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a b s t r a c t

We determined whether a major Japanese cedar pollen allergen (Cry j 1) conjugated with
CpG oligodeoxynucleotide would enhance allergen-specific Th1 responses in mice. Cry j 1
conjugated with CpG (Cry j 1–CpG) induced IL-12 in the spleen cells of naïve mice. Cry j
eywords:
llergens
pG
ollen
gE

1–CpG immunization of BALB/c mice suppressed anti-Cry j 1 IgE response and enhanced
anti-Cry j 1 IgG2a to subsequent Cry j 1 and alum adjuvant injection. CD4+T cells isolated
from the spleens in mice immunized with Cry j 1–CpG produced higher IFN-� levels than
did CD4+T cells obtained from mice as negative controls. Our results suggested that Cry j
1–CpG immunization can induce Cry j 1-specific Th1 immune responses, thereby inhibiting

pollen
IgE response to the

. Introduction

Japanese cedar (Cryptomeria japonica; CJ) pollinosis is a
ypical type I allergy induced by CJ pollen and one of the

ost common allergic diseases in Japan. In areas where
here are CJ trees, approximately 10% of the population suf-
ers from CJ pollinosis [1]. Two major allergens, Cry j 1 [2]
nd Cry j 2 [3] have been isolated from CJ pollen. More than
Please cite this article in press as: Kaburaki Y, et al. Induction of
(Cry j 1) in mice immunized with Cry j 1 conjugated with CpG ol
(2010), doi:10.1016/j.cimid.2010.06.005

0% of 145 CJ pollinosis patients had specific IgE antibod-
es to both Cry j 1 and Cry j 2 allergens: the remainder had
pecific IgE to either one or the other [4]. The patients with
J pollinosis had high levels of T-cell reactivity to Cry j 1
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and Cry j 2 [5]. Recently, we isolated Cry j 3, which may
play crucial roles in the cross-reactivity with oral allergy
syndrome [6].

Bacterial DNA and synthetic oligodeoxynucleotides
containing CpG are potent adjuvants of Th1 responses char-
acterized by production of IFN-� and IgG2a [7–9]. Tokunaga
and his colleagues had found that DNA extracted from
Mycobacterium bovis activated NK cells to induce inter-
feron and anti-tumor activities [10,11]. Several short DNA
sequences containing CpG motif were determined by the
sequencing of mycobacterium DNA.
Th1 immune responses to Japanese cedar pollen allergen
igodeoxynucleotide. Comp Immunol Microbiol Infect Dis

The administration of allergen conjugated to CpG is an
attractive approach to the prevention and treatment of
allergic diseases [9]. In a clinical study, ragweed pollen
allergen (Amb a 1) conjugated with CpG vaccine showed
clinical efficacy in the treatment of ragweed allergic rhinitis
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[12]. Moreover, allergens conjugated with CpG reduced the
binding activity of specific IgE to native allergens and also
reduced allergenesis of the allergens [9,13]. Recently, it was
reported that Cry j 2 T-cell epitope peptides conjugated to
CpG vaccine have no allergencity [14].

In this study, we investigated whether Cry j 1–CpG
immunization suppressed the development of Cry j
1-specific IgE production in mice. Furthermore, we inves-
tigated the effect of Cry j 1–CpG on Th1 and Th2 cytokine
production in Cry j 1-specific CD4+T cells.

2. Materials and methods

2.1. Mice

Female BALB/c mice (7 weeks old) were obtained from
Japan SLC Inc (Shizuoka, Japan). They were housed under
specific pathogen-free conditions.

2.2. Antigens

Cry j 1 is a basic glycoprotein isolated from CJ pollen
by affinity chromatography using monoclonal antibodies
(mAb) specific to Cry j 1 [15,16].

2.3. Conjugation of CpG oligodeoxynucleotides to Cry j 1

The phosphorothioated CpG, consisting of 22 bases con-
taining two CpG motifs 5′-TGACTGTGAACGTTCGAGATGA-
3′ (immunostimulatory sequence: ISS 1018) [17,18] was
produced by Invitrogen Corp. (Carlsbad, CA, USA). As
a negative control, phosphorothioated oligodeoxynu-
cleotide consisting of 22 bases containing the mutated
5′-TGACTGTGAAGGTTAGAGATGA-3′ (mCpG) was used in
this study. Each of these CpGs had a molecular mass of
approximately 7000. The 5′-phosphorothioate CpG was
coupled to amino groups on Cry j 1. Cry j 1 was modified to
incorporate thiol moieties by reacting to it with excess of
succinimidyl-S-acetyl thiol acetate (Pierce Biotechnology,
Rockford, IL, USA), as described previously [19]. Endotoxin
levels were measured by Bio-Whittaker, QCL-1000 (Cam-
brex Bio Science Walkersville, Walkersville, MD, USA). The
endotoxin levels of Cry j 1–CpG and Cry j 1–mCpG were
<0.03 endotoxin unit/�g.

2.4. In vitro assay for IL-12 p40 assays in the naive
spleen cells

Mice were sacrificed by means of anesthesia and their
spleens were removed. Spleen cells (2 × 105) were added
to wells in a total volume of 100 �L and stimulated with
Cry j 1–CpG, CpG, and mCpG. Cultures were incubated for
Please cite this article in press as: Kaburaki Y, et al. Induction of
(Cry j 1) in mice immunized with Cry j 1 conjugated with CpG ol
(2010), doi:10.1016/j.cimid.2010.06.005

0, 6, 11, 24, 35, and 48 h at 37 ◦C in 5% CO2. Supernatants
were harvested after each incubation period and frozen at
−30 ◦C before being analyzed. The levels of IL-12 p40 in the
culture supernatant were determined by sandwich ELISA
(BD Biosciences, Franklin Lakes, NJ, USA).
 PRESS
ogy and Infectious Diseases xxx (2010) xxx–xxx

2.5. Immunization

Ten BALB/c mice in each group were subcutaneously
immunized with Cry j 1 (5 �g)–CpG, Cry j 1 (5 �g)–mCpG,
or Cry j 1 (5 �g) in PBS three times weekly. All mice were
intraperitoneally immunized with 5 �g of Cry j 1 and 2 mg
of aluminum hydroxide (alum)(Pierce, Rockford, IL, USA)
mixture at 3 and 6 weeks. Blood samples were collected by
tail bleeding at weeks 1, 2, 4, 5, and 7 weeks, and serum
samples were stored at −30 ◦C. Spleens for assays of IFN-�,
IL-4, and IL-5 were collected at 7 weeks.

2.6. Measurement of mouse anti-Cry j 1 IgG1, IgG2a, IgE

IgG1 and IgG2a antibody responses to Cry j 1 were
assayed by ELISA as described previously [20]. The IgE anti-
body response to Cry j 1 was analyzed by fluorometric ELISA
as described previously [20].

2.7. ELISA inhibition with human anti-Cry j 1 IgE

The ability of Cry j 1–CpG to bind human Cry j 1-specific
IgE was measured by using fluorometric ELISA inhibition
as described previously [21].

2.8. Cytokine assays in CD4+T cells from spleens of
immunized mice

CD4+T cells were purified from the spleens of mice by
MACS [22]. Purified CD4+T cells (2 × 105) were cultured
with irradiated syngenic splenocytes (3 × 105) as antigen-
presenting cells in 96-well plates for 3 days in the presence
or absence of Cry j 1 (10 �g/ml). The culture supernatant
was collected 3 days after cultivation and kept at −30 ◦C
until use. IFN-�, IL-4, and IL-5 levels were determined by
ELISA using anti-IFN-� mAb, anti-IL-4 mAb, and anti-IL-5
mAb (BD Biosciences) [20].

2.9. Statistics

The Kruskal–Wallis test was applied to compare data
among the four groups. If the difference was signifi-
cant, post hoc analysis using the Mann–Whitney U-test
with Bonferroni correction in antibody levels and the
Turkey–Kramer test in cytokine levels were performed to
analyze the difference between the ODN-Cry j 1 group
and the other group. Statistical significance was defined as
p < 0.05.

3. Results

3.1. IL-12 p40 from naïve spleen cells
Th1 immune responses to Japanese cedar pollen allergen
igodeoxynucleotide. Comp Immunol Microbiol Infect Dis

We investigated whether Cry j 1–CpG induced IL-12
p40 in the spleens of naïve mice. After spleen cells were
cultivated for 36 h, significant IL-12 p40 production was
observed in the cells stimulated with CpG-Cry j 1 and CpG
as compared with mCpG as a negative control (Fig. 1).

dx.doi.org/10.1016/j.cimid.2010.06.005
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ig. 1. IL-12 p40 production by Cry j 1–CpG or CpG stimulation in
he spleens of naive mice. mCpG (1 �g/ml: 142 pmol), CpG (1 �g/ml:
42 pmol), Cry j 1–CpG (1 �g/ml: 142 pmol). *p < 0.05 for Cry j 1–CpG
ompared with mCpG.

.2. Human anti-Cry j 1 IgE binding to Cry j 1–CpG

To determine whether the conjugation of CpG to Cry j
diminished the ability of Cry j 1 to react with anti-Cry j
IgE in pooled serum from patients with CJ pollinosis, the

bility of Cry j 1–CpG to bind anti-Cry j 1 IgE was tested by
he ELISA inhibition. Cry j 1–CpG reacted less well with anti-
ry j 1 IgE than did Cry j 1. An approximate 50-fold higher
oncentration of Cry j 1–CpG was necessary to achieve 50%
nhibition compared with Cry j 1 (Fig. 2).

.3. Anti-Cry j 1 IgE in mice immunized with Cry j 1–CpG

We investigated whether initial immunization of Cry
1–CpG suppressed anti-Cry j 1 IgE development after

mmunization of Cry j 1 and alum. In groups immunized
ith Cry j 1 or Cry j 1–mCpG, anti-Cry j 1 IgE production
Please cite this article in press as: Kaburaki Y, et al. Induction of
(Cry j 1) in mice immunized with Cry j 1 conjugated with CpG ol
(2010), doi:10.1016/j.cimid.2010.06.005

as induced by boosting with Cry j 1 and alum at 4 and 6
eeks. Anti-Cry j 1 IgE production was significantly inhib-

ted in mice immunized with Cry j 1–CpG up to 7 weeks
Fig. 3). Cry j 1–CpG immunization suppressed anti-Cry j 1

ig. 2. Inhibition of human anti-Cry j 1 IgE from CJ allergic patients by Cry
1 or Cry j 1–CpG.
Fig. 3. Inhibition of anti-Cry j 1 IgE production by Cry j 1–CpG inoculation.
BALB/c mice were immunized with 5 �g each of Cry j 1, Cry j 1–CpG, Cry
j 1–mCpG, or PBS. **p < 0.01 for the group immunized with Cry j 1–CpG
compared with other groups.

IgE production to a secondary immunization of Cry j 1 and
alum.

3.4. Anti-Cry j 1 IgG1 and IgG2a in mice immunized with
Cry j 1–CpG

The effects of initial immunization of Cry j 1–CpG on the
production of anti-Cry j 1 IgG1 production were examined.
After first immunization of Cry j 1 and alum at 3 weeks, anti-
Cry j 1 IgG1 production in groups immunized with Cry j 1
and Cry j 1–mCpG was enhanced (Fig. 4A). After secondary
immunization of Cry j 1 and alum at 7 weeks, anti-Cry j 1
IgG1 production showed no significant difference among
any of the groups.

The effects of initial immunization of Cry j 1–CpG on the
production of anti-Cry j 1 IgG2a production were examined.
At 1 and 2 weeks, anti-Cry j 1 IgG2a levels showed no dif-
ferences among any of the groups. After immunization of
Cry j 1 and alum at 7 weeks, Cry j 1–CpG immunization
developed significantly higher levels of anti-Cry j 1 IgG2a
compared with groups immunized with PBS, Cry j 1, or Cry
j 1–mCpG (p < 0.01) (Fig. 4B).

3.5. Cytokine production in Cry j 1-specific CD4+T cells
cultures

The levels of IFN-�, IL-4, and IL-5 in response to Cry j 1
were measured in CD4+T cells obtained 2 weeks after the
second boosting of Cry j 1 in alum. CD4+T cells from mice
immunized with Cry j 1–CpG secreted significantly higher
levels of IFN-� than did CD4+T cells obtained from mice
immunized with PBS, Cry j 1, or Cry j 1–mCpG (p < 0.05)
(Fig. 5A).

Cry j 1-specific IL-5 levels in mice immunized with Cry
j 1–CpG showed significantly lower than those in mice
Th1 immune responses to Japanese cedar pollen allergen
igodeoxynucleotide. Comp Immunol Microbiol Infect Dis

immunized with Cry j 1–mCpG, but showed no significant
differences among other groups (Fig. 5B). Cry j 1-specific
IL-4 levels in mice immunized with Cry j 1–CpG showed no
significant differences among other groups (Fig. 5C).

dx.doi.org/10.1016/j.cimid.2010.06.005
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Fig. 4. Anti-Cry j 1 IgG and IG production by Cry j 1–CpG inoculation.

Fig. 5. The effect of Cry j 1–CpG on cytokine production in Cry j 1-specific

j 1–CpG showed significantly lower than those in mice
1 2a

BALB/c mice immunized with 5 �g each of either Cry j 1, Cry j 1–CpG, Cry j
1–mCpG, or PBS. (A) IgG1 and (B) IgG2a. **p < 0.01 for the group immunized
with Cry j 1–CpG compared with other groups.

4. Discussion

It has been reported that IFN-� induction is an IgM to
IgG2a switch factor, which accounts for the association of
IgG2a with a Th1 response [23]. Cry j 1–CpG immuniza-
tion significantly induced the production of IFN-� from
Cry j 1-specific CD4+T cells. These observations are similar
to those from the study of Iho et al. [24]. Those investi-
gators showed that CpG oligodeoxynucleotide containing
AACGTT induced the production of IFN-� and the expansion
of antigen-specific human peripheral blood mononuclear
cells. In our study, we used CpG oligodeoxynucleotide
containing AACGTT. This CpG might be a Th1 cell differ-
entiation inducer and promote IFN-� production.

In this study, inoculation with Cry j 1–CpG reduced
anti-Cry j 1 IgE antibody and enhanced IgG2a responses
after immunization with alum-precipitated Cry j 1. Cry
j 1–CpG induced the allergen-specific Th1-type immune
response, resulting in the inhibition of the IgE response to
the allergen. Tight et al. reported that in mice primed for
Th2 response, injection with Amb a 1 (a major ragweed
Please cite this article in press as: Kaburaki Y, et al. Induction of
(Cry j 1) in mice immunized with Cry j 1 conjugated with CpG ol
(2010), doi:10.1016/j.cimid.2010.06.005

allergen)-conjugated CpG suppressed specific Amb a 1 IgE
[9]. Also, Suzuki et al. reported that anti-Cry j 2 IgE levels
were lower in mice immunized with Cry j 2 T-cell pep-
tide conjugated with CpG [14]. These findings indicated the
CD4+T-cell cultures. CD4+T cells from mice immunized with Cry j 1, Cry j
1–CpG, Cry j 1–mCpG, or PBS were stimulated with 10 �g/ml of Cry j 1 for
3 days. (A) IFN-�, (B) IL-5 and (C) IL-4. *p < 0.05 for the group immunized
with Cry j 1–CpG compared with other groups.

potential for a CpG-conjugated allergen or T-cell peptide
vaccine to serve as a tool for the prevention and treatment
of CJ pollinosis.

In the present study, IL-4 levels in mice immunized with
Cry j 1–CpG were no different from those in any other
immunized mice. IL-5 levels in mice immunized with Cry
Th1 immune responses to Japanese cedar pollen allergen
igodeoxynucleotide. Comp Immunol Microbiol Infect Dis

immunized with Cry j 1–mCpG, but showed no significant
differences among other groups. Similarly, our previous
study showed that the inoculation of DNA vaccine encod-
ing the CD4+T-cell epitope in Cry j 2 (a major CJ allergen)

dx.doi.org/10.1016/j.cimid.2010.06.005
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nhibited the allergen-specific IgE response to subsequent
llergen and alum injection, but did not inhibit allergen-
pecific IL-4 and IL-5 production [22]. The alum can induce
trong antigen-specific Th2 response and Th2-associated
L-4 production [25,26]. The subsequent allergen and alum
njection in the present study might induce too strong Th2
esponses to suppress Th2-cytokines in mice.

CpG oligodeoxynucleotide is a potent adjuvant of Th1
esponse, so it is hoped that it will be useful in the develop-
ent of immunotherapies for allergic diseases and cancer.
arshall et al. demonstrated that ISS 1018-conjugated

mb a 1 allergen would induce IFN-� production in periph-
ral blood mononuclear cells from human patients with
agweed allergy [18]. We used the same single strand syn-
hetic ISS 1018-conjugated Cry j 1. Our data suggested that
pG played a role in switching on Th1 immunity to a pro-
ein antigen through the upregulation of IgG2a and IFN-�.
urthermore, Cry j 1–CpG induced Th1 cell differentiation
nd suppressed anti-Cry j 1 IgE. This immunization may be
seful as an immunotherapy for CJ pollinosis.
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