cells. Clin Exp Allergy 2008, 38:1847-1857.

Current Opinion in Immunology 2012, 24:1-6

www.sciencedirect.com

j-€01.2012.08.009

Please cite this article in press as: Scanlon ST, McKenzie AN]J. Type 2 innate lymphoid cells: new players in asthma and allergy, Curr Opin Immunol (2012), http://dx.doi.org/10.1016/



http://dx.doi.org/10.1016/j.coi.2012.08.009
http://dx.doi.org/10.1016/j.coi.2012.08.009

COIMMU-1133; NO. OF PAGES 6

3. Boyton R: The role of natural killer T cells in lung inflammation.
J Pathol 2008, 214:276-282.

4. Barlow JL, Bellosi A, Hardman CS, Drynan LF, Wong SH,

ee 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 e191-194.

This study demonstrated that allergen-induced ILC2 infiltrate the lung, are

a major innate source of IL-13 and are sufficient to induce AHR after

inhalation of IL-25.

5. Spits H, Cupedo T: Innate lymphoid cells: emerging insights in
development, lineage relationships, and function. Annu Rev
Immunol 2012, 30:647-675.

6. Fallon PG, Ballantyne SJ, Mangan NE, Barlow JL, Dasvarma A,
Hewett DR, Mcligorm A, Jolin HE, McKenzie AN: 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, 203:1105-1116.

7. Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK,

ee 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.

Discovery of IL-5/IL-13-producing innate lymphoid cells that respond to

IL-25 and IL-33-and promote expulsion of helminths from the intestine.

8. MoroK, Yamada T, Tanabe M, Takeuchi T, lkawa T, Kawamoto H,

ee Furusawa J, Ohtani M, Fuijii H, Koyasu S: Innate production of
T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+)
lymphoid cells. Nature 2010, 463:540-544.

Early report of a novel IL-5-expressing and IL-13-expressing innate

lymphoid population in fat-associated lymphoid clusters (FALCs) that

initiates gut anti-parasite immunity.

9. 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 U S A 2010,
107:11489-11494.

10. lkutani M, Yanagibashi T, Ogasawara M, Tsuneyama K,
Yamamoto S, Hattori Y, Kouro T, ltakura A, Nagai Y, Takaki S et al.:
Identification of innate IL-5-producing cells and their role in
lung eosinophil regulation and antitumor immunity. J /Immunol
2012, 188:703-713.

11. Wilhelm C, Hirota K, Stieglitz B, Van Snick J, Tolaini M, Lahl K,
Sparwasser T, Helmby H, Stockinger B: An IL-9 fate reporter
demonstrates the induction of an innate IL-9 response in lung
inflammation. Nat Immunol 2011, 12:1071-1077.

12. 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.

Identification of a lung-resident ILC2 in mouse and human lung tissue that

can influence repair of lung epithelium after infection with influenza virus

via amphiregulin.

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

14. Chang YJ, Kim HY, Albacker LA, Baumgarth N, McKenzie AN,

ee  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.

First report that ILC2 play a regulatory role in lung responses to influenza

viruses.

15. Kim HY, Chang YJ, Subramanian S, Lee HH, Albacker LA,
Matangkasombut P, Savage PB, McKenzie AN, Smith DE,
Rottman JB et al.: Innate lymphoid cells responding to IL-33
mediate airway hyperreactivity independently of adaptive
immunity. J Allergy Clin Immunol 2012, 129:e211-e216 216-227.

16. Bartemes KR, lijima K, Kobayashi T, Kephart GM, McKenzie AN,
Kita H: IL-33-responsive lineage-CD25+CD44(hi) lymphoid
cells mediate innate type 2 immunity and allergic inflammation
in the lungs. J Immunol 2012, 188:1503-1513.

Type 2 innate lymphoid cells Scanlon and McKenzie 5

17. Yasuda K, Muto T, Kawagoe T, Matsumoto M, Sasaki Y,
Matsushita K, Taki Y, Futatsugi-Yumikura S, Tsutsui H, Ishii KJ
et al.: Contribution of IL-33-activated type Il innate lymphoid
cells to pulmonary eosinophilia in intestinal nematode-
infected mice. Proc Nat/ Acad Sci U S A 2012, 109:3451-3456.

18. 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.

19. 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.

20. Mijosberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM,

ee 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.

Identification of IL-5/IL-13 producing ILC2 in human foetal and adult

blood, lung and guts.

21. Oshikawa K, Kuroiwa K, Tago K, lwahana H, Yanagisawa K,
Ohno S, Tominaga SI, Sugiyama Y: Elevated soluble ST2 protein
levels in sera of patients with asthma with an acute
exacerbation. Am J Respir Crit Care Med 2001, 164:277-281.

22. Sakashita M, Yoshimoto T, Hirota T, Harada M, Okubo K,
Osawa Y, Fujieda S, Nakamura Y, Yasuda K, Nakanishi K et al.:
Association of serum interleukin-33 level and the interleukin-
33 genetic variant with Japanese cedar pollinosis. Clin Exp
Allergy 2008, 38:1875-1881.

23. 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 Allergy 2012, 42:218-228.

24. Prefontaine D, Lajoie-Kadoch S, Foley S, Audusseau S,
Olivenstein R, Halayko AJ, Lemiere C, Martin JG, Hamid Q:
Increased expression of IL-33 in severe asthma: evidence of
expression by airway smooth muscle cells. J Immunol 2009,
183:5094-5103.

25. 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.

26. Corrigan CJ, Wang W, Meng Q, Fang C, Eid G, Caballero MR, Lv Z,
AnY, Wang YH, Liu YJ et al.: Allergen-induced expression of IL-
25 and IL-25 receptor in atopic asthmatic airways and late-
phase cutaneous responses. J Allergy Clin Immunol 2011,
128:116-124.

27. Dumoutier L, Louahed J, Renauld JC: Cloning and
characterization of IL-10-related T cell-derived inducible
factor (IL-TIF), a novel cytokine structurally related to IL-10
and inducible by IL-9. J Immunol 2000, 164:1814-1819.

28. Whittington HA, Armstrong L, Uppington KM, Millar AB:
Interleukin-22: a potential immunomodulatory molecule in the
lung. Am J Respir Cell Mol Biol 2004, 31:220-226.

29. Taube C, Tertilt C, Gyulveszi G, Dehzad N, Kreymborg K,

. Schneeweiss K, Michel E, Reuter S, Renauld JC, Arnold-Schild D
et al.: IL-22 is produced by innate lymphoid cells and limits
inflammation in allergic airway disease. PLoS ONE 2011,
6:21799.

Discovery that IL-22 is predominantly produced by innate lymphoid cells

in the inflamed lungs, rather than T cells. IL-22 and IL-33 counter-regulate

one another in allergic lung responses.

30. Takahashi K, Hirose K, Kawashima S, Niwa Y, Wakashin H,
lwata A, Tokoyoda K, Renauld JC, Iwamoto I, Nakayama T et al.:
IL-22 attenuates IL-25 production by lung epithelial cells and
inhibits antigen-induced eosinophilic airway inflammation. J
Allergy Clin Immunol 2011, 128:e1061-e1066 1067-1076.

31. Bartlett NW, Walton RP, Edwards MR, Aniscenko J, Caramori G,
Zhu J, Glanville N, Choy KJ, Jourdan P, Burnet J et al.: Mouse
models of rhinovirus-induced disease and exacerbation of
allergic airway inflammation. Nat Med 2008, 14:199-204.

www.sciencedirect.com

Current Opinion in Immunology 2012, 24:1-6

J.€01.2012.08.009

Please cite this article in press as: Scanlon ST, McKenzie AN]. Type 2 innate lymphoid cells: new players in asthma and allergy, Curr Opin Immunol (2012), http://dx.doi.org/10.1016/



http://dx.doi.org/10.1016/j.coi.2012.08.009
http://dx.doi.org/10.1016/j.coi.2012.08.009

COIMMU-1133; NO. OF PAGES 6

6 Allergy and hypersensitivity

32.

33.

34.

35.

36.

Wills-Karp M: Interleukin-13 in asthma pathogenesis. Immunol
Rev 2004, 202:175-190.

Harvie M, Camberis M, Tang SC, Delahunt B, Paul W, Le Gros G:
The lung is an important site for priming CD4 T-cell-mediated
protective immunity against gastrointestinal helminth
parasites. Infect Immun 2010, 78:3753-3762.

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.

Liu X, Li M, Wu Y, Zhou Y, Zeng L, Huang T: Anti-IL-33 antibody
treatment inhibits airway inflammation in a murine model of
allergic asthma. Biochem Biophys Res Commun 2009,
386:181-185.

Ramaprakash H, Shibata T, Duffy KE, Ismailoglu UB,
Bredernitz RM, Moreira AP, Coelho AL, Das AM, Fursov N,
Chupp GL et al.: Targeting ST2L potentiates CpG-mediated

37.

38.

39.

40.

therapeutic effects in a chronic fungal asthma model. Am J
Pathol 2011, 179:104-115.

Ballantyne SJ, Barlow JL, Jolin HE, Nath P, Williams AS, Chung KF,
Sturton G, Wong SH, McKenzie AN: Blocking IL-25 prevents
airway hyperresponsiveness in allergic asthma. J Allergy Clin
Immunol 2007, 120:1324-1331.

Siegle JS, Hansbro N, Dong C, Angkasekwinai P, Foster PS,
Kumar RK: Blocking induction of T helper type 2 responses
prevents development of disease in a model of childhood
asthma. Clin Exp Immunol 2011, 165:19-28.

Looney MR, Thornton EE, Sen D, Lamm WJ, Glenny RW,
Krummel MF: Stabilized imaging of immune surveillance in the
mouse lung. Nat Methods 2011, 8:91-96.

Thornton EE, Looney MR, Bose O, Sen D, Sheppard D, Locksley R,
Huang X, Krummel MF: Spatiotemporally separated antigen
uptake by alveolar dendritic cells and airway presentationto T
cells in the lung. J Exp Med 2012, 209:1183-1199.

Current Opinion in Immunology 2012, 24:1-6

www.sciencedirect.com

Please cite this article in press as: Scanlon ST, McKenzie AN]J. Type 2 innate lymphoid cells: new players in asthma and allergy, Curr Opin Immunol (2012), http://dx.doi.org/10.1016/
j.€01.2012.08.009



http://dx.doi.org/10.1016/j.coi.2012.08.009
http://dx.doi.org/10.1016/j.coi.2012.08.009

	Type 2 innate lymphoid cells: new players in asthma and allergy
	Introduction
	Definition
	ILC2 in allergic airway disease
	ILC2 during influenza infection
	Pulmonary ILC2 in helminth infections
	The modulation of ILC2 as therapy

	Future directions
	Conclusion
	References and recommended reading


