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A critical role of IL-33 in experimental allergic rhinitis
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Background: We reported previously that serum levels of IL-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 (il332/2) 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, il332/2 and FcεRI2/2 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. IL-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;nnn:nnn-nnn.)
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Allergic rhinitis (AR) is one of the most common allergic
inflammatory diseases. Globally, more than 600 million persons
have AR.1 AR is divided into 2 categories: seasonal and peren-
nial.2 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
andmany countries of central Europe.3 At least 10% of the overall
population in these countries is sensitized to ragweed, and the
prevalence in atopic subjects is almost 50%.3-5

Nasal responses in patients with AR comprise 2 phases: IgE-
dependent early-phase responses and TH2 cytokine–dependent
late-phase responses.2,6,7 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.2,6,7 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] a)8 and shares the signaling
pathway with IL-1 and IL-18.8-10 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.11 Thus IL-33 has
been referred to as an alarmin.12 IL-33 was originally reported
as a nuclear factor protein in endothelial cells of high endothelial
venules13; hence it was initially called NF-HEV. Indeed, IL-33 is
constitutively expressed and localized in the nucleus of epithelial
and endothelial cells from various tissues.14,15

IL-33 has the capacity to induce TH2 cytokine production in
TH2 cells,8,16 mast cells,17 basophils,16,18 eosinophils,19,20 and
newly identified innate immune cells (natural helper cells and
nuocytes),21,22 suggesting that IL-33 has the potential to induce
TH2 cytokine–mediated allergic inflammation.23 Indeed, IL-33
1
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Abbreviations used
AR: A
llergic rhinitis
DNP: 2
,4-Dinitrophenyl
CTMC: C
onnective tissue–type mast cell
FITC: F
luorescein isothiocyanate
il332/2: IL
-33 deficient
IL-33R: IL
-33 receptor
JC: Ja
panese cedar
MCP-1: M
onocyte chemotactic protein 1
MIP-1a: M
acrophage inflammatory protein 1a
MMC: M
ucosal mast cell
mMCP-8: M
urine mast cell protease 8
OVA: O
valbumin
PE: P
hycoerythrin
SSC: S
ide scatter
WT: W
ild-type
is implicated in asthma,16,18 allergic conjunctivitis,19 and anaphy-
lactic responses.24 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.25

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 (il332/2) mice.
METHODS
For more information, see the Methods section in this article’s Online Re-

pository at www.jacionline.org.
Mice
The generation of il332/2mice is detailed in our separate report.26 il332/2

mice (129SvJ3 C57BL/6) were backcrossed for 7 generations onto BALB/c

mice, and their littermate controls (il331/1) 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 E1 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 mg in 200

mL) and aluminum hydroxide hydrate gel (1 mg in 200 mL; Sigma-Aldrich, St

Louis, Mo) by means of intraperitoneal injection on day 0 and with ragweed/

PBS (100 mg in 200 mL) by means of intraperitoneal injection on day 7.

Aweek after the boost, mice (5 mice per group) were challenged by means of

nasal administration of ragweed pollen (1mg in 20mL of PBS) or PBS (20mL)

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. Themicewere
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.16,27,28 The purity of each population was greater than 97%.
Statistics
Statistical significance was calculated with the 2-tailed Student t 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 il331/1 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-F1 cells) expressed ST2 (IL-33Ra; Fig
E1, C). In all, this ragweed-specific AR murine model mimics
themajor features of humanAR, especially ragweed-induced pol-
linosis, in terms of nasal symptoms and histologic changes after
intranasal exposure to ragweed pollen.
il332/2 mice did not mount TH2/IgE responses on

ragweed challenge
To clarify the physiologic role of endogenous IL-33 in AR, we

generated BALB/c background il332/2 mice.26 Compared with
il331/1mice, ragweed-immunized il332/2mice 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
il332/2mice showed a diminished degree ofmultilayer formation
in the epithelium and goblet cell hyperplasia in the nasal mucosa
(Fig 1, A-D, and see Figs E2-E4). Like il331/1 mice, however,
ragweed-immunized and PBS-challenged il332/2 mice evi-
denced considerably increased total IgE levels in their sera
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FIG 1. il332/2 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 5mice). *P < .05, **P < .005, and ***P < .001. Bar5
500 mm (Fig 1, C, left) and 50 mm (Fig 1, C, middle and right).
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compared with those seen in nonimmunized il332/2 mice (Fig 1,
B), suggesting that il332/2 mice have the capacity to develop
TH2/IgE responses on immunization but have a markedly
diminished capacity to mount TH2/IgE responses on ragweed
challenge. Indeed, cervical lymph node cells from ragweed-
challenged il332/2 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 il331/1mice (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 il332/2mice, 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
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 il332/2 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 FcεRI1 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.29,30 Thus we next examined the role of mast cells and



FIG 2. Nasal administration of ragweed (RW) pollen induces IL-33 release from nasal epithelial cells. A-C,

Immunofluorescence staining of nose stained for IL-33 (red) and 49-6-diamidino-2-phenylindole dihydro-

chloride (blue). Fig 2, A and B, Naive nice. Fig 2, C, Ragweed-immunized and PBS- or ragweed-

challenged mice. D-F, Naive WT mice were nasally administered single ragweed challenge and killed at

the indicated time. Fig 2, D, Staining of IL-33. Fig 2, E, Quantitative image analysis of stained IL-33. Fig 2,

F, IL-33 protein level in nasal lavage fluid. Data are representative of 3 independent experiments (3 mice

per time point). *P < .005 and **P < .0001. Bar 5 50 mm.
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FIG 3. IL-33 induces histamine release from FcεR11 cells. A-C, Ragweed (RW)–immunized WT, basophil-

depleted (1MAR-1), FcεRI2/2, WBB6F1-1/1 (1/1), and WBB6F1-W/Wv (W/Wv) 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 5mice). *P < .05 and **P < .01.D, ELISA of histamine. CL1, With FcεRI cross-linkage; CL2, with-

out FcεRI cross-linkage. Data are representative of 5 independent experiments.
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basophils in experimental AR. For this purpose, we used mast
cell–deficient WBB6F1-W/Wv mice, basophil-depleted mice,28

and FcεRI2/2 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 FcεRI2/2 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, FcεRI2/2

mice, or WBB6F1-W/Wv mice produced amounts of TH2 cyto-
kines comparable with those seen in control mice on stimulation
in vitro (Fig 3, C). These results suggest that in addition to TH2
cells, activated FcεRI1 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 il332/2mice suppressed the
induction of sneezing (Fig 1, A), we examined the role of IL-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.31-36 It is controversial whether mast cells (and if so which
type) or basophils play the crucial role in AR.31,33,35,37,38 Thus
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
release histamine in response to IL-33 in vitro. Stimulation with
IL-3 induced production of histamine fromCTMCs and basophils
but not fromMMCs; additional IL-33 stimulation did not enhance
histamine release from these cells (Fig 3, D). In contrast, cross-
linkage of FcεRI significantly enhanced histamine release from
CTMCs, MMCs, and basophils. Furthermore, IL-33 dose-depen-
dently augmented histamine release from CTMCs andMMCs 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 MMCs to in-
crease histamine release under the condition of cross-linkage of
FcεRI with IgE–ragweed pollen.
il332/2 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 (18.56 4.5 in the anterior section comparedwith 34.56 10.6
in the posterior section) of ragweed-immunizedmice, as illustrated
by immunohistochemical stainingwith anmAbspecific formurine
basophils (Fig 4, A and B).39 We found that the degree of basophil
accumulation in the nasal mucosa of il332/2 or FcεRI2/2 mice
was significantly lower than in control mice (Fig 4, B).

http://www.jacionline.org


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 il331/1 mice. Bar 5 100 mm. 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).

J ALLERGY CLIN IMMUNOL

nnn 2012

6 HAENUKI ET AL
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 orMMCs 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
CTMCs 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/FcεRI path-
way, or both.
il332/2 mice developed AR on ragweed plus IL-33

challenge
Ragweed-immunized il332/2 mice were nasally challenged

with ragweed and IL-33 to examine the role of FcεRI1 cells stim-
ulated by IL-33 plus FcεRI cross-linkage in vivo. As seen in Fig 1,
B, ragweed-immunized and ragweed-challenged il332/2 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 il332/2 mice manifested
early- and late-phase nasal responses and mounted TH2 responses
(Fig 5). These results further substantiate that IL-33 plus FcεRI
cross-linkage is essential to the development of AR.
IL-33 stimulated FcεRI1 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 il332/2

or FcεRI2/2micewas 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 FcεRI1 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.40,41 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 FcεRI. Cross-
linkage of FcεRI on CTMCs and MMCs in the presence of IL-3
markedly induced production of IL-1b and eotaxin (Fig 6). How-
ever, CTMCs and MMCs increased production of IL-9, IL-13,
GM-CSF, RANTES, macrophage inflammatory protein 1a
(MIP-1a), and monocyte chemotactic protein 1 (MCP-1) when
additionally stimulated with IL-33 (Fig 6). As reported in our pre-
vious article,16,28 basophils strongly produced all the cytokines
and chemokines that we measured. Because one set of chemo-
kines (eotaxin, RANTES, and MIP-1a) and the other set
(RANTES, MIP-1a, and MCP-1) have been shown to act,

http://www.jacionline.org
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FIG 5. Ragweed (RW) plus IL-33–challenged il332/2 mice developed AR. Ragweed-immunized mice were

nasally challenged with PBS or ragweed 6 IL-33 (1 mg). A, Number of sneezes. B, Total IgE levels in serum.

C, Percentage of eosinophils in cervical lymph nodes. D, Number of basophils in nasal mucosa. E, Cytokine

production by cervical lymph node cells. Data are means and SEMs of 5 mice. *P < .05 and **P < .005.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

HAENUKI ET AL 7
respectively, as eosinophil41,42 and basophil40,43,44 chemotactic
factors, ragweed pollen–driven endogenous IL-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-immunizedWTmice induced
the expression of genes encodingMIP-1a andMCP-1 in the nasal
mucosa, which peaked at 4 hours and decreased gradually after
the ragweed challenge, whereas ragweed-immunized il332/2

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 il332/2 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 TH2 cytokines in vitro. Furthermore, histologic examination
revealed only modest changes in the noses of ragweed-
immunized, ragweed-challenged il332/2 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



FIG 6. IL-33 induces the production of chemoattractants for eosinophils and basophils from FcεRI1 cells. Cy-

tokines and chemokines produced by CTMCs,MMCs, or basophils stimulated for 16 hours with IL-3 alone or

IL-3 plus IL-33 with FcεRI cross-linkage. Data are representative of 3 independent experiments (means and

SEMs).
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TH2-type immune responses,45,46 which suggests that IL-33 is not
specific to the ragweed-induced response.

Recruitment of TH2 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
TH2 cytokines. Furthermore, we could detect CD41ST21 T cells
(TH2 cells)47 in the nasal mucosa in ragweed-immunized, rag-
weed-challenged il331/1 mice but not in il332/2 mice (data not
shown). The mechanism underlying reduced TH2/IgE responses
on ragweed pollen challenge in il332/2mice is not clear. We pro-
pose the possibility that ragweed-induced endogenous IL-33
might enhance interaction between antigen-presenting cells and
TH2 cells in the cervical lymph nodes. Alternatively, IL-33 might
enhance recruitment of TH2 cells into the cervical lymph nodes.
Indeed, it has been reported that IL-33 is a selective TH2 cell
chemoattractant.48

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 IL-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 ARmurinemodel.We previously reported that the serum
level of IL-33 is significantly increased in patients with AR,25
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.11 It
is believed that epithelial cells produce IL-33 when they become
necrotic or injured.12 At present, we have no data about necrosis
of epithelial cells by ragweed pollen. Recently, Kouzaki et al49

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.50 Further
study is needed to define themechanisms 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.29,30 We
demonstrated that IL-33, together with cross-linkage of FcεRI,
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.51 Thus endogenous IL-33 enhances AR by stimulation of
FcεRI1 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)9,52 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.31,33,35,37,38 In
our AR murine model the numbers of CTMCs or MMCs in the



FIG 7. IL-33 is released from nasal epithelial cells in patients with AR. A, Immunofluorescence staining of

nasal mucosal specimens from control subjects and patients with AR (see Table E1) stained for IL-33

(red) and 49-6-diamidino-2-phenylindole dihydrochloride (blue). Bar 5 50 mm. Representative results from

5 healthy subjects and 10 patients with AR are shown. B, Quantitative image analysis of stained IL-33 in na-

sal mucosa. *P < .05. C, Relative IL-33 mRNA expression in nasal epithelial cells from control subjects and

patients with AR (see Table E2), as determined by using real-time PCR. �P < .02 compared with control sub-

jects (Mann-Whitney U test).
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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 TUG8, a recently estab-
lished mAb that recognizes basophil-specific murine mast cell
protease 8 (mMCP-8).39 We found that the number of mucosal
TUG81 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,31,33

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
FcεRI1 cells stimulated by IL-33 plus FcεRI 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 TH2 priming both in vitro and
in vivo.28,53,54 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 TH2 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 FcεRI1 mast cells and basophils, respectively.
IL-13 produced by IL-33–stimulated TH2 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,19,20,55 basophils, and mast cells16,18,51 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.

http://www.jacionline.org


J ALLERGY CLIN IMMUNOL

nnn 2012

10 HAENUKI ET AL
REFERENCES

1. Bousquet J, Dahl R, Khaltaev N. Global alliance against chronic respiratory dis-

eases. Allergy 2007;62:216-23.

2. Skoner DP. Allergic rhinitis: definition, epidemiology, pathophysiology, detection,

and diagnosis. J Allergy Clin Immunol 2001;108(suppl):S2-8.

3. Wopfner N, Gadermaier G, Egger M, Asero R, Ebner C, Jahn-Schmid B, et al. The

spectrum of allergens in ragweed and mugwort pollen. Int Arch Allergy Immunol

2005;138:337-46.

4. Taramarcaz P, Lambelet B, Clot B, Keimer C, Hauser C. Ragweed (Ambrosia) pro-

gression and its health risks: will Switzerland resist this invasion? Swiss Med Wkly

2005;135:538-48.

5. Ziska L, Knowlton K, Rogers C, Dalan D, Tierney N, Elder MA, et al. Recent

warming by latitude associated with increased length of ragweed pollen season

in central North America. Proc Natl Acad Sci U S A 2011;108:4248-51.

6. Borish L. Allergic rhinitis: systemic inflammation and implications for manage-

ment. J Allergy Clin Immunol 2003;112:1021-31.

7. Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflammation. Na-

ture 2008;454:445-54.

8. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, et al. IL-

33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related pro-

tein ST2 and induces T helper type 2-associated cytokines. Immunity 2005;23:

479-90.

9. Liew FY, Pitman NI, McInnes IB. Disease-associated functions of IL-33: the new

kid in the IL-1 family. Nat Rev Immunol 2010;10:103-10.

10. Sims JE, Smith DE. The IL-1 family: regulators of immunity. Nat Rev Immunol

2010;10:89-102.

11. Luthi AU, Cullen SP, McNeela EA, Duriez PJ, Afonina IS, Sheridan C, et al. Sup-

pression of interleukin-33 bioactivity through proteolysis by apoptotic caspases.

Immunity 2009;31:84-98.

12. Lamkanfi M, Dixit VM. IL-33 raises alarm. Immunity 2009;31:5-7.

13. Baekkevold ES, Roussigne M, Yamanaka T, Johansen FE, Jahnsen FL, Amal-

ric F, et al. Molecular characterization of NF-HEV, a nuclear factor preferen-

tially expressed in human high endothelial venules. Am J Pathol 2003;163:

69-79.

14. Carriere V, Roussel L, Ortega N, Lacorre DA, Americh L, Aguilar L, et al. IL-33,

the IL-1-like cytokine ligand for ST2 receptor, is a chromatin-associated nuclear

factor in vivo. Proc Natl Acad Sci U S A 2007;104:282-7.

15. Moussion C, Ortega N, Girard JP. The IL-1-like cytokine IL-33 is constitutively

expressed in the nucleus of endothelial cells and epithelial cells in vivo: a novel

‘alarmin’? PLoS One 2008;3:e3331.

16. Kondo Y, Yoshimoto T, Yasuda K, Futatsugi-Yumikura S, Morimoto M, Hayashi N,

et al. Administration of IL-33 induces airway hyperresponsiveness and goblet cell

hyperplasia in the lungs in the absence of adaptive immune system. Int Immunol

2008;20:791-800.

17. Ho LH, Ohno T, Oboki K, Kajiwara N, Suto H, Iikura M, et al. IL-33 induces IL-13

production by mouse mast cells independently of IgE-FcepsilonRI signals.

J Leukoc Biol 2007;82:1481-90.

18. Smithgall MD, Comeau MR, Yoon BR, Kaufman D, Armitage R, Smith DE. IL-33

amplifies both Th1- and Th2-type responses through its activity on human baso-

phils, allergen-reactive Th2 cells, iNKT and NK cells. Int Immunol 2008;20:

1019-30.

19. Matsuba-Kitamura S, Yoshimoto T, Yasuda K, Futatsugi-Yumikura S, Taki Y, Muto

T, et al. Contribution of IL-33 to induction and augmentation of experimental al-

lergic conjunctivitis. Int Immunol 2010;22:479-89.

20. Stolarski B, Kurowska-Stolarska M, Kewin P, Xu D, Liew FY. IL-33 exacerbates

eosinophil-mediated airway inflammation. J Immunol 2010;185:3472-80.

21. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate

production of TH2 cytokines by adipose tissue-associated c-Kit1Sca-11 lymphoid

cells. Nature 2010;463:540-4.

22. Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, et al. Nuocytes

represent a new innate effector leukocyte that mediates type-2 immunity. Nature

2010;464:1367-70.

23. Smith DE. IL-33: a tissue derived cytokine pathway involved in allergic inflamma-

tion and asthma. Clin Exp Allergy 2010;40:200-8.

24. Pushparaj PN, Tay HK, H’Ng SC, Pitman N, Xu D, McKenzie A, et al. The cyto-

kine interleukin-33 mediates anaphylactic shock. Proc Natl Acad Sci U S A 2009;

106:9773-8.

25. Sakashita M, Yoshimoto T, Hirota T, Harada M, Okubo K, Osawa Y, et al. Asso-

ciation of serum interleukin-33 level and the interleukin-33 genetic variant with

Japanese cedar pollinosis. Clin Exp Allergy 2008;38:1875-81.

26. Yasuda K, Muto T, Kawagoe T, Matsumoto M, Sasaki Y, Matsushita K, et al. Con-

tribution of IL-33–activated type II innate lymphoid cells to pulmonary

eosinophilia in intestinal nematode–infected mice. Proc Natl Acad Sci U S A

2012; E-pub ahead of print Feb 13, 2012.
27. Karimi K, Redegeld FA, Heijdra B, Nijkamp FP. Stem cell factor and interleukin-4

induce murine bone marrow cells to develop into mast cells with connective tissue

type characteristics in vitro. Exp Hematol 1999;27:654-62.

28. Yoshimoto T, Yasuda K, Tanaka H, Nakahira M, Imai Y, Fujimori Y, et al. Baso-

phils contribute to TH2-IgE responses in vivo via IL-4 production and presentation

of peptide-MHC class II complexes to CD41 T cells. Nat Immunol 2009;10:

706-12.

29. Baraniuk JN. Sensory, parasympathetic, and sympathetic neural influences in the

nasal mucosa. J Allergy Clin Immunol 1992;90:1045-50.

30. Sarin S, Undem B, Sanico A, Togias A. The role of the nervous system in rhinitis.

J Allergy Clin Immunol 2006;118:999-1016.

31. Braunstahl GJ, Overbeek SE, Fokkens WJ, Kleinjan A, McEuen AR, Walls AF,

et al. Segmental bronchoprovocation in allergic rhinitis patients affects mast cell

and basophil numbers in nasal and bronchial mucosa. Am J Respir Crit Care

Med 2001;164:858-65.

32. Irani AA, Schechter NM, Craig SS, DeBlois G, Schwartz LB. Two types of human

mast cells that have distinct neutral protease compositions. Proc Natl Acad Sci U S

A 1986;83:4464-8.

33. KleinJan A, McEuen AR, Dijkstra MD, Buckley MG, Walls AF, Fokkens WJ. Ba-

sophil and eosinophil accumulation and mast cell degranulation in the nasal

mucosa of patients with hay fever after local allergen provocation. J Allergy

Clin Immunol 2000;106:677-86.

34. Nakano T, Sonoda T, Hayashi C, Yamatodani A, Kanayama Y, Yamamura T, et al.

Fate of bone marrow-derived cultured mast cells after intracutaneous, intraperito-

neal, and intravenous transfer into genetically mast cell-deficient W/Wv mice. Ev-

idence that cultured mast cells can give rise to both connective tissue type and

mucosal mast cells. J Exp Med 1985;162:1025-43.

35. Otsuka H, Denburg J, Dolovich J, Hitch D, Lapp P, Rajan RS, et al. Heterogeneity

of metachromatic cells in human nose: significance of mucosal mast cells.

J Allergy Clin Immunol 1985;76:695-702.

36. Williams CM, Galli SJ. The diverse potential effector and immunoregulatory roles

of mast cells in allergic disease. J Allergy Clin Immunol 2000;105:847-59.

37. Howarth PH, Salagean M, Dokic D. Allergic rhinitis: not purely a histamine-

related disease. Allergy 2000;55(suppl 64):7-16.

38. Wilson DR, Irani AM, Walker SM, Jacobson MR, Mackay IS, Schwartz LB, et al.

Grass pollen immunotherapy inhibits seasonal increases in basophils and eosino-

phils in the nasal epithelium. Clin Exp Allergy 2001;31:1705-13.

39. Ugajin T, Kojima T, Mukai K, Obata K, Kawano Y, Minegishi Y, et al. Basophils

preferentially express mouse Mast Cell Protease 11 among the mast cell tryptase

family in contrast to mast cells. J Leukoc Biol 2009;86:1417-25.

40. Kuna P, Lazarovich M, Kaplan AP. Chemokines in seasonal allergic rhinitis.

J Allergy Clin Immunol 1996;97:104-12.

41. Lampinen M, Carlson M, Hakansson LD, Venge P. Cytokine-regulated accumula-

tion of eosinophils in inflammatory disease. Allergy 2004;59:793-805.

42. Rot A, Krieger M, Brunner T, Bischoff SC, Schall TJ, Dahinden CA. RANTES and

macrophage inflammatory protein 1 alpha induce the migration and activation of

normal human eosinophil granulocytes. J Exp Med 1992;176:1489-95.

43. Alam R, Forsythe PA, Stafford S, Lett-Brown MA, Grant JA. Macrophage inflam-

matory protein-1 alpha activates basophils and mast cells. J Exp Med 1992;176:

781-6.

44. Kuna P, Alam R, Ruta U, Gorski P. RANTES induces nasal mucosal inflammation

rich in eosinophils, basophils, and lymphocytes in vivo. Am J Respir Crit Care Med

1998;157:873-9.

45. Louten J, Rankin AL, Li Y, Murphy EE, Beaumont M, Moon C, et al. Endogenous

IL-33 enhances Th2 cytokine production and T-cell responses during allergic air-

way inflammation. Int Immunol 2011;23:307-15.

46. Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, et al. IL-33 is a crucial

amplifier of innate rather than acquired immunity. Proc Natl Acad Sci U S A 2010;

107:18581-6.

47. Lohning M, Stroehmann A, Coyle AJ, Grogan JL, Lin S, Gutierrez-Ramos JC,

et al. T1/ST2 is preferentially expressed on murine Th2 cells, independent of inter-

leukin 4, interleukin 5, and interleukin 10, and important for Th2 effector function.

Proc Natl Acad Sci U S A 1998;95:6930-5.

48. Komai-Koma M, Xu D, Li Y, McKenzie AN, McInnes IB, Liew FY. IL-33 is a che-

moattractant for human Th2 cells. Eur J Immunol 2007;37:2779-86.

49. Kouzaki H, Iijima K, Kobayashi T, O’Grady SM, Kita H. The danger signal, extra-

cellular ATP, is a sensor for an airborne allergen and triggers IL-33 release and in-

nate Th2-type responses. J Immunol 2011;186:4375-87.

50. Bagarozzi DA Jr, Potempa J, Travis J. Purification and characterization of an

arginine-specific peptidase from ragweed (Ambrosia artemisiifolia) pollen. Am J

Respir Cell Mol Biol 1998;18:363-9.

51. Suzukawa M, Iikura M, Koketsu R, Nagase H, Tamura C, Komiya A, et al. An IL-

1 cytokine member, IL-33, induces human basophil activation via its ST2 receptor.

J Immunol 2008;181:5981-9.



J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

HAENUKI ET AL 11
52. Leung BP, Xu D, Culshaw S, McInnes IB, Liew FY. A novel therapy of

murine collagen-induced arthritis with soluble T1/ST2. J Immunol 2004;173:

145-50.

53. Perrigoue JG, Saenz SA, Siracusa MC, Allenspach EJ, Taylor BC, Giacomin PR,

et al. MHC class II-dependent basophil-CD41 T cell interactions promote TH2

cytokine-dependent immunity. Nat Immunol 2009;10:697-705.
54. Sokol CL, Chu NQ, Yu S, Nish SA, Laufer TM, Medzhitov R. Basophils function

as antigen-presenting cells for an allergen-induced T helper type 2 response. Nat

Immunol 2009;10:713-20.

55. Cherry WB, Yoon J, Bartemes KR, Iijima K, Kita H. A novel IL-1 family cytokine,

IL-33, potently activates human eosinophils. J Allergy Clin Immunol 2008;121:

1484-90.



J ALLERGY CLIN IMMUNOL

nnn 2012

11.e1 HAENUKI ET AL
METHODS

Mice
BALB/c mice were purchased from Charles River Laboratories Japan, Inc

(Yokohama, Japan). The generation of il332/2mice is detailed in our separate

report.E1 il332/2 mice (129SvJ 3 C57BL/6) were backcrossed for 7 genera-

tions onto BALB/c mice, and their littermate controls (il331/1) were used for

the experiments. Mice with a disruption in the a subunit of the high-affinity

IgE receptor (FcεRI2/2 mice, BALB/c background mice)E2 were purchased

from Jackson Laboratories (Bar Harbor, Me). Mast cell–deficient WBB6F1-

W/Wv mice and littermate control WBB6F11/1 mice were purchased from

SLC Japan (Hamamatsu, Japan). All animal experiments were performed in

accordance with the guidelines of the Institutional Animal Care Committee

of Hyogo College of Medicine.

Human nasal mucosal specimens
Normal nasal mucosal specimens were obtained from the inferior turbi-

nates of 5 patients who had undergone submucosal turbinectomy, rhinoplasty,

total maxillectomy, or extirpation of the inferior turbinates. Allergic nasal

mucosal specimens were obtained by means of submucosal turbinectomy

from 10 patients with AR. The specimens were fixed in 10% buffered formalin

at room temperature overnight and then embedded in paraffin. Patients with

AR were recruited from the University Hospital, Kyoto Prefectural University

of Medicine. Specific IgE to 7 aeroallergens, Dermatophagoides pteronyssi-

nus (house dust mite), Japanese cedar (JC), Japanese cypress, cocksfoot,

gray alder, common ragweed, and mugwort, were measured with the Pharma-

cia CAP System (Pharmacia CAP, Uppsala, Sweden; Table E1). Positive sen-

sitization was signified by an allergen-specific serum IgE level of greater than

0.7 (CAP RAST score, 2). Demographic and clinical characteristics of the pa-

tients are summarized in Table E1. All patients had a history of persistent (>2

years) perennial nasal symptoms (sneezing, nasal discharge, and nasal ob-

struction) and specific IgE against house dust mites in their sera. Healthy sub-

jects who had never had symptoms of AR and indicated no sensitization to the

allergens were recruited (Table E1). All subjects were Japanese and provided

written informed consent to participate in the study, according to the rules of

the process committee at the Kyoto Prefectural University of Medicine.

Human nasal epithelial cells
Human nasal epithelial cells were collected from 11 control subjects and 13

patients with JC pollinosis by brushing the inferior turbinates with a CytoSoft

Cytology Brush (Medical Packaging, Camarillo, Calif) without anesthesia.

The CytoSoft brush with the scraped cells was rinsed with Lysis buffer of the

RNeasy Mini Kit (Qiagen, Germantown, Mass), and the total RNA was

immediately isolated. All the subjects were residents of Eiheiji-cho, Fukui

Prefecture, Japan, and were recruited in mid-March 2010. Specific IgE to 7

aeroallergens, JC, D pteronyssinus (house dust mite), Dermatophagoides far-

inae, cocksfoot, Candida albicans, Aspergillus fumigatus, and common rag-

weed, were measured with the Pharmacia CAP System (Table E2). Positive

sensitization was signified by an allergen-specific serum IgE level of greater

than 0.7 (CAP RAST score, 2). Diagnosis of JC pollinosis was confirmed

by symptoms of allergic rhinoconjunctivitis during the JC pollinosis season

and specific IgE against JC in the sera. Healthy subjects were recruited who

had never had symptoms of AR and indicated no sensitization to the allergens

(Table E2). All subjects were Japanese and provided written informed consent

to participate in the study in accordance with the rules of the process commit-

tee at the School of Medicine, University of Fukui.

Reagents
Recombinant murine IL-33 and polyclonal rabbit IgG antibody to murine

IL-33, which we prepared in our laboratory, as described previously,E3,E4 were

used. Polyclonal rabbit IgGantibody to human IL-33was purchased fromMBL

(Nagoya, Japan). Phycoerythrin (PE)–anti-mouse c-Kit, PE–anti-mouse

Siglec-F (E50-2440), and biotin–anti-mouse IgE (R35-118) were purchased

from BD Biosciences (San Diego, Calif). Fluorescein isothiocyanate (FITC)–

anti-mouse ST2 (IL-33Ra chain) was purchased from MD Biosciences (St

Paul, Minn). Biotin–anti-mouse FcεR1a (MAR-1) and streptavidin-

allophycocyanin were purchased from eBioscience (San Diego, Calif). Anti-
CD16/32 (FcgRII/III) was purchased from BioLegend (San Diego, Calif).

Rat anti-mouse IgE (23G3) and affinity-purified goat anti-mouse IgG1 were

purchased from Southern Biotechnology Associates, Inc (Birmingham, Ala).

An mAb specific for murine mMCP-8 (clone, TUG8)E5 was kindly provided

by Professor HajimeKarasuyama (TokyoMedical andDentalUniversity Grad-

uate School, Tokyo, Japan). Ragweed pollen was purchased from PolyScience

(Niles, Ill). Ragweed extract was purchased from LSL Co Ltd (Tokyo, Japan).

Murine IL-3, IL-4, and stem cell factor and FITC–anti-mouse CCR3 were pur-

chased from R&D Systems (Minneapolis, Minn). Anti–2,4-dinitrophenyl

(DNP) IgE mAb and OVA (grade V) were purchased from Sigma-Aldrich

(St Louis, Mo). DNP-conjugated OVAwas prepared in our laboratory.

Nasal lavage fluid
Naive or ragweed-immunized mice were nasally administered with single

ragweed pollen (1mg in 20mL of PBS) and then killed 1, 2, 4, 8, 12, 24, and 48

hours after exposure for histologic examination and collection of nasal lavage

fluid. The noses were lavaged with 150 mL of PBS twice, and supernatants of

the nasal lavage fluid were prepared by means of centrifugation and stored

at 2808C until further analysis.

In vitro cytokine and histamine production
Cervical lymph node cells were isolated from mice and cultured for 5 days

in 96-well plates at 2 3 105 per 0.2 mL per well with IL-2 (100 pmol/L) and

ragweed extract (5 mg/mL) in the presence of 13 105 irradiated conventional

antigen-presenting cells (T cell–depleted BALB/c splenic cells) in RPMI 1640

supplemented with 10% FBS, 2–mercaptoethanol (50 mmol/L), L-glutamine

(2mmol/L), penicillin (100U/mL), and streptomycin (100mg/mL).Bonemar-

row–derived CTMCs,MMCs, or basophils (53 104 per 0.2 mL per well), pre-

pared and sorted as described below, were stimulated with IL-3 (20 U/mL)

alone or IL-3 plus IL-33 (100 ng/mL) with or without FcεRI cross-linkage.

For FcεRI cross-linkage, sorted CTMCs, MMCs, and basophils were sensi-

tized with a murine IgE anti–DNP (1 mg/mL) for 1 hour and cultured with

DNP-OVA (10 mg/mL) in the presence of IL-3 alone or IL-3 plus IL-33 for

5 (for histamine release) or 16 (for cytokine production) hours. Supernatants

were collected, and cytokine or histamine production was assessed by using

ELISAkits (R&DSystems) or the Bio-Plex System (Bio-Rad, Hercules, Calif)

or the histamine ELISA kit (Immunotech, Marseille, France), respectively.

Flow cytometry and cell purification
Bone marrow–derived CTMCs, MMCs, and basophils were prepared as

described previously.E3,E6,E7 Briefly, bonemarrow cells cultured with IL-4 (10

ng/mL) plus stemcell factor (100 ng/mL) or IL-3 (10U/mL) in completeRPMI

1640 medium for 30 or 14 days, respectively, were washed twice. Cells were

first treated for 30 minutes at 48C with anti-FcgRII/III (10 mg/mL), followed

by treatment for 2 hours at 48C with biotin–anti-mouse FcεRIa (5 mg/mL)

in staining buffer (1% [vol/vol] FCS in PBS). After being washed twice, cells

were stained for 30 minutes with streptavidin-allophycocyanin and PE–anti-

mouse c-Kit. Samples were separated into FcεRI1c-Kit1 cells (mast cells)

or FcεRI1c-Kit2 cells (basophils) by using a fluorescence cell sorter (FACS

Aria; BD Biosciences). The purity of each population was greater than 97%.

Resultant populations were further stained with FITC–anti-mouse ST2

(IL-33Ra chain). For analysis of eosinophils in the cervical lymph nodes, cells

were harvested and examined for their expression of Siglec-F1CCR31 cells

gated on side scatter (SSC)high cellsE4 by FACSCalibur (BD Biosciences).

Histology
After stripping the facial skin, the mouse heads were severed between the

upper and lower jaws, and noses were removed. Samples were immediately

fixed in 4% paraformaldehyde at 48C for 3 days and decalcified in 0.12 mol/L

EDTA solution (pH 6.5) for 7 days at room temperature. The EDTA solution

was changed daily. After decalcification, tissues were embedded in paraffin,

cut into 4-mm coronal sections, and stained with hematoxylin and eosin,

periodic acid–Schiff, toluidine blue, or Alcian blue. Cytospin preparations of

sorted CTMCs, MMCs, and basophils were stained with Diff–Quik or

toluidine blue. Immunohistochemical staining for basophils was carried out

according to a previous report.E5 Tissue sections were first treated with
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microwave radiation, followed by incubation with methanol containing 0.3%

H2O2 to inhibit endogenous peroxidase and with a protein-blocking solution

containing 0.25% casein (Dako, Carpinteria, Calif) to prevent the nonspecific

binding of antibodies. Then they were incubated with anti–mMCP-8 (TUG8;

2.5 mg/mL) at 48C overnight, followed by horseradish peroxidase–conjugated

goat anti-rat IgG (diluted 1:500). The sections were subsequently incubated in

39-diaminobenzidene tetrahydrochloride solution (Dako) and counterstained

with hematoxylin.

Confocal microscopy
Frozen sections from freshly isolated nasal specimens were fixed and

incubated with FITC–anti-mouse ST2 and PE–anti-mouse Siglec-F at 48C
overnight. For IL-33 protein staining, samples were incubated in 4% parafor-

maldehyde at 48C overnight. Paraffin-embedded sections (4 mm thick) of the

nose were deparaffinized, heated in a microwave oven (500W for 5 minutes 3

times) in citrate buffer (pH 6.0) for antigen retrieval, and then cooled at room

temperature for 50 minutes before blocking. The sections were incubated in

PBS containing 1.0% BSA and 0.05% Tween 20 for blocking. The sections

were incubatedwith primary antibody, purified polyclonal rabbit IgG antibody

to murine IL-33 or human IL-33 at 48C overnight, and then secondary

antibody, biotin-conjugated goat antibody against rabbit IgG (Vector Labo-

ratory, Burlingame, Calif), at room temperature for 30 minutes. Sections were

stained with a tertiary antibody, Alexa Fluor 555–conjugated streptavidin

(Invitrogen, Carlsbad, Calif), at room temperature for 30 minutes. Cover slips

were applied along with mounting medium containing 49-6-diamidino-2-

phenylindole dihydrochloride (Invitrogen), and the sections were examined

under a Zeiss LSM 510 microscope (Carl Zeiss, Thornwood, NY). Computer

software, Zeiss LSM 510 ver. 3.2, was used for image processing and analysis.

Quantification of immunohistochemical

examination
Quantitative image analysis of immunohistochemically stained IL-33 in

the nasal membrane was performed as described previously.E8 Briefly, the im-

ages of IL-33 staining in murine nasal turbinates captured by the Zeiss LSM

510 microscope were stored in monotonous color. The mean gray value of

10 randomly selected areas (20 mm 3 20 mm) per sample was measured

with the freeware ImageJ 1.42q downloaded from the National Institutes of

Health Web site (http://rsb.info.nih.gov/ij) and analyzed as the mean6 SEM.

ELISA assay
Total IgE levels weremeasured by using ELISA, as described previously.E9

Biotin-conjugated ragweed extract was prepared in our laboratory to detect
ragweed-specific IgE in sera.E4 IL-33 in the nasal fluid was analyzed with

ELISA (R&D Systems), according to the manufacturer’s directions.

Quantitative PCR analysis
Total RNAwas isolated with the RNeasy Plus Mini Kit (Qiagen), and the

cDNAwas synthesized with SuperScript III RNase H Reverse Transcriptase

(Invitrogen, Carlsbad, Calif). For quantitative PCR analysis, cDNA fragments

were amplified with the TaqMan Universal Master Mix and the Assay-on-

Demand Gene Expression Kit (Applied Biosystems, Foster City, Calif). Gene

expression was quantified with the TaqMan Gene Expression Assay (Applied

Biosystems). The IL-33 mRNA expression level in each subject was normal-

ized to the expression level of the gene encoding glyceraldehyde-3-phosphate

dehydrogenase. The valueswere shown as relative to the average IL-33mRNA

expression of control.

http://rsb.info.nih.gov/ij


FIG E1. Ragweed (RW)–immunized and ragweed-challenged mice induce nasal accumulation of eosino-

phils. A, Coronal sections of noses from il331/1 mice immunized with ragweed and nasally challenged

with PBS (top row) or ragweed (bottom row) were stained with hematoxylin and eosin. Nasal sections

from the lateral mucosa (left), turbinates (middle), and septum (right) are shown. Bar 5 50 mm. Represen-

tative results from 15 to 20 noses per group are shown. B, Coronal section of nose from a ragweed-

immunized, ragweed-challenged il331/1 mouse was stained with hematoxylin and eosin. The numbered

squares indicate, the areas of the nasal lateral mucosa (1), nasal turbinates (2), and nasal septum (3), respec-
tively. Bar 5 500 mm. C, Immunofluorescence staining of a frozen nose from a ragweed-immunized, rag-

weed-challenged il331/1 mouse stained for ST2 (green) and Siglec-F (red). Bar 5 100 mm.
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FIG E2. il332/2 mice diminish nasal accumulation of eosinophils. il331/1 and il332/2 mice were immunized

with ragweed (RW) and nasally challenged with PBS or ragweed. The number of eosinophils in the nasal

lateral mucosa, nasal turbinate, and nasal septal mucosa was counted. Data are representative of 3 indepen-

dent experiments (means and SEMs of 5 mice). *P < .05.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

HAENUKI ET AL 11.e4



FIG E3. il332/2 mice diminish the degree of multilayered epithelial formation and goblet cell hyperplasia in

the nasal mucosa. A and B, il331/1 and il332/2 mice were immunized with ragweed (RW) and nasally chal-

lenged with PBS or ragweed. Twenty-four hours after the last challenge, noses were removed from each

group of mice, fixed in paraformaldehyde, decalcified, cut into 4-mm coronal sections, and stained with pe-

riodic acid–Schiff. Fig E3, A, Bar 5 50 mm. Fig E3, B, Image zoomed from indicated areas. Bar 5 10 mm.
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FIG E4. il332/2 mice do not induce eosinophilic accumulation in cervical

lymph nodes. il331/1 and il332/2 mice were immunized with ragweed

(RW) and nasally challenged with PBS or ragweed. A, Flow cytometric anal-

ysis of SSChighSiglec-F1CCR31 eosinophils in cervical lymph node cells.

Numbers indicate the percentage of SSChighSiglec-F1CCR31 cells. Repre-

sentative results from 16 to 20 cervical lymph nodes per group are shown.

B, Percentage of SSChighSiglec-F1CCR31 eosinophils in cervical lymph

node cells. Data are representative of 3 independent experiments (means

and SEMs of 5 mice). *P < .005 and **P < .001.
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FIG E5. Preparation and characterization of bone marrow-derived CTMCs, MMCs, and basophils. A and B,

Flow cytometric analysis of the expression of FcεRI and c-Kit by bone marrow–derived and sorted CTMCs,

MMCs, and basophils. Fig E5, A, Numbers above the outlined areas indicate percentages of cells. Fig E5, B,
Diff–Quik (upper) and toluidine blue (lower) staining of sorted CTMCs, MMCs, and basophils (original mag-

nification 3400). C, Flow cytometric analysis of the expression of the IL-33Ra chain by sorted CTMCs,

MMCs, and basophils. Filled histograms, IL-33Ra chain; lines, unstained cells.

J ALLERGY CLIN IMMUNOL

nnn 2012

11.e7 HAENUKI ET AL



FIG E6. Kinetics of the number of MMCs, CTMCs, and eosinophils in the

nose. Ragweed (RW)–immunized WT mice were nasally administered with

single ragweed. Kinetics of the numbers of MMCs, CTMCs, and eosinophils

in the nose (3 mice per time point) are shown. Data are representative of 2

independent experiments. Means and SEMs of 3 mice are shown. *P < .05

compared with before ragweed exposure (0 hour).
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FIG E7. Schematic representation of contribution of IL-33 to allergic responses in AR. Ragweed pollen–

driven endogenous IL-33 from nasal epithelial cells contributes to both early-phase (sneezing) and late-

phase (nasal accumulation of eosinophils and basophils) responses in AR by increasing histamine release

and inducing production of chemoattractants from mast cells and basophils, respectively. This process,

together with the contribution of IL-33 to stimulate TH2 cells, eosinophils, basophils, and mast cells to pro-

duce allergic inflammatory mediators, might lead to the recurrent seizures and irreversible mucosal hyper-

trophy seen in patients with AR.
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TABLE E1. Characteristics of the patients with AR and control

subjects

Characteristics Cases Control subjects

Age (y), mean (range) 39.9 (10-62) 44.5 (24-65)

Total subjects and sex

(male/female)

10 (9/1) 5 (3/2)

Serum total IgE (IU/mL),

mean 6 SEM

478.8 6 166.9 32.5 6 7.8

Atopic sensitization (RAST), no. (%)

Dermatophagoides

pteronyssinus

positive

10 (100) 0 (0)

JC pollen positive 5 (50) 0 (0)

Japanese cypress

pollen positive

5 (50) 0 (0)

Cocksfoot pollen

positive

3 (33.3) 0 (0)

Grey alder pollen

positive

2 (20) 0 (0)

Common ragweed

pollen positive

1 (10) 0 (0)

Mugwort positive 1 (10) 0 (0)
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TABLE E2. Characteristics of the patients with JC pollinosis and

control subjects

Characteristics Cases Control subjects

Age (y), mean (range) 27.8 (20-32) 23.8 (19-34)

Total subjects and sex

(male/female)

13 (8/5) 11 (5/6)

Serum total IgE (IU/mL),

mean 6 SEM

93.8 6 17.0 40.0 6 10.5

Atopic sensitization (RAST), no. (%)

JC pollen positive 13 (100) 0 (0)

Dermatophagoides

pteronyssinus

positive

0 (0) 0 (0)

Dermatophagoides

farinae positive

0 (0) 0 (0)

Cocksfoot pollen

positive

0 (0) 0 (0)

Candida albicans

positive

0 (0) 0 (0)

Aspergillus fumigatus

positive

0 (0) 0 (0)

Common ragweed

pollen positive

0 (0) 0 (0)
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