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Abstract

Interleukin-33 (IL-33) is a member of the IL-1 cytokine family, which includes
IL-1 and IL-18, and is considered to be important for host defense against nema-
todes by inducing Th2 cytokine production via the 1L-33 receptor. IL-33 receptor
is a heterodimer of IL-1 receptor-like 1 (IL-1RLI; also called ST2, T1, Der4, and
fit-1) and IL-1 receptor accessory protein (IL-IRAcP). On the other hand, exces-
sive and/or inappropriate production of 1L-33 is considered to be involved in the
development of various disorders, such as allergic and autoimmune diseases.
Unlike IL-1f and IL-18, IL-33 does not seem to be secreted through the activa-
tion of inflammasomes in events such as apoptosis. However, 1L-33 is localized in
the nucleus of cells and is released during tissue injury associated with necrosis.
This suggests that it acts as an alarmin, like IL-1o and high-mobility group box
chromosomal protein-1 (HMGB-1). This review summarizes current knowledge
regarding the roles of IL-33 in the functions of various cell types and the patho-
genesis of allergy.
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IL-33 [also identical to DVS27 and NF-HEV (1)] has been
identified as a ligand for IL-1RL1 (also called ST2, T1, Der4,
and fit-1), which is a member of the Toll/IL-1 receptor super-
family (2), and is produced/expressed by various types of
immune and nonimmune cells (1). In addition, IL-33 is local-
ized in the nucleus because of its association with heterochro-
matin via a helix—turn—helix motif within the N-terminal part,
acting as a transcriptional repressor, at least in vitro (3, 4).
Thus, like IL-1o0 and high-mobility group box 1 (HMGBI)
(5, 6), IL-33 is considered to act not only as a proinflammatory
cytokine but also a nuclear factor. However, the pathophysio-
logical roles of 1L-33 as a nuclear factor remain unclear.
Several members of the IL-1 family of cytokines, such as
IL-1B and IL-18, are initially synthesized as precursor forms,
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which lack the amino acid sequences of signal peptides and
fail to induce cell activation, in the cytosol (7, 8). After cer-
tain stimuli in cells, the precursor is proteolytically cleaved
by caspase-1 through the activation of inflammasomes, after
which the cleaved form becomes biologically active and is
secreted (7, 8). However, full-length IL-33—which does not
have a typical caspase-1 cleavage site—is bioactive even with-
out caspase-1-dependent cleavage, while its caspase cleavage
product does not show biological activities (9—11). Thus, the
caspase-mediated proteolytic cleavage during apoptosis asso-
ciated with the activation of inflammasomes is not necessary
for activation and secretion/release of 1L-33. Conversely, 1L-
33 released by necrotic cells without cleavage by caspases has
biological activity (11, 12).
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The 1L-33 receptor (IL-33R) is a heterodimer consisting of
ST2 and IL-1 receptor accessory protein (IL-1RAcP) (13-15).
Transmembrane-form ST2 (ST2 or ST2L) and soluble-form
ST2 (sST2) are two major products of ST2 genes as a result
of alternative splicing under the control of two distinct pro-
moters (1, 16). ST2L is considered to be a functional compo-
nent of IL-33R. On the other hand, like soluble IL-1R for
IL-1o0 and IL-1B, sST2 is regarded as a decoy receptor for
IL-33 (1, 16). Signal transduction downstream of I1L-33R is
mediated in a similar manner with other IL-1R family mem-
bers such as IL-1R and IL-18R (2, 17).

Th1
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Target cells of IL-33
T cells

Recently, in addition to Thl cells and Th2 cells, distinct Th
cell subsets have been newly identified as being differentiated
from naive CD4" T cells in the distinct cytokine milieu
existing during antigen presentation (Fig. 1). ST2 is preferen-
tially expressed on in vitro skewed Th2 cells, but not naive T
cells, Thl cells, Th17 cells, or Treg cells in CD4™ T cells (18—
22). ST2-expressing Th cells are detected even in IL-4-, IL-5-,
or IL-10-deficient mice (18, 23). In addition, two distinct Th2
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Figure 1 Helper T-cell subsets in humans and mouse. Naive CD4*
cells can differentiate into various types of effector and regulatory T
cells in the distinct cytokine milieu existing during antigen presenta-
tion in humans (A) and mouse (B). Red and green boxes = master
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negative regulatory T cell, and Tfh = follicular helper T cell.
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cells—IL-4- and IL-10-producing 1L-5" ST2" Th2 cells and
IL-4- and IL-10-producing IL-5" ST2™ Th2 cells—were iden-
tified in spleen and/or lymph node cells from mice infected
with Leishmania major (24). Crosslinking of ST2 by anti-ST2
mAb or exogenous IL-33 enhanced Th2 cytokine secre-
tion and chemotaxis in in vitro skewed Th2 cells (2, 18, 21,
25-27), but did not induce the differentiation of Th2 cells
from naive T cells (25). Supportively, normal Th2 cell differ-
entiation was observed in ST2-deficient and IL-33-deficient
mice (28-30). Moreover, IL-33 polarized naive CD4 " T cells
into T cells (hereinafter, called atypical Th2 cells) that
produce IL-5 and IL-13, but not IL-4, independently of
GATA-3, STAT-6, and IL-4, which are important factors
for typical Th2 cell differentiation in humans and mice (31).
In vitro, 1L-33 induced IL-9 production by Th2 cells in
humans (32) and by non-Th2 cells—probably Th9 cells—in
mice (33). Moreover, IL-10-producing Trl cells expressed
ST2 (34), but the roles of IL-33 in those ST2-expressing Trl
cells and in IL-33-stimulated Trl cells in immune responses
remain unclear.

As in the case of Th2 cells, ST2 is predominantly expressed
on in vitro skewed Tc2 cells rather than in vitro skewed Tcl
cells in CD8" T cells from human PBMCs (35). In contrast
to humans, ST2 expression is observed on in vitro skewed
Tc0, Tcl, Tc2, and Tcl7 cells, but not naive CD8™ T cells,
in mice, and the ST2 expression levels on Tcl cells are high-
est in the other Tc subsets (36). In addition, T-bet, which is a
master transcriptional factor for Thl and Tcl cell differentia-
tion, is required for the expression of ST2 on Tcl cells (36).
IL-33 enhanced IFN-y production by Tcl cells in the pres-
ence of IL-12 and following stimulation via T-cell receptors
(36) (Fig. 2).
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NKT cells

Human and mouse iNKT cells, which express ST2, produce
a variety of cytokines—including both Thl and Th2 cyto-
kines such as IFN-y, I1L-2, IL-4, 1L-5, IL-13, and TNF—in
response to IL-33 in the presence of a-galactosylceramide-
dependent TCR stimulation (37, 38) (Fig. 2). IL-12 enhanced
ST2 expression in iINKT cells (37) and induced IFN-y pro-
duction by them that was enhanced by IL-33 (37, 38). IL-33
increases the number of mouse iNKT cells in vitro and in the
spleen and liver in vivo (38). Jal8-deficient mice, which lack
iNKT cells, developed much severer IL-33-induced airway
inflammation than wild-type mice, suggesting that iNKT cells
play a regulatory role in the induction of IL-33-mediated
inflammation (39).

B cells

B-1 cells, which are divided into CD5" B-la cells and
CDS5™ B-1b cells, are localized in the peritoneal and pleural
cavities and respond to T cell-independent antigens such as
carbohydrate antigens, suggesting that they contribute to the
induction of innate immunity (40, 41). B-2 cells, which are a
major B-cell population in the spleen and lymph nodes,
respond efficiently to protein antigens and undergo immuno-
globulin heavy-chain class switching and affinity maturation
dependent on the function of follicular helper T cells (Tfh
cells). ST2 expression on B-1 cells is detected and increased
by stimulation with IL-33, but not on B-2 cells (42). I1L-33
can enhance—in vitro and/or in vivo—proliferation and IgM
and Th2 cytokine (such as IL-5 and IL-13) production by
B-1 cells, but not B-2 cells (42) (Fig. 2). 1L-33-mediated
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ous types of cells. DCs = dendritic cells, ILCs = innate lymphoid cells,
NKs = natural killer cells, and HSC = hematopoietic stem cells.
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peritoneal B-1 cell proliferation and IgM production are
highly dependent on IL-5, which is a crucial cytokine for
the development of B-1 cells (43), and partially dependent
on T cells in mice (42).

Mast cells

ST2 is constitutively expressed on human mast cells (MCs)
derived from peripheral blood or cord blood progenitor cells
and on mouse peritoneal and bone marrow—derived cultured
mast cells (BMCMCs) (13, 15, 44-47). 1L-33 can induce the
production of various cytokines and chemokines (Fig. 2) and
expression of mouse mast cell protease-6, prolong survival,
and promote the adhesion of naive human and murine MCs
without inducing degranulation (44-46, 48, 49). It can also
enhance degranulation as well as cytokine and chemokine
production by IgE-sensitized MCs with and without FceRI
crosslinking in humans and/or mice (25, 44-46, 48, 50)
(Fig. 2). 1L-33 also enhances C5a-, stem cell factor (SCF)-,
or nerve growth factor (NGF)-mediated cytokine production
in a human mast cell line, HMC-1 (51). Intradermal injection
of 1L-33 to mice caused the development of skin inflamma-
tion dependent on dermal mast cell activation via ST2 (52).

Basophils

Human and mouse basophils constitutively express ST2, but
at lower levels than Th2 cells and mast cells (37, 53-55).
IL-33 can induce the secretion of such cytokines and chemo-
kines (Fig. 2) and adhesion by promoting CD11b expression,
without inducing degranulation or migration, in human and/
or mouse naive basophils (37, 53, 54, 56). It can also enhance
IgE-mediated degranulation and migration, as well as IgE-
and IL-3-mediated cytokine and chemokine production in
human and/or mouse basophils (37, 51, 53, 54, 56) (Fig. 2).
Otherwise, IL-33 enhances the receptor for leptin—which is
an adipokine and a member of the IL-6 family of cytokines
—on human basophils, suggesting that 1L-33 is involved in
metabolic abnormalities associated with inflammation (54).

Eosinophils

Human eosinophils also express ST2 (57, 58), and IL-33
activates eosinophils to enhance their survival, cell adhesion
accompanied by increased expression of CD11b and ICAM-
1, and production of cytokines, chemokines, and superoxide
(53, 57-60) (Fig. 2). The role of IL-33 in degranulation of
human eosinophils is controversial: 1L-33 failed to induce
degranulation as assessed by the release of eosinophil-derived
neurotoxin (EDN) and leukotriene C4 (57), but others con-
versely found it to induce degranulation as assessed by EDN
release (58).

NK cells

As in the case of iNKT cells, IL-33 can promote IFN-y pro-
duction by human and/or mouse NK cells in the presence of
IL-12, which enhances ST2 expression in human NK cells, or
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1L-23 (37, 38) (Fig. 2). However, the pathophysiological role
of IL-33-stimulated NK cells in immune responses remains
unclear.

Dendritic cells

1L-33 induces GM-CSF production by mouse bone marrow
cells and promotes their differentiation into DCs (61). It can
also activate GM-CSF-induced mouse bone marrow cell-
derived cultured DCs (BMDCs), which express intracellular
ST2 as well as ST2 mRNA, but no/little surface ST2 (61,
62), to produce IL-1P, IL-6, TNF, and CCL17, but not
IL-12, and it can enhance their expression of MHC class 11
and costimulatory molecules such as CD40, CD80, CDS86,
and/or OX40 ligand (62, 63) (Fig. 2). When IL-33-pulsed
BMDCs are cultured with naive DO11.10 or OTII CD4" T
cells, which constitutively express OVA (ovalbumin)-specific
T-cell receptors, the BMDCs promote robust production of
IL-5 and IL-13—but not IL-4, IL-10, or IFN-y—by atypical
Th2 cells in the presence of OVA peptides (62, 63); notably,
IL-33-pulsed BMDC-mediated IL-5 and IL-13 production by
T cells is observed even in the absence of antigens (62). In
accordance with this, OVA-induced airway inflammation is
exacerbated in mice injected with IL-33-pulsed BMDCs com-
pared with nontreated BMDCs (63). Administration of
recombinant 1L-33 to mice enhances the accumulation of
DCs in the lung, suggesting that IL-33 is involved in DC
recruitment in that organ (63). In support of this, ST2-defi-
cient mice show reduced CD1lc™ DC counts in the lymph
nodes, resulting in attenuated OVA-induced airway inflam-
mation (63), although ST2’s role in the development of
OVA-induced airway inflammation is controversial, as dis-
cussed below [also see the review (1)]. On the other hand,
dermal DCs and Langerhans cells in IL-33-deficient mice
exhibit normal levels of migration activity from the skin to
draining lymph nodes during contact hypersensitivity (30).
Because various DC subtypes have been identified (64), the
roles of 1L-33 and ST2 may differ with the DC subtype.

Macrophages

Mouse macrophages such as bone marrow cell-derived cul-
tured, peritoneal, and alveolar macrophages constitutively
express ST2 mRNA and/or proteins (65-67). In addition, sol-
uble ST2 expression is increased in macrophages after treat-
ment with LPS, TNF, IL-1, and IL-6 (65, 68, 69).
Macrophages are considered to be divisible into two distinct
major populations, M1 and M2 [also called alternatively acti-
vated macrophages (AAMe)]. 1L-33 induces the expression
of CCL3, which is expressed in M1, in human bone marrow
cell-derived macrophages, and expression of CCLI18 and
mannose receptor in human M2/AAMo (70) (Fig. 2). More-
over, IL-33 amplifies IL-13-mediated polarization of M2/
AAMo from mouse alveolar-, bone marrow cell-derived cul-
tured, or adipose tissue macrophages in vitro or in vivo (71,
72), suggesting that IL-33 contributes to the development of
allergic responses by enhancing polarization and activation
of M2/AAMe.
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Although IL-33 alone cannot induce cytokine production
by thioglycolate (TGC)-induced mouse peritoneal macro-
phages, it can promote their expression of TLR2, TLR4,
MD2, CDI14, and MyDS88, resulting in increased production
of IL-6 and/or TNF by macrophages in response to LPS (a
TLR4 ligand) and LTA (a TLR2 ligand) dependent on
MyD8S, but not poly(I:C) (a TLR3 ligand) independently of
MyD88 (67) (Fig. 2). TGC-induced mouse peritoneal macro-
phages produce IL-33 after stimulation with LPS, and the
IL-33 subsequently auto-/paracrinely enhances IL-6 and
TNF production by the cells (12, 73). Supportively, LPS-
induced cytokine production is impaired in TGC-induced
mouse peritoneal macrophages from IL-33-deficient mice (30,
73) and in bone marrow cell-derived cultured macrophages
in the presence of soluble ST2 (66). In contrast, cytokine pro-
duction by TGC-induced mouse peritoneal macrophages
from ST2-deficient mice is enhanced (74) or normal (67) in
comparison with macrophages from wild-type mice. The
exact reason for the apparent discrepancy between these
reports is unclear, but it is speculated that ST2 deficiency
results in increased formation of the other IL-1R family
members, such as IL-1R (IL-1R1 and IL-1RAcP) and IL-36
(IL-1RACcP and IL-1RAcP2) because of the lost formation of
IL-33R (ST2 and IL-1RACcP), causing cytokine hyperproduc-
tion by ST2-deficient macrophages in response to IL-1 or
IL-36 [see review Reference (1)]. Indeed, cytokine hyperpro-
duction in response to IL-1 is observed in ST2-deficient
macrophages compared with wild-type macrophages (74).

Osteoclasts

Expression of ST2 mRNA is detected in both human and
mouse bone tissues, human bone marrow stromal cells and
osteoblast-like MC3T3-E1 cells (75, 76). IL-33 mRNA is also
expressed in osteoblasts from humans and mice (76, 77), sug-
gesting a contribution of IL-33 to bone homeostasis. How-
ever, the role of IL-33 in osteoclastogenesis is controversial.
IL-33 enhances the expression of TRAF-6, NF-AT, cytoplas-
mic 1, c-Fos, c-Src, cathepsin K, and calcitonin receptor,
which are involved in osteoclast differentiation, and induces
M-CSF-mediated differentiation of osteoclasts from human
CDI14" monocytes and bone resorption by osteoclasts
through ST2 independently of RANKL, which is a key cyto-
kine for osteoclast differentiation (78). In contrast, 1L-33
inhibits M-CSF- and RANKL-dependent and 1,25-
dihydroxyvitamin D3-dependent differentiation of osteoclasts
from bone marrow cells and also inhibits their bone resorp-
tive activity (75, 77, 79). IL-33 has no effect on M-CSF-medi-
ated osteoclast differentiation from human CDI47"
monocytes with or without RANKL (76).

Microglia and astrocytes

High levels of IL-33 mRNA can be detected in the spinal
cord and brain of mice (2). ST2 and IL-33 are expressed in
mouse microglia and astrocytes with and without stimuli
such as LPS (80-82). IL-33 induces the proliferation and pro-
duction of cytokines and chemokines (Fig. 2) and enhances
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IFN-y-mediated NO production in microglia in vitro (81)
(Fig. 2). Although increased IL-33 expression was observed
in astrocytes in inflamed spinal cord lesions of mice with
experimental autoimmune encephalomyelitis (81), develop-
ment of this disease model in IL-33-deficient mice was similar
to in wild-type mice (30), indicating that I1L-33 is not essen-
tial for its development. IL-33 expression is increased in
brains of mice infected with Theiler’s murine encephalomyeli-
tis virus (82), but the role of IL-33 in this setting is unclear.

CD34* hematopoietic progenitor cells

CD34" hematopoietic progenitor cells from human umbilical
cord blood cells express ST2 and produce various cytokines
and chemokines in response to 1L-33 (83) (Fig. 2). The number
of CD34" hematopoietic progenitor cells is increased in
peripheral blood from allergic patients. In particular, IL-5- and
IL-13-producing CD34" hematopoietic progenitor cells are
detected in sputum from patients with asthma (83), suggesting
that CD34 " hematopoietic progenitor cells stimulated with IL-
33 contribute to the pathogenesis of certain allergic disorders.

Innate lymphoid cells

A number of IL-5- and IL-13-producing Lin~ c-kit™ Sca-17/"
innate lymphoid cells (ILCs), such as natural helper (NH)
cells, multipotent progenitor type 2 cells (MPPYP?? cells),
nuocytes, and innate helper type 2 (Ih2) cells—populations
that are distinct from lymphoid progenitors and lymphoid
tissue inducer cells—were identified (84-90) (Fig. 2). Lin~
c-kit™ Sca-1" NH cells, found in fat-associated lymphoid
clusters in visceral adipose tissue, constitutively express ST2
and produce larger amounts of IL-5, IL-6, and IL-13, but
not IL-4, than basophils and mast cells in response to 1L-33
or IL-2+ IL-25, but not IL-25 alone. They are involved in
host defense against helminths such as Nippostrongylus brasil-
iensis (N. brasiliensis) via 1L-5- and IL-13-dependent eosino-
philia and goblet cell hyperplasia (84, 91). ST2-expressing
Lin~ c-kit™ Sca-1" nuocytes and ST2-expressing Lin~ c-kit "
Sca-1-negative 1h2 cells accumulate in the spleen and mesen-
teric lymph nodes, spleen, or liver in mice injected with 1L-25
or IL-33 and infected with N. brasiliensis. Both nuocyte- and
1h2 cell-derived 1L-13 as well as NH cells are known to be
crucial for host defense against N. brasiliensis (86, 88, 92)
and the development of allergic airway inflammation (93,
94). Expansion of Lin~ c-kit® Sca-1* MPP"P*? cells, which
do not express ST2, is observed in mesenteric lymph nodes
and gut-associated lymphoid tissues including Peyer’s patches
of mice injected with IL-25 or infected with helminths such
as N. brasiliensis and Trichuris muris, contributing to host
defense against such pathogens (87). Although 1L-33 and/or
1L-25 are key cytokines for expansion of IL-5- and IL-13-
producing ILCs such as NH cells, nuocytes, 1h2 cells, and
MPP"P*? cells in mice, except for NH cells, it is unclear
whether these cells produce IL-5 and/or 1L-13 in response to
1L-33 or IL-25. IL-33 is produced by alveolar macrophages
stimulated with influenza virus, resulting in expansion of
ILCs in the lung. Subsequently, ILC-derived IL-13 is crucial



Interleukin-33 in allergy

for the pathogenesis of influenza-mediated airway inflamma-
tion in mice (95, 96). As in mice, resident ST2-expressing
Lin~ CDI27" CD25" ILCs have been identified in lung
parenchymal tissue from healthy humans (96), suggesting the
importance of resident ILCs for immune responses in the
human lung. In addition, ST2-expressing Lin~ CDI127"
CDI1617 CRTH2" ILCs, which produce TL-13 in response
to IL-33 or IL-25 in the presence of IL-2, have been identi-
fied in the human fetal gut and observed to have accumu-
lated in inflamed, but not noninflamed, nasal polyps from
adult patients with chronic rhinosinusitis (97).

Endothelial and epithelial cells

In response to IL-33, human endothelial cells also express
ST2 (68, 98, 99) and produce and express such cytokines and
chemokines, as well as nitric oxide and such adhesion mole-
cules (98-101) (Fig. 2). Moreover, 1L-33 induces angiogenesis
—by enhancing proliferation, migration, and morphologic
differentiation of human vascular endothelial cells—and vas-
cular permeability in mice (98).

Epithelial cells, which also express ST2 (65, 99, 102), pro-
duce cytokines and chemokines in response to IL-33 (99,
103) (Fig. 2). Moreover, the IL-33-mediated cytokine and
chemokine production by human epithelial cells is enhanced
by IL-4 stimulation (99). Activation of ERK (extracellular
regulated kinase), but not p38 MAPK, is required for IL-33-
mediated IL-8 production by human epithelial cells, while the
activation of p38 MAPK, but not ERK, is important for IL-
33-mediated IL-8 production by human endothelial cells (99),
suggesting distinct regulation of IL-33-mediated cell activa-
tion in different cell types.

Fibroblasts

Fibroblasts express ST2 and IL-33 (1, 104, 105), and they
produce CCLI11 in response to IL-33 (Fig. 2). In particular,
increased ST2 expression is observed in mouse lung fibro-
blasts during OVA-induced allergic airway inflammation
(105), suggesting that IL-33-induced CCL11 production by fi-
broblasts contributes to recruitment of eosinophils in such
inflammation.

IL-33 in allergic diseases
Asthma/Airway inflammation

A genetic polymorphism in IL-33 or ST2 is identified in
patients with asthma and is suspected of contributing to sus-
ceptibility to the development of asthma (106). The soluble
ST2 level has been shown to be increased in adult and child
asthmatic patients and corresponds to the severity of asthma
exacerbation (107, 108). The levels of IL-33 are higher in
lung smooth muscle or epithelial cells from asthmatic
patients than from healthy subjects (109, 110). Likewise, the
levels of soluble ST2 and IL-33 are increased in the serum
and/or lung of mice during OVA-induced airway inflamma-
tion (111, 112). In the lungs, 1L-33 is expressed in alveolar
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macrophages (95, 113, 114), CDI1lc” cells, and epithelial
cells (105). However, the role of ST2 in airway inflammation
in mice remains controversial [also see (1)]. OVA-induced air-
way inflammation or hyper-reactivity develops normally in
ST2-deficient mice sensitized twice with OVA emulsified with
alum (28, 31, 115), but is attenuated (31) or exacerbated (95)
in the case of a single sensitization. In the former case, the
1L-33-ST2 pathway enhances the differentiation of IL-5-, but
not IL-4-, producing atypical Th2 cells (31) and AAM¢
dependent on IL-13 (71) (Fig. 3). Thus, ST2 deficiency aborts
the differentiation of those cells and 1L-33-induced AAMo-
derived CCL17 and CCL24 production, leading to attenuated
airway inflammation in response to OVA (31, 71). Different
experimental protocols have demonstrated distinct pheno-
types in mice during OVA-induced airway inflammation, that
is, the use of alum in the antigen sensitization [see review
(116)]. Mast cells, B cells, IgE, TNF, IL-1, and CCRS8 are
essential for the development of OVA-induced airway inflam-
mation in mice sensitized with OVA alone, but not with
OVA emulsified with alum (116, 117). In sensitization with-
out alum, the development of OVA-induced airway inflam-
mation is reduced in ST2-deficient mice because of the failure
of 1L-33-mediated lung DC activation, that is, migration and
expression of costimulatory molecules (63) (Fig. 3). As
described above, 1L-33 can activate ST2-expressing Th2 cells
to secrete Th2 cytokines, suggesting that IL-33-stimulated
Th2 cells may enhance the induction of OVA-induced airway
inflammation (Fig. 3). Unexpectedly, development of OVA-
induced airway inflammation was aggravated in wild-type or
Rag-1-deficient mice that had undergone adoptive transfer of
ST2-deficient DO11.10 Th2 cells (115), suggesting that ST2
on Th2 cells has a regulatory role in the setting. Distinct phe-
notypes were also reported in mice treated with anti-ST2 Ab
or soluble ST2 from ST2-deficient mice, as described else-
where [see review (1)].

Administration of o-galactosylceramide or Sphingomonas-
derived glycolipid, which can stimulate iNKT cells via TCR,
to mice results in the development of airway inflammation
associated with neutrophils rather than eosinophils, and
increased IL-33 production and ILCs in the lung (113).
Development of that airway inflammation is impaired in
ST2-deficient mice (113). In that development, TCR-depen-
dent iNKT cell activation leads to IL-33 production by alve-
olar macrophages and DCs (113) (Fig. 3). IL-33 then
activates lung ILCs as well as iNKT cells to secrete 1L-13,
contributing to the development of iNKT cell-mediated air-
way inflammation (113) (Fig. 3).

On the other hand, regardless of whether or not alum was
used in OVA sensitization, OVA-induced airway inflamma-
tion was significantly impaired in IL-33-deficient mice (30,
118), without affecting Th2 cell induction after OVA sensiti-
zation or postchallenge IgE production (30). In addition, IL-
33-deficient mice also did not develop airway inflammation
in response to an extract derived from house dust mites (30),
which are considered to be a major source of allergens in
allergic patients and can provoke allergic inflammation
resembling human asthma in mice by potentiating airway
epithelial barrier disruption, inflammation, and allergen

© 2012 John Wiley & Sons A/S
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released by damaged cells in response to allergens (proteases,
LPS, etc.), enhances the differentiation of IL-5- and IL-13-, but not
IL-4-, producing Th2 cells by promoting maturation and migration of

sensitization of the airways through TLR4-dependent innate
and acquired immunity (119-121). These observations sug-
gest that in allergen-induced airway inflammation, IL-33 is
important for the induction of local inflammation in the elic-
itation phase, rather than for the induction of Th2 cells in
the sensitization phase. In support of this notion, IL-33
induces IL-13- and STAT6-dependent airway inflammation
even in the absence of such acquired immune cells as T, B
and iNKT cells, NK cells, and mast cells (2, 25). As
described above, in particular, iNKT cells play a regulatory
role in the development of IL-33-induced airway inflamma-
tion (39). As in the case of administration of recombinant
IL-33, inhalation of papain, which is a cysteine protease, as
well as Der fl and Der pl derived from house dust mites
and regarded as a cause of occupational asthma (122), by
naive mice (i.e., without prior sensitization to papain),
results in IL-13- and STAT6-dependent airway inflammation
associated with increased IL-33 mRNA expression in the
lung even in the absence of acquired immune cells (30). It
was recently reported that lung ILCs, rather than acquired
immune cells, are crucial for that event (123). Inhalation of
chitin, B-(1-4)-poly-N-acetyl-p-glucosamine, which is a com-
ponent of the cell wall of such pathogens as bacteria and
fungi, the exoskeleton of house dust mites, insects, and
crustaceans (crabs and shrimp), and the sheath of parasitic
nematodes, by mice also causes airway inflammation
independently of STAT-6 and acquired immune cells (124);
notably, IL-33-deficient mice fail to develop STAT6-depen-
dent and STAT6-independent airway inflammation in
response to papain and chitin, respectively (30, 125). Thus,
IL-33 is a crucial cytokine for the induction of various types
of airway inflammation.

© 2012 John Wiley & Sons A/S

(AAM¢), and IL-6 and/or IL-13 secretion by innate lymphoid cells
(ILCs), iNKT cells, mast cells (MCs), and basophils (Bas). IL-33-
mediated IL-5 and/or IL-13 induces airway eosinophilia.

Rhinitis, rhinosinusitis, and conjunctivitis

Genetic polymorphism in ST2 or IL-33 was found in patients
with rhinitis, conjunctivitis, and rhinosinusitis (126, 127). The
serum [L-33 levels were significantly higher in patients with
rhinitis and/or conjunctivitis caused by Japanese cedar
pollens than in healthy subjects (126, 128). It is noteworthy
that the number of 1L-33-responding ILCs was also increased
in nasal polyps of patients with rhinosinusitis (97).

Mice treated with anti-IL-33-neutralizing Ab show reduced
eosinophilia during OVA-induced allergic rhinitis (129),
suggesting an important role of IL-33 in the disease develop-
ment.

Expression of IL-33 is observed in vascular endothelial
cells, epithelial cells, and fibroblasts of giant papillae in
patients with allergic conjunctivitis (130). Expression of 1L-33
is constitutive in epithelial cells of the conjunctiva in naive
mice and increased in mice during ragweed-induced allergic
conjunctivitis (131). In addition, IL-33 exacerbates eosino-
philic inflammation during ragweed-induced allergic conjunc-
tivitis  (131), suggesting that IL-33 contributes to the
pathogenesis of allergic conjunctivitis.

Dermatitis

Genetic polymorphism in ST2 and increased expression of
IL-33 in inflamed skin are also found in patients with atopic
dermatitis (50, 130, 132), suggesting the involvement of 1L-33
in the pathogenesis of atopic dermatitis. However, the precise
role of IL-33 in that setting remains unclear.

Expression of ST2 mRNA is increased in the inflamed skin
of rats during contact hypersensitivity (CHS) induced by 2,
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4-dinitrofluorobenzene (DNFB). Development of CHS
induced by 2-phenyl-4-(ethoxymethylene) oxazol-5-one (oxa-
zolone) is attenuated in ST2-deficient mice because of the
impairment of IL-33/ST2-dependent activation of B-1 cells
(42), which are important for CHS induction (133, 134). In
contrast, I1L-33-deficient mice show normal development of
CHS in response to DNFB and fluorescein isothiocyanate
(FITC) as well as normal levels of migration of DCs from
the skin to draining lymph nodes, FITC-specific proliferation
and IL-4 production in draining lymph node cells and FITC-
specific serum Ig levels during CHS (30). Because the molecu-
lar mechanism for the induction of CHS is known to differ
as a function of the genetic background and/or the chemical
compounds used (116), the apparent discrepancy between
these reports may be due to their different protocols for
CHS.

Anaphylaxis

IL-33 serum levels are significantly increased in atopic
patients during anaphylaxis (50), suggesting a contribution of
IL-33 to the induction of anaphylaxis. IL-33 induces degran-
ulation of IgE-sensitized, but not non-IgE-sensitized,
BMCMCs without specific antigens in vitro, as described
above. In accordance with this, IL-33 can induce systemic
and passive cutaneous anaphylaxis in IgE-sensitized, but not
non-IgE-sensitized, mice by provoking mast cell degranula-
tion via ST2 even in the absence of specific antigens for IgE
(50, 135). On the other hand, in regard to passive cutaneous
anaphylaxis after the administration of specific antigens for
IgE in ST2-deficient mice and mice treated with anti-1L-33-
neutralizing Ab, the immediate reaction mediated by mast
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cell-derived mediators such as histamine develops normally,
but the inflammation mediated by mast cell-derived cyto-
kines such as TNF in the late phase is significantly sup-
pressed (136). This suggests that the 1L-33-ST2 pathway is
important for inflammation in the late phase, but not the
immediate phase, of passive cutaneous anaphylaxis in mice.

Conclusion

1L-33 is now considered to be crucial for the development of
allergic disorders through the activation of not only acquired
immunity but also innate immunity. In particular, 1L-33 is a
key cytokine for inducing and activating ILCs in allergic dis-
orders. In addition to allergic disorders, IL-33 plays key roles
in the development of non-Th2-type immune responses such
as host defense against a variety of pathogens and the devel-
opment of autoimmune disorders (1, 30). Thus, 1L-33 neu-
tralization may provide a potential target for novel
therapeutics for such disorders.
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