Role of IL-33 in Immune Responses

TOXOPLASMA GONDII

Thl-type cytokine-associated immune responses are
important for protection against another protozoan,
Toxoplasma gondii.82 ST2 mRNA expression was
upregulated, but I1-33 mRNA expression was not al-
tered, in brain lesions of mice infected with T. gondii
compared with naive mice.83 ST2-deficient mice
showed high susceptibility to 7. gondii in comparison
with wild-type BALB/c mice.83 On the other hand,
susceptibility to this protozoan was similar in wild-
type, IL-4-deficient and IL-4Ra-deficient mice.8? These
observations suggest that the 1L-33-IL-33R pathway is
important for protection against 7. gondii, independ-
ently of IL-4 and IL-13 production.

NIPPOSTRONGYLUS BRASILIENSIS

Th2-type cytokines are important for protection
against Nippostrongylus brasiliensis and Trichinella
spiralis, nematode parasites.8¢ However, IL-4 produc-
tion by splenic CD4* T cells and the serum levels of
total IgG1 and IgE were normal in ST2-deficient mice
on the 129 x B6 mixed background after N. brasilien-
sis infection.21.85 On the other hand, the proportion of
IL-5-producing CD4+ T cells and the number of
eosinophils in the lung were decreased in ST2-
deficient mice on the 129 x B6 mixed background
during N. brasiliensis infection, although the eggs of
this parasite were normally cleared in these mutant
mice.85 These observations suggest that the IL-33-IL-
33R pathway contributes to eosinophilia induced by
N. brasiliensis infection, but is dispensable for protec-
tion against parasitic nematodes.

SCHISTOSOMA MANSONI

Th2 cells are considered to be key effector cells in
the immune responses to a helminth parasite, Schis-
tosoma mansoni.86:87 ST2-deficient mice on the 129 x
B6 mixed background showed impaired granuloma
formation, characterized by eosinophil infiltration, in
the lungs after the first S. mansoni egg injection.22 On
the other hand, these mutant mice, which had been
sensitized with S. mansoni eggs, showed normal pul-
monary granuloma formation and serum IgGl and
IgE levels after the second egg challenge, although
they showed reduced 114 and IL-5 production by me-
diastinal lymph node cells in response to S. mansoni
egg antigens.?2 These observations suggest that the
11-33-1L-33R pathway is involved in Th2 cytokine pro-
duction but not antibody production during infection
with S. mansoni.

TRICHURIS MURIS

It is also known that Th2-type cytokines are important
for protection against a parasitic nematode, Trichuris
muris.8® During 7. muris infection in mice, it was
shown that IL-33 mRNA expression was increased in
the cecum,3® suggesting a contribution of IL-33 to
host defense against 7. muris. Indeed, administration
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of 11-33 to AKR mice, but not SCID mice, resulted in
accelerated parasite clearance during 7. muris infec-
tion.8? Although T cells and/or B cells are required
for IL-33-mediated parasite expulsion, as seen in
SCID mice during T. muris infection, I11-33 induced
pathological changes such as increased crypt length
and intestinal epithelial cell proliferation independ-
ently of T cells and/or B cells.8? In those settings, NK
cells were increased in mesenteric lymph nodes of IL-
33-injected, T. muris-infected SCID mice, suggesting
a contribution of NK cells to the T/B cell
independent IL-33-mediated pathological changes
during T. muris infection.

PSEUDOMONAS AERUGINOSA

ST2 mRNA/protein and [1-33 mRNA expression were
increased in local inflammatory lesions infected with
a gram-negative bacterium, Pseudomonas aerugi-
70sa.9991 Administration of soluble ST2 to mice re-
sulted in aggravation of the keratitis induced by P.
aeruginosa,® suggesting that the IL-33-IL-33R path-
way is important for protection against P. aeruginosa.

MYCOBACTERIUM TUBERCULOSIS

It is known that both Th1 and Th17 cytokines are cru-
cial for defense against a bacterium, Mycobacterium
tuberculosis.92 Even though PPD-specific IFN-y pro-
duction was increased in the culture supernatants of
spleen cells from M. tuberculosis-infected ST2-
deficient mice, the survival, bacterial counts, granu-
loma formation and pulmonary inflammation score
were comparable between ST2-deficient and -suffici-
ent mice during M. tuberculosis infection.93 On the
other hand, SIGIRR/TIR8-deficient mice showed
high susceptibility to M. tuberculosis infection.9
These observations suggest that the IL-33-11-33R1
pathway is not crucial for M. tuberculosis pathogene-
sis, while the IL-33-IL-33R2 pathway is important for
host defense against this pathogen.

LEPTOSPIRA

It was shown that the level of soluble ST2 was in-
creased in plasma from patients with leptospirosis
due to a gram-negative Leptospira infection and was
associated with the severity of the disease, bleeding
and mortality, suggesting a contribution of the IL-33-
IL-33R pathway to the pathogenesis of leptospirosis.?>
However, the precise role of the 11-33-1L-33R pathway
in this disease remains unclear.

VIRUSES

The serum levels of soluble ST2 protein were in-
creased in patients infected with dengue virus.% In
mice, 1L-33 was increased in the brain after infection
with Theiler's murine encephalomyelitis virus.%
These observations suggest a contribution of the IL-
33-IL-33R pathway to the pathogenesis of certain viral
infections.
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Inhalation of respiratory syncytial virus (RSV) by
mice that had been sensitized with recombinant vac-
cinia virus expressing the attachment protein G of
RSV resulted in induction of Th2-type cytokine-
associated eosinophilic airway inflammation. On the
other hand, inhalation of RSV by mice sensitized with
recombinant vaccinia virus expressing the fusion pro-
tein F of RSV led to induction of non-eosinophilic air-
way inflammation. In this model, administration of
anti-ST2 mAb (clone 3E10) attenuated the develop-
ment of Th2-type cytokine-associated eosinophilic air-
way inflammation, but not non-eosinophilic airway in-
flammation.” These observations suggest that the IL-
33-IL-33R pathway is crucial for the development of
virus-induced, Th2-type cytokine-associated eosino-
philic inflammation.

IL-33-IL-33R IN ANGIOGENESIS AND TU-
MORGENESIS

IL-33 is constitutively expressed in nuclei of vascular
endothelial cells in various human tissues such as the
skin, small intestine, umbilical veins and lungs.?¢ On
the other hand, constitutive expression of IL-33 was
not ohserved in human angiogenic tumor vessels.9
Induction of I1-33 was observed during confluent
growth of endothelial cells. On the other hand, ex-
pression of IL-33 was down-regulated during migra-
tion of those cells. Expression of nuclear I1L-33 was
rapidly down-regulated at the onset of angiogenesis
during wound healing.%® Proinflammatory cytokines
(e.g., IL-1B and TNF) and proangiogenic growth fac-
tors (e.g., VEGF), which are induced during wound
healing, suppressed IL-33 expression in endothelial
cells.?? In addition, [1-33 promoted angiogenesis by
promoting proliferation, migration and differentiation
of endothelial cells, and vascular permeability by re-
ducing cell-cell interactions via cadherin.!® These ob-
servations suggest that IL-33 may be involved in tu-
morigenesis and the development of vascular dis-
eases.

IL-33-IL-33R IN ALLERGIC DISEASES

ASTHMA
The levels of soluble ST2 protein and I1-33 mRNA/
protein are increased in sera and tissues from pa-
tients with asthma.27.72,101-103 Genome-wide associa-
tion studies identified polymorphism in the ST2 and/
or IL-33 genes in patients with asthma, suggesting an
association with susceptibility to asthma.104106 In sup-
port of that notion, intraperitoneal or intranasal ad-
ministration of IL-33 to mice led to induction of
eosinophilic inflammation in the pulmonary and intes-
tinal mucosa through the IL-13 and STAT6-dependent
pathway.3.23

The levels of soluble ST2 protein and IL-33 mRNA
were increased in sera and/or lungs in a murine
asthma model of airway inflammation induced by
ovalbumin (OVA).107.108 However, the roles of ST2

152

81

and IL-33 in the induction of OVA-induced airway in-
flammation in mice remain controversial. Respiratory
function, airway pathology, eosinophil number in
bronchoalveolar lavage fluids (BALFs) and/or the
levels of serum total IgG1 and IgE were normal in
129 x B6 mixed and BALB/c background-ST2-
deficient mice sensitized twice with OVA emulsified
with alum (Table 2).21.24.109 On the other hand, airway
inflammation was attenuated in BALB/¢ background-
ST2-deficient mice sensitized once with OVA/alum
(Table 2).24 Moreover, it is noteworthy that OVA-
induced airway inflammation was exacerbated in SI-
GIRR/TIR8-deficient mice.15

Several investigators reported the effect of an anti-
ST2 mAb (clone 3E10) on OVA-induced airway in-
flammation in BALB/c mice (sensitized twice with
OVA/Alum). That mAb enhanced ST2-expressing
Th2 cell proliferation and cytokine production in vi-
tro, indicating that it acts as an agonistic Ab, at least
on Th2 cells.110 Despite its agonistic activity on Th2
cells in vitro, BALB/c mice treated with 3E10 mAb
showed attenuated airway inflammation in response
to OVA (Table 3).111.112 [ jkewise, Th2 responses dur-
ing OVA-induced airway inflammation (sensitized
twice with OVA/Alum) were reduced in mice carry-
ing a soluble ST2 gene expression vector or treated
with an anti-IL-33 polyclonal Ab (Table 3).107.113

Adoptive transfer with in vitro-skewed DO11.10
Th2 cells, which express OVA-specific T-cell recep-
tors, in mice resulted in Th2 cytokine-dependent
eosinophilic airway inflammation after intranasal
OVA challenge.114 BALB/¢ wild-type mice or BALB/
c-Rag-1-deficient mice injected with ST2-deficient
DO11.10 Th2 cells showed exacerbated airway func-
tion and inflammation after OVA challenge in com-
parison with mice injected with ST2-sufficient
DO11.10 Th2 cells (Table 4).1% These observations
suggest that 11-33 signals on Th2 cells have a regula-
tory function in OVA-induced airway inflammation in
that animal model. In contrast with that study using
ST2-deficient DO11.10 Th2 cells, administration of
3E10 (anti-ST2) mAb or soluble ST2-Fc fusion protein
to mice injected with DO11.10 Th2 cells showed at-
tenuated airway function and inflammation after OVA
challenge (Table 4).19.111 [f 3E10 mAb acted as an ag-
onistic Ab for Th2 cells in vivo as well as iz vitro, the
phenotypes seen in mice treated with this mAb may
be consistent with the study using ST2-deficient
DO11.10 Th2 cells (Table 4),199 but inconsistent with
those treated with soluble ST2-Fc fusion protein (Ta-
ble 4) or other studies (Table 2, 3). The apparent dis-
crepancy between the study using ST2-deficient mice
and mice treated with anti-ST2 and ST2-Fc fusion pro-
teins remains to be explained. However, perhaps ST2-
expressing Th2 cells, macrophages and other im-
mune cells have different roles in the induction of al-
lergic airway inflammation, because airway eosino-
philia was observed even in mice deficient in and/or
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Table 2 Airway inflammation in ST2-deficient mice

Reference

Experimental protocol Observations

Hoshino K et al.
J Exp Med
190, 1541, 1999

|—>Analyze

» - Normal eosinophil count in BALFs
Day - Normal pulmonary inflammation

- Normal total IgG1 and IgE in sera

129xB6 g 12
ST2'mice 4 )

50 ug OVAin 1 mg alum i.p. 10 mg/mi OVA aerosol
30 min, 3 times at 1-h intervais

24 26 28 30 31
tt ¢4

Mangan NE et al.

- Normal AHR {penh and GL)
- Normal pulmonary inflammation (air-

Analyze Wway mucous cell hyperplasia, pul-
|_’ . monary fibrosis or peribronchial cell

Eur J Immunol BALB/c > ;
X et 0 14 282930 32 Day inflammation)
%6;302 1312, ST2" mice 4 ot ' t+¢ _ - Normal OVA-specific cytokine secre-
20 g OVAIn2mgalumip. 1% OVA aerosol, 20 min. tion by mediastinal LN cells in vitro
- Normal eosinophils, but reduced
macrophages in BALFs
- Reduced eosinophils and macro-
Analyze phages in BALFs
BALB/c » - Reduced IL-5, but not IL-4 or IL-13,
ST2mice % g % 12 11 Day levels in BALFs
Kurowska-Stolar- 100 ug OVA in 2% alum i.p. 10 ug OVA L. - Reduced pulmonary inflammation
ska M et al. - Normal levels of IgG1 and IgE in sera
J Immunol
181, 4780, 2008 Analyze
BALB/c >
ST2 mice g 1'2 2;1 22 22 32 31 Day - Normal responses
100 pg OVAin2% alumip. 10 ug OVA Ln.

Table 3 Effects of anti-ST2 mAb (3E10), soluble ST2 and anti-lIL-33 Ab on mouse airway inflammation

Reference

Experimental protocol Observations

Coyle AJ et al.
J Exp Med
190, 895, 1999

00 pg anti-ST2 mAb (clone 3E10), or control rat IgG1

1
1 h before OVA sensitization and challenge, routeA?r;?a’l?'yze - Reduced eosinophil count and IL-5

e S 4 ’ level in BALFs
mice 4 z 14 2*1 22 Day - Reduced OVA-specific serum IgE
20 ug OVA 10 mg/ml OVA level

in 1.5 mg alum i.p. aerosol, 1 hr.

Kearley J et al.

25 pg anti-ST2 mAb (clone 3E10) .
or control rat IgG i.v. - Reduced AHR, mucus secretion

Analyze  and ST2+ T cell infiltration in lungs

Am J Respir Crit BALB/c tid > ) :
Care Med WTmice 012 181920212223 25272980  Day ~pavaced IL-4 and IL-13 levels in
179, 772, 2009 tt ettt ¢t
10 ug OVA 5% QVA aerosol - Normal IL-33 levels in lung tissues
Inalumip. 20 min.
Soluble ST2 gene transfer Analyze - Reduced eosinophils and IL-4 and

Oikawa K et al. Female ¥ 4 A4 y . IL-5levels in BALFs

Clin Exp Allergy BALB/c-WT .1 ¢ 6 7 1314 15 Day - Reduced OVA-specific IL-4 and IL-

32, 1520, 2002 mice 4 t t 5 production by spleen cells from
100 ug OVAin2 mg alum i.p. 1% OVA aerosol, 30 min, twice OVA-sensitized mice in vitro
150 ug anti-IL-33 polyclonal Ab, or control rabbit 1gG I.p - Reduced eosinophils and lympho-

. 30 min before OVA sensitization and challenge Analyze cytes, and IL-4, IL-5 and IL-13 lev-

Liu X etal. Female ¥ 4 AR _ elsin BALFs

BBRC BALB/c-WT g 14 o5 26 27 28 v . .

386, 181, 2009 mice % t T 4% Day - Reduced pulmonary mflamma.t.lon
20 ugOVA 1% OVA - Reduced total and OVA-specific IgE
in 2 mg alum i.p. aerosol, 30 min, in sera
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Table 4 Effects of anti-ST2 mAb (3E10) and soluble ST2 on airway inflammation in adoptive Th2 cell transfer model

Reference

Experimental protocol

Observations

DO11.10 Th2 celi  ST2-

Lohning M et al.

20 gf anti-ST2 mAb (clone 3E10),
0G fusion protein or contrel IgG

i.v. injection 1 h before OVA i ”
Proc Natl Acad Sci BALB/C-WT § § e QYA gakton 036! > Analyze . pegyced eosinophils and IL-4 and
USA mice 0 ] ) 3 > IL-5 levels in BALFs
95, 6930, 1998 4 $ Day
50 mg/ml OVA aerosol, 20 min.
20 or 100 g anti-ST2 mAb (clone 3E10),
DO]1.10.Th2ceII 100 pg 2%9(5 fusion p{o[e(in or contm|) lgG - Reduced IL-4, IL-5, IL.-6 and IL-13,
Coyle AJ et al. BALB/G-WT i.v. injection 1h before OVA inhalation, iv. injection —» Analyze ~ but not IL-10 or IFN-y, in BALFs
J Exp Med migé 4 .4 4 [_’ , - Reduced eosinophil count in BALFs
190, 895, 1999 0 1 % 3 Day - Reduced Penh responses and pul-
monary inflammation
50 mg/ml OVA aerosol, 20 min. i
- Exacerbated AHR and lung inflam-
. . mation
Mangan NE et al.  BALB/c-WT WTor'ST2 DO1110 Th2 celiv. [—PAnaIyze - Increased eosinophils in BALFs
Eur J Immunol mice or g 7 8 9 10 11 12 13 14 15 D; - Increased IL-5 expression
37,1302-1312, BALP/chag-f EREEEEN] ¥ _ No differences in lung IL-33 mRNA
2007 17 mice ﬁ?a’l‘gn?i\’é\ 2% OVA aerosol, 20 min. expression

- Normal OVA-specific cytokine secre-
tion by mediastinal LN cells in vitro

depleted of T cells, B cells, mast cells, and/or NK
cells after IL-33 inhalation.23 Also, excessive [L-1 pro-
duction, if it occurred in ST2-deficient mice, might
contribute to the discrepant results between the ef-
fects of genetic ST2 deficiency and protein molecules
on IL-33 signals, as mentioned before.

In addition, Rag-2-deficient mice, which lack B cells
and T cells, including ST2-expressing Th2 cells and
Trl cells,32 showed aggravated airway inflammation
induced by I1-33.23 Together with the study of the
adoptive Th2 cell transfer model using ST2-deficient
DO11.10 Th2 cells,1?® these observations suggest
that ST2-expressing T cells have a regulatory role in
IL-33-mediated airway inflaimmation. On the other
hand, IL-33 can enhance the development and activa-
tion of AAM¢/M2a, resulting in enhanced eosino-
philic airway inflammation.”2

DERMATITIS, RHINITIS, RHINOSINUSITIS AND
CONJUNCTIVITIS

In addition to in asthma, polymorphism in the ST2
and/or IL-33 genes was also found in patients with
atopic dermatitis,115 rhinitis!!® and rhinosinusitis.!1?
ST2 mRNA expression is increased in skin from rats
with contact dermatitis induced with 2,4-dinitro-
fluorobenzene.118 [L-33 mRNA/protein levels are in-
creased in specimens from patients with allergic con-
junctivitis, 119 rhinitis!16 and atopic dermatitis.3? These
observations suggest involvement of the I1-33-IL-33R
pathway in the development of such allergic disor-
ders.

ANAPHYLAXIS
The serum levels of I1-33 were significantly increased
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in atopic patients during anaphylaxis.3¢ In mice, IL-33
deteriorated IgE-mediated anaphylaxis.3®

IL-33-IL-33R IN AUTOIMMUNE AND
CHRONIC INFLAMMATORY DISEASES

ARTHRITIS
The levels of soluble ST2 were increased in the
synovial fluid from patients with rheumatoid arthritis
(RA),120 which is considered to be a Thl7 cell-
mediated autoimmune disorder. IL-33 mRNA/pro-
teins were also elevated in the sera, synovial fluid
and/or inflamed lesions of the patients.5121-123
Administration of polyclonal anti-ST2 antiserum,
which has potential activity to deplete ST2-expressing
cells, to mice resulted in exacerbation of collagen-
induced arthritis (CIA), which is considered to be a
mouse model for RA8¢ On the other hand, mice
treated with soluble ST2-Fc fusion proteins or anti-
ST2 mAb and mice deficient in ST2 showed attenu-
ation of CIA,121122,124 while mice treated with IL-33
showed aggravated disorders. These observations
suggest that certain ST2-expressing cells may act as
effector cells and/or regulatory cells in the develop-
ment of CIA. In fact, ST2-expressing mast cells were
shown to act as an effector of aggravated CIA devel-
opment.121 Inhibition of IL-1 is beneficial for treat-
ment of RA,11 and inhibition of the IL-33-IL-33R path-
way may be similarly useful for therapy of this dis-
ease.

DIABETES MELLITUS (DM) AND ATHEROSCLE-
ROSIS

Diabetes mellitus (DM) is divided into insulin-
dependent DM (IDDM)/type 1 DM (T1D) and non-
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insulin-dependent DM/type 2 DM (T2D). TI1D,
which is due to insulin deficiency caused by destruc-
tion of beta cells in the pancreatic islets of Langer-
hans by autoreactive T cells, is considered to be a
chronic autoimmune disease.

Antibiotic streptozocin, which is an analogue of N-
acetylglucosamine (GluNAc), is transported into beta
cells via the GLUT2 glucose transporter and inhibits
the activity of O-GlcNAcase.125126 Since metabolism
of the sugar in O-linked proteins is critical for beta
cells, inhibition of O-GlcNAcase leads to apoptosis of
beta cells.125.126 Thus, it is known that administration
of streptozocin to rodents results in symptom of
T1D.125126 The destruction of islet beta cells during
streptozocin-induced DM is known to be mediated by
TRAIL, but not Fas.127.128 Recently, it was shown that
the development of streptozocin-induced DM was ex-
acerbated in ST2-deficient mice,!2? suggesting in-
volvement of the IL-33-IL-33R pathway in the develop-
ment of human T1D.

Some patients with T2D characterized by hypergly-
cemia, and hyperinsulinemia due to insulin resis-
tance, develop atherosclerosis associated with hyper-
lipidemia. Apolipoprotein E-deficient mice spontane-
ously develop atherosclerosis that resembles human
atherosclerosis. Administration of I1-33 ameliorated
atherosclerosis development in apolipoprotein E-
deficient mice by enhancing IL-5 production and re-
ciprocally suppressing Thl cell activity.130 On the
other hand, blockade of the IL-33-IL-33R pathway by
treatment of apolipoprotein E-deficient mice with sol-
uble ST2 resulted in exacerbated disease.l30 These
observations suggest that [L-33 plays a protective role
in the development of atherosclerosis in apolipopro-
tein E-deficient mice.

ALZHEIMER’S DISEASE

In addition to the role of apolipoprotein E in athero-
sclerosis, polymorphism of the €4 allele of the apol-
ipoprotein E gene is considered to be a genetic deter-
minant of the common forms of Alzheimer’s dis-
ease.!3! As another genetic candidate, it is suggested
that SNPs at loci in regions associated with the IL-33
gene may be involved in susceptibility to non-e4-type
Alzheimer’s disease.132

INFLAMMATORY BOWEL DISEASE

Crohn’s disease (CD) and ulcerative colitis (UC) are
representative inflammatory bowel diseases (IBD).
Soluble ST2 protein and/or IL-33 mRNA were de-
tected in endothelial cells from patients with CD and/
or UC 5133134 guggesting involvement of the IL-33-IL-
33R pathway in induction of IBD, although the pre-
cise role of I1-33 remains unclear,

Administration of dextran sodium sulfate (DSS) to
mice resulted in development of colitis associated
with destruction of colonic epithelial cells even in the
absence of T cells, B cells, NK cells and mast
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cells, 135137 dependent on TLR signals.138 SIGIRR/
TIR8-deficient mice showed high susceptibility to de-
velopment of DSS-induced colitis,17.139 suggesting
that signaling through I1L-33-IL-33R2 is involved in
protection against colitis induced by DSS.

SYSTEMIC SCLEROSIS

IL-33 and ST2 mRNA/protein expression was in-
creased in the inflamed skin of patients with systemic
sclerosis.!40 Repeated subcutaneous IL-33 injection
resulted in development of skin fibrosis similar to
that seen in patients with systemic sclerosis
(scleroderma).!4! The development of I1-33-mediated
cutaneous fibrosis was dependent on IL-13 (probably
derived from eosinophils), but not IL-4, and it re-
quired eosinophils and T and/or B cells, but not mast
cells.14! These observations suggest that IL-33-IL-33R
pathways may be important for induction of the skin
fibrosis seen in patients with systemic sclerosis
(scleroderma).

SYSTEMIC LUPUS ERYTHEMATOSUS

Serum levels of soluble ST2 protein were increased in
patients with systemic lupus erythematosus
(SLE).142143 MRL/»7/#7 mice spontaneously develop
autoimmune diseases resembling human SLE.
SIGIRR/TIR8&-deficient C57BL/6%#7/ir mice showed
exacerbated lung disease and lupus nephritis.144
These observations suggest that the IL-33-IL-33R
pathway is involved in the development of SLE, but
the precise roles of IL-33 and I1-33Rs in that patho-
genesis remain unclear.

CARDIAC DISEASES
The serum level of soluble ST2 protein was elevated

in patients with heart failure, acute myocardial infarc-
tion, aortic stenosis and congestive cardiomyopa-
thy.145147 [n addition, IL-33 mRNA/protein was in-
duced in cardiac fibroblasts after biomechanical
stimulation.148 It was shown that mortality, cardiac fi-
brosis and cardiomyocyte hypertrophy were in-
creased in ST2-deficient mice, but decreased in mice
administered IL-33, after transverse aortic constric-
tion.148 Treatment with IL-33 reduced ventricular dila-
tion, improved contractile function and improved sur-
vival in mice after myocardial infarction by preventing
cardiomyocyte apoptosis.!4® These observations sug-
gest that the IL-33-IL-33R pathway plays a regulatory
role in the induction of certain cardiac diseases.

LIVER INJURY AND FIBROSIS

Both I1-33 and ST2 mRNA were increased in fibrotic
livers of humans and mice.150 Sinusoidal endothelial
cells in the normal liver and activated hepatic stellate
cells in fibrotic livers are the main source of I1-33.150
Administration of carbon tetrachloride (CCl4) in-
duces liver injury and fibrosis in mice. In general,
treatment with soluble ST2-Fc fusion proteins re-
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sulted in inhibition of Th2-type responses such as
Th2 cytokine production. During CCl4-induced liver
injury in mice, however, soluble ST2 protein treat-
ment enhanced production of Th2 cytokines such as
IL-4 and IL-13.151 CCH-induced liver injury developed
as usual in mice treated with soluble ST2-Fc fusion
proteins, while liver fibrosis was accelerated and en-
hanced by increased production of IL-4 and IL-13 (de-
rived from Th2 cells, not iNKT cells) in those mice.
Although the molecular mechanism of the enhance-
ment of Th2 cytokine production by soluble ST2 pro-
tein treatment in mice during CCl4-induced liver in-
jury and fibrosis remains unclear, the IL-33-I1-33R
pathway is important for the pathogenesis of liver fi-
brosis.

HYPERNOCICEPTION

Such I1-1 cytokines as IL-1 and IL-18 can provoke hy-
pernociception.152153 ] jke IL-1 and IL-18, IL-33 injec-
tion can induce nociceptor sensitization (hyperno-
ciception), and IL-33 is also involved in antigen-
induced hyperncciception that is dependent on TNF,
IL-1 and IFN-y, but not I1-18.154

CONCLUSION

Although it was initially thought that I1-33 was a cru-
cial cytokine for Th2 cytokine-mediated host defense
as well as induction of Th2-type allergic disorders, it
is now known that I1-33 has a pleiotropic, not a re-
stricted, Th2 cytokine-mediated, role in various im-
mune responses as a proinflammatory cytokine, simi-
lar to IL-1 and IL-18. Therefore, IL-33 may have poten-
tial as a therapeutic target in various diseases.
Whereas the effects of IL-33 on various cell types
have been extensively investigated, further studies
are required to understand the biological significance
of IL-33, the cellular source(s) of IL-33, the mecha-
nisms involved in active IL-33 production and the role
of IL-33 as a nuclear factor.
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IL-33, a member of the IL-1-related cytokines, is considered to be
a proallergic cytokine that is especially involved in Th2-type immune
responses. Moreover, like IL-1a, IL-33 has been suggested to act as an
“alarmin” that amplifies immune responses during tissue injury. In
contrast to IL-1, however, the precise roles of IL-33 in those settings
are poorly understood. Using IL-1- and IL-33-deficient mice, we found
that IL-1, but not IL-33, played a substantial role in induction of T cell-
mediated type IV hypersensitivity such as contact and delayed-type
hypersensitivity and autoimmune diseases such as experimental au-
toimmune encephalomyelitis. Most notably, however, IL-33 was im-
portant for innate-type mucosal immunity in the lungs and gut. That
is, IL-33 was essential for manifestation of T cell-independent protease
allergen-induced airway inflammation as well as OVA-induced allergic
topical airway inflammation, without affecting acquisition of antigen-
specific memory T cells. IL-33 was significantly involved in the devel-
opment of dextran-induced colitis accompanied by T cell-independent
epithelial cell damage, but not in streptozocin-induced diabetes or
Con A-induced hepatitis characterized by T cell-mediated apoptotic
tissue destruction. In addition, IL-33-deficient mice showed a substan-
tially diminished LPS-induced systemic inflammatory response. These
observations indicate that IL-33 is a crucial amplifier of mucosal and
systemic innate, rather than acquired, immune responses.

asthma | colitis | cytokine | interleukin-33 | sepsis

[-33, which is a member of the IL-1 family of cytokines that

includes IL-1 and IL-18, induces Th2-type immune responses such
eosinophil-rich inflammation in the intestines and lungs associated
with elevated numbers of blood eosinophils and increases in serum
concentrations of IgE, IgA, IL-5, and IL-13 in mice, dependent on
IL-13 (1). IL-33 is important for Th2 cytokine-associated host de-
fense against nematode infection through signals from IL-33 re-
ceptor (IL-33R), which consists of ST2 (also called T1, DER-4, Fit-1,
or IL-1RL1) and IL-1R accessory protein (IL-1RAcP) (2, 3). As
a Th2-inducing cytokine, IL-33 is considered to be involved in
the development of allergic diseases such as atopic asthma (2, 3). IL-
33 is also known to ameliorate the development of Th1 cytokine-
associated atherosclerosis in apolipoprotein E-deficient mice (4) and
accelerate Th17 cell-mediated murine arthritis (5). Thus, it is now
thought that IL-33 acts not only as a Th2-inducing cytokine, but also
as a proinflammatory cytokine, like IL-1 and IL-18, in various im-
mune responses. Using ST2-deficient (ST277) mice and mice trea-
ted with anti-ST2 Ab or soluble ST2-Fc-fusion proteins, however, it
was reported that the roles of ST2 were not identical in certain im-
mune responses such as allergic airway inflammation (6-8) and LPS-
induced endotoxin shock (9, 10). Therefore, we generated L3377
mice to comprehensively examine the roles of IL-33 in the following
disease models: allergic airway inflammation; LPS-induced endo-
toxin shock, contact, and delayed-type hypersensitivity; experimental
autoimmune encephalomyelitis; Con A-induced hepatitis; strepto-
zocin-induced diabetes; and T cell-independent dextran sodium
sulfate-induced colitis.

www.pnas.org/cgi/doi/10.1073/pnas.1003059107

Results and Discussion

IL-33 in Allergic Airway Inflammation. Allergic airway inflammation
induced by OVA is a well-established mouse model of human
asthma. IgE, mast cells, and IL-1 are responsible for the de-
velopment of airway inflammation in mice sensitized with OVA
in the absence of alum (IgE-dependent protocol), but they are
not essential for that event in the presence of alum (IgE-in-
dependent protocol) (11). At present, the role of IL-33/ST2 in
allergic airway inflammation using ST2”~ mice remains con-
troversial (6-8). That is, OVA-induced airway inflammation
developed normally in ST2™~ mice that had been sensitized
twice with OVA emulsified in alum (6-8), whereas it was at-
tenuated in ST27/~ mice that had been sensitized once with OVA
emulsified in alum (8) and exacerbated in wild-type or Rag-17"~
mice that had undergone adoptive transfer of ST2™'~ DO11.10
Th2 cells (7).

During airway inflammation induced by two sensitizations with
OVA emulsified in alum, IL-337" mice, which were newly
generated (Fig. S1), showed attenuated eosinophil influx into the
bronchoalveolar lavage (BAL) fluid, airway hyperresponsiveness,
and pulmonary inflammation (Fig. 1 A-C). The number of lym-
phocytes in BAL fluids was also reduced in IL-337/~ mice com-
pared with IL-33*/* mice, although their proportions of
CD3*CD4*ST2" cells were comparable (IL-33%/*: 2.2 + 0.5%,
n = 9 and IL-3377: 2.0 + 0.4%, n = 9) after the last OVA
challenge. In contrast, the IL-4 and IL-5 levels in the BAL fluid
and serum OVA-specific IgE production were only slightly (i.e.,
not significantly) reduced in IL-337" mice after the last OVA
challenge (Fig. S2 4 and B). Interestingly, IL-33 deficiency
showed no effect on OVA-specific spleen cell proliferation or
cytokine secretion (Fig. S2C).

We also found that IL-33 deficiency significantly diminished
inflammatory cell influx into the BAL fluid during airway in-
flammation induced by an extract derived from house dust mites
(HDM) (Fig. 24). HDM is a major source of allergens in allergic
patients and can provoke allergic airway inflammation re-
sembling human asthma in mice by facilitating barrier disruption,
inflammation, and allergen sensitization of the airways through
TLR4-dependent innate and acquired immunity (12-14).
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airway eosinophilia even in T/B cell-deficient Rag-2™~ mice (Fig.
$3), indicating that acquired immune cells are not essential for the
setting. Likewise, we found that inhalation of a protease allergen,
papain, which is regarded as a cause of occupational asthma (17),
induced strong airway eosinophilia in naive Rag-2~~ mice and
naive wild-type mice (i.e., without prior immunization with pa-
pain) (Fig. 2B), although papain-induced airway inflammation has
been considered to be mediated by Th2 cells when mice were first
sensitized with papain (18).

Although IL-33 proteins were constitutively expressed in the
lungs of naive mice (Fig. S1C), papain inhalation resulted in in-
creased IL-33 mRNA expression in the lungs of wild-type mice but
not Rag-2~~ mice (Fig. $44). The increased papain-induced in-
flammation seen in Rag-2~"~ mice may be caused by the lack of
Treg cells, as described (19). T/B cell-independent papain-induced
innate-type airway inflammation developed in both C57BL/6 and
BALB/c mouse strains, although the BALB/c strain was less sen-
sitive to both papain and IL-33 than the C57BL/6 strain (Fig. S4 C
and D). Interestingly, papain-induced airway eosinophilia was
profoundly impaired in IL-337~ mice and IL-47"IL-137~ mice
(Fig. 2C), suggesting that IL-4 and/or IL-13 derived from IL-33-
stimulated innate cells (i.e., Siglec-F* cells, but not Gr1™, c-Kit*,
FceRIa*, DX5", or CD11c™ cells; Fig. S5), but not T cell-derived
IL-4 and/or IL-13, is important for the event. These findings in-
dicate that IL-33 is crucial for induction of innate-type allergic
airway inflammation, whereas it is mostly indispensable for papain-
induced airway eosinophilia.

IL-33 in Type IV Hypersensitivity. Type IV hypersensitivity respon-
ses such as contact hypersensitivity (CHS) developed normally in
TLR4™~ mice (20) but were abolished in Rag-2~"~ mice (Fig.
S64), indicating that acquired, rather than innate, immune cells
are an important effector for the induction of CHS. Moreover, it
is thought that Th2 cytokines are involved in the pathogenesis of

CHS (11), suggesting a contribution of IL-33 to the induction of
CHS. After FITC and 2,4-dinitrofluorobenzene challenge, ear
swelling was also normally induced in IL-337/~ mice but atten-
uated in IL-1o/p™'~ mice (Fig. S6 B and C). IL-337"~ mice also
showed normal responses in terms of the levels of skin DC mi-
gration and FITC-specific proliferation, IL-4 production by LN
cells after FITC sensitization, the degree of skin inflammation,
myeloperoxidase (MPO) activity, eosinophil peroxidase (EPO)
activity, and serum FITC-specific IgG1 and IgG2a levels after
FITC challenge (Fig. S7 A-E).

Moreover, methylated BSA (mBSA)-induced delayed-type hy-
persensitivity (DTH), which is another type IV hypersensitivity that
is mediated by Th17 cells (21) and suppressed by Thl cells (22),
was also normally induced in IL-337~ mice but impaired in IL-
1o/~ mice (Fig. S84). IL-337~ mice also showed normal levels
of Ag-specific T cell responses, a normal Th17/Treg proportion
after Ag sensitization and normal serum levels of mBSA-specific
IgG1 and IgG2a after Ag challenge (Fig. S8 B-D). Therefore, IL-
33 seems to be unnecessary for the development of these T cell-
dependent acquired immune responses.

IL-33 in Autoimmunity. ST2 was shown to contribute to the de-
velopment of a Th17 cell-mediated autoimmune disease, collagen-
induced arthritis (5). However, myelin oligodendrocyte glycopro-
tein (MOG)-induced experimental autoimmune encephalomyelitis
(EAE), which is another Th17 cell-mediated autoimmune disease,
developed normally in IL-337~ mice but was attenuated in IL-
1a/p~~ mice (Fig. S94). The levels of MOG-specific LN cell pro-
liferation and IL-17 and IFN-y production, the proportions of
Th17 and Treg cells among LN cells after MOG sensitization, and
the levels of MOG-specific IgG1 and IgG2a in sera after MOG
challenge were comparable between IL-337~ and IL-33*/* mice
(Fig. S9 B-D). These observations indicate that IL-33 is not es-
sential for the pathogenesis of this Th17 cell-mediated EAE.
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IL-33 in Tissue Injury. Like pro-IL-1a, pro-IL-33, but not caspase-
cleaved IL-33 (23-25), has biological activity and is suggested to
act as an alarmin, an endogenous danger signal that alerts immune
cells, in necrosis-, rather than apoptosis-, associated tissue injury
during trauma and/or infection (23, 24). Streptozocin-induced
diabetes and Con A-induced hepatitis are well-established models
of apoptotic tissue injury via TRAIL and Fas on T cells and/or
NKT cells (26, 27). Hyperglycemia during streptozocin-induced
diabetes and the serum levels of GOT and GPT activities during
Con A-induced hepatitis were comparable between IL-33*/* and
IL-337"" mice (Fig. S10), again indicating that IL-33 is not essen-
tial for the development of T/NKT cell-mediated tissue injury
during these acquired immune responses.

Development of dextran sodium suifate (DSS)-induced colitis
is known to be triggered by enterobacteria via TLR (28), in-
dependently of T cells, NK cells, NKT cells, and mast cells (29—
31). We found that IL-337"~ mice showed higher viability than
IL-33*"* mice until approximately day 12 during 3.5% and 3.0%
DSS-induced colitis, whereas the final viability on days 14 and 15
was nearly the same (Fig. 3). After treatment with 3.0% DSS,
body weight loss, inflammation, and decreased MPO activity in
the colon were significantly more pronounced in IL-337'~ mice
compared with IL-33*"* mice until day 8 (Fig. 4 A-C). These
observations suggest that IL-33 is important for induction of
local inflammation at the onset of DSS-induced colitis. However,
body weight recovery was markedly delayed in IL-337/~ mice
compared with IL-33*"* mice after changing from drinking wa-
ter containing 3.0% DSS to plain drinking water (Fig. 3). On day
15, the lesion was almost recovered but was still observed in
a small proportion of the colons of both IL-33*/* and IL-337/~
mice (Fig. 44), and the severity of tissue damage in the colon
lesions was similar in IL-33*/* and IL-337"~ mice (Fig. 4B). On
day 15, the MPO activity in the homogenates of whole colons
from both strains returned to the level seen in naive mice (Fig.
4C). The levels of IL-33 and proinflammatory mediators (i.e., IL-
1, TNF, KC, and MIP-2) that are involved in neutrophilia were
similarly increased in the colon of both IL-33*'* and IL-337/~
mice compared with naive mice on day 8 after DSS treatment
(Fig. S11). The expression levels of IL-1p, KC, and MIP-2 in the
colon of IL-33*/* mice on day 15 were higher than on day 8 (Fig.
S114), whereas the expression levels of IL-33 and TNF were
reduced on day 15 (Fig. S11). In the setting, KC and MIP-2
expression was significantly decreased in the colon of IL-337~
mice on day 15 after DSS treatment (Fig. S11). Normal ex-
pression of potent proinflammatory cytokines such as TNF and
IL-1p may induce significant inflammation in IL-337~ mice
during DSS-induced colitis. However, these observations suggest
that IL-33 deficiency leads to delayed local inflammation by re-
ducing neutrophil-chemoattractant factors, resulting in delayed
resolution of tissue damage during DSS-induced “innate” colitis.

IL-33 in Endotoxin Shock. The LPS-induced systemic inflammatory
response is characterized by dysfunction of multiple organs, in-
cluding the liver and lung. LPS-stimulated macrophages release
IL-33 (32), and IL-33 enhances IL-6 (Fig. S124) and TNF pro-
duction (33) by LPS-stimulated macrophages, suggesting in-
volvement of IL-33 in the setting. Indeed, IL-33~ mice were
resistant to endotoxin shock in comparison with IL-33*/* mice
after LPS injection (Fig. 54). We also found that production of
IL-6, IL-1a, and IL-1B, but not TNF, by thioglycolate-induced
peritoneal macrophages of IL-337"~ mice was reduced compared
with IL-33*/* mice at 9 and/or 48 h after LPS stimulation (Fig.
5B). LPS-mediated IL-6 and TNF production by macrophages is
known to be differentially regulated by nuclear IxB proteins such
as IkBNS (34) and IxB{ (35), which was originally identified as
an IL-1-, but not TNF-, inducible nuclear protein (36, 37).
Therefore, like IL-1, IL-33 may be involved in host defense
against bacteria and in innate inflammatory responses triggered

18584 | www.pnas.org/cgi/doi/10.1073/pnas.1003059107
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Fig. 4. IL-33 is involved in the induction of inflammation during DSS-in-
duced colitis. Colon sections (A) (hematoxylin-eosin, 100x. Representative
data from three to five mice are shown), score of the severity of colitis (B)
(only inflamed sites were evaluated on day 15), and the levels of MPO ac-
tivity (C) in colon homogenates from IL-33** and IL-337"~ mice on day 8 or 15
during 3.0% DSS-induced colitis or in naive mice. Data show the mean + SE:
*P < 0.05 vs. corresponding values for naive mice; P < 0.05 vs. corresponding
values for IL-33*/* mice.

by bacteria by inducing production of IL-6 and IL-1, rather than
TNF, by LPS-stimulated macrophages via distinct nuclear
protein activation.

Unlike endotoxin shock induced by a single LPS injection (Fig.
5A), the susceptibility to a lethal dose of LPS was comparable in
IL-33*"* and IL-337~ mice that had been injected once with
a low dose of LPS (Fig. S12C) or had been made tolerant to LPS
by repeated injection of a low dose of LPS (Fig. S12D). These
observations suggest that IL-33 is important for acute responses,
rather than secondary responses and tolerance, to LPS.

However, as in the case of OVA-induced airway inflammation
(6-8), the contribution of ST2 to that response is controversial.
Production of each of IL-6, IL-12, and TNF by LPS-stimulated
macrophages was suppressed by blockade of ST2 signals using
soluble ST2-Fc fusion proteins, and BALB/c mice treated with
soluble ST2-Fc fusion proteins were resistant to LPS-induced
endotoxemia (9). Conversely, production of these cytokines by
LPS-stimulated BALB/c-ST2 ™'~ macrophages was increased, and
BALB/c-ST2”~ mice were highly susceptible to LPS-induced
endotoxemia (10). On the other hand, it was reported that LPS-
induced TNF production was normal in BALB/c-ST2™/~ mac-
rophages (33). Thus, in contrast to treatment with soluble ST2-

Oboki et al.
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Fig. 5. IL-33 is important for LPS-induced endotoxin shock. (A) Mice were injected intraperitoneally with LPS (5-20 mg/kg; n = 10-13), and survival was
monitored. (B) Thioglycolate-induced peritoneal macrophages were stimulated with LPS for 9 or 48 h. IL-1q, IL-1p, IL-6, and TNF levels in the culture
supernatants were determined by ELISA. Data show the mean + SE: *, 'P < 0.05 vs. corresponding values for IL-33*"* mice.

Fc fusion proteins, ST2 deficiency may result in increased for- ~ whereas it is dispensable for acquired immune responses. Of
mation of IL-1R (IL-1R1 and IL-1RAcP) due to failed forma- note, IL-33 is indispensable for innate airway inflammation in-
tion of IL-33R (ST2 and IL-1RAcP), causing cytokine  duced by papain. We were also able to show that IL-33 is crucial
hyperproduction by ST2™~ macrophages in response to IL-1. a5 an alarmin for innate-type, but not acquired-type, tissue in-

Notably, ST2™~ macrophages produced larger amounts of i, o o1ot0d infl t h LPS-induced
cytokines than wild-type macrophages after IL-la or IL-1f J;z ort?):ir? sholgk ammatory  responses such  as e

treatment (10). Although IL-1R1™~ mice showed normal sus-
ceptibility to LPS-induced endotoxin shock (38), IL-1R antago-  Methods

n1§t-deﬁc1ent mice, Wthh have excessive IL-.l-Slgnallng, ‘showed LPS-Induced Sepsis. LPS (Escherichia coli serotype 0111:B4; Sigma-Aldrich)-
heightened susceptibility (39). Thus, IL-1 is not required for ; j,ced sepsis was evaluated as described (38).

induction of LPS-induced endotoxin shock, but excessive IL-1

PrOdl}'Ctio'“ leads to amplified susceptibility to LPS, as seen i pss-induced Colitis. Mice were provided sterile water containing 3.0% or
ST27~ mice. Distinct phenotypes were also seen in IL-18~ and 359 Dss (reagent grade, MW = 36,000-50,000; MP Biomedicals) ad libitum for
IL-18Ra™~ mice: EAE developed normally in IL-18~~ mice but 7 d, followed by 14 d of plain drinking water.

was dramatically reduced in IL-18Ra™~ mice (40), suggesting

a contribution by a ligand(s) other than IL-18, i.e., IL-1F7 (41),  other Methods. The details are provided in S/ Methods.

in the setting. As is well known, the function of the IL-1 family of
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S| Methods

Generation of IL-33-Deficient Mice. A BAC clone, RP23-355N22,
which contains the translational start site of the IL-33 gene, was
obtained from BACPAC Resources (http://bacpac.chori.org). The
targeting vector was constructed as described (http://www.cdb.
riken.jp/arg/protocol.html). The second exon was replaced with
a cassette consisting of the GFP gene and the neomycin resistance
gene (neo") flanked by loxP sequences (http:/www.cdb.riken.jp/arg/
cassette.html). The locations of 5’ and 3’ homologous recombina-
tions of the targeting vector are shown in Fig. S14. The targeting
vector was electroporated into ES cells (TT2, derived from CBA x
CS57BL/6 mice). Chimera mice were obtained from two distinct
clones out of three independently identified targeted ES cells and
mated with C57BL/6 female mice (1). For confirmation of correct
targeting, Southern blot hybridization was performed with 5’
probes located outside of the regions used in the targeting vector
(Fig. S1B). As we reported (2), constitutive expression of I1L-33
proteins could be detected in homogenates of lungs from IL-33-
sufficient, but not IL-33-deficient, mice by Western blot analysis
(Fig. S1C). IL-33-deficient mice were obtained at the expected
Mendelian ratio from the intercross of heterozygous mice on the
C57BL/6 background (N2). IL-33-deficient mice were fertile and
did not show any gross phenotypic abnormalities under specific
pathogen-free housing conditions. Genotyping of mice was per-
formed by PCR of tail genomic DNAs using the following PCR
primers: ex2-F (5'-cactaagactactcagectcag), WT-R (5'-cggtgatgctg-
tgaagtctg), and KO-R (5'-gtgttctgctggtagtggteg). The ex2-F and
WT-R primers were used for detection of wild-type alleles, and the
ex2-F and KO-R primers were used for detection of mutant alleles.
Detailed information regarding the IL-33-deficient mice (accession
number CDB0631K) is available at http://www.cdb.riken.jp/arg/
mutant%20mice%20list.html.

Mice. C57BL/6-wild-type mice (SLC Japan), BALB/c-wild-type
mice (SLC Japan), C57BL/6-Rag2-deficient mice (Taconic), and
BALB/c-4-get mice (The Jackson Laboratory) were used. C57BL/
6-IL-1o/p~"~ mice and BALB/c-IL-47""IL-137"~ mice were kindly
provided by Yoichiro Iwakura and Andrew McKenzie, respec-
tively. All mice were housed under specific pathogen-free con-
ditions at the National Research Institute for Child Health and
Development, and the animal protocols were approved by the
Institutional Review Boards of the National Research Institute
for Child Health and Development and the Institute of Medical
Science, University of Tokyo.

Contact Hypersensitivity (CHS). FITC-induced CHS and 2,4-dini-
trofluorobenzene (DNFB)-induced CHS were examined as de-
scribed (3, 4). Briefly, 2 d after shaving the dorsal hair with
clippers, mice were sensitized with 200 puL of a 2.0% FITC iso-
mer I suspension (Sigma) in a mixture of acetone and dibutyl
phthalate (1:1) or 25 pL of 0.5% DNFB solution (Wako) in
a mixture of acetone and olive oil (1:4). Five days after sensiti-
zation, the mice were challenged with 40 pL of 0.5% FITC iso-
mer I solution in a mixture of acetone and dibutyl phthalate (1:1)
(the left ear, 20 pL on each surface) and 40 pL of the vehicle
alone (the right ear, 20 pL on each surface) or with 20 pL of
a 0.2% DNFB solution in a mixture of acetone and olive oil (1:4)
(the left ear, 20 pL on the outside skin surface) and 20 pL of the
vehicle alone (the right ear, 20 uL on the outside skin surface).
Ear thickness was measured before and after FITC or DNFB
challenge by using an engineer’s calipers (Ozaki) by an in-
vestigator who was blinded to the mouse genotypes. At 24 h after

Oboki et al. www.pnas.org/cgi/content/short/1003059107

FITC challenge, ear tissues were harvested for histological
analysis and measurement of the myeloperoxidase (MPO) and
eosinophil peroxidase (EPO) activities in ear skin homogenates,
as described below. One week after FITC challenge, sera were
collected for measurement of the FITC-specific Ig levels, as
described below.

Skin DC Migration. Skin DC migration was determined as described
(5, 6). Mice were treated epicutaneously with 40 pL of a 0.5%
(wt/vol) FITC isomer I solution in a mixture of acetone and
dibutyl phthalate (1:1) (the left ear, 20 pL on each surface) and
the vehicle alone (the right ear, 20 pL on each surface). Twenty-
four hours later, submaxillary lymph nodes (LNs) were collected
separately from both the FITC-treated left and vehicle-treated
right ears. After incubation with anti-CD16/CD32 mAb (2.4G2;
BD Biosciences), LN cells were incubated with PE-anti-mouse
CD11c mAb (N418; eBioscience) and APC-anti-mouse I-A/I-E
mAb (M5/114.15.2; eBioscience). The proportion of FITC* cells
among 7-aminoactinomycin D-negative, MHC class II", CD11c*
cells was determined by using a FACSCalibur (BD Biosciences).

Delayed-Type Hypersensitivity (DTH). Methyl-BSA (mBSA)-induced
CHS was examined as described (4, 7). Briefly, 200 pL of 1.25 mg/
mL mBSA (Sigma) emulsified with complete Freund’s adjuvant
(CFA,; Difco) was injected s.c. to the backs of mice. Seven days
later, the mice were challenged intradermally by injection of 20 pL
of 10 mg/mL mBSA in PBS to one footpad and 20 pL of PBS alone
to another footpad as a control. Footpad thickness was measured
before and after mBSA or PBS challenge by using an engineer’s
calipers (Ozaki) by an investigator who was blinded to the mouse
genotypes. One week after the challenge, sera were collected for
measurement of the mBSA-specific Ig levels, as described below.

Airway Inflammation. OVA-induced airway inflammation was ex-
amined as described (8, 9). For the IgE-independent protocol (OVA
with alum), mice were immunized intraperitoneally with 200 pL of
0.5 mg/mL OVA (grade V; Sigma) emulsified with alum (Alum
Immuject; Pierce) (1 mg/mL OVA:alum = 1:1) on days 0 and 14.
The mice were then challenged intranasally with 20 pL of 10 mg/mL
OVA in saline or saline alone on days 28, 29, and 30. For the IgE-
dependent protocol (OVA without alum), mice were treated in-
traperitoneally with 200 pL of 50 pg/mL OVA in saline on days 0, 2,
4,6, 8, 10, and 12. The mice were then challenged intranasally with
20 pL of 10 mg/mL OV A in saline or saline alone on days 40, 43, and
46. House dust mite (HDM)-induced airway inflammation was es-
tablished as described elsewhere (10, 11). Mice were treated in-
tranasally with 20 pL of 1.25 mg/mL HDM extract (Greer Lab-
oratories) in saline or saline alone on 5 d per week for up to three
consecutive weeks. For IL-33-induced airway inflammation, mice
were treated intranasally with 20 pL of 25 pg/mL recombinant
human IL-33 (PeproTech) in saline or saline alone once per day for
3 d. For papain-induced airway inflammation, mice were treated
intranasally with 20 pL of 5 mg/mL papain (Wako) or heat-
inactivated papain (at 100 °C for 15 min) in saline or saline alone
once per day for 3 d. Twenty-four hours after the last Ag or saline
inhalation, bronchoalveolar lavage (BAL) fluids and lungs were
collected for examination of the BAL cell profiles and lung his-
tology, respectively. After centrifugation, the BAL cells were re-
suspended in 200 pL of Hanks’ buffer, and the total cell number
and leukocyte profile were determined by using a hemocytometer
(XT1800iV; Sysmex). Lung function during OVA-induced airway
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inflammation was determined by an invasive approach (Elan Se-
ries Mouse RC Site; Buxco Electronics), as described (9, 12).

Experimental Autoimmune Encephalomyelitis (EAE). MOGe-induced
EAE was examined as described (13, 14). Briefly, mice were im-
munized s.c. with 200 pL of 1.5 mg/mL MOG35-55 peptide
(MEVGWYRSPFSRVVHLYRNGK) emulsified with CFA, which
consisted of incomplete Freund’s adjuvant (Difco) and 5 mg/mL
Mycobacterium tuberculosis H3TRA (Difco), by injection to one
flank on day 0 and the other flank on day 7. The mice were injected
i.v.with 200 pL of 2.5 pg/mL pertussis toxin (Allexis) on days 0 and 2.
After the first MOG treatment, the severity of EAE was monitored
daily and graded on a scale of 0-5 by an investigator who was blinded
to the mouse genotypes. The scale was as follows: 0, no disease; 1,
limp tail; 2, hind limb weakness; 3, hind limb paralysis; 4, hind and
fore limb paralysis; 5, moribundity and death.

Streptozocin-Induced Diabetes. Streptozocin-induced diabetes was
examined as described (15), with minor modification. Briefly,
mice were injected intraperitoneally with 4 mg/mL streptozocin
in 0.05 M citrate buffer (pH 4.5) (50 mg/kg) once per day for 5 d.
On days 0, 10, 17, and 24, blood was collected by cutting the tail
vein, and the blood glucose levels were measured with an Accu-
CHEK Aviva system (Roche Diagnostics).

Con A (ConA)-Induced Hepatitis. ConA-induced hepatitis was ex-
amined as described (16). Briefly, mice were i.v. administered 2
mg/mL ConA (Sigma) in saline (20 mg/kg). One day later, sera
were collected, and the levels of GOT and GPT were measured
by using Transaminase CII-test Wako (Wako).

Ag-Specific LN or Spleen Cell Responses. The FITC-, mBSA-, OVA-
and MOG-specific LN cell proliferative responses were examined
as described (4, 6, 14). Briefly, for FITC-specific LN cell responses,
mice were treated epicutaneously with 2.0% FITC on both the left
and right ears (20 uL on one surface of each ear). Five days later,
submaxillary LNs were collected. For mBSA-specific LN cell re-
sponses, the backs of mice were injected s.c. with 200 pL of 1.25 mg/
mL mBSA emulsified with CFA. Five days later, inguinal LNs were
harvested. For OVA-specific LN and spleen cell responses, mice
were immunized intraperitoneally with 200 pL of 0.5 mg/mL OVA
emulsified with alum (1 mg/mL OVA:alum = 1:1) on days 0 and 14.
Seven days later, mesenteric LNs and the spleen were collected.
For MOG-specific LN cell responses, the backs of mice were s.c.
injected with 200 pL of 1.5 mg/mL MOG35-55 peptide emulsified
with CFA. Seven days later, inguinal LNs were harvested.

LN or spleen cells (4 x 10° cells per well in 96-well flat-bottom
plates) were cultured in the presence and absence of 40 pg/mL
FITC, mBSA, OVA, or MOG at 37 °C for 72 h. Cell proliferative
responses were determined by pulsing with 0.25 pCi/mL [*H]-
labeled thymidine for 6 h.

The intracellular cytokine profiles during mBSA- and MOG-
specific LN cell responses were determined as described (14) with
minor modification. LN cells (5 x 10° cells per well in a 24 well-
plate) were cultured in the presence of 40 pg/mL mBSA or MOG
at 37 °C for 72 h, and then stimulated with 1 pg of ionomycin
(Sigma) and 0.1 pg/mL PMA in the presence of 1 pM monensin
(Sigma) for 5 h. After washing, the cells were incubated with
anti-CD16/CD32 mAb (2.4G2; BD Biosciences) in FACS buffer
(Hanks’ buffer containing 2% FCS) for FcR blocking on ice for
15 min, and then incubated with APC-conjugated anti-mouse
CD4 mAb (GK1.5; eBioscience) on ice for 30 min. After wash-
ing, the cells were treated with Fix Buffer I (BD Biosciences) at
room temperature for 15 min. Then the cells were washed with
0.1% saponin (Sigma) in FACS buffer and incubated with FITC
anti-mouse Foxp3 mAb (FJK-16s: eBiosciences) and PE anti-
mouse IL-17 mAb (TC11-18H10, BD Biosciences) at 4 °C for 30
min. IL-17 and Foxp3 expressions in CD4™ T cells were analyzed
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on a FACSCalibur (Becton Dickinson) by using CellQuest
software (Becton Dickinson).

Measurement of Cytokines. Cytokine levels in the culture super-
natants of Ag-specific LN cells and BAL fluids during OVA-induced
airway inflammation were determined with mouse IFN-y, IL-1a, IL-
1B, IL-4, IL-5, IL-13, and IL-17 ELISA kits obtained from BD
Biosciences or eBioscience. The level of IL-33 in colon homoge-
nates (prepared as described below) was measured with an ELISA
kit (BioLegend).

Measurement of MPO and EPO Activities. The levels of MPO and
EPO activities in tissues were examined as described (9, 12).
Briefly, tissues (ear and colon) were homogenized in a 0.5% ce-
tyltrimethylammonium chloride solution (Sigma). After centri-
fugation, the supernatants of the homogenates were collected.
Total protein levels in the tissue homogenates were measured
with a Bio-Rad DC protein assay kit. Recombinant human MPO
and EPO (Calbiochem) were used as standard proteins. The MPO
and EPO activities per milligram of total protein in tissue ho-
mogenates were calculated.

Measurement of Ag-Specific Ig Levels. Ninety-six-well ELISA plates
(Nunc; 442404) were coated with 2 pg/mL FITC-OVA (6), 10 pg/
mL mBSA, 10 pg/mL OVA, or 10 pg/mL MOG at 4 °C overnight.
After the wells were blocked with PBS containing 10% FCS, op-
timally diluted serum samples (IgG1 = 1:10,000, IgG2a = 1:100,
and IgE = undiluted for FITC-specific Igs; IgG1 = 1:50, I[gG2a =
1:10, IgG2b = 1:50, and IgG3 = 1:2 for mBSA-specific Igs; IgE =
undiluted for OVA-specific IgE; and IgG1 = 1:2 and IgG2a = 1:2
for MOG-specific Igs) were applied, and the plates were incubated
at room temperature for 1 h. After washing, biotinylated anti-
mouse IgG1 (A85-1; BD Biosciences), IgG2a (R19-15; BD Bio-
sciences), IgG2b (R12-3; BD Biosciences), IgG3 (R40-82; BD
Biosciences), or IgE (R35-118; BD Biosciences) mAb was added,
followed by incubation at room temperature for 1 h. Then, after
washing, HRP-conjugated streptavidin (BD Biosciences) was
added, followed by incubation at room temperature for 1 h. For
enzymatic reaction, TMB substrate (KPL) was used as the sub-
strate. The reaction was stopped by addition of 1 M H,SOy, and
then the absorbance at 450 nm was measured by using a plate
reader. Data show the absorbance value at 450 nm. The levels of
OVA-specific serum IgE were normalized by using an anti-OVA
IgE mAb (TOS-2; kindly provided by Mamoru Kiniwa, Taiho
Pharmaceutical, Saitama, Japan) as the standard antibody (12).

Quantitative PCR. Total RNA in the colon and lung specimens was
isolated by using ISOGEN (Nippon Gene) and RNeasy Mini Kit
(Qiagen). Using the isolated RNA, cDNA was obtained by RT-
PCR with an iScript cDNA Synthesis Kit (Bio-Rad). Quantitative
real-time PCR was performed with THUNDERBIRD SYBR
qPCR Mix (Toyobo) and an Applied Biosystems 7300 real-time
PCR system. The relative gene expression was normalized against
GAPDH gene expression. PCR primers were designed as shown
in Table S1.

Histology. Tissues were fixed in Carnoy’s fluid and embedded
in paraffin. Then sections were prepared and stained with
hematoxylin-eosin.

Score During DSS-Induced Colitis. The severity of diseases was
scored as described (17).

Statistical Analyses. Data show the mean + SE. Differences were
evaluated by the Kaplan—-Meier test (survival), two-way ANOVA
followed by the Holm-Sidak post hoc test (airway hypersensi-
tivity), the Mann-Whitney u test (score in EAE), or the two-
tailed Student’s ¢ test (other studies, unless otherwise specified).
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Fig. S1. Generation of IL-33-deficient mice. (A) IL-33 gene targeting strategy. The second exon containing a translational start codon was replaced with
a tandemly arrayed promoter-less GFP gene and a floxed neomycin resistance gene (neo") (targeted allele). (B) Southern blot analysis of genomic DNA ob-
tained from wild-type or mutant ES cells. The DNA probes used for Southern blot analysis are shown in A. By digestion of genomic DNA with Kpnl, the probes
detected endogenous wild-type (WT; 13.3 kb) and/or targeted (MT; 16.5 kb) fragments. (C) Western blot analysis of whole-lung homogenates.
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Fig. S2. IL-33 is not required for induction of antigen-specific T and B cell function. The levels of OVA-specific IgE in sera (A) and the levels of IFN-y, IL-4, IL-5,
and IL-17 in BAL fluids (B) from the mice shown in Fig. 1 or naive mice. (C) OVA-specific proliferative responses and cytokine secretion of spleen cells from mice
sensitized twice with OVA emulsified in alum. Data show the mean =+ SE. No significant differences were found between IL-33*"* and IL-337"~ groups.
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Fig. $3. IL-33 induces airway eosinophilia independently of T and B cells. At 24 h after the last IL-33 or saline inhalation, the number of inflammatory cells
in BAL fluids from wild-type and Rag-2-deficient mice on the C57BL/6 background was determined. Data show the mean + SE. *P < 0.05 vs. corresponding
values for saline-treated mice.
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