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Summary

Background IL-33, an IL-1-like cytokine, is a ligand for IL1RL1, which is an important
effector molecule of type 2 T helper responses. Although IL-33/IL1RL1 interaction has been
suggested to be important in induction of allergic airway inflammation, serum levels of IL-33
and the genetic influences of the polymorphisms of IL-33 in human allergic diseases are
unclear.
Objective The aim of this study was to examine whether the serum IL-33 level and
polymorphisms in IL-33 are associated with Japanese cedar (JC) pollinosis, the most
common form of allergic rhinitis, and a major public health problem, in Japan.
Methods We performed linkage disequilibrium (LD) mapping of the gene using the HapMap
database, and two selected tag single nucleotide polymorphisms were genotyped. We
conducted an association study of IL-33 (JC pollinosis, n = 170; normal controls, n = 100) and
measured the IL-33 levels in sera of the 270 subjects by ELISA.
Results Serum levels of IL-33 were significantly higher in patients with JC pollinosis
(P = 0.0018) than in controls. In genetic association analysis, we found a positive association
between the polymorphism and JC pollinosis (P = 0.048).
Conclusion Our results support a role for IL-33 in the pathogenesis of JC pollinosis.
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Introduction

Allergic diseases are increasing world-wide, and Japanese
cedar (JC) pollinosis, which is a disease of allergic rhinitis
and allergic conjunctivitis caused by exposure to JC
pollen, is one of the most common allergic diseases in
Japan [1]. The increase of JC pollinosis in Japan has
become a social problem, with a prevalence of 416% [1].
Allergic rhinitis is the result of an inflammatory reaction
triggered by type 2 T helper (Th2) cell-mediated immune
responses against allergens [2]. Th2 cytokines induce B
cells to produce high amounts of IgG4 and IgE in humans,
and promote the growth and differentiation of mast cells
and eosinophils [3, 4]. IL1RL1 belongs to the IL-1 receptor

family and functions as an important effector molecule of
Th2 responses [5–8]. IL-33, an IL-1-like cytokine, has been
identified as a ligand for IL1RL1, and can be detected in
epithelial cells from the bronchi and small airways, which
indicates a possible role in the regulation of mucosal function
[9]. It activates NF-kB and mitogen-activated protein kinases,
and drives production of Th2-associated cytokines from in
vitro polarized Th2 cells via IL1RL1 [9]. In vivo analysis has
demonstrated that IL-33 strongly induces gene expression of
Th2-associated cytokines such as IL-4, IL-5 and IL-13, and
IL-33-treated mice have significantly higher serum levels of
IgE. In addition, IL-33 induces pathological changes in
mucosal organs such as the lung, resulting in hypertrophied
epithelial lining of the airways with large amount of mucus,
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and those changes are primarily restricted to the bronchi and
larger bronchioles [9].

Although very little work has been done with IL-33,
intensive studies of IL-33 receptor IL1RL1 have shown its
regulatory functions in the development and effector
phases of Th2 responses [10]. The IL1RL1 gene encodes a
soluble-secreted protein, IL1RL1, and a transmembrane
protein, ST2L [11]. In murine models of allergic airway
inflammation, increases in endogenous IL1RL1 protein
after allergen exposure modulate Th2-mediated airway
inflammation [12], and blockade of the binding of the
ligand for ST2L using a recombinant IgG fusion protein
inhibits allergic inflammation [6, 7]. Other studies have
reported that ST2L is a reliable selective marker of both
murine and human Th2 lymphocytes in allergic airway
inflammation [7, 13]. Moreover, a study has revealed that
soluble IL1RL1 acts as a negative regulator of Th2 cyto-
kine production via IL-33 signalling in allergic airway
inflammation. In asthmatic patients, serum levels of
soluble IL1RL1 are markedly elevated during acute attacks
and the magnitude of the elevation correlates with the
reduction of pulmonary functions and increased levels of
serum IL-5 [14]. These findings imply that IL-33 is a
good candidate for involvement in JC pollinosis, an
allergen-induced upper airway inflammation.

A large number of association studies using poly-
morphic markers have been performed to discover genetic
components in the pathogenesis of allergic diseases
[15–17]. Recently, we have reported that functional
single nucleotide polymorphisms (SNPs) in the IL1RL1
distal promoter region are associated with atopic derma-
titis. The genetic variants regulate IL1RL1 expression, and
immunohistochemical staining of a skin biopsy specimen
from an atopic dermatitis patient showed IL1RL1
staining in keratinocytes as well as in cells infiltrating
the dermal layer [18]. However, there have been no
genetic association studies with IL-33.

In this study, to test whether genetic variations of IL-33
contribute to susceptibility to JC pollinosis, we first
selected a genetic polymorphism of IL-33 using HapMap
linkage disequilibrium (LD) data and conducted associa-
tion studies. In addition, we examined the associations
between serum IL-33 levels and JC pollinosis and serum
total IgE levels.

Methods

Study subjects

All subjects were recruited from residents of Eiheiji-cho,
in Fukui prefecture, in the central area of Japan between
May and June 2006. Because these participants were
workers of the Fukui University hospital and students
of nursing and medical colleges in Fukui, the number
of females was higher than that of males. Specific IgE

to seven aeroallergens, Cryptomeria japonica, Dermato-
phagoides pteronyssinus, Dermatophagoides farinae,
Candida albicans, Aspergillus fumigatus, Dactylis glomer-
ata and Ambrosia, were measured with a Pharmacia
CAP System (Pharmacia CAP, Uppsala, Sweden) (Table 1).
Positive sensitization refers to an allergen-specific serum
IgE level 40.7 (CAP RAST score of 2). Diagnosis of JC
pollinosis was confirmed by symptoms of allergic
rhinoconjunctivitis during the JC pollinosis season and
positive serum-specific IgE towards JC pollinosis. A total
of 170 patients with JC pollinosis were recruited (Table 1).
One hundred healthy subjects who had never had
symptoms of allergic rhinitis and showed no sensitization
to any of the seven aeroallergens were recruited as
controls (Table 1). We recruited 29 subjects with infectious
rhinitis who were diagnosed by otolaryngologists and
showed no sensitization to any of the seven aeroallergens.
All individuals were unrelated Japanese and gave written
informed consent to participate in the study according
to the rules of the process committees at the School of
Medicine, University of Fukui, the Nippon Medical School
and The Institute of Physical and Chemical Research.

Selection of polymorphisms for genotyping

Genomic DNA was prepared from peripheral blood sam-
ples, using standard protocols. There were 22 SNPs in the
IL-33 gene with a minor allele frequency (MAF) of 410%
in the HapMap Japanese data set (URL: http://www.hap
map.org/index.html.en) (Table 2). Pairwise LD was calcu-
lated as r2 by using the Haploview 3.2 program (http://
www.broad.mit.edu/mpg/haploview/). Genotyping of
SNPs was performed by the TaqManTM allele-specific
amplification (TaqMan-ASA) method (Applied Biosys-
tems, Foster City, CA, USA). rs1929992 was genotyped by
Custom TaqMans SNP Genotyping Assay Service with
primers 50-GGAAAAAAACACATTTTCCCCCCAA-30 and
50-AAACCATCTTAACTACTACTTAAAATGTATAAAGTGT
TAGAATTAT-30. The probes used were VIC-TCATGGT
CAAAATATTGAAAT and FAM-ATGGTCAAAATGTTGAA
AT. rs10975519 was genotyped by TaqMan(R) Pre-
Designed SNP Genotyping Assays, C___2762153_10.

Reagents for human interleukin-33

Recombinant human IL-33 (rhIL-33) and a rabbit-neutraliz-
ing anti-hIL-33 IgG antibody were made by Hokudo Co., Ltd.
(Sapporo, Japan). Briefly, rhIL-33 (mature form) was ampli-
fied from human lung cDNA (BioChain Institute, Hayward,
CA, USA) as a template, and subcloned into pET28a vector
(Novagen, Madison, WI, USA). BL21 (DE3) RIL was trans-
formed and the expressed recombinant protein was purified
with Ni-NTA resin. Endotoxin was removed by fil-
tration through Zetapor (Cuno, Meriden, CT, USA). For
establishment of a polyclonal antibody to hIL-33, rabbits
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were immunized with rhIL-33 (200mg/body) with CFA, and
boosted with rhIL-33 (200mg/body) with IFA three times
every 2 weeks. Seven weeks later, serum was collected and
the antibody was purified using a Protein-A sepharose
column. This IgG antibody (R2) was further purified with an
rhIL-33 sepharose column and was biotinylated with NHS-
biotin (Sigma, St Louis, MO, USA) in our laboratory. This
purified anti-hIL-33 antibody could completely neutralize
50ng/mL of IL-33 at the concentration of 10mg/mL in vitro.

Enzyme-linked immunosorbent assay of serum levels of
interleulun-33

To elucidate the biological roles of the IL-33 gene, we
constructed an ELISA system to quantify human IL-33
protein in sera of subjects with JC pollinosis and controls.
A 96-well plate (Costar, Cambridge, MA, USA) was coated
with the anti-hIL-33 IgG antibody (R2) and blocked with
StartingBlockTM blocking buffer (PIERCE, Rockford, IL,
USA). Human IL-33 was detected with the biotinylated-
anti-IL-33 antibody and streptavidin-HRP. The ELISA
system was specific for hIL-33 and did not cross-react
with other cytokines tested, which included IL-1b, IL-2,
IL-4, IL-12, IL-18, TNF-a, IFN-g and GM-CSF. Serum
samples were collected, and then they were stored at
�80 1C until measurement. IL-33 was assayed by ELISA
with reference standard curves using known amounts of
hIL-33. The lower limit of ELISA sensitivity for serum IL-
33 was 30 pg/mL. A value of 0 was assigned to results that
were below the assay’s lower limit of detection for non-
parametric statistical calculations in Fig. 2.

Statistical analysis

We calculated allele frequencies and tested agreement with
Hardy–Weinberg equilibrium using a w2 goodness-of-fit

Table 1. Characteristics of the patients with Japanese cedar (JC) pollinosis
and controls

Characteristics Case Control

Age (year, median with range) 30 (20–49) 32.5 (20–49)
Total subjects and sex (% male subjects) 170 (14) 100 (9.0)
Serum total IgE (IU/mL, mean�SEM) 280.2�879.2 42.9�51.5
Atopic sensitization (RAST) (number (%))

Japanese cedar pollen positive 170 (100) 0 (0)
Dermatophagoides pteronyssinus

positive
80 (47.1) 0 (0)

Dermatophagoides farinae positive 78 (45.9) 0 (0)
Candida albicans positive 10 (5.9) 0 (0)
Aspergillus positive 3 (1.8) 0 (0)
Dactylis glomerata positive 61 (35.9) 0 (0)
Ambrosia positive 23 (13.5) 0 (0)

Table 2. Locations and allele frequencies of polymorphisms in IL-33 based on the HapMap JPT data set

SNP� Location Amino acid MAF (%)z NCBI‰

�5345 G/A 50-Flanking region 0.477 rs928414
�5194 T/G 50-Flanking region 0.477 rs4237164
�4432 G/A 50-Flanking region 0.477 rs10975509
�1611 C/T 50-Flanking region 0.466 rs7025417
�1037 T/C Intron 1 0.467 rs10975511

1256 C/T Intron 1 0.455 rs4742170
2241 C/G Intron 1 0.455 rs7019575
4450 G/A Intron 1 0.455 rs10975514
5999 G/A Intron 1 0.443 rs10975516
9318 C/A Intron 2 0.443 rs1317230
9813 G/T Intron 3 0.455 rs1330383
9894 T/Cw Intron 3 0.455 rs1929992

11607 T/C Intron 4 0.432 rs1113573
11877 C/Tw Exon 5 Tyr163Tyr 0.433 rs10975519
12016 G/C Intron 5 0.422 rs10975520
12514 T/C Intron 5 0.427 rs7044343
13206 A/G Intron 6 0.487 rs7871381
13316 C/A Intron 6 0.371 rs1412421
13625 G/A Intron 6 0.422 rs7047921
14187 G/T Intron 6 0.420 rs1332290
14598 G/A Exon 7 30-UTR 0.409 rs1048274
23562 G/C 30-Flanking region 0.455 rs10815397

�Numbering according to the genomic sequence of IL-33 (AL353741.16) and position 1 is the A of the initiation codon. Major allele/minor allele.
wSNPs were genotyped in this study.
zMinor allele frequencies
‰NCBI, number from the dbSNP of NCBI (http://www.ncbi.nlm.nih.gov/SNP/).
SNP, single nucleotide polymorphisms; MAF, minor allele frequency.
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test at each locus. We then compared differences
in allele frequencies and genotype distribution of the
polymorphism between case and control subjects by using
a 2�2 contingency w2 test with one degree of freedom,
and calculated odds ratios (ORs) with 95% confidence
intervals (CIs). Serum total IgE and IL-33 levels were
analysed as quantitative levels, and we investigated asso-
ciations between these levels and genetic variations. Log-
transformed individual serum IgE levels were analysed
by one-way ANOVA. When the data for IL-33 levels were
not distributed normally after log-transformation, they
were analysed using non-parametric equivalents and
summarized using the median. Multiple comparisons were
first analysed by the Kruskal–Wallis test and then by
individual testing by the Mann–Whitney U-test if signi-
ficant. Correlations were analysed by Spearman’s test.
A P value of less than 0.05 was considered statistically
significant.

Results

Linkage disequilibrium of the IL-33 gene

A total of 22 polymorphisms with a frequency 40.10 in
IL-33 were contained in the public databases available at
the NCBI dbSNP website (http://www.ncbi.nlm.nih.gov/
SNP/) (Table 2). Two variants including a synonymous
substitution (Tyr163Tyr) were in the exons, and four
variants were in the 50-flanking region of the IL-33

gene. Pairwise LD among the 22 SNPs was measured by
different parameters, r2 using the Haploview 3.2 program
(http://www.broad.mit.edu/mpg/haploview/) (Fig. 1), and
all the 22 SNPs were in strong LD (r240.75). We finally
selected polymorphism rs1929992 and rs10975519
(Tyr163Tyr) for association studies using tagger in the
Haploview 3.2 program, and these two SNPs captured 22
of 22 alleles with a mean r2 of 0.95 (r240.91).

Association between polymorphisms in the IL-33 gene and
susceptibility of Japanese cedar pollinosis

The locus was in Hardy–Weinberg equilibrium in the
entire group. To test the association between the SNP and
JC pollinosis, we compared differences in the allele
frequency and genotype distribution of each polymorph-
ism between case and control subjects by using contin-
gency chi-square tests with one degree of freedom. ORs
with 95% CIs were also calculated. In the population
genotyped in this study, the MAF of rs1929992 (C = 0.49)
was higher than those in the HapMap JPT data set
(C = 0.46). We found a significant association between
rs1929992 (T4C) and JC pollinosis (TT1TC vs. CC: OR,
1.82; 95% CI, 1.00–3.31; P = 0.048) (Table 3). The serum
total IgE level was analysed as a quantitative level, and we
investigated the association between this level and genetic
variation. However, we could not find any association
between the SNP and serum IgE level in this study
(P = 0.46 by ANOVA).

Fig. 1. Pairwise linkage disequilibrium between 22 SNPs as measured by r2 estimated by the Haploview 3.2 program using the HapMap JPT data set. The
boxed polymorphisms, rs1929992 and rs10975519, were genotyped in this study.
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Patients with Japanese cedar pollinosis display higher
interleukin-33 serum levels than healthy control subjects

To evaluate whether dysregulation at the IL-33 protein
level might be a characteristic feature of JC pollinosis, we
conducted ELISA assays of sera of patients with JC
pollinosis (n = 170) and healthy control subjects (n = 100).
Patients with JC pollinosis exhibited significantly higher
serum levels of the IL-33 protein (P = 0.0018) (Fig. 2).
The median serum IL-33 concentration of JC pollinosis
patients was 549 pg/mL, compared with 361.8 pg/mL for
controls. In addition, we examined the serum IL-33 level
in infectious rhinitis as non-allergic rhinitis. The median
serum IL-33 concentration of subjects with infectious

rhinitis was 241.3 pg/mL. There was no significant
difference of the serum IL-33 level between healthy
control subjects and those with infectious rhinitis.
Although total serum IgE and IL-33 levels were analysed
as quantitative phenotypes, there was no significant
association between the total serum IgE level and serum
IL-33 level (P = 0.095 by Spearman’s test). We also exam-
ined whether the IL-33 genotype affected the serum level
of IL-33, but we could not find any significant association
between the genotype and serum IL-33 level (P = 0.58 by
the Kruskal–Wallis test).

Discussion

To determine the role of the IL-33 gene in the pathogen-
esis of JC pollinosis, we conducted an association study
using the sequence variation of the IL-33 gene and
compared serum IL-33 levels between subjects with JC
pollinosis and controls. We found a significant association
between JC pollinosis susceptibility and IL-33 poly-
morphism and higher serum IL-33 levels in subjects with
JC pollinosis. Although IL-33 has been thought to play an
important role in allergic diseases, this is the first study
providing evidence for its involvement in such a disease.
We consider the results to be hypothesis generating as the
findings in this study need to be confirmed in another
population with a larger size.

Recent studies have reported important roles of non-
lymphoid cell-derived cytokines such as IL-33 and TSLP
in the induction of Th2 differentiation [9, 19]. IL-33 is
highly expressed in normal human bronchial epithelial
cells and airway smooth muscle cells [9]. It induces Th2-
type responses and Th2-associated cytokines IL-4, IL-5
and IL-13 by signalling through IL1RL1 [9, 20]. A recent
study has shown that IL-33 induces IL-13 production by
mast cells independently of IgE–FchRI signals in mice.
These findings suggest important roles for IL-33 in mast
cell- and Th2 cytokine-associated immune disorders [21].

Table 3. Association between polymorphisms of IL-33 and Japanese cedar (JC) pollinosis

Genotype
Cases
(n = 170)

Controls
(n = 100) Allele

Cases
(n = 170)

Controls
(n = 100) Genotype P Dominant� P Recessivew P Allelicz P

rs1929992
TT 44 (26.0) 32 (32.3) T 162 (47.9) 112 (56.6) 0.13 0.27 0.048 0.053
TC 74 (43.8) 48 (48.4) C 176 (52.1) 86 (43.4)
CC 51 (30.2) 19 (19.2)

rs10975519
CC 52 (30.6) 36 (36.0) C 177 (52.1) 119 (59.5) 0.20 0.36 0.074 0.093
CT 73 (42.9) 47 (47.0) T 163 (47.9) 81 (40.5)
TT 45 (26.5) 17 (17.0)

�Dominant model (TT vs. CC1TC in rs1929992, CC vs. CT1TT in rs10975519).
wRecessive model (TT1TC vs. CC in rs1929992, CC1CT vs. TT in rs10975519).
zAllelic model (T allele vs. C allele in rs1929992, C allele vs. T allele in rs10975519).

Fig. 2. Comparison of serum IL-33 levels among controls, patients with
JC pollinosis and those with infectious rhinitis. Horizontal bars indicate
the median value of each group. JCP, Japanese Cedar pollinosis.

�c 2008 The Authors
Journal compilation �c 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1–7

Association of serum IL-33 level and the IL-33 genetic variant with JC pollinosis 5



Structurally, IL-33 is related to IL-18, and intensive
studies of the relationship between allergic inflammation
and IL-18 have been conducted. IL-18 was the first
cytokine demonstrated to activate T cells to produce
abundant IFN-g without T cell receptor (TCR) engagement
[22]. Furthermore, genetic association studies of the IL-18
gene have provided evidence for an association with
atopic diseases [23–26]. Verhaeghe et al. reported the
up-regulation of IL-18 in nasal secretions in allergic
rhinitis and the persistence of elevated IL-18 concentra-
tions until after the season [27]. Increased IL-33 concen-
trations were observed in subjects with JC pollinosis in
the present study; however, there was no significant
difference in the serum IL-33 level between controls and
subjects with infectious rhinitis. Up-regulation of the
IL-33 level appears to be characteristic of JC pollinosis.
Further analyses of the involvement and interactions
of those structurally similar cytokines in allergic
inflammation should also be conducted.

Recent reports have shown that IL1RL1 is a reliable
marker of Th2 lymphocytes in allergic airway inflamma-
tion [7, 13, 28]. Elevated levels of the soluble form of
IL1RL1 in the circulation of patients with asthma with
acute exacerbation have been reported [14]. The study has
also shown that a differential rise of serum IL1RL1 level
that correlates well with the severity of asthma exacerba-
tion [14]. In a murine model of allergic airway inflamma-
tion, serum murine (m) IL1RL1 protein levels increased
after allergen exposure, and pre-treatment with soluble
mIL1RL1 protein significantly inhibited the Th2 cytokine
production [12]. Other studies have shown that adminis-
tration of either a monoclonal antibody against IL1RL1
or a recombinant IL1RL1 fusion protein attenuates
eosinophilic inflammation of the airways and suppresses
IL-4 and IL-5 production in vivo following adoptive
transfer of Th2 cells [6, 7]. These findings suggest
that blocking IL1RL1 pathways would be therapeutically
efficacious as a new treatment for allergic diseases, and
expression of soluble IL1RL1 could serve as a physiologi-
cal mechanism to down-regulate Th2-driven immuno-
pathology [10]. In this study, we did not measure the
serum soluble IL1RL1 levels, and further examination of
the relationship between serum IL-33 and soluble IL1RL1
is needed to clarify their functions in Th2 inflammation.
The genetic factors of the IL-33 gene or serum IL-33
level might provide valuable information for selecting
appropriate therapeutic options.

We showed here a significant association between
susceptibility to JC pollinosis and a polymorphism. In
this study, we selected polymorphisms using HapMap
information, and did not examine the functional effects
of polymorphisms in strong LD with the related variant.
Previous studies have shown that polymorphisms in exons
often contribute to their transcript stability [29, 30].
Variants rs10975519 (Tyr163Tyr) and rs1048274 in the

exon might affect the expression level or mRNA stability
of the IL-33 gene. In addition, four genetic variations were
in the 50-flanking region, which is often involved in
transcriptional regulation of the gene. Several transcrip-
tion factors are involved in asthmatic inflammation,
including NF-kB, activator protein-1 (AP-1), nuclear
factor of activated T cells (NF-AT), cyclic AMP response
element-binding protein (CREB) and signal transduction-
activated transcription factors (STAT) [31]. Using the
TRASFAC system, we surveyed whether SNPs in the
50 region of the IL-33 gene create transcription factor
binding sites. However, we could not find any SNP that
changed the affinity of those transcription factors. The
functions of these linked polymorphisms remain to be
elucidated. Demonstrating the alteration of gene func-
tions as the result of polymorphisms is necessary to
further validate the involvement of the IL-33 gene in the
pathogenesis of JC pollinosis. Furthermore, there were
gender differences in the population in this study, and
several studies have suggested that sex affects the asthma
phenotype, possibly via hormone-related events [32, 33].
If there is a sex-related difference in the association of
IL-33 with JC pollinosis, looking at females only might be
informative.

Our data strongly support the important role of IL-33 in
JC pollinosis. Further investigation of the connections
between genotypes and the functional role of IL-33 during
allergic events may provide additional targets for
therapeutic interventions and would be helpful to clarify
the aetiology of allergic diseases.
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