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The Journal of Immunology

IL-33–Responsive Lineage2CD25+CD44hi Lymphoid Cells

Mediate Innate Type 2 Immunity and Allergic Inflammation

in the Lungs

Kathleen R. Bartemes,*,† Koji Iijima,* Takao Kobayashi,* Gail M. Kephart,*

Andrew N. McKenzie,‡ and Hirohito Kita*,†

Innate immunity provides the first line of response to invading pathogens and a variety of environmental insults. Recent studies

identified novel subsets of innate lymphoid cells that are capable of mediating immune responses inmucosal organs. In this paper, we

describe a subset of lymphoid cells that is involved in innate type 2 immunity in the lungs. Airway exposure of naive BALB/c or

C57BL/6J mice to IL-33 results in a rapid (<12 h) production of IL-5 and IL-13 and marked airway eosinophilia independently of

adaptive immunity. In the lungs of nonsensitized naive mice, IL-33–responsive cells were identified that have a lymphoid mor-

phology, lack lineage markers, highly express CD25, CD44, Thy1.2, ICOS, Sca-1, and IL-7Ra (i.e., Lin2CD25+CD44hi lymphoid

cells), and require IL-7Ra for their development. Airway exposure of naive mice to a clinically relevant ubiquitous fungal

allergen, Alternaria alternata, increases bronchoalveolar lavage levels of IL-33, followed by IL-5 and IL-13 production and airway

eosinophilia without T or B cells. This innate type 2 response to the allergen is nearly abolished in mice deficient in IL-33R

(i.e., ST2), and the Lin2CD25+CD44hi lymphoid cells in the lungs are required and sufficient to mediate the response. Thus,

a subset of innate immune cells that responds to IL-33 and vigorously produces Th2-type cytokines is present in mouse lungs.

These cells may provide a novel mechanism for type 2 immunity in the airways and induction of allergic airway diseases such as

asthma. The Journal of Immunology, 2012, 188: 1503–1513.

A
sthma, in particular allergic asthma, is characterized by

inflammation of the airways involving CD4 Th2 cells,

Th2-associated cytokines, and eosinophils (1). Airway

inflammation is often induced by immune responses to environ-

mental allergens, such as molds and excreta from insects, par-

ticularly house dust mite and cockroaches. The dysregulated in-

teractions between mucosal epithelia and innate and adaptive

immune cells are recently implicated as the underlining causes of

asthma and allergic airway inflammation (2). Airway epithelial

cells express multiple pattern recognition receptors that mediate

the responses to respiratory pathogens and airborne particles

through the production of cytokines and other immunological

molecules (3). Recently, three epithelium-derived cytokines, thy-

mic stromal lymphopoietin (TSLP), IL-25, and IL-33, have

emerged as potential links between the immune recognition of

pathogens and Th2-type immune responses in various mucosal

organs (4–7).

IL-33 is a member of the IL-1 cytokine family, along with IL-1a,

IL-1b, and IL-18 (8). A number of previous studies have shown

a role for IL-33 in initiating and promoting Th2-type immune

responses in the airways. For example, i.p. injection of IL-33 in

mice increases serum levels of IgE and Th2 cytokines and pro-

motes airway eosinophilia, epithelial cell hyperplasia, and mucus

production (8, 9). Ab blockade of IL-33 or ST2 or IL-33 gene

deficiency ameliorates airway eosinophilia and AHR in mice

sensitized and challenged with OVA (10–13). Despite this accu-

mulating evidence linking IL-33 and Th2-type airway immunity,

the cellular targets for IL-33 in such immune responses in vivo are

not fully understood. ST2 is primarily expressed on differentiated

CD4+ Th2-type T cells but also on mast cells, eosinophils, baso-

phils, and dendritic cells (14–18). Indeed, IL-33 induces and en-

hances the production of IL-5 and IL-13 by fully differentiated

CD4+ Th2-type T cells in vitro (9, 19–22). In contrast, airway

administration of IL-33 induces Th2 cytokine production and

airway eosinophilia, even in mice deficient in T cells (9).

Recently, novel innate lymphoid cells that produce large quantities

of Th2-type cytokines in response to IL-25 or IL-33 have been

identified in gastrointestinal organs (23–26). Specifically, i.p. injection

of IL-25 or IL-33 into mice led to the expansion of cells that produce

IL-4 and/or IL-13 in GALT (25) and in mesenteric lymph nodes

(LNs) and the spleen (24). Likewise, an IL-33–responsive cell type

with a lymphoid morphology was identified in fat-associated lym-

phoid clusters in the mesentery layer (23). These innate lymphoid

cells likely play important roles in host immunity against intestinal

helminth infection (23–26). However, little information is currently

available on whether these type 2 innate lymphoid cells are involved

in other immune responses. Little is also known as to whether these

cell type(s) exist in organs other than the digestive system.

In this paper, we describe a distinct population of innate lym-

phoid cells that mediates type 2 inflammation in the respiratory

mucosa. We identified a subset of IL-33–responsive innate lym-
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phoid cells that are resident in the lungs of nontreated naive

BALB/c and C57BL/6 mice as well as Rag12/2 mice. These lung

lymphoid cells highly expressed CD25, CD44, Thy1.2, IL-7Ra,

Sca-1, and ICOS but lacked expression of conventional lineage

(Lin) markers or c-Kit. Importantly, they produced a large quantity

of IL-5 and IL-13 and mediated allergic airway inflammation

when mice were exposed to a clinically relevant fungal allergen,

Alternaria alternata (27, 28). These findings suggest that innate

type 2 lymphoid cells may play an important role in the mucosal

immunity to respiratory pathogens and other airborne environ-

mental factors. Further studies are warranted to elucidate the roles

for this novel lung innate lymphoid cell population in human

airway diseases such as asthma.

Materials and Methods
Mice

BALB/cJ (BALB/c), C57BL/6J (C57BL), Il7r2/2, and Rag12/2 (BALB/c
and C57BL background) mice were purchased from The Jackson Labo-
ratory (Bar Harbor, ME). Rag12/2 (BALB/c background) mice were bred
in-house from mice purchased from The Jackson Laboratory. ST22/2 mice
(BALB/c background) were provided by Dr. A. McKenzie (Medical Re-
search Council Laboratory of Molecular Biology, Cambridge, U.K.). Male
and female mice ages 8–12 wk were used in all of the experiments. All the
animal experiments and handling procedures were approved by the Mayo
Clinic Institutional Animal Care and Use Committee and performed
according to the guidelines.

Reagents

Fluorescently labeled Abs to CD3 (145-2C11), CD25 (PC61; 7D4), CD44
(IM7), IL-5 (TRFK5), CD16/CD32 (2.4G2), CD14 (rmC5-3), CD11b
(M1/70), CD4 (RM4-5), CD8a (53-6.7), c-Kit (ACK45), NK1.1 (PK136),
Thy1.2 (53-2.1), ICOS (7E.17G9), TCRb (H57-597), Sca-1 (D7), CD69
(H1.2F3), CD38 (90), MHC class II (AMS-32.1), CD62L (MEL-14),
CD27 (LG.3A10), and NKp46 (29A1.4) were purchased from BD Bio-
sciences (San Jose, CA). Fluorescently labeled Abs to FcεRI (MAR-1),
F4/80 (BM8), Gr-1 (RB6-8C5), CD45R/B220 (RA3-6B2), TCRg/d (UC7-
13D5), and CD9 (eBioKMC8) were purchased from eBioscience (San
Diego, CA). Anti-CD49b (DX5) was from Southern Biotechnology
Associates (Birmingham, AL). Anti-T1/ST2 (DJ8) was from MD Bio-
sciences (St. Paul, MN). PE-conjugated–goat anti-mouse CD127 (IL-7Ra),
biotinylated goat anti-mouse IL-17Rb (IL-25R), and recombinant mouse
proteins, including IL-2, IL-7, IL-25, and IL-33, were from R&D Systems
(Minneapolis, MN) and eBioscience. The culture filtrate extract of A.

alternata was from Greer Laboratories (Lenoir, NC); it contained detect-
able but minimal amounts of endotoxin (i.e., 3 ng endotoxin/mg extract).

Airway administration of cytokines and Alternaria extract

To examine the airway immune responses, IL-33 (100 ng/dose in 50 ml
PBS), Alternaria extract (50 mg/dose in 50 ml PBS), or PBS were ad-
ministered intranasally (i.n.) once or three times (days 0, 3, and 6) to naive
mice anesthetized with tribromoethanol (Avertin); ∼70% of the solutions
administered i.n. reached the lungs. In the blocking studies, mice were
injected i.p. with 40 mg anti–IL-5 (TRFK5) or isotype control Ab 24 h
prior to the first administration of IL-33. At the indicated time points, mice
were killed by an overdose of pentobarbital. The trachea was cannulated,
and the lungs were lavaged three times with HBSS (0.5, 0.25, and 0.25 ml).
The cell number in the bronchoalveolar lavage (BAL) fluids was counted
with a hemocytometer, and differentials were determined in cytospin
preparations stained with Wright–Giemsa;$200 cells were analyzed using
conventional morphologic criteria. The BAL fluid supernatant was col-
lected and stored at 220˚C for cytokine assays. Lungs were also collected
and homogenized in 1.0 ml PBS for cytokine analyses or fixed with
formaldehyde for histological analyses. The homogenates were centrifuged
at 10,000 3 g at 4˚C for 15 min, and the protein concentrations in the
supernatant were quantified with the DC Protein Assay kit (Bio-Rad,
Hercules, CA). Sections of fixed lung tissues were stained with H&E
stain and periodic acid-Schiff (PAS) stain or with anti-mouse eosino-
phil major basic protein (MBP) (a gift from Dr. J.J. Lee, Mayo Clinic
Scottsdale, AZ) using an immunofluorescence staining protocol (29). A
portion of the lungs was processed to obtain lung single-cell suspensions
and to analyze the expression of cell surface molecules by FACS, as de-
scribed below.

Cytokine production by lung cells and cells from other organs

Lungs, thymi, spleens, and mediastinal and mesenteric LNs were harvested
from naive, unsensitized mice. To obtain single-cell suspensions of lung
cells, lungs were minced and incubated in digestion medium with a mixture
of collagenases (Roche Diagnostics, Indianapolis, IN) at 0.2 Wünsch units/
lung for 60 min at 37˚C with gentle shaking. In some experiments, the
digestion medium included 25 mg/ml DNase I (StemCell Technologies,
Vancouver, BC, Canada), and shaking was omitted. RBCs were lysed
with ammonium chloride/potassium (ACK) lysing buffer (0.15 M NH4Cl,
10 mM KHCO3, and 0.1 mM Na2EDTA), and cells were resuspended in
RPMI 1640 medium supplemented with 50 mM 2-ME, 100 U/ml peni-
cillin, 100 mg/ml streptomycin, and 10% FBS (RPMI 1640 medium). Cells
isolated from the spleen were treated with ACK to lyse RBCs, and the
recovered splenocytes were resuspended in RPMI 1640 medium; cells
from various LNs and thymi were not treated with ACK. To examine the
cytokine production in response to IL-33, single-cell suspensions from
these organs were cultured at 1.5–2.5 3 106 cells/ml in RPMI 1640 me-
dium with medium alone or with 10 ng/ml IL-33 for 2 or 4 d at 37˚C and
5% CO2. Supernatants were collected and analyzed for IL-4, IL-5, IL-13,
IL-17, and IFN-g.

In some experiments, the sorted fractions of lung cells were analyzed for
their ability to produce cytokines. Single-cell suspensions of lung cells were
stained with fluorescently labeled Abs to lineage markers (CD3, CD11b,
CD14, CD16/CD32, and B220), CD25, and CD44 and sorted on a FACS
(BD FACSAria) into Lin2 and Lin+ populations. The Lin2 cells were
further sorted into three populations, based on CD25 and CD44 expression,
resulting in the Lin2CD252CD44-, Lin2CD252CD44+, and Lin2CD25+

CD44hi populations. In some experiments, prior to FACS sorting, Lin2

lung cells were isolated by magnetically depleting Lin+ cells using PE-
conjugated Abs to CD3, CD11b, CD14, CD16/CD32, and B220 along with
EasySep magnetic particles (StemCell Technologies). Unsorted lung cells,
Lin+ cells and three populations of Lin2 cells were cultured at 0.5–43 105

cells/ml with medium alone or IL-33 (10 ng/ml) for 96 h. For kinetic
studies, IL-2 (50 ng/ml), IL-7 (10 ng/ml), or IL-25 (10 ng/ml) was also
added to the culture. The supernatant was collected, stored at 220˚C, and
assayed for cytokine production by ELISA. Cells examined by electron
microscopy were fixed with Trump’s solution after culture.

Analyses of cell surface markers and intracellular cytokines

After single-cell suspensions of lung cells were cultured with 10 ng/ml IL-
33 for 48 h, they were treated with brefeldin A for 10–12 h and stained for
flow cytometry. Briefly, cells were preincubated with an FcR blocker (anti-
CD16/CD32 clone 2.4G2; BD Biosciences) for 15 min at 4˚C, followed
by staining with FITC-conjugated Abs to cell surface markers (e.g., CD3).
Cells were fixed and permeabilized using the BD Cytofix/Cytoperm
Fixation/Permeabilization Kit, as per the manufacturer’s instructions,
and subsequently stained intracellularly with PE-conjugated anti-mouse
IL-5. The cells were analyzed immediately by flow cytometry. In some
experiments, the cell surface marker expression by lung Lin2CD25+

CD25hi cells was characterized using a panel of Abs. Immediately after
obtaining the single-cell suspensions of lung cells, they were stained with
a mixture of conjugated Abs to Lin markers, allophycocyanin-conjugated
anti-CD25, PerCP-conjugated anti-CD44, and FITC-conjugated Abs to
various cell surface molecules (e.g., ST2). In some experiments, the com-
binations of fluorochromes were modified based on the availability of la-
beled Abs.

ELISA

The levels of IL-4, IL-5, IL-13, IL-17, IFN-g, IL-25, IL-33, and TSLP in
lung homogenates and BAL supernatants were measured by Quantikine
ELISA kits (R&D Systems). Cytokine concentrations in the cell super-
natants were measured by DuoSet ELISA kits (R&D Systems) for IL-4,
IL-5, IL-13, IL-17, and GM-CSF, an Opt-EIA ELISA kit (BD Biosciences)
for IFN-g, and a Ready-Set-Go kit for IL-9 (eBioscience). All ELISAs
were performed as per manufacturer’s instructions.

Adoptive transfer of Lin2 or Lin2ICOS+ lung cells

To examine the roles of Lin2CD25+CD44hi lung cells, we adoptively
transferred them to Il7r

2/2 mice, which are deficient in this cell type.
Naive C57BL mice were i.p. injected with a mixture of IL-25 and IL-33
(400 ng/dose each), once daily for 3 d. Twenty-four hours after the last
injection, lungs and mediastinal LNs were collected, and Lin2 cells were
isolated by depleting Lin+ cells using PE-conjugated Abs to CD3, CD11b,
CD14, CD16/CD32, and B220 together with EasySep magnetic particles
(StemCell Technologies). Lung Lin2 cells (1 3 106 cells/mouse) were
adoptively transferred to recipient Il7r

2/2 mice by i.v. injection into
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a retro-orbital sinus. Alternatively, lung Lin2ICOS+ cells were isolated
from the Lin2 cells by FACS sorting. Lin2ICOS+ cells (1 3 105 cells/
mouse) were adoptively transferred to recipient Il7r2/2 mice by i.v. in-
jection into a retro-orbital sinus. Control C57BL and Il7r2/2 mice received
PBS. Twenty-four hours after the transfer, mice were exposed i.n. to
Alternaria or PBS once or three times as described above.

Statistics

Data are presented as the mean 6 SEM for the numbers of mice or
experiments as indicated. Statistics were performed using paired and un-
paired Student t test, ANOVA, or repeated measures ANOVA as appro-
priate for each set of experimental conditions; p , 0.05 was considered
significant.

Results
IL-33 induces Th2-type cytokine production and eosinophilic

airway inflammation in naive mice independent of adaptive

immunity

To examine the roles of IL-33 in type 2 immune response in the

airway mucosa, we i.n. administered 100 ng/dose IL-33 or PBS to

the airways of naive nonsensitized BALB/c wild-type mice or

Rag12/2 mice three times, 3 d apart. A kinetic study revealed

increases in airway eosinophil number as early as 48 h after the

first administration of IL-33, and the eosinophil number continued

to rise after the subsequent administration of IL-33 (Fig. 1A).

Interestingly, comparable if not higher numbers of eosinophils

were observed in the airways of Rag12/2 mice treated with IL-33;

no airway eosinophilia was detected in wild-type or Rag12/2 mice

treated with PBS. Examination of lung tissues confirmed marked

infiltration of inflammatory cells, in particular MBP-positive eo-

sinophils, and mucus hyperplasia in both wild-type and Rag1
2/2

mice treated with IL-33 (Fig. 1B). Furthermore, airway eosino-

philia was abolished in mice treated with neutralizing anti–IL-5

Ab (Supplemental Fig. 1), suggesting that IL-5 is involved in

airway eosinophilia in the IL-33–treated mice. These findings are

consistent with previous observations by other investigators (9)

and indicate that innate immunity, rather than adaptive immunity,

mediates Th2-type cytokine production and airway inflammation

in response to IL-33 in naive mice.

To examine this concept further, we administered IL-33 to naive

wild-type or Rag12/2 mice just once and compared their airway

cytokine responses 12 h later. Significantly increased levels of IL-

5 and IL-13 were detected in lung tissues from wild-type mice

treated with IL-33 as compared with mice treated with PBS (p ,

0.01; Fig. 1C). Importantly, the increases in IL-5 and IL-13 were

also observed in naive Rag12/2 mice treated with IL-33. No

FIGURE 1. IL-33 induces airway eosinophilia and Th2 cytokine production in naive mice lacking adaptive immunity. A, IL-33 (100 ng/dose) or PBS

were administered i.n. to naive BALB/c and Rag1
2/2 mice three times, as indicated by the arrowheads. BAL fluid was collected 48 h after each ad-

ministration, and the eosinophil number was counted. Data are means 6 SEMs of three to five mice per group and representative of two individual

experiments. B, Lungs were collected 24 h after the third IL-33 administration as described in A, formalin-fixed, paraffin-embedded, and stained with H&E

(top row), PAS (middle row), or anti-MBP (bottom row). C, IL-33 (100 ng/dose) or PBS was administered i.n. to naive C57BL and Rag1
2/2 mice once.

After 12 h, lungs were collected, and the cytokine levels in the lung homogenates were measured. Data shown are means 6 SEM of five to eight mice per

group and representative of three individual experiments. **p , 0.01 compared with PBS administration in each mouse strain. D, IL-33 or PBS was

administered i.n. to naive BALB/c mice. Lungs were collected at the indicated time points, and the levels of IL-5 (circles) and IL-13 (squares) in the lung

homogenates were measured. Data shown are means 6 SEM of four to eight mice per group and representative of two individual experiments. **p , 0.01

compared with PBS administration.

The Journal of Immunology 1505
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increases in IL-4, IL-17, or IFN-g were observed in wild-type or

Rag12/2 mice treated with IL-33. In addition, kinetic studies

showed both IL-5 and IL-13 were detectable in the lungs within 6

h after the administration of IL-33 to naive BALB/c mice (Fig.

1D). Taken together, these findings suggest that an innate immune

mechanism(s) operates via rapid and robust production of Th2-

type cytokines in the lungs of mice treated with IL-33.

Lin
2
, CD25

+
, and CD44

high
(Lin

2
CD25

+
CD44

hi
) lymphoid

cells in mouse lungs produce a large amount of IL-5 and IL-13

when cultured with IL-33 in vitro

To identify the specific cell type(s) responsible for Th2-type cy-

tokine production in response to IL-33, we turned to in vitro

models. We obtained single-cell suspensions of lungs, mediastinal

LNs, spleen, thymus, and mesenteric LNs from naive BALB/c mice

and cultured them in vitro with IL-33 for 2 or 4 d. IL-33 induced

robust production of IL-5 and IL-13 by lung cells in a time-

dependent manner but not by the cells from the other organs ex-

amined (Fig. 2A). IFN-g production was observed in splenocytes

and mesenteric LN cells cultured with IL-33 but not in lung cells

(data not shown). By intracellular IL-5 staining and flow cyto-

metric analysis (Fig. 2B), the lung cells that stained positive for

IL-5 did not express authentic markers for T cells (CD3, CD4, and

CD8), B cells (B220), macrophages (F4/80), mast cells/basophils

(FcεRIa), or granulocytes (Gr-1), but they clearly expressed

Thy1.2, CD25, and CD44. Thus, novel population(s) of immune

cells that are present in the lungs of naive mice produce Th2-type

cytokines in response to IL-33; CD25 and CD44 are likely to be

useful to identify this cell type(s) among the lung cells.

To address this hypothesis directly, lung cells were FACS-sorted

from naive BALB/c mice based on lineage markers (CD3ε, CD11b,

CD14, CD16/CD32 and B220), as well as CD25 and CD44 (Fig. 3A,

upper panels). Three populations of the sorted lung Lin2 cells, as well

as unsorted lung cells and Lin+ cells, were cultured with medium

alone or IL-33 for 96 h. Notably, when cultured with IL-33, the Lin2

CD25+CD44hi population produced ∼50 times more IL-5 than un-

sorted cells. The amount of IL-5 produced by this Lin2CD25+CD44hi

population was extremely high, reaching 750 ng IL-5/1 3 106 cells.

In contrast, the Lin2CD252CD442, Lin2CD252CD44+, or Lin+

populations did not produce detectable IL-5. Furthermore, the Lin2

CD25+CD44hi population produced a large quantity of IL-13 as well

as GM-CSF and IL-9 in response to IL-33; these cells did not produce

detectable IL-4, IFN-g, or IL-17 (Fig. 3A; data not shown).

By electron microscopy, lung Lin2CD25+CD44hi cells cultured

with medium alone for 4 d displayed a lymphoid morphology and

did not contain apparent intracellular granule structures (Fig. 3B).

When cultured with IL-33, they increased in size (note the dif-

ference in the scale bars) and developed pronounced endoplas-

mic reticulum and Golgi apparatus. By FACS, unstimulated Lin2

CD25+CD44hi cells highly expressed ST2 (IL-1RL1), CD127

(IL7Ra), Sca-1, CD69, Thy1.2, CD9, CD38, and ICOS (Fig. 3C).

The histograms of all of these cell surface markers showed

a unimodal distribution, suggesting that the FACS-sorted Lin2

CD25+CD44hi subset likely consists of a single-cell population. A

modest expression of MHC class II and minimal expression of

c-Kit were also detected, but there was no detectable expression of

IL-17RB (IL-25R), CD27, TCRb, TCRgd, or CD4. The conven-

tional markers for basophils/mast cells (FcεRIa) and NK cells

(NK1.1, NKp46, and DX5) were also negative. Collectively, these

findings suggest a Lin2CD25+CD44hi lymphoid cell population,

which responds vigorously to IL-33 and produces abundant Th2-

type cytokines, is present in the lungs of naive mice.

IL-7R is essential for the development of lung

Lin
2
CD25

+
CD44

hi
cells

Flow cytometry analysis indicated abundant cell surface expression

of the components of IL-7R (CD127, IL-7R a-chain) and IL-2R

(CD25, IL-2R a-chain) in lung Lin2CD25+CD44hi cells. Because

IL-2R and IL-7R share the common g-chain and both IL-2 and IL-

7 are considered T cell growth factors (30), we examined whether

these cytokines play any roles in the development or expansion of

Lin2CD25+CD44hi cells. Lin2CD25+CD44hi cells were FACS

sorted from the lungs of naive BALB/c mice and cultured with

cytokines for up to 10 d in vitro. Culture with IL-33 alone in-

creased the number of Lin2CD25+CD44hi cells robustly (e.g., 20-

fold by day 10) (Fig. 4A). IL-7 alone did not exert any effect on

the cell number, but when added together with IL-33 to cell cul-

ture, it synergistically increased the number of Lin2CD25+CD44hi

cells. IL-2 did not show any apparent effects with or without IL-

33. When we measured the amounts of IL-5 and IL-13 in the cell-

free supernatants of these cells, neither IL-2 alone nor IL-7 alone

was capable of inducing these cytokines (Fig. 4B). In contrast,

when added together with IL-33 to the cell culture, both IL-7 and

IL-2 enhanced the IL-33–induced production of IL-5 and IL-13.

Furthermore, unlike recently identified novel Lin2 lymphoid cell

population(s) in the mesenteric LN and the peritoneal cavity that

respond to IL-25 (23–26), lung Lin2CD25+CD44hi cells produced

little IL-5 or IL-13 after in vitro culture with IL-25 with or without

IL-2. Thus, although IL-2 may enhance IL-33–driven Th2 cytokine

production by Lin2CD25+CD44hi cells, IL-7 may be involved in

Lin2CD25+CD44hi cell proliferation, activation, or both.

FIGURE 2. Lung cells cultured with IL-33 produce IL-5 and IL-13

in vitro. A, Single-cell suspensions were obtained from lungs, spleens,

thymi, and mediastinal and mesenteric LNs of naive BALB/c mice and

cultured for 2 or 4 d with IL-33 (10 ng/ml). The concentrations of IL-5 and

IL-13 in the cell-free supernatants were measured. B, Single-cell suspen-

sions of lung cells from naive BALB/c mice were cultured with IL-33 (10

ng/ml) for 48 h and stained for intracellular IL-5 and cell surface markers.

Data are representative of four different experiments showing similar

results.
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To examine the roles of IL-7 in the dynamics of the lung Lin2

CD25+CD44hi population in vivo, we examined IL7r
2/2 C57BL

mice. In naive wild-type C57BL mice, the lung Lin2CD44hi pop-

ulation expressed both CD25 and CD127 (i.e., the IL-7R a-chain)

(Fig. 4C);.90% of Lin2CD44hi cells were positive for both CD25

and CD127 (data not shown). Lin2CD25+CD44hi cells consisted on

average of 5.1% of Lin2 cells, 0.67% of lymphocytic cells, or

0.25% of the total cells in the lungs; lungs of naive C57BL mice

contained ∼3 3 104 Lin2CD25+CD44hi cells/mouse. The same

Lin2CD25+CD44hi cell population was detected in the lungs of

Rag12/2 C57BLmice, likely in increased levels compared with the

wild-type mice. In contrast, the Lin2CD25+CD44hi cell population

was nearly absent in the lungs of Il7r2/2 C57BL mice. The Lin2

CD25+CD44hi population was also present in the lungs of wild-type

BALB/c mice as well as in the lungs of mice deficient in the IL-33R

(i.e., ST22/2 on BALB/c background) (Fig.4D).

Exposure to a ubiquitous aeroallergen, Alternaria, induces an

innate Th2-type cytokine response and eosinophilic

inflammation in the airways

In humans, the association between asthma and exposure to fun-

gal allergens, especially A. alternata, has been established clin-

ically and epidemiologically (27, 28). Severe asthma and life-

threatening acute exacerbations of asthma have also been asso-

ciated with increased airborne exposure to Alternaria spores (31,

32). Therefore, to design a mouse model relevant to human

asthma, we i.n. exposed nonsensitized naive BALB/c mice to the

culture extracts of A. alternata three times, 3 d apart. On day 7

(i.e., 24 h after the last exposure to Alternaria), wild-type BALB/c

mice exposed to Alternaria demonstrated marked peribronchial

infiltration of inflammatory cells, epithelial hyperplasia (Fig. 5A),

and pronounced airway eosinophilia (Fig. 5B). Rag12/2 BALB/c

mice also developed airway eosinophilia when they were exposed

to Alternaria (Fig. 5B). The magnitude of airway eosinophilia in

Rag12/2 BALB/c mice was roughly comparable to that in the

wild-type BALB/c mice for up to 5 d (Fig. 5B); airway eosino-

philia further increased at a later time point in the wild-type but

not in Rag12/2 mice. These findings suggest that airway Th2-

type immune responses to Alternaria exposure consist of at least

two arms; an initial innate immune response and a subsequent

involvement of adaptive immunity.

To investigate the innate response further, we administered

Alternaria extracts i.n. to naive wild-type or Rag12/2 BALB/c

mice once and analyzed the immediate (i.e., 1 h) and early (i.e.,

FIGURE 3. Lin2CD25+CD44hi lymphoid cells in the lungs produce a large quantity of IL-5 and IL-13 in response to IL-33 in vitro. A, Four populations

of lung cells, including Lin+ cells, Lin2CD252CD442 cells, Lin2CD252CD44+ cells, and Lin2CD25+CD44hi cells were isolated from naive BALB/c mice

by FACS sorting; the upper panels show the gating strategy. Sorted and unsorted lung cells were cultured with medium alone or with 10 ng/ml IL-33 for 96

h, and the levels of cytokines in the supernatants were measured by ELISA. Data shown are means 6 SEMs of four to nine independent experiments. *p ,

0.05 compared with cells cultured with medium alone. B, FACS-sorted Lin2CD25+CD44hi lung cells were cultured with medium alone or 10 ng/ml IL-33

for 96 h and examined under electron microscopy. Original magnifications, 325,000 (medium alone, top) and 312,000 (IL-33, bottom). C, Expression of

various cell surface markers on the Lin2CD25+CD44hi lung cell population was examined by flow cytometry. The solid line depicts staining with Ab to the

indicated marker; filled gray areas are isotype control staining. Data are representative of three experiments showing similar results.
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12 h) cytokine responses. In wild-type BALB/c mice exposed

to Alternaria, the IL-33 protein level in BAL fluid markedly in-

creased within 1 h, and then, it declined to baseline by 12 h (Fig.

5C); little IL-25 and no TSLP protein was detectable in BAL fluid

either at 1 or 12 h after exposure to Alternaria (note the difference

in the y-axis scales). Increases in the lung levels of IL-5 and IL-13

proteins were also observed in the wild-type as well as in Rag12/2

mice 12 h after Alternaria exposure (Fig. 5D). Furthermore, these

IL-5 and IL-13 responses were nearly abolished in ST22/2 mice

(Fig. 5E). When mice were exposed to Alternaria extracts up to

three times, airway eosinophilia on day 5 or 7 was significantly

inhibited by .80% in the ST22/2 mice as compared with the

wild-type mice (p , 0.01; Fig. 5F). Taken together, these findings

suggest that the airway immune responses to Alternaria exposure

in naive mice involve a rapid (,1 h) increase in airway IL-33,

which subsequently mediates Th2-type cytokine responses and

airway eosinophilia by innate mechanism(s).

Lung Lin2CD25+CD44hi cells mediate Th2-type cytokine

production and allergic airway inflammation in response to

Alternaria exposure

To investigate whether the lung Lin2CD25+CD44hi cells are in-

volved in these innate type 2 responses to Alternaria, we first

examined whether Lin2CD25+CD44hi cells are activated after

airway exposure to Alternaria. Airway exposure to IL-33 signif-

icantly increased the expression of CD25, a marker of cell acti-

vation, in the Lin2CD25+CD44hi population as compared with the

mice exposed to PBS (p , 0.05; Fig. 6A, 6B). Likewise, airway

exposure to Alternaria significantly upregulated CD25 expression

(p , 0.05); this increase in CD25 expression was abolished in the

ST22/2 mice (Fig. 6C, 6D), suggesting that Lin2CD25+CD44hi

cells are activated by endogenous IL-33 when mice are exposed to

Alternaria extract.

To directly examine the involvement of Lin2CD25+CD44hi cells

in airway responses to Alternaria, a reconstitution approach was

undertaken. Naive Il7r2/2 mice that are deficient in the lung Lin2

CD25+CD44hi population (Fig. 4C) were adoptively transferred

with 1 3 106 Lin2 cells isolated from the lungs of naive wild-type

mice; Lin2 cells were i.v. injected into a retro-orbital sinus. As

expected, in Il7r
2/2 mice, the lung Lin2CD25+CD44hi popula-

tion was nearly absent (Fig. 7A). When Il7r2/2 mice received

lung Lin2 cells and were subsequently exposed to PBS, the Lin2

CD25+CD44hi population was clearly detected in the lungs of the

recipients, suggesting a successful homing to the lungs without

any microbial stimuli. Furthermore, increased expression of CD25

in these Lin2CD25+CD44hi cells was observed when wild-type

C57BL/6 mice or Il7r2/2 mice that had received Lin2 cells were

exposed to Alternaria (Fig. 7A, 7B).

We FACS sorted Lin2CD25+CD44hi cells from the donor Lin2

cells by staining with anti-CD25 and anti-CD44 Abs and at-

tempted to reconstitute naive Il7r2/2 recipient mice with these

cells. However, the experiments were unsuccessful, probably be-

cause the anti-CD25 or anti-CD44 Abs adversely affected acti-

vation, homing, and/or survival of the isolated Lin2CD25+CD44hi

FIGURE 4. The roles of IL-2 and IL-7 in proliferation of and cytokine production by Lin2CD25+CD44hi lung cells. A, Isolated Lin-CD25+CD44hi cells

(1 3 104 cells/well) were cultured with medium alone or with IL-2 (50 ng/ml), IL-7 (10 ng/ml), or IL-33 (10 ng/ml) or their combinations for up to 10 d.

Expansion of Lin2CD25+CD44hi cells was determined by counting the cell number at each time point. Data from one of three experiments showing similar

results are presented. B, Isolated Lin2CD25+CD44hi cells were cultured with medium alone or with IL-2 (50 ng/ml), IL-7, IL-25, IL-33 (10 ng/ml each), or

their combinations for 96 h. The levels of IL-5 and IL-13 in the supernatants were determined by ELISA. Data are representative of three experiments

showing similar findings. C, Single-cell suspensions of lung cells from naive C57BL, Rag12/2, and Il7r2/2 mice were stained for lineage markers, CD44,

and CD25 or CD127 (IL-7Ra), and Lin2 lung cells were analyzed as described in Fig. 3A. D, Single-cell suspensions of lung cells from BALB/c and ST22/2

mice were stained for lineage markers, CD44, CD25, and ST2. Top panels, Lin2 lymphocytic cells were analyzed as described in Fig. 3A. Bottom panel,

Expression of ST2 on Lin2CD25+CD44hi cells is depicted in BALB/c (black line) and ST22/2 (gray line) mice.
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cells in vivo. Therefore, to transfer the Lin2CD25+CD44hi cell

population, we took an alternative approach and FACS sorted

the cells by using Lin and ICOS as their identification markers.

ICOS is highly expressed by Lin2CD25+CD44hi cells (Fig. 3C),

and the Lin2CD25+CD44hi cell is the only Lin2 cell population

that expresses ICOS (Supplemental Fig. 2). Il7r2/2 mice were

reconstituted with sorted Lin2ICOS+ cells (1 3 105 cells/

recipient) by retro-orbital injection and exposed i.n. three times,

3 d apart, to Alternaria. On day 7 (i.e., 24 h after the last expo-

sure), marked increases in the eosinophil number (Fig. 7C) and the

IL-5 and IL-13 proteins (Fig. 7D) were observed in BAL fluid

from the reconstituted Il7r
2/2 mice as well as the wild-type

C57BL mice exposed to Alternaria extracts. Modest increases in

the BAL neutrophil number were observed in both the wild-type

and Il7r
2/2 mice exposed to Alternaria extract irrespective of

reconstitution. Pathologically, peribronchial infiltration of inflam-

matory cells, epithelial hyperplasia, and increased mucus produc-

tion (Fig. 7E) were observed in the Il7r2/2 mice reconstituted

FIGURE 5. Airway exposure of mice to Alternaria extract induces rapid Th2-type cytokine responses through IL-33–dependent innate immune

mechanism(s). A, Naive BALB/c mice were exposed i.n. three times to Alternaria extract, as described in Materials and Methods. Lungs were collected 24

h after the third exposure, formalin-fixed, paraffin-embedded, and stained with H&E. B, Naive BALB/c or Rag12/2 mice were exposed i.n. three times to

Alternaria extract or PBS on days 0, 3, and 6. BALs were collected 24 h after the first exposure and 48 h after the second and third exposure, and the

eosinophil numbers were determined. Data shown are means 6 SEMs of three to five mice per group and representative of three individual experiments. C,

Naive BALB/c mice were exposed i.n. once to Alternaria extract or PBS. BAL fluid was collected 1 or 12 h later, and the levels of IL-25, IL-33, and TSLP

in the supernatants were determined. Data shown are means6 SEMs of three to six mice per group and representative of three individual experiments. *p,

0.05, **p , 0.01. D, Naive C57BL or Rag12/2 mice were exposed i.n. once to Alternaria extract or PBS. Lungs were collected 12 h later, and the levels of

IL-5 and IL-13 in lung homogenates were examined. Data shown are means 6 SEMs of four to eight mice per group and representative of two individual

experiments. *p , 0.05, **p , 0.01. E, Naive BALB/c or ST22/2 mice were exposed i.n. once to Alternaria extract or PBS. Lungs were collected 12 h

later, and the levels of cytokines in lung homogenates were determined. Data are shown as means 6 SEMs of 8–16 mice/group from a pool of two in-

dividual experiments. **p, 0.01. F, Naive BALB/c or ST22/2 mice were exposed i.n. three times to Alternaria extract or PBS as described in B. BAL fluid

was collected 48 h after the second exposure (i.e., day 5) or 24 h after the third exposure (i.e., day 7), and the numbers of eosinophils were determined. Data

are shown as means 6 SEMs of 8–16 mice/group from a pool of two individual experiments. **p , 0.01.
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with Lin2ICOS+ cells and exposed to Alternaria. In a separate

experiment, no or minimal increases in the BAL levels of IL-5 and

IL-13 or airway eosinophilia were observed in the reconstituted

Il7r
2/2 mice exposed to PBS (Supplemental Fig. 3). Taken to-

gether, these results demonstrate the potent capacity of lung Lin2

CD25+CD44hi cells in mediating IL-5 and IL-13 production, type

2 airway inflammation, and pathological features of asthma upon

exposure to an airborne fungal allergen.

Discussion
Type 2 immune responses are induced by helminth parasites and are

associated with allergic airway diseases. Although CD4+ Th2 T cells

are thought to be the main source of Th2-type cytokines, innate cel-

lular sources for IL-4, such as basophils and eosinophils, have been

proposed to initiate the type 2 immunity to intestinal helminth (33,

34). We now have identified a subset of lymphoid cells in the mouse

lungs that are an important source of Th2-type cytokines during al-

lergic airway inflammation. These lymphoid cells are resident in the

lungs of naive mice, respond quickly and vigorously to both exoge-

nous and endogenous IL-33, and produce a large quantity of IL-5 and

IL-13 but not IL-4. They are necessary and sufficient to mediate

airway eosinophilia and asthma-like pathological changes in response

to a common airborne allergen, even in the absence of T cells or

B cells. Our findings provide a new mechanism by which type 2

immune responses are manifested in the airways and reveal previ-

ously unrecognized immune cells that serve as an early source of IL-5

and IL-13 before the adaptive immune responses are established.

Intriguingly, the lung Lin2CD25+CD44hi cells are analogous to,

but may be distinct from, the innate type 2 cells found within the

gastrointestinal organs (23–26). These intestinal innate type 2

cells commonly proliferate and produce IL-5 and IL-13 but may

not produce IL-4, in response to IL-25 or IL-33 (23–26), and

typically express c-Kit, Sca-1, IL-7Ra, Thy1.2, and CD44 (23, 24,

26). More recently, a comparable innate lymphoid cell population,

which expresses c-Kit, Sca-1, and Thy1.2, has been identified in

mouse lungs after influenza A virus infection (35). The lung Lin2

CD25+CD44hi cells identified in this study proliferated and pro-

duced IL-5 and IL-13 in response to IL-33 both in vitro and in vivo

and expressed Sca-1, IL-7Ra, Thy1.2, and CD44 (Figs. 3, 4). In

contrast, cell surface expression of c-Kit was minimal to unde-

tectable in lung Lin2CD25+CD44hi cells, and these cells failed to

express the IL-25R (i.e., IL-17RB) and responded poorly to IL-25.

Notably, innate type 2 cells in previous reports, except for fat-

associated lymphoid cluster cells (23), were induced by i.p. in-

jection of IL-25 or IL-33 or by infection with either Nippos-

trongylus brasiliensis or influenza virus (24–26, 35). In contrast,

a Lin2CD25+CD44hi cell population was present in the lungs of

nontreated naive BALB/c and C57BL mice (Figs. 3, 4). Further-

more, when Lin2CD25+CD44hi cells were isolated from the

lungs of donor mice and injected into a retro-orbital sinus of naive

recipient mice, they homed back to the lungs of the recipients

without any immunological stimuli or exposure to infectious

agents (Fig. 7A). Therefore, lung Lin2CD25+CD44hi cells are

present and readily available within the lungs of naive mice. This

may explain the extremely rapid production of IL-5 and IL-13 that

takes place within 6 or 12 h in naive mice after airway exposure to

exogenous IL-33 (Fig. 1) or Alternaria extract (Fig. 5), respec-

tively. Further studies will be necessary to examine whether lung

FIGURE 6. Lung Lin2CD25+CD44hi cells are acti-

vated when mice are exposed i.n. to IL-33 or Alter-

naria extract in vivo. A, Naive BALB/c mice were

exposed i.n. once to PBS, IL-33 or Alternaria extract,

and lungs were collected 12 h later. The cell surface

expression of CD25 and CD44 on lung Lin2 cells was

analyzed, as described in Fig. 3A. One of two experi-

ments with similar results is shown. B, Left panel,

Representative histograms of CD25 intensity in Lin2

CD25+CD44hi cells from mice exposed to PBS (gray

filled histogram), IL-33 (green line), or Alternaria

(blue line) are shown. Right panel, Mean fluorescence

intensity (MFI) of CD25 staining in Lin2CD25+

CD44hi cells was determined from flow cytometry,

and data from three mice per group are summarized

(means 6 SEMs). *p , 0.05 compared with PBS ad-

ministration. C, Naive BALB/c or ST22/2 mice were

exposed i.n. once to PBS or Alternaria extract, and

lungs were collected 12 h later. The cell surface ex-

pression of CD25 and CD44 on lung Lin2 cells was

analyzed, as described in Fig. 3A. One of two experi-

ments showing similar results is shown. D, Left panel,

Representative histograms of CD25 intensity in

Lin2CD25+CD44hi cells from mice exposed to PBS

(BALB/c, gray filled histogram; ST22/2, dashed black

line) or Alternaria (BALB/c, blue line; ST22/2, green

line) are shown. Right panel, MFI of CD25 staining

in Lin2CD25+CD44hi cells was determined by flow

cytometry, and data from three mice per group are

summarized (means 6 SEMs). *p , 0.05 compared

with PBS administration.
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Lin2CD25+CD44hi cells (i.e., Lin2c-Kit-Sca-1+) develop into

Lin2c-Kit+Sca-1+ cells (35) when mice are infected with certain

respiratory viruses. Alternatively, they may be composed of two

distinct cell populations with different functional capacities; lung

Lin2CD25+CD44hi cells may be specialized in airway inflam-

mation, and Lin2c-Kit+Sca-1+ cells may be involved in lung tissue

remodeling. Unlike lung Lin2CD25+CD44hi cells, Lin2c-Kit+

Sca-1+ cells did not induce eosinophilic airway inflammation (35),

suggesting the latter account is more probable.

The lung Lin2CD25+CD44hi cell is likely a member of novel

family of innate lymphoid cells (ILCs) that function in innate

immune responses to infectious agents and tissue remodeling after

injury (36). The ILC family includes prototypic NK cells and

lymphoid tissue-inducer cells; additional ILC populations, such as

natural cytotoxicity receptor 22 cells (37), NK22 cells (38), and an

IL-17–producing ILC subset (ILC17) (39), have been recently

identified in mice or humans. Natural cytotoxicity receptor 22

cells, NK22 cells, and ILC17 are present mainly in the intestine,

produce IL-17 and/or IL-22, and mediate early protective immu-

nity to colitis-inducing pathogens as well as intestinal pathology.

The unifying characteristics of these ILCs are their dependence on

hematopoietic cytokines that use common g chain, such as IL-7

and IL-15 (36, 37). We found in this study that IL-33–induced

expansion of isolated lung Lin2CD25+CD44hi cells was enhanced

FIGURE 7. Adoptive transfer of Lin2CD25+CD44hi cells from wild-type mice reconstitutes the Alternaria-induced immune responses in Il7r
2/2 mice.

A, Lin2 cells were isolated from the lungs of naive C57BL mice as described in Materials and Methods, and they (1 3 106 cells/mouse) were adoptively

transferred i.v. to naive Il7r2/2 mice. Control naive C57BL and Il7r2/2 mice received PBS. Twenty-four hours later, mice were exposed i.n. once to PBS or

Alternaria extract. Lungs were collected 24 h later, and the expression of CD25 and CD44 on lung Lin2 cells was analyzed, as described in Fig. 3A. B, MFI

of CD25 staining in Lin2CD25+CD44hi cells was determined by flow cytometry. C, Lin2ICOS+ cells were isolated from the lungs of naive C57BL mice as

described inMaterials and Methods, and they (13 105 cells/mouse) were adoptively transferred i.v. to naive Il7r2/2 mice. Control naive C57BL and Il7r2/2

mice received PBS. Beginning 24 h later, mice were exposed i.n. three times to PBS or Alternaria extract on days 0, 3, and 6. BAL fluid was collected 24 h

after the last exposure, and the cell number and differentials were determined. Data shown are means 6 SEMs from two to four mice per group. *p , 0.05

compared with the same strain of mice treated with PBS. #p , 0.05 compared with Il7r
2/2 mice without Lin2ICOS+ cell transfer but exposed to Alternaria

extract. D, The levels of IL-5 and IL-13 in the BAL fluid supernatants of the mice as described in C were determined. *p , 0.05 compared with the same

strain of mice treated with PBS. E, Representative histology (upper panels, H&E staining; lower panels, PAS staining) of the mice as described in C is

presented.
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synergistically by IL-7 but not by IL-2 (Fig. 4). Furthermore, lung

Lin2CD25+CD44hi cells were present in the lungs of Rag12/2 and

ST22/2 mice but were absent in the lungs of Il7r2/2 mice (Fig. 4).

Therefore, similarly to other ILCs, IL-7 likely plays pivotal roles

in the development and perhaps homing of lung Lin2CD25+

CD44hi cells.

Asthma is likely initiated at the mucosal surface, where envi-

ronmental allergens come in contact with the airway epithelia (2).

Current models suggest that the release of epithelial cytokines,

particularly IL-25, IL-33, and TSLP, along with chemokines,

regulates important proximal events in initiating Th2-type airway

inflammation (7, 40, 41). IL-33 was initially described as “nu-

clear factor from high endothelial venules” because it resides in

the nucleus of high endothelial cells and other stromal cells (42).

IL-33 is now considered as an “endogenous danger signal” or

“alarmin” (43, 44), which is released during necrotic cell death

associated with tissue damage during trauma or infection. In ad-

dition, IL-33 can be actively released by airway epithelial cells via

mechanisms involving autocrine ATP and purinergic receptors

(45). In this study, a large quantity of IL-33 was indeed detected

within 1 h after airway exposure to Alternaria (Fig. 5) and

returned to a baseline level by 12 h. Airway epithelial cells are

prone to damage or to become stressed from respiratory pathogens

such as viruses, airway pollution, and the protease activities of

certain allergens. Thus, airway epithelial cells may serve as a

sentinel against the atmospheric environment and thus initiate

early inflammatory and possibly homeostatic innate immune re-

sponses by engaging the resident Lin2CD25+CD44hi cells via

IL-33. Further studies are needed to elucidate whether and how

epithelium-derived IL-33 and Lin2CD25+CD44hi cells may con-

tribute to shape the adaptive immune responses when the airway

mucosa is repeatedly exposed to respiratory pathogens and air-

borne allergens.

In summary, our findings suggest that Th2-type allergic airway

inflammation can develop independently of adaptive immunity.

Lung Lin2CD25+CD44hi cells were sufficient to induce airway

inflammation in the absence of T cells or B cells when they were

transferred into naive Il7r2/2 mice and also when these mice were

exposed to the clinically relevant allergen Alternaria (Fig. 7).

Thus, Lin2CD25+CD44hi cells may contribute to airway inflam-

mation and pathology of asthma and other allergic airway diseases

similarly to CD4+ Th2 T cells but in a nonredundant manner.

Hopefully, these findings mark the beginning of a research effort

that will progressively determine the effect or potential of this

previously unknown lymphoid cell population in the lungs. Re-

cently, genetic evidence has been accumulating in support of an

association between IL-33/ST2 and development of asthma. Sin-

gle nucleotide polymorphisms in the IL-33 gene have been asso-

ciated with asthma, increased eosinophils and allergic rhinitis

(46, 47), and single nucleotide polymorphisms in the ST2 gene

have been associated with asthma and airway function (47–49). In

addition, a genome-wide associations study of .10,000 patients

with asthma revealed an association with both ST2 and IL-33 (50).

Along with these genetic studies, the identification of lung Lin2

CD25+CD44hi cells opens up new pathways to understand better

the mechanisms of asthma and other allergic airway diseases from

the perspective of the innate arm of type 2 airway immunity.
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43. Lüthi, A. U., S. P. Cullen, E. A. McNeela, P. J. Duriez, I. S. Afonina, C. Sheridan,
G. Brumatti, R. C. Taylor, K. Kersse, P. Vandenabeele, et al. 2009. Suppres-
sion of interleukin-33 bioactivity through proteolysis by apoptotic caspases.
Immunity 31: 84–98.

44. Lamkanfi, M., and V. M. Dixit. 2009. IL-33 raises alarm. Immunity 31: 5–7.
45. Kouzaki, H., K. Iijima, T. Kobayashi, S. M. O’Grady, and H. Kita. 2011. The

danger signal, extracellular ATP, is a sensor for an airborne allergen and triggers
IL-33 release and innate Th2-type responses. J. Immunol. 186: 4375–4387.

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

47. Gudbjartsson, D. F., U. S. Bjornsdottir, E. Halapi, A. Helgadottir, P. Sulem,
G. M. Jonsdottir, G. Thorleifsson, H. Helgadottir, V. Steinthorsdottir, H. Stefansson,
et al. 2009. Sequence variants affecting eosinophil numbers associate with
asthma and myocardial infarction. Nat. Genet. 41: 342–347.

48. Ali, M., G. Zhang, W. R. Thomas, C. J. McLean, J. A. Bizzintino, I. A. Laing,
A. C. Martin, J. Goldblatt, P. N. Le Souëf, and C. M. Hayden. 2009. Investigations
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