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Figure 4. Histamine release by peripheral basophils stimulated with JC allergen. Cells were cultured with Cryj1 both in the presence and

absence of recombinant CST1. *, P<<0.05.
doi:10.1371/journal.pone.0067057.g004

support the notion that pathways underlying allergic rhinitis are
common regardless of the allergen.

The balance between protease and antiprotease activities might
thus be a key to distinguish between the sensitization stage and
allergic response, and we suggest that cystatins contributes re-
establishing homeostasis of the nasal mucosa.

Supporting Information

Figure S1 Immunohistochemical staining of cytokeratin
and vimentin in brushed nasal epithelial cells. Represen-
tative immunostaining of cytokeratin expression (A and B) and
vimentin expression (G and D). Magnification: x200.

(PPTX)

References

1. Nishima S, Chisaka H, Fujiwara T, Furusho K, Hayashi S, et al. (2009) Surveys
on the prevalence of pediatric bronchial asthma in Japan: a comparison between
the 1982, 1992, and 2002 surveys conducted in the same region using the same
methodology. Allergol Int 58: 37-53.

2. Okuda M (2003) Epidemiology of Japanese cedar pollinosis throughout Japan.
Ann Allergy Asthma Immunol 91: 288-296.

3. Sakashita M, Hirota T, Harada M, Nakamichi R, Tsunoda T, et al. (2010)
Prevalence of allergic rhinitis and sensitization to common aeroallergens in a
Japanese population. Int Arch Allergy Immunol 151: 255-261.

PLOS ONE | www.plosone.org

30

Table S1 Characteristics of subjects for immunohisto-
chemical staining.
XLSX)

Table S2 Manually curated gene sets used for GSEA.
(XLSX)

Acknowledgments

We are grateful to all participants in the study.

Author Contributions

Conceived and designed the experiments: Y. Imoto TA EN SF. Performed
the experiments: Y. Imoto TT YM YH M. Ono TY Y. Ito. Analyzed the
data: Y. Imoto TT EN. Contributed reagents/materials/analysis tools: Y.
Imoto TY Y. Ito M. Okano SF. Wrote the paper: Y. Imoto TT TA EN SF.

4. McAleer MA, Irvine AD (2013) The multifunctional role of filaggrin in allergic
skin disease. J Allergy Clin Immunol 131: 280-291.

5. Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, et al. (2006)
Common loss-of-function variants of the epidermal barrier protein filaggrin are a
major predisposing factor for atopic dermatitis. Nat Genet 38: 441-446.

Chen JC, Chuang JG, Su YY, Chiang BL, Lin YS, et al. (2011) The protease
allergen Pen ¢ 13 induces allergic airway inflammation and changes in epithelial
barrier integrity and function in a murine model. J Biol Chem 286: 26667~
26679.

August 2013 | Volume 8 | Issue 8 | e67057



15.

16.

17.

18.

. Matsumoto Y, Noguchi E, Imoto Y, Nanatsue K, Takeshita K, et al. (2011)

Upregulation of IL17RB during Natural Allergen Exposure in Patients with
Seasonal Allergic Rhinitis. Allergol Int 60: 87-92.

. Giovannini-Chami L, Marcet B, Moreilhon C, Chevalier B, Illie MI, et al.

(2012) Distinct epithelial gene expression phenotypes in childhood respiratory
allergy. Eur Respir J 39: 1197-1205.

. Guajardo JR, Schleifer KW, Daines MO, Ruddy RM, Aronow BJ, et al. (2005)

Altered gene expression profiles in nasal respiratory epithelium reflect stable
versus acute childhood asthma. J Allergy Clin Immunol 115: 243-251.

. Bousquet J, Khaltaev N, Cruz AA, Denburg ], Fokkens WJ, et al. (2008) Allergic

Rhinitis and its Impact on Asthma (ARIA) 2008 update (in collaboration with
the World Health Organization, GA(2)LEN and AllerGen). Allergy 63 Suppl 86:
8-160.

. Yoneda K, Iida H, Endo H, Hosono K, Akiyama T, et al. (2009) Identification

of Cystatin SN as a novel tumor marker for colorectal cancer. Int J Oncol 35:
33-40.

. Shi W, Oshlack A, Smyth GK (2010) Optimizing the noise versus bias trade-off

for Mumina whole genome expression BeadChips. Nucleic Acids Res 38: €204.

. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practical

and powerful approach to multiple testing. J R Stat Soc B 57: 289-300.

. Nakajima T, Iikura M, Okayama Y, Matsumoto K, Uchiyama C, et al. (2004)

Identification of granulocyte subtype-selective receptors and ion channels by
using a high-density oligonucleotide probe array. J Allergy Clin Immunol 113:
528-535.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, et al. (2005)
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A 102: 15545-15550.
Yasueda H, Yui Y, Shimizu T, Shida T (1983) Isolation and partial
characterization of the major allergen from Japanese cedar (Cryptomeria
Jjaponica) pollen. J Allergy Clin Immunol 71: 77-86.

Taniguchi Y, Ono A, Sawatani M, Nanba M, Kohno K, et al. (1995) Cryj I, a
major allergen of Japanese cedar pollen, has pectate lyase enzyme activity.
Allergy 50: 90-93.

Hashimoto M, Nigi H, Sakaguchi M, Inouye S, Imaoka K, et al. (1995)
Sensitivity to two major allergens (Cry j I and Cry j II) in patients with Japanese
cedar (Cryptomeria japonica) pollinosis. Clin Exp Allergy 25: 848-852.

PLOS ONE | www.plosone.org

81

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Cystatin SN Upregulation in Allergic Rhinitis

Sakaguchi M, Hashimoto M, Nigi H, Yasueda H, Takahashi Y, et al. (1997)
Epitope specificity of IgE antibodies to a major allergen (Cry j Ij of Japanese
cedar pollen in sera of humans and monkeys with pollinosis. Immunology 91:
161-166.

Takai T, Kato T, Hatanaka H, Inui K, Nakazawa T, et al. (2009) Modulation of
allergenicity of major house dust mite allergens Der £ 1 and Der p 1 by
interaction with an endogenous ligand. J Immunol 183: 7958-7965.

Koblinski JE, Ahram M, Sloane BF (2000) Unraveling the role of proteases in
cancer. Clin Chim Acta 291: 113-135.

Barrett AJ (1986) The cystatins: a diverse superfamily of cysteine peptidase
inhibitors. Biomed Biochim Acta 45: 1363-1374.

Henskens YM, Veerman EC, Nieuw Amerongen AV (1996) Cystatins in health
and disease. Biol Chem Hoppe Seyler 377: 71-86.

Dickinson DP, Zhao Y, Thiesse M, Siciliano MJ (1994) Direct mapping of seven
genes encoding human type 2 cystatins to a single site located at 20p11.2.
Genomics 24: 172-175.

Tseng CC, Tseng CP, Levine MJ, Bobek LA (2000) Differential effect toward
inhibition of papain and cathepsin C by recombinant human salivary cystatin
SN and its variants produced by a baculovirus system. Arch Biochem Biophys
380: 133-140.

Deb R, Shakib F, Reid K, Clark H (2007) Major house dust mite allergens
Dermatophagoides pteronyssinus 1 and Dermatophagoides farinae 1 degrade
and inactivate lung surfactant proteins A and D. J Biol Chem 282: 36808-
36819.

Brown A, Farmer K, MacDonald L, Kalsheker N, Pritchard D, et al. (2003)
House dust mite Der p 1 downregulates defenses of the lung by inactivating
clastase inhibitors. Am J Respir Cell Mol Biol 29: 381-389.

Takai T, Kato T, Ota M, Yasueda H, Kuhara T, et al. {2005) Recombinant Der
p 1 and Der {1 with in vitro enzymatic activity to cleave human CD23, CD25
and alphal-antitrypsin, and in vivo IgE-eliciting activity in mice. Int Arch
Allergy Immunol 137: 194-200.

Kalsheker NA, Deam S, Chambers L, Sreedharan S, Brocklehurst K, et al.
(1996) The house dust mite allergen Der pl catalytically inactivates alpha 1-
antitrypsin by specific reactive centre loop cleavage: a mechanism that promotes
airway inflammation and asthma. Biochem Biophys Res Commun 221: 59-61.

August 2013 | Volume 8 | Issue 8 | e67057



Allergology International. Johk; x: obk- bk
DOI: 10.2332/allergolint.12-OA-0498

ORIGINAL ARTICLE s

Severity Assessment of Japanese
Cedar Pollinosis Using the Practical
Guideline for the Management of
Allergic Rhinitis in Japan and the
Allergic Rhinitis and its Impact on
Asthma Guideline

Minoru Gotoh!, Atsushi Yuta2, Mitsuhiro Okano3, Nobuo Ohta4,
Atsushi Matsubara® and Kimihiro Okubo!

ABSTRACT

Background: This study intended to assess the severity of Japanese cedar pollinosis using the Practical
Guideline for the Management of Allergic Rhinitis in Japan (PG-MARJ) and the Allergic Rhinitis and its Impact
on Asthma (ARIA) Guideline.

Methods: An Internet questionnaire survey of patients with pollinosis was conducted in mid-May 2011 and re-
sponses were obtained from 3382 individuals who had potential symptoms of Japanese cedar pollinosis from
February to early May 2011 and who had experienced such symptoms for at least two pollen seasons.
Results: According to PG-MARJ, 23.5% of the respondents had severest rhinitis, 29.4% severe rhinitis, 31.3%
moderate rhinitis, 13.8% mild rhinitis and 2.0% asymptomatic rhinitis. According to ARIA, 67.2% of them had
moderate/severe persistent rhinitis, 23.8% moderate/severe intermittent rhinitis, 4.4% mild persistent rhinitis
and 4.6% mild intermittent rhinitis.

Conclusions: Moderate to severe rhinitis was diagnosed in more than 80% of the respondents according to
PG-MARJ, while moderate/severe rhinitis was diagnosed in more than 90% of the respondents according to
ARIA. Most of the respondents suffered relatively severe pollinosis. More than 80% of the respondents had all
the three major symptoms (i.e., sneezing, rhinorrhea and nasal blockage). Disagreement in the severity as-
sessment between the two guidelines was noted in approximately 20% of the respondents.

KEY WORDS
Allergic Rhinitis and its Impact on Asthma (ARIA), Internet survey, pollinosis, Practical Guideline for the Man-
agement of Allergic Rhinitis in Japan (PG-MARJ)

tis was as high as 39.4% in Japan. Seasonal allergic
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gic rhinitis (pollinosis) was 23.4% and 29.8%, respec- wood in autumn. Among them, Japanese cedar pollen
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Japanese cedar pollinosis is as high as 26.5% and the
number of patients is increasing year by year. It is as-
sumed that intensive planting of cedar and cypress
trees encouraged by the Japanese forestry policy
from the late 1950s to the 1960s have resulted in a
yearly increase of cedar and cypress pollens dis-
persed from the grown artificial forest leading to the
recent sharp increase of patients with Japanese cedar
pollinosis.

Pollens of cedar and cypress start to fall in Febru-
ary every year and their dispersal is observed until
early May. This large-scale Internet questionnaire
survey was conducted in mid-May 2011 when disper-
sal of cedar and cypress pollens had almost ended.
The subjects of the survey were individuals who had
symptoms of Japanese cedar pollinosis from Febru-
ary to early May 2011 and who had experienced such
symptoms for at least two pollen seasons.

In Japan, the Practical Guideline for the Manage-
ment of Allergic Rhinitis in Japan (PG-MAR])?2 that
describes standard diagnosis and treatment strate-
gies has been widely used and the severity of allergic
rhinitis has been classified based on the three major
symptoms (i.e., sneezing, rhinorrhea and nasal block-
age) into five grades (i.e., severest, severe, moderate,
mild and asymptomatic). On the other hand, the Al-
lergic Rhinitis and its Impact on Asthma (ARIA)
Guideline3 that is regarded as the international guide-
line for allergic rhinitis divides the disease into per-
sistent and intermittent types and classifies the sever-
ity as mild or moderate/severe depending on the dis-
ease’s impact on the daily life activities of the pa-
tients. When the disease type and the severity are
combined, allergic rhinitis can be classified into four
categories: moderate/severe persistent, moderate/
severe intermittent, mild persistent and mild intermit-
tent.

This survey included questions about the severity
of symptoms and the impact on daily life activities;
moreover, it intended to assess the severity of Japa-
nese cedar pollinosis according to PG-MARJ and
ARIA and examine differences in their assessment.

METHODS

SURVEY PERIOD
The survey was conducted in the 8-day period from
May 11 to May 18, 2011 when the pollen dispersal
had almost ended.

CONTRACTED RESEARCH COMPANY

ANTERIO Inc. (Tokyo, Japan) was contracted to con-
duct the survey via INTAGE Inc. (Tokyo, Japan), a
net monitor (Cue Monitor/Yahoo! Research Moni-
tor).

SUBJECTS
Net monitors of INTAGE Inc. have been registered
after strict proof of identity by sending a registration
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form to their home address. A broad range of attrib-
utes of monitors including their profile were collected
at recruitment.

All monitors in the country, except those in Hok-
kaido and Okinawa where there are very few patients
with Japanese cedar pollinosis, were screened to se-
lect those who met the following criteria:

(1) Individuals who had potential symptoms of
Japanese cedar pollinosis (e.g., sneezing, nasal dis-
charge, nasal obstruction, itchy eyes and teary eyes)
in the pollen season from February to May 2011.

(2) Individuals who had experienced those symp-
toms for at least two pollen seasons.

(3) Individuals who were not healthcare profession-
als or worked at a publicity agent or market research
company, or had any family member, friend or ac-
quaintance who was a healthcare professional or
worked at a publicity agent or market research com-
pany.

METHODS

This questionnaire survey was conducted on the In-
ternet. Since registered monitors are individuals aged
15 years or older, responses about patients aged 2 to
14 years were given by their mother or female guardi-
ans who were registered as monitors. Specifically,
monitors were asked at screening for the survey
whether they had a child aged less than 15 years who
had potential symptoms of pollinosis from February
to May 2011 and who had had the symptoms in 2010
or before. Monitors who had such a child were asked
to participate in the survey and answered the ques-
tions about their child (only one child even if they
had more than one child with pollinosis).

The policy for use of data obtained in the survey
and protection of personal information was displayed
when the monitors first visited the Web site for the
survey and only those that agreed with the policy
were allowed to answer the questionnaire.

QUESTIONS

The questionnaire consisted of questions that were
prepared based on classifications in PG-MAR]J and
ARIA. Responses were used to assess the severity of
the condition in each respondent according to PG-
MAR] and ARIA separately. Generally speaking, In-
ternet survey may be less reliable because the moni-
tors themselves judge the degree of their illness. To
deal with that problem, we made sure that the ques-
tions should be clear so that the monitors wouldn’t
mistake the meaning.

Q1 When did you notice symptoms that could indi-
cate pollinosis (e.g., sneezing, nasal discharge,
nasal obstruction, itchy eyes and teary eyes) ?
Please mark all that apply.

a) February 2011, b) March 2011, ¢) April 2011,
d) May 2011

Allergology International Vol 00, No0, 0000 www.jsaweb.jp/
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Table 1 Distribution of the respondent population by age

<10 years 10s 20s 40s 50s >60 years Total
Male 113 223 237 282 243 331 1708
(50.5%)
Female 128 252 238 276 247 256 1674
(49.5%)
Total 241 475 475 558 490 587 3382
(7.1%) (14.0%) (14.0%) (16.4%) (16.5%) (14.5%) (17.4%)
Q2 When did you visit a medical institution (e.g., a) Yes, b) No
hospital, clinic) for symptoms of pollinosis or for
the treatment/prevention of pollinosis? Please RESULTS
mark all that apply. DEMOGRAPHIC AND OTHER CHARACTERIS-
a) May 2011, b) April 2011, ¢) March 2011, d) TICS OF THE RESPONDENTS

February 2011, e) January 2011, f) Not from Janu-
ary to May 2011 but in the past, g) Never

Q3 Did you use any over-the-counter (OTC) drug
(sold at a pharmacy or drug store) from February
to May 2011 for symptoms of pollinosis?
a) Yes, b) No

Q4 How often did you experience each of the follow-
ing symptoms in the period with the severest
symptoms? Please select only one for each ques-
tion.
(1) Sneezing (average number of episodes per
day)
a) 21 or more, b) 11 to 20, ¢) 6to 10, d) 1to 5, €)
None
(2) Nasal discharge (average number of blowing
per day)
a) 21 or more, b) 11 to 20, ¢) 6 to 10, d) 1to 5, €)
None
(3) Nasal obstruction
a) Complete obstruction all day long
b) Very severe nasal obstruction with mouth
breathing most of the time
¢) Severe nasal obstruction with mouth breathing
several times per day
d) Nasal obstruction without mouth breathing
e) No nasal obstruction

Q5 What was the average number of days per week
with any symptoms of pollinosis?
a) 4 or more days per week on average, b) Less
than 4 days per week on average

Q6 How long did the symptoms of pollinosis persist?
a) 4 consecutive weeks or longer, b) Less than 4
consecutive weeks

Q7 Did you have the following during the period with
the severest symptoms?
(1) Sleep disorder
a) Yes, b) No
(2) Disturbance during daily life, leisure and/or
sport activities
a) Yes, b) No
(3) Disturbance during school work or work
a) Yes, b) No
(4) Any bothersome symptom

Allergology International Vol 00, No0, 0000 www.jsaweb.jp/

In the Internet questionnaire survey conducted be-
tween May 11 and May 18, 2011, responses were ob-
tained from 3382 monitors who had symptoms of pol-
linosis from February to May 2011 (e.g., sneezing, na-
sal discharge, nasal obstruction, itchy eyes and teary
eyes) and who had experienced the symptoms for at
least two pollen seasons. The mean age of the overall
population was 38.2 years (range: 2 to 81 years).
They comprised 1708 males (mean age: 39.3 years)
and 1674 females (mean age: 37.1 years). Table 1
shows the distribution of the respondent population
by age.

As for symptoms of pollinosis, 1655 respondents
(48.9%) had presented the symptoms in February,
2804 (82.9%) in March, 2822 (83.4%) in April, and
1790 (52.9%) in May 2011 (respondents could have
presented the symptoms in more than one period). A
total of 1417 respondents (41.9%) visited a medical in-
stitution for symptoms of pollinosis or for the treat-
ment/prevention of pollinosis between January and
May 2011, while 1133 respondents (33.5%) did not
visit any medical institution in that period but had vis-
ited one before and 832 respondents (24.6%) had
never visited any medical institution. In addition,
1080 respondents (31.9%) used OTC drugs for symp-
toms of pollinosis

SEVERITY ACCORDING TO PG-MARJ

Figure 1 shows the severity in the period with the se-
verest symptoms in 3382 respondents: (1) sneezing
(average number of episodes per day), (2) nasal dis-
charge (average number of blowing per day) and (3)
nasal obstruction (degree). Based on the severity of
these three symptoms, the severity of rhinitis in each
respondent was assessed using the five-grade classifi-
cation of PG-MAR]J. As a result, 795 respondents
(23.5%) had severest rhinitis, 995 (29.4%) severe
rhinitis, 1057 (31.3%) moderate rhinitis, 468 (13.8%)
mild rhinitis and 67 (2.0%) asymptomatic rhinitis. In
addition, the disease type was determined based on
the combination of severity of sneezing, rhinorrhea
and nasal blockage. The distribution of disease type
in the 3382 respondents is shown in Table 2. Actually,
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(1) Sneezing

(2) Nasal discharge
(Rhinorrhea)

(3) Nasal obstruction

., Total (n =3382),
i

(Nasal blockage)

20%
il Severe

0%
I Severest

Fig. 1 Symptoms of pollinosis according to PG-MARJ.

82.0% of the overall population had all three major
symptoms (i.e., sneezing, rhinorrhea and nasal block-
age). The severity by age group is shown in Figure 2.

SEVERITY ACCORDING TO ARIA

1) Disease type

In the ARIA Guideline, the term “persistent” de-
notes presence of symptoms for >4 days per week
and for 24 weeks, while the term “intermittent” de-
notes presence of symptoms for <4 days per week or
for <4 weeks. The average number of days with the
symptoms of pollinosis per week was >4 days in 2750
respondents (81.3%) and <4 days in 632 respondents
(18.7%). The duration of the symptoms was >4 weeks
in 2675 respondents (79.1%) and <4 weeks in 707 re-
spondents (20.9%).

Based on the above results, 2423 patients (71.6%)
had persistent rhinitis (with symptoms for >4 days
per week and for >4 weeks) and 959 patients (28.4%)
had intermittent rhinitis.

2) Severity

Figure 3 summarizes the presence of (1) sleep dis-
order, (2) disturbance during daily life, leisure and/
or sport activities, (3) disturbance during school
work or work and (4) any bothersome symptom dur-
ing the period with the severest symptoms of pollino-
sis. According to ARIA, presence of any of these four
conditions [ (1) to (1) ] is regarded as moderate/se-
vere rhinitis, and absence of all of them as mild rhini-
tis. Based on the replies to these questions, 3079 re-
spondents (91.0%) had moderate/severe rhinitis and
303 respondents (9.0%) had mild rhinitis.

3) When ARIA was applied to the above replies
from 3382 respondents, 2274 respondents (67.2%)
had moderate/severe persistent rhinitis, 805 (23.8%)
moderate/severe intermittent rhinitis, 149 (4.4%)
mild persistent rhinitis and 154 (4.6%) mild intermit-
tent rhinitis. The distribution of the overall population
by severity and age group is shown in Figure 4.

40%

-~ Moderate
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60%
B Mild

Asymptomatic

PROPORTION OF RESPONDENTS VISITING A
MEDICAL INSTITUTION

The proportion of respondents visiting a medical in-
stitution was calculated for each degree of severity
determined separately according to PG-MARJ and
ARIA. In the overall population, 41.9% of the respon-
dents visited a medical institution for symptoms of
suspected pollinosis between January and May 2011,
while 33.5% did not during that period but had visited
a medical institution before. Thus, 75.4% had visited a
medical institution regardless of the time and 24.6%
had never visited one. As shown in Figure 5, respon-
dents were more likely to have visited a medical insti-
tution as the severity level according to PG-MAR]J in-
creased. However, approximately 20% of the respon-
dents with severest or severe rhinitis had never vis-
ited a medical institution for pollinosis. On the other
hand, respondents considered to have persistent
rhinitis according to ARIA were more likely to have
visited a medical institution than those considered to
have intermittent rhinitis, as shown in Figure 6. In
the overall population, 31.9% used OTC drugs be-
tween February and May 2011. Of the 1417 respon-
dents who visited a medical institution between Janu-
ary and May 2011, 17.3% used OTC drugs in contrast
to 48.2% of the 1133 respondents who did not visit any
medical institution during the same period but who
had visited a medical institution before and 34.7% of
the 832 respondents who had never visited any medi-
cal institution.

CORRELATION OF SEVERITY ASSESSMENT
BETWEEN PG-MARJ AND ARIA

Figure 7 shows the severity classification according
to ARIA for subgroups of respondents defined ac-
cording to PG-MAR]J (i.e., severest, severe, moderate,
mild and asymptomatic). As a result, 79.7% of 468 re-
spondents considered to have mild rhinitis and 67.2%
of 67 respondents considered to have asymptomatic
rhinitis according to PG-MARJ had moderate/severe

Allergology International Vol 00, No0, 0000 www.jsaweb.jp/



Severity Assessment by PG-MARJ & ARIA

Table 2 Distribution of disease type according to PG-MARJ Total (n = 3382)

Sneezing fit or rhinorrheat

Severity

Nasal

0,
blockage 5.5% 8.4% 10.2% 5.4% 0.7% -

3.0% 5.2% 10.4% 7.5% 1.0%

1.3% 2.5% 4.6% 5.4% 2.0%

T Select more severe one, sneezing or rhinorrhea.
++++, Severest; +++, Severe; ++, Moderate; +, Mild; -, Asymptomatic.

Total (n = 3382)
<10 (n=241) |

10s (n = 475) |

W Severest
Il Severe
© Moderate

20s (n = 475) |

30s (n = 556) |

40s (n = 558) |
50s (n = 490) |

60 (n = 587) |

:

i

0% 26% 40% 60% 80% 100%

Fig. 2 Severity by age group according to PG-MARJ.

rhinitis according to ARIA. vere rhinitis according to PG-MAR]J. This means that
severity assessment by the two guidelines did not
AGREEMENT OF SEVERITY ASSESSMENT BE- agree in 17.9% of the respondents. The distribution of
TWEEN ARIA AND PG-MARJ the four categories by age group is shown in Figure
Respondents were grouped by severity according to 8. The disagreement rate was higher in the age group
PG-MARJ and ARIA into the following four catego- of <10 years (25.3%) and that of 260 years (22.0%).

ries: ARIA mild rhinitis and PG-MAR]J severest/se-
vere/moderate rhinitis, ARIA severe/moderate rhini- DISCUSSION
tis and PG-MARJ mild/asymptomatic rhinitis, ARTA In order to determine the severity of symptoms in pa-

mild rhinitis and PG-MAR]J mild/asymptomatic rhini- tients with springtime pollinosis, an Internet ques-
tis, and ARIA severe/moderate rhinitis and PG-MARJ tionnaire survey was conducted between May 11 and
severest/severe/moderate rhinitis. May 18, 2011 when the cedar and cypress pollen dis-
Thus, 117 respondents (3.5%) had mild/asympto- persal season (from February to early May) had al-
matic rhinitis according to both guidelines and 2661 ready ended, in individuals who had symptoms of pol-
respondents (78.7%) had moderate or more severe linosis in the current pollinosis season and who had
rhinitis. On the other hand, 418 respondents (12.4%) experienced those symptoms for at least two pollen
who had moderate/severe rhinitis according to ARIA seasons.
had mild/asymptomatic rhinitis according to PG- In Japan, the Practical Guideline for the Manage-
MAR]J, while 186 respondents (5.5%) who had mild ment of Allergic Rhinitis in Japan (PG-MAR]) was
rhinitis according to ARIA had moderate or more se- first established in 1993 to improve treatment for al-
Allergology International Vol 00, No0, 0000 www.jsaweb.jp/ 5

86



Gotoh M et al.

(1) Sleep disorder

(2) Disturbance during daily life,
leisure and/or sport activity

(3) Disturbance during school work
or work

(4) Any bothersome symptom

i
H
H

Total (n = 3382)

i §
H H

0%

20%

80% 100%

60%

40%

Total (n = 3382)

i

<10 (n = 241) |

10s (n = 475)

20s (n = 475) |
30s (n = 556) |

40s (n = 558)
50s (n = 490) B

>60 (n = 587)

H

8 Moderate/severe
persistent

{ Moderate/severe
intermittent

~ Mild persistent

Mild intermittent

0% 20% 40%

Fig. 4 Severity by age group according to ARIA.

lergic rhinitis and now the 2009 revised version (Ver-
sion 6) is being widely used.245 The classification of
severity in this guideline was used to assess the
symptoms in the current season in each of the survey
respondents. As a result, more than half of the re-
spondents were considered to have severest or se-
vere rhinitis and more than 80% to have moderate or
more severe rhinitis. Severest or severe rhinitis was
most prevalent in the respondents in their 20s and
30s (approximately 60%). In addition, more than 80%
of all respondents had the three major symptoms
(i.e., sneezing, rhinorrhea and nasal blockage). Ap-
proximately 2% of the respondents were considered
to have asymptomatic rhinitis. Probably because the
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PG-MAR]J classification of severity depends on the
three major symptoms and does not take into account
eye symptoms (itchy eyes and teary eyes), respon-
dents who had eye symptoms alone may have been
deemed to have asymptomatic rhinitis.

According to ARIA, due to symptoms of pollinosis,
approximately one third of the respondents com-
plained of sleep disorder, about half complained of
disturbance during daily life, leisure and/or sport ac-
tivities or school/work, and more than 80% com-
plained of bothersome symptoms. According to
ARIA, approximately 90% of the respondents had
moderate/severe rhinitis and approximately 10% had
mild rhinitis. Based on the duration of symptoms, ap-
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Fig. 6 Proportion of respondents visiting a medical institution by severity according to ARIA.

proximately 70% of the respondents had persistent
rhinitis and approximately 30% had intermittent rhini-
tis. Based on the combination of disease type and se-
verity, 2274 respondents (67.2%) had moderate/se-
vere persistent rhinitis, 805 (23.8%) moderate/severe
intermittent rhinitis, 149 (4.4%) mild persistent rhini-
tis and 154 (4.6%) mild intermittent rhinitis. The
analysis by age group indicated that younger respon-
dents were less likely to have persistent rhinitis but
more likely to have intermittent rhinitis.

It was naturally expected that the distribution of se-
verity would vary among different causal antigens
and among different geographical regions. A survey
conducted in Europe where ARIA has been widely
used reported that the proportion of mild intermit-
tent, mild persistent, moderate/severe intermittent
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and moderate/severe persistent rhinitis was 10%,
14%, 17% and 59%, respectively.6 This result showed
less imbalance in different severity classes compared
to the result of the present survey of Japanese cedar
pollinosis. However, it has been reported that 90% of
the patients seen at medical institutions had moder-
ate/severe rhinitis?:8 as is the case in the present sur-
vey. This means that the results may vary depending
not only on antigens and geographical regions but
also on the type of medical institutions where patients
are seen. In the present survey, 41.9% of the 3382 re-
spondents visited a medical institution between Janu-
ary and May 2011 and 17.3% used OTC drugs, while
42.5% did not visit any medical institution in the cur-
rent pollen season and more than 40% of them used
OTC drugs. Moreover, approximately 40% of the re-
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Fig. 8 Agreement of severity assessment between ARIA and PG-MARJ.

spondents who used OTC drugs experienced drowsi-
ness as a side effect (data not shown). The main-
stream OTC oral drugs for the relief of pollinosis
symptoms include first- and second-generation anti-
histaminics, which may cause drowsiness. The first-
generation antihistaminics, which may cause severe
drowsiness and dizziness and have a strong anti-
cholinergic effect, are contraindicated in patients with
glaucoma, benign prostatic hypertrophy and asthma.
Concomitant use of other medications for the treat-
ment of concurrent diseases or use of such OTC
drugs without the supervision of a physician by pa-
tients who are engaged in driving or potentially haz-
ardous activities is extremely dangerous and may
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cause decreased operating efficiency even during
non-hazardous work or decreased academic perform-
ance. The results of the present survey indicate that it
is necessary to improve awareness concerning aller-
gic rhinitis (especially pollinosis) in the general pub-
lic.

Severity assessment according to PG-MARJ and
ARIA revealed higher prevalence of ARIA-defined
persistent rhinitis and moderate/severe rhinitis in in-
dividuals with severer disease according to PG-
MARG. This result indicates a positive correlation be-
tween the two guidelines. However, as high as ap-
proximately 80% and 70% of the respondents consid-
ered to have mild and asymptomatic rhinitis, respec-
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tively, according to PG-MARG were deemed to have
moderate/severe rhinitis according to ARIA. The dis-
agreement rate of the severity assessment was ap-
proximately 18% in the overall population. The analy-
sis by age group revealed higher disagreement rates
of approximately 25% and 22% in the age group of <10
years and in that of 260 years, respectively. Probably
because the severity classification in ARIA depends
mainly on the impact on the quality of life (QOL) of
patients, patients who had only mild symptoms but
felt a large impact on daily life activities were likely to
be classified as having moderate or more severe
rhinitis. The classification in ARIA, which uses “pres-
ence or absence of bothersome symptoms” alone to
assess the severity of nasal symptoms, may not accu-
rately reflect the degree of nasal symptoms them-
selves.

The results of the present survey indicated that the
majority of patients with Japanese cedar pollinosis
had severe disease: more than 80% of the individuals
who had symptoms of pollinosis during the current
pollinosis season had moderate or more severe rhini-
tis according to PG-MAR]J and more than 90% moder-
ate/severe rhinitis according to ARIA. The classifica-
tion system of ARIA may provide an incorrect diagno-
sis of severity since it may classify patients with se-
vere nasal symptoms as having mild rhinitis. On the
contrary, PG-MARG, which has been prepared based
on the real conditions of allergic rhinitis in Japan, is
considered to be a useful guideline in clinical prac-
tice.
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Mechanisms of allergy and clinical immunolog

A critical role of IL-33 in experimental allergic rhinitis
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Background: We reported previously that serum levels of I1.-33
are significantly increased in patients with allergic rhinitis (AR).
However, very little is known about the role of IL-33 for the
development of AR.

Objective: We thought to develop a novel murine model of
ragweed pollen—specific AR and examined the pathologic role
for ragweed-induced IL-33 in the development of AR
manifestation using IL-33—deficient (i1337'7) mice.

Methods: Ragweed-immunized and ragweed-challenged mice
were examined for early- and late-phase nasal responses. IL.-33
protein expression in the nasal epithelial cells of the AR murine
model and patients with AR were assessed by using confocal
microscopy.

Results: After nasal challenge with ragweed pollen, ragweed-
immunized wild-type mice manifested early-phase (sneezing)
and late-phase (eosinophilic and basophilic accumulation)
responses. In contrast, i/33™~ and FceRI™'~ mice did not have
both early- and late-phase AR responses. IL-33 protein was
constitutively expressed in the nucleus of nasal epithelial cells
and was promptly released into nasal fluids in response to nasal
exposure to ragweed pollen. In human subjects we revealed
constitutive expression of IL-33 protein in the nasal epithelial
cells of healthy control subjects and downregulated expression
of IL-33 protein in inflamed nasal epithelial cells of patients with
AR. TL-33-stimulated mast cells and basophils contributed to
the early- and late-phase AR manifestation through increasing
histamine release and production of chemoattractants for
eosinophils/basophils, respectively.
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Conclusions: Ragweed pollen—driven endogenous IL-33
contributed to the development of AR responses. IL-33 might
present an important therapeutic target for the prevention of
AR. (J Allergy Clin Immunol 2012;130:184-94.)

Key words: IL-33, allergic rhinitis, ragweed pollen, epithelial cells,
sneezing, eosinophils, basophils, mast cells

Allergic rhinitis (AR) is one of the most common allergic
inflammatory diseases. Globally, more than 600 million persons
have AR." AR is divided into 2 categories: seasonal and peren-
nial.” The prevalence of seasonal AR, pollinosis, is increasing
in the developed world. Among allergenic weeds, ragweed (Am-
brosia species) pollen is common and has been reported as the
major source of airborne allergenic protein in the United States
and many countries of central Europe.” At least 10% of the overall
population in these countries is sensitized to ragweed, and the
prevalence in atopic subjects is almost 50%.%

Nasal responses in patients with AR comprise 2 phases: IgE-
dependent early-phase responses and Ty2 cytokine—dependent
late-phase responses.z’ﬁ‘7 Clinical symptoms or signs, such as
sneezing and rhinorrhea, occur as a result of the early-phase re-
sponse within 5 to 30 minutes. Late-phase responses consist of
congestion, fatigue, malaise, and irritability at 6 to 24 hours after
exposure to an allergen. The major pathologic change associated
with late-phase responses is influx of inflammatory cells, such as
eosinophils, into the nasal mucosa.”®” The mechanisms underly-
ing the development of bronchial asthma have been well analyzed
by using a murine model. However, the precise mechanisms un-
derlying the development of nasal responses in patients with
AR have not been clearly defined.

IL-33, the latest member of the IL-1 family, is the ligand for
ST2 (IL-33 receptor [IL-33R] «)® and shares the signaling
pathway with IL-1 and IL-18.%'° However, unlike with IL-1
and IL-18, the protein maturation process is not necessary for
IL-33 bioactivity. Full-length IL-33 has biological activity
in vivo, and IL-33 is most likely released through cell necrosis
or injury rather than cleavage by caspase.'' Thus IL-33 has
been referred to as an alarmin.'” IL-33 was originally reported
as a nuclear factor protein in endothelial cells of high endothelial
venules'?; hence it was initially called NE-HEV. Indeed, IL-33 is
constitutively expressed and localized in the nucleus of epithelial
and endothelial cells from various tissues.'*"

IL-33 has the capacity to induce T2 cytokine production in
Ty2 cells,®'® mast cells,"” basophils,'®'® eosinophils,'**" and
newly identified innate immune cells (natural helper cells and
nuocytes),”"** suggesting that IL-33 has the potential to induce
Ty2 cytokine-mediated allergic inflammation.”® Indeed, IL-33
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Abbreviations used
AR: Allergic rhinitis
DNP: 2,4-Dinitrophenyl
CTMC: Connective tissue—type mast cell
FITC: Fluorescein isothiocyanate
i1337'7: IL-33 deficient
IL-33R: IL-33 receptor
JC: Japanese cedar
MCP-1: Monocyte chemotactic protein 1
MIP-1a: Macrophage inflammatory protein lo
MMC: Mucosal mast cell
mMCP-8: Murine mast cell protease 8
OVA: Ovalbumin
PE: Phycoerythrin
SSC: Side scatter
WT: Wild-type

is implicated in asthma,'®'® allergic conjunctivitis,'® and anaphy-

lactic responses.** Furthermore, we showed previously that the
serum IL-33 level is significantly increased in Japanese patients
with seasonal AR and revealed a significant association between
susceptibility to AR and IL-33 polymorphism.”

Given the difficulty in examining the mechanisms in human
subjects, a murine model of AR is essential. However, there is no
appropriate murine model of AR, especially for seasonal AR.
Here we established a novel murine model of ragweed-specific
AR and examined the pathologic role for endogenous IL-33 in the
induction of early- and late-phase AR manifestation by using IL-
33-deficient (i133~'~) mice.

METHODS
For more information, see the Methods section in this article’s Online Re-
pository at www.jacionline.org.

Mice

The generation of {33/~ mice is detailed in our separate report.? {1337/~
mice (129Sv] X C57BL/6) were backcrossed for 7 generations onto BALB/c
mice, and their littermate controls (il33*/") were used for the experiments.

Human samples

A total 10 patients with AR and 5 healthy subjects were recruited from the
University Hospital, Kyoto Prefectural University of Medicine; 13 patients
with AR and 11 healthy subjects were recruited from the University of Fukui
Hospital. Demographic and clinical characteristics of the control subjects and
patients are summarized in Tables El and E2 in this article’s Online Reposi-
tory at www.jacionline.org. For more information, see the Methods section
in this article’s Online Repository.

Experimental AR by active immunization

Mice were immunized with a mixture of ragweed pollen (100 pg in 200
L) and aluminum hydroxide hydrate gel (1 mg in 200 pL; Sigma-Aldrich, St
Louis, Mo) by means of intraperitoneal injection on day 0 and with ragweed/
PBS (100 pg in 200 pL) by means of intraperitoneal injection on day 7.
A week after the boost, mice (5 mice per group) were challenged by means of
nasal administration of ragweed pollen (1 mg in 20 pL of PBS) or PBS (20 pL)
for 4 consecutive days. Immediately after each nasal challenge, the frequency
of sneezing was counted in a blinded manner for 10 minutes. Peripheral blood
was collected from the inferior vena cava 24 hours after the final nasal
challenge, and then sera were prepared by using centrifugation. The mice were
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killed, and the nose and cervical lymph nodes were isolated for further
histologic and immunologic analysis.

Flow cytometry and cell purification

Bone marrow—derived connective tissue—type mast cells (CTMCs), muco-
sal mast cells (MMCs), and basophils were prepared as described previ-
ously.'®*”?® The purity of each population was greater than 97%.

Statistics
Statistical significance was calculated with the 2-tailed Student ¢ test.
P values of less than .05 were considered statistically significant.

RESULTS
Establishment of ragweed-immunized ragweed-
induced AR

We first generated a murine model of ragweed-specific AR. We
immunized BALB/c background i/33*'* mice with ragweed pol-
len by means of sequential intraperitoneal injection of ragweed/
alum and ragweed/PBS. Then we challenged the mice by means
of nasal administration of ragweed pollen or PBS for 4 consecu-
tive days. We counted the frequency of sneezing over a 10-minute
period immediately after the last nasal challenge. Compared with
PBS-challenged control mice, ragweed-challenged mice showed
a significant increase in the frequency of sneezing (Fig 1, A),
which suggests that the ragweed pollen challenge induces
immediate-type AR, possibly in an IgE-dependent manner. In-
deed, compared with PBS-challenged mice, ragweed-
challenged mice showed significantly increased total and
ragweed-specific IgE levels in their sera when measured 1 day af-
ter the final challenge (P <.005; Fig 1, B).

Histologic analysis showed a multilayered epithelium, goblet
cell hyperplasia, and prominent accumulation of eosinophils in
the nasal lateral mucosa, nasal turbinate, and nasal septal mucosa
of ragweed-challenged mice but not of PBS-challenged mice (Fig
1, C-E, and see Figs E1-E3 in this article’s Online Repository at
www.jacionline.org). In addition, increased numbers of eosino-
phils in the cervical lymph nodes were observed (see Fig E4 in
this article’s Online Repository at www.jacionline.org). Most na-
sal eosinophils (Siglec-F* cells) expressed ST2 (IL-33Ra; Fig
El, C). In all, this ragweed-specific AR murine model mimics
the major features of human AR, especially ragweed-induced pol-
linosis, in terms of nasal symptoms and histologic changes after
intranasal exposure to ragweed pollen.

1337/~ mice did not mount Ty2/IgE responses on
ragweed challenge

To clarify the physiologic role of endogenous IL-33 in AR, we
generated BALB/c background /33~ mice.”® Compared with
il33*"* mice, ragweed-immunized i/33~'" mice showed a signif-
icant reduction in the frequency of sneezing, total and ragweed-
specific IgE response, and accumulation of eosinophils in the
nasal mucosa and cervical lymph nodes after nasal administration
of ragweed pollen. In addition, histologic analysis revealed that
i1337'~ mice showed a diminished degree of multilayer formation
in the epithelium and goblet cell hyperplasia in the nasal mucosa
(Fig 1, A-D, and see Figs E2-E4). Like i133*"* mice, however,
ragweed-immunized and PBS-challenged 33~/ mice evi-
denced considerably increased total IgE levels in their sera
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FIG 1. iI33”'~ mice do not induce ragweed (RW)-induced AR. Ragweed-immunized mice were nasally chal-
lenged with PBS or ragweed. A, Number of sneezes. B, Total and ragweed-specific IgE levels in serum. C,
Hematoxylin and eosin staining of the nose from ragweed-immunized ragweed-challenged mice. D, Num-
ber of eosinophils in nasal mucosa. E, Cytokine production by cervical lymph node cells. Data are represen-
tative of 3 independent experiments (means and SEMs of 5 mice). *P< .05, **P<.005, and ***P<.001. Bar =
500 wm (Fig 1, C, left) and 50 wm (Fig 1, C, middle and right).

compared with those seen in nonimmunized i[33 ~/~ mice (Fig 1,
B), suggesting that i/337'~ mice have the capacity to develop
Ty2/IgE responses on immunization but have a markedly
diminished capacity to mount Ty2/IgE responses on ragweed
challenge. Indeed, cervical lymph node cells from ragweed-
challenged il33 '~ mice showed a markedly diminished produc-
tion of IL-4, IL-5, and IL-13 on stimulation with ragweed extract
protein in vitro compared with those from #33™*/* mice (Fig 1, E).
These results clearly indicate that endogenous IL-33 contributes
to induction of both early- and late-phase AR manifestation.

Exposure to ragweed pollen induced IL-33 release
from the nasal epithelium

We next examined the expression of IL-33 in nasal epithelial
cells and the secretion of IL-33 in response to nasal exposure to
ragweed pollen. Immunohistochemical analysis revealed that
IL-33 is constitutively expressed in the nucleus of nasal epithelial
cells (Fig 2, A and B). IL-33 was not detected in the nasal mucosa
of i1337'~ mice, which indicates the specificity of this staining for
IL-33 protein (Fig 2, A). The expression of IL-33 in the nucleus of
nasal epithelial cells from mice that had been continuously chal-
lenged with ragweed pollen for 4 days was considerably lower

g8

than that from mice challenged with PBS (Fig 2, C), suggesting
that exposure to ragweed pollen reduced IL-33 expression by
causing epithelial cells to secrete IL-33.

To examine this possibility, we performed a time-course
analysis of IL-33 expression in nasal epithelial cells after
ragweed challenge. We found that nasal IL-33 expression was
promptly downregulated and became very faint 1 hour after
ragweed administration, but it recovered gradually thereafter
(Fig 2, D and E). Consistent with this observation, IL-33 pro-
tein levels increased promptly in nasal lavage fluid of naive
wild-type (WT) mice but not il33~'~ mice after ragweed ad-
ministration (Fig 2, F, and data not shown). Thus nasal expo-
sure to ragweed pollen promptly induces endogenous IL-33
production from nasal epithelial cells, and resultant IL-33 sub-
sequently contributes to induction and augmentation of AR
manifestation.

IL-33 stimulated FceRI* mast cells to increase
histamine release

In patients with AR, histamine released from activated mast
cells and basophils has an important role in the induction of
sneezing.””* Thus we next examined the role of mast cells and
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FIG 3. IL-33 induces histamine release from FceR1™ cells. A-C, Ragweed (RW/-immunized WT, basophil-
depleted (+MAR-1), FceRI™/~, WBB6F1-*'* (+/+), and WBB6F1-W/W" (W/W") mice were challenged with
PBS or ragweed. Fig 3, A, Number of sneezes. Fig 3, B, Number of eosinophils in nasal mucosa. Fig 3, C,
IL-4 production by cervical lymph node cells. Data are representative of 2 independent experiments (means
and SEMs of 5 mice). *P< .05 and **P<.01. D, ELISA of histamine. CL+, With FceRI cross-linkage; CL—, with-
out FceRl cross-linkage. Data are representative of 5 independent experiments.

basophils in experimental AR. For this purpose, we used mast
cell-deficient WBB6F1-W/W" mice, basophil-depleted mice,”®
and FceRI ™/~ mice. Compared with ragweed-immunized control
mice, ragweed immunization of all of these mice evidenced a sig-
nificant diminishing of sneezing frequency after nasal exposure to
ragweed pollen (Fig 3, A). In addition to sneezing, eosinophilic
accumulation in the nasal mucosa was also significantly reduced
in basophil-depleted and FceRI™'~ mice, suggesting the impor-
tance of basophils or basophils plus mast cells for eosinophilic ac-
cumulation (Fig 3, B). Nevertheless, cervical lymph node cells
from ragweed-challenged basophil-depleted mice, FceRI '~
mice, or WBB6F1-W/W" mice produced amounts of T2 cyto-
kines comparable with those seen in control mice on stimulation
in vitro (Fig 3, C). These results suggest that in addition to Ty2
cells, activated FceRI" mast cells and basophils might contribute
to both early-phase (sneezing) and late-phase (eosinophilic accu-
mulation) responses in AR.

To reveal the mechanism whereby i/33 ™'~ mice suppressed the
induction of sneezing (Fig 1, A), we examined the role of [L-33 in
histamine release from mast cells and basophils. Mast cells are
generally classified into 2 populations, CTMCs and MMCs,
both of which exist in the nasal membranes of patients with
AR.?'3 1t is controversial whether mast cells (and if so which
type) or basophils play the crucial role in AR 3133353738 g
we developed and purified CTMCs, MMCs, and basophils from
murine bone marrow cells (see Fig E5 in this article’s Online Re-
pository at www.jacionline.org) and examined their capacity to
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release histamine in response to IL-33 in vitro. Stimulation with
IL-3 induced production of histamine from CTMCs and basophils
but not from MMCs; additional IL.-33 stimulation did not enhance
histamine release from these cells (Fig 3, D). In contrast, cross-
linkage of FceRI significantly enhanced histamine release from
CTMCs, MMCs, and basophils. Furthermore, IL-33 dose-depen-
dently augmented histamine release from CTMCs and MMCs but
not from basophils, although all these cells express IL-33Ra (Fig
3, D, and see Fig E5). These results suggest that ragweed pollen—
induced endogenous IL-33 stimulates CTMCs and MMC:s to in-
crease histamine release under the condition of cross-linkage of
FceRI with IgE~ragweed pollen.

iI337/~ mice showed diminished ragweed-induced
nasal accumulation of basophils

Histologic examination revealed that there were very few
basophils in the nasal mucosa of ragweed-immunized PBS-
challenged mice. However, ragweed challenge significantly in-
creased the number of basophils in the nasal mucosa at 24 hours
after the final challenge, particularly in the posterior section of the
nose (18.5 = 4.5 in the anterior section compared with 34.5 = 10.6
in the posterior section) of ragweed-immunized mice, as illustrated
by immunohistochemical staining with an mAb specific for murine
basophils (Fig 4, A and B).*® We found that the degree of basophil
accumulation in the nasal mucosa of {33/~ or FceRI '~ mice
was significantly lower than in control mice (Fig 4, B).
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FIG 4. Ragweed (RW}-induced endogenous IL-33 regulates nasal accumulation of basophils. A and B,
Ragweed-immunized mice were nasally challenged with PBS or ragweed. Fig 4, A, Immunohistochemical

staining for basophils in the nose from /33"

mice. Bar = 100 wm. Fig 4, B, Number of basophils in the

nose. Fig 4, C, Naive or ragweed-immunized WT mice were nasally administered single ragweed. Kinetics
of the number of basophils in the nose (3 mice per time point) are shown. Data are representative of 2 or 3
independent experiments. Means and SEMs of 3 mice are shown. Fig 4, B, *P < .05. Fig 4, C, *P < .05 com-

pared with before ragweed exposure (0 hours).

We studied the kinetics of accumulation of basophils in the
nasal mucosa after challenge with ragweed pollen. Ragweed-
immunized WT mice had significantly increased basophil accu-
mulation in the nasal mucosa, especially in the posterior section
of the nose, at 4 hours, and this peaked at 24 hours after
provocation; naive mice did not show this (Fig 4, C). Similar to
basophils, the number of eosinophils in the nasal mucosa in-
creased, whereas the number of CTMCs or MMCs decreased after
nasal administration of ragweed pollen into ragweed-immunized
mice (see Fig E6 in this article’s Online Repository at www.
jacionline.org). However, we were able to detect degranulated
CTMC:s in the nasal mucosa at 4 hours after ragweed challenge
(data not shown), which suggests that both basophils and mast
cells might be the early IL-33-responding cells. Taken together,
these results suggest that basophil accumulation in AR is regu-
lated by ragweed-induced endogenous IL-33, the IgE/FceRI path-
way, or both.

iI337/~ mice developed AR on ragweed plus IL-33
challenge

Ragweed-immunized i33~/~ mice were nasally challenged
with ragweed and IL-33 to examine the role of FceRI ™ cells stim-
ulated by IL-33 plus FceRI cross-linkage in vivo. As seen in Fig 1,
B, ragweed-immunized and ragweed-challenged /33~ mice
evidenced a considerably increased total IgE level but did not
have AR responses (Fig 5). In contrast, ragweed-immunized
and ragweed plus IL-33—challenged i/33~'~ mice manifested
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early- and late-phase nasal responses and mounted Ty2 responses
(Fig 5). These results further substantiate that IL-33 plus FceRI
cross-linkage is essential to the development of AR.

IL-33 stimulated FceRI* cells to produce
chemoattractants for both eosinophils and
basophils

Accumulation of both eosinophils and basophils in the nasal
mucosa in ragweed-immunized and ragweed-challenged i[33 ™/~
or FceRI™'~ mice was significantly lower than that seen in control
mice (Fig 1, D, Fig 3, B, and Fig 4, B), which suggests that both
IL-33 and FceRI" cells are essential for the recruitment of eosin-
ophils, basophils, or both. The role of cytokines and chemokines
in the accumulation of eosinophils and basophils in inflamed tis-
sue has been well studied.***' Thus we examined the capacity of
CTMCs, MMCs, and basophils to produce cytokines and chemo-
kines in response to IL-33 plus cross-linkage of FceRI. Cross-
linkage of FceRI on CTMCs and MMC:s in the presence of IL-3
markedly induced production of IL-1p and eotaxin (Fig 6). How-
ever, CTMCs and MMCs increased production of IL-9, IL-13,
GM-CSF, RANTES, macrophage inflammatory protein lo
(MIP-1a), and monocyte chemotactic protein 1 (MCP-1) when
additionally stimulated with IL-33 (Fig 6). As reported in our pre-
vious article,'®?® basophils strongly produced all the cytokines
and chemokines that we measured. Because one set of chemo-
kines (eotaxin, RANTES, and MIP-la) and the other set
(RANTES, MIP-1a, and MCP-1) have been shown to act,
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respectively, as eosinophil*"*> and basophil******* chemotactic
factors, ragweed pollen—driven endogenous 1L.-33 seems to play
an important role in the recruitment of eosinophils and basophils
by inducing the production of chemoattractants for both these
types of cells. In addition, ragweed-immunized WT mice induced
the expression of genes encoding MIP-1a and MCP-1 in the nasal
mucosa, which peaked at 4 hours and decreased gradually after
the ragweed challenge, whereas ragweed-immunized /33~
mice did not do so (data not shown). These results further substan-
tiate that ragweed pollen—driven endogenous IL-33 contributes to
the temporal recruitment of inflammatory cells into the nasal mu-
cosa through the induction of chemoattractants.

IL-33 expression was diminished in nasal epithelial
cells of patients with AR

Finally, IL-33 expression was analyzed in nasal epithelial
cells taken from patients with AR and healthy control subjects to
determine the relevance of the findings in the AR murine model
to patients with AR (see Tables E1 and E2). Although IL-33 pro-
tein was strongly expressed in the nucleus of nasal epithelial
cells from healthy subjects, diminished or even undetectable ex-
pression of IL-33 was found in nasal epithelial cells in patients
with AR (Fig 7, A). A quantitative analysis showed significantly
reduced IL-33 expression in nasal epithelial cells in patients

with AR (Fig 7, B). On the other hand, compared with healthy
control subjects, IL-33 mRNA expression in nasal epithelial
cells from patients with AR significantly increased during the
pollen season (Fig 7, C). These results indicate that as in the
AR murine model, IL-33 protein expression was significantly re-
duced in inflamed nasal epithelial cells in patients with AR.
However, IL-33 mRNA expression in nasal epithelial cells
from patients with AR was considerably upregulated. Taken to-
gether, these results indicate the involvement of nasal IL-33 in
the induction of AR.

DISCUSSION

We first demonstrated that compared with control mice,
ragweed-immunized and ragweed-challenged 337/~ mice
showed a significant reduction in the frequency of sneezing, total
and ragweed-specific IgE response, and accumulation of eosino-
phils and basophils in the nasal mucosa. These mice evidenced a
diminished capacity of their cervical lymph node T cells to pro-
duce Ty2 cytokines in vitro. Furthermore, histologic examination
revealed only modest changes in the noses of ragweed-
immunized, ragweed-challenged il33 ~'~ mice. Thus IL-33 is an
essential molecule in the development of ragweed-induced AR.
In addition to these results, endogenous IL-33 is critically
involved in the development of ovalbumin (OVA)-specific
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FIG 6. IL-33 induces the production of chemoattractants for eosinophils and basophils from FceRI™ cells. Cy-
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Ty2-type immune responses,*> 46 which suggests that IL-33 is not

specific to the ragweed-induced response.

Recruitment of Ty?2 cells to the site of allergen challenge is a
key step in the induction of AR. We found that AR mice showed
increased capacity of their cervical lymph node T cells to produce
Ty2 cytokines. Furthermore, we could detect CD4"ST2* T cells
(T2 cells)*” in the nasal mucosa in ragweed-immunized, rag-
weed-challenged il33*'* mice but not in /33~ mice (data not
shown). The mechanism underlying reduced Ty2/IgE responses
on ragweed pollen challenge in il33 ™/~ mice is not clear. We pro-
pose the possibility that ragweed-induced endogenous IL-33
might enhance interaction between antigen-presenting cells and
Ty2 cells in the cervical lymph nodes. Alternatively, IL-33 might
enhance recruitment of Ty?2 cells into the cervical lymph nodes.
Indeed, it has been reported that IL-33 is a selective Ty2 cell
chemoattractant.**

Next, we demonstrated that IL-33 protein is constitutively
expressed in the nucleus of nasal epithelial cells and that these
IL-33 expressions diminished within 1 hour after exposure to
ragweed pollen. By contrast, IL-33 protein levels promptly
increased in nasal lavage fluid. This is the first report to
demonstrate that pollen grains induce IL-33 protein in vivo. At
the same time, we were able to reveal constitutive 1L-33 expres-
sion in the nasal epithelial cells of healthy control subjects and
downregulated expression of IL-33 in inflamed nasal epithelial
cells of patients with AR. However, IL-33 mRNA expression in
nasal epithelial cells from patients with AR was not reduced but
significantly upregulated during the pollen season, suggesting
that enhanced extracellular IL-33 release was associated with re-
duced IL-33 protein expression in inflamed nasal epithelial cells,
as in the AR murine model. We previously reported that the serum
level of IL-33 is significantly increased in patients with AR,*
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which suggests the importance of measuring IL-33 levels in nasal
lavage fluid after provocation of allergens in patients with AR.

Unlike IL-1B and IL-18, full-length IL-33 has biological
activity and loses its activity after cleavage with caspases.'’ It
is believed that epithelial cells produce IL-33 when they become
necrotic or injured.'? At present, we have no data about necrosis
of epithelial cells by ragweed pollen. Recently, Kouzaki et al*
demonstrated that in response to a fungal antigen, Alternaria
alternata, bronchial epithelial cells translocate nuclear IL-33
and actively release full-length proform IL-33. Ragweed pollen
is known to contain antigenic and enzymatic proteins.’® Further
study is needed to define the mechanisms for IL-33 release by rag-
weed pollen.

We demonstrated the importance of basophils and mast cells in
the induction of AR. Histamine released from activated mast cells
and basophils has been recognized as one of the most important
chemical mediators for sneezing in patients with AR.***° We
demonstrated that IL.-33, together with cross-linkage of FceRlI,
dose-dependently increased the production of histamine by
CTMCs and MMCs but not by basophils. However, human baso-
phils increase further histamine release on additional IL-33 stim-
ulation.” Thus endogenous IL-33 enhances AR by stimulation of
FceRI™ cells, and it becomes a therapeutic target molecule. In-
deed, we found that treatment with recombinant human ST2-Fc
chimera protein (the decoy receptor of IL-33)”> into ragweed-
immunized mice during ragweed challenge significantly reduced
the frequency of sneezing (data not shown).

Several reports have shown that the numbers of CTMCs,
MMCs, and basophils are increased, decreased, or unchanged in
the nasal mucosa of patients with AR examined after nasal
allergen provocation or during the pollen season.***33373% n
our AR murine model the numbers of CTMCs or MMCs in the
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jects (Mann-Whitney U test).

nasal mucosa were somewhat decreased after nasal administra-
tion of ragweed pollen. To examine the number of basophils in
the nasal mucosa of AR mice, we used TUGS, a recently estab-
lished mAb that recognizes basophil-specific murine mast cell
protease 8 (mMCP—8).3 ® We found that the number of mucosal
TUGS " basophils was significantly increased after nasal ragweed
challenge; this suggests a recruitment of basophils from the circu-
lating blood or memory basophils in the bone marrow. It has been
reported in patients with seasonal AR after allergen challenge that
the number of basophils increased significantly in the nasal mu-
cosa, whereas the number of blood basophils decreased,’'~*
which supports an influx of basophils from the blood into the na-
sal mucosa. Importantly, the nasal accumulation of basophils was
observed in ragweed-immunized mice but not in naive mice after
provocation by ragweed pollen; this further substantiates that
FceRI™" cells stimulated by IL-33 plus FceRI cross-linkage are es-
sential to the recruitment of basophils by producing chemoattract-
ants for basophils.

Recently, 3 groups, including ours, have independently dem-
onstrated that basophils are antigen-presenting cells that are
necessary and sufficient for Ty2 priming both in vitro and
in vivo.**>>* In the present study, however, cervical lymph
node cells from ragweed-challenged basophil-depleted mice
produced almost the same amounts of IL-4 as control mice on
stimulation in vitro, which suggests that basophils are not required
for ragweed-induced Ty2 cell differentiation under these
circumstances.

In summary, we established a novel ragweed-specific AR
murine model, which could be very useful in the development of
antiallergic drugs for AR. Also, we demonstrated that IL-33,
promptly released from nasal epithelial cells in response to
exposure to ragweed pollen, is essential for sneezing and the
accumulation of eosinophils and basophils in the nasal mucosa by
increasing histamine release and inducing production of chemo-
attractants from FceRI™ mast cells and basophils, respectively.
IL-13 produced by IL-33-stimulated Ty2 cells, CTMCs,
MMCs, and basophils induces goblet cell hyperplasia (see Fig
E7 in this article’s Online Repository at www.jacionline.org).
This process, together with the contribution of IL-33 to stimula-
tion of eosinophils,’*?*° basophils, and mast cells'®'®>! to pro-
duce allergic inflammatory mediators, might lead to the recurrent
seizures and irreversible mucosal hypertrophy seen in patients
with AR. Thus IL-33 might present an important therapeutic tar-
get for the prevention of AR.

We thank Professor Hajime Karasuyama (Tokyo Medical and Dental
University Graduate School, Tokyo, Japan) for providing an mAb specific for
mMCP-8 and Ms Yuuko Taki for her assistance.

Clinical implications: The discovery of ragweed pollen—driven
endogenous IL-33 as a critical factor for the development of
early- and late-phase responses in patients with AR might cre-
ate a new therapeutic strategy for AR.
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