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Peptide immunotherapy using multiple predominant allergen-spe-
cific T cell epitopes is a safe and promising strategy for the control
of type | allergy. In this study, we developed transgenic rice plants
expressing mouse dominant T cell epitope peptides of Cry j | and
Cry j Il allergens of Japanese cedar pollen as a fusion protein with
the soybean seed storage protein glycinin. Under the control of the
rice seed storage protein glutelin G/uB-1 promoter, the fusion
protein was specifically expressed and accumulated in seeds at a
level of 0.5% of the total seed protein. Oral feeding to mice of
transgenic rice seeds expressing the T cell epitope peptides of Cry
jland Cry j Il before systemic challenge with total protein of cedar
pollen inhibited the development of allergen-specific serum IgE
and IgG antibody and CD4+ T cell proliferative responses. The
levels of allergen-specific CD4* T cell-derived allergy-associated T
helper 2 cytokine production of IL-4, IL-5, and IL-13 and histamine
release in serum were significantly decreased. Moreover, the
development of pollen-induced clinical symptoms was inhibited in
our experimental sneezing mouse model. These results indicate the
potential of transgenic rice seeds in production and mucosal
delivery of allergen-specific T cell epitope peptides for the induc-
tion of oral tolerance to pollen allergens.

Japanese cedar pollinosis | peptide immunotherapy | seed-specific
expression

mmunotherapy using allergen-specific T cell epitope peptides has

been shown to be a safe and effective treatment for the control
of IgE-mediated allergic diseases (1-3). Immunodominant epitopes
derived from several allergens have been shown to possess thera-
peutic effects in both animal models and human clinical trials (4-8).
Japanese cedar (Cryptomeria japonica) pollen is a major cause of
pollinosis that elicits allergic disorders such as rhinitis and conjunc-
tivitis in Japan (9). Two major allergens, designated Cry j I and Cry
j IL, were isolated from the pollen (9-13), and multiple domains of
T cell epitope for humans and mice were identified from them
(14-16). It has been reported that oral feeding to mice of a
chemically synthesized major T cell epitope peptide of Cry j II
reduces levels of Cry j II-specific IgE and IgG antibody responses
via a decrease in the production of allergy-associated IL-4 in mice
(15). These results open new possibilities for the development of
allergen peptide-based immunotherapy for the control of Japanese
cedar-induced pollinosis. Thus, oral vaccination with the major T
cell epitope peptides derived from Cry j I and/or Cry j II pollen
allergens is considered to be a practical and effective method of
immunotherapy for the inhibition of pollinosis-associated type I
hypersensitivity.

Plants have recently been recognized as a form of bioreactor for
the cost-effective production of large-scale recombinant proteins
(17-19). Compared to other expression systems such as bacteria and
mammalian cell cultures, plants have a much lower risk of contam-
ination by human pathogens, such as animal virus and prions
(17-19). Furthermore, the edible tissues of plants further provide
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the significant benefit of achieving a simple method for mucosal
delivery of vaccines and immunogens without the need for com-
plicated purification steps (20-22).

Cereal crop seeds are essentially edible tissues and have the
capacity to produce relatively large amounts of recombinant prod-
ucts (23, 24). Recombinant products accumulated in seeds have
been shown to be stable for 6 months, even when stored at room
temperature (19). Rice, a staple food in Asia, can be considered as
an attractive system, compared to other cereals, because of its easy
storage and processing, high yield, and low production cost (25). A
detailed search for a number of promoters, using B-glucronidase
(GUS) reporter gene, provided a choice of suitable promoters for
the effective expression of transgenes in rice seeds (26). Another
advantage of rice plants is that targeting to protein storage vacuoles
(protein bodies) provides a greater space for the accumulation of
recombinant proteins (27). A soybean glycinin AlaB1b provided
one successful instance of high-level accumulation in the protein
storage vacuole II (protein body II), reaching ~5% of the total seed
protein (27). Furthermore, the expression level of glycinin AlaB1b
was enhanced in low storage protein mutants of rice (28). Based on
the progress of molecular analysis of the expression and accumu-
lation of transgene products, rice can be considered a potential
candidate for the development of plant-derived edible vaccines.

In this study, we developed transgenic rice plants accumulating
mouse T cell epitope peptides specific for pollen allergens of
Cryptomeria japonica in seeds. To achieve greater accumulation, the
T cell epitope peptides of Cry j I and Cry j II were expressed as a
fusion protein with the soybean storage protein glycinin AlaB1b.
The fusion protein (AlaB1b-Crp-1 and -2) accumulated at a level
of 0.5% of the total seed protein. Oral administration of the
transgenic rice seeds to mice before systemic challenge with total
cedar pollen protein induced oral tolerance with the inhibition of
allergen-induced allergy-associated T helper 2 (Th2) cytokine
synthesis of IL-4, IL-5, and IL-13 and their supported allergen-
specific IgE responses. Furthermore, it resulted in the inhibition of
the pollen-induced clinical symptoms of nasal sneezing. These
results demonstrate the efficacy of T cell epitope peptides expressed
in transgenic rice seeds for oral delivery and induction of oral
tolerance against pollen allergen-specific responses.

Methods

Plasmid Construction and Rice Transformation. Two major T cell
epitopes, KQVTIRIGCKTSSS (residues 277-290 of Cry j I) and
RAEVSYVHVNGAKEF (residues 246-259 of Cry j II) (15, 16),
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Fig. 1. Expression of A1aB1b-Crp-1 and -2 in trans-
genic rice. (A) Schematic representation of the trans-
re formation plasmid. The DNA fragment coding for the
A1aB1b-Crp-1 and -2 protein was placed under the
control of rice seed major storage protein glutelin

2.3-kb G/uB-1 promoter. The hpt gene was used for the
selection of transgenicrice plants. GluB-1, rice glutelin
GluB-1; 35S, cauliflower mosaic virus 35S promoter;
hpt, hygromycin phosphotransferase gene; pAg7,
agropine synthase polyadenylation signal sequence;
RB, right border; LB, left border. (B) Northern blot
analysis. Total RNA was isolated from leaves (L), roots
(R), or developing seeds (S) of nontransgenic and
A1aB1b-Crp-1 and -2 transgenic lines 9 and 12. (C)

Western blot analysis of total protein extracted from
seeds. Lane 1, nontransgenic rice; lane 2, AlaB1b-

75k
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Crp-1 and -2 transgenic line 9; lane 3, A1aB1b-Crp-1
and -2 transgenic line 12. Anti-glycinin antibody, anti-
Crp-1 antibody, or anti-Crp-2 antibody was used for
the detection of A1aB1b-Crp-1 and -2 protein. (D)
Southern blot analysis. Genomic DNA isolated from
young leaves of rice plants was digested with Sacl and
fractionated by electrophoresis on 0.8% agarose gel.
Lane 1, nontransgenic rice; lane 2, A1aB1b-Crp-1 and
-2 transgenic line #9; lane 3, A1aB1b-Crp-1 and -2

rice line # 9 line # 12 k)
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named Crp-1 and -2, respectively, were inserted into variable
regions in acidic and basic subunits of glycinin AlaB1b (29, 30).
Fifteen amino acid residues (residues 293-307 of AlaB1b) in the
acidic subunit and eight amino acid residues (residues 488—495
of AlaBl1b) in the basic subunit were substituted by the Crp-1
and -2 T cell epitopes, respectively, resulting in the recombinant
protein AlaB1b-Crp-1 and -2. The construction of the AlaB1b-
Crp-1 and -2 gene sequence was carried out by two stages of PCR
amplification. A DNA sequence coding for the acidic subunit
(residues 1-292 of AlaBlb) was amplified by PCR from the
pUGIuBGly plasmid (27) with a set of oligonucleotides —103
and CrplR, which added a DNA sequence coding for the Crp-1
peptide at the 3’ end of the acidic subunit of AlaB1b sequence.
The other sequence coding for the basic subunit (residues
308-487 of AlaB1b) was PCR-amplified by using the primer set
CrplF and M13-RV, which provided DNA sequences coding for
the Crp-1 and -2 peptides at the 5 and 3’ end of the basic subunit
of AlaB1b sequence, respectively. These two DNA fragments
were then annealed and amplified by overlap PCR with —103
and M13-RV primers to generate the complete DNA fragment
coding for the AlaB1b-Crp-1 and -2 protein. This product was
placed under the control of the 2.3-kb GluB-1 promoter, and the
plant expression cassette was then inserted into a binary vector
pGPTV-35S-HPT (26). The resultant expression plasmid (Fig.
14) was introduced into the rice genome (Oryza sativa L. cv
Kitaake) by Agrobacterium tumefaciens-mediated transforma-
tion as described (26).

Southern and Northern Blot Analysis. Genomic DNA was prepared
from young leaves by using the cetyltrimethylammonium bromide
(CTAB) extraction method (28). Total RNA was extracted by the
phenol/chloroform extraction method (28) from frozen rice seeds,
leaves, or roots. Southern and Northern blot analyses were carried
out by using standard methods (28). Hybridizations were per-
formed at 65°C by using 3?P-labeled full-length A1aB1b-Crp-1 and
-2 probes.

Detection of A1aB1b-Crp-1 and -2 Protein. Rice seeds were ground
to a fine powder by using a Multibeads shocker (Yasui Kikai,
Osaka, Japan), and total seed protein was extracted with an
extraction buffer containing 4% (wt/vol) SDS, 8 M urea, 5%

17526 | www.pnas.org/cgi/doi/10.1073/pnas.0503428102

anti~Crp 2 antibody transgenic line 12.

(wt/vol) 2-mercaptoethanol, 50 mM Tris-HCI (pH 6.8), and 20%
(wt/vol) glycerol as described (28). Total seed protein was
separated by using SDS/12% or 15% PAGE, and then trans-
ferred to Hybond-P poly(vinylidene difluoride) membranes
(Amersham Pharmacia) for Western blot analysis. To confirm
the accumulation of Crp-1 and -2 T cell epitope peptides in
transgenic rice seeds, anti-Crp-1 peptide and anti-Crp-2 peptide
antibodies were raised in rabbit (Qiagen, Tokyo). A rabbit
anti-glycinin AlaB1b antibody had been prepared previously
(27). The membranes were probed with one of the primary
antibodies, and then incubated with a goat anti-rabbit IgG
secondary antibody conjugated to horseradish peroxidase (Pro-
mega) for visualizing signals. Accumulation levels of AlaB1b-
Crp-1 and -2 protein were determined by the quantitative dot
immunoblotting with anti-glycinin AlaBlb antibodies as de-
scribed (27).

Mouse Feeding Experiments. A first group of eight BALB/c male
mice at 6 weeks of age (CLEA Japan, Tokyo) was orally fed with
200 mg of fine powder of rice seeds containing 70 ug of AlaBl1b-
Crp-1 and -2 protein suspended in 1.0 ml of PBS once a day over
a period of 4 weeks. A second group of mice was fed with equal
amounts of seed powder from nontransgenic rice plants. For a third
group of mice, PBS was administered as a control experiment. All
mice were then i.p. challenged twice at weeks 4 and 5 with 0.1 mg
of total protein extracts of Japanese cedar pollen (Cosmo Bio,
Tokyo) adsorbed on 5 mg of aluminum hydroxide (alum) (Cosmo
Bio) in 500 wul of PBS. At the first challenge at week 4, recombinant
mouse IL-4 (R & D Systems) was mixed with the allergen solution
at 0.1 ug per mouse to maximize the induction of allergen-specific
IgE responses. Our preliminary study demonstrated that the co-
administration of IL-4 resulted in the acceleration of allergen-
specific IgE responses compared with the case when IL-4 was not
coadministered.

ELISA. At week 7 of the experiment, mice were bled to allow
measurements of total and allergen-specific antibodies by ELISA as
described (31, 32) with a slight modification. Immunoplates (Nalge
Nunc) were coated with 2 pg/ml anti-mouse IgE or anti-mouse IgG
antibody (Southern Biotechnology, Birmingham, AL). After wash-
ing and blocking of the plates, serial dilutions of serum were added
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to the wells, which were then washed. For detection of allergen-
specific antibodies, total protein extracts of pollen were biotinilated
according to the manufacturer’s procedure (Pierce) and added to
the wells as a secondary antibody. Total IgE levels in serum were
measured by a sandwich ELISA as described (31). After washing
the plates, streptavidin-horseradish peroxidase conjugate (Pierce)
was added to the wells, and the reaction was developed with
peroxidase substrate solution (Moss, Pasadena, MD). The last
serum dilution yielding an ODys value of 0.1 over the background
was recorded as the endpoint titer for each sample.

T Cell Proliferation and Cytokine Assay. CD4* T cells were purified
from splenocytes at week 7 of the experiment by MACS beads
separation using anti-mouse CD4 Ab-conjugated magnetic beads
(Miltenyi Biotec). The cells were cultured at 1 X 10° cells per well
together with gamma-ray-irradiated splenic antigen-presenting
cells at 5 X 10° cells per well for 6 days at 37°C with or without 20
pg/ml total protein extracts of pollen in 96-well plates. Our
preliminary study showed that a cedar pollen protein concentration
of 20 pg/ml resulted in the optimal dose for the induction of
maximum allergen-specific CD4* T cell responses among the
different doses tested (e.g., 4—40 ug/ml). Each well was then pulsed
with 0.25 uCi of [*H]thymidine (Amersham Pharmacia; 1 Ci = 37
GBq) for the last 22 h of incubation, and the cells were harvested
to allow measurement of radioactivity levels. At the same time, the
other aliquots of cells were incubated under identical conditions for
5 days to assess the different Thl- and Th2-type cytokine produc-
tion by ELISA as described (33).

Histamine Assay. To examine the levels of serum histamine, mice
were challenged at week 7 with an i.p. injection of 0.1 mg of total
protein extracts of pollen adsorbed on 5 mg of alum. Within 10 min
after the injection, blood was taken and histamine levels were
determined by using an enzyme immunoassay kit (Neogen, Lex-
ington, KY).

Clinical Symptoms of Pollen Allergy. To examine the effect of
AlaB1b-Crp-1 and -2 rice seeds induced oral tolerance for the
inhibition of pollen allergen triggered clinical symptoms associating
with pollinosis, other sets of mice were fed with the experimental
and control rice seeds as described above. These mice were
presensitized with pollen allergen via systemic route at weeks 4 and
5. At week 7 through week 8 of the experiment, these mice were
then challenged once a day with 20 ul of 1 pg/ml total protein
extracts of pollen dissolved in PBS via the intranasal route as
described (34). Sham-challenged mice were nasally administered
with 20 ul of PBS in the same manner. Nasal symptoms were
evaluated by counting the number of sneezes observed in the 5 min
after the last nasal challenge at week 8.

Statistics. The significance of the differences (e.g., P values)
between groups was evaluated by the Mann—Whitney U test.

Results

Development of Transgenic Rice Plants Accumulating A1aB1b-Crp-1
and -2 Protein in Seeds. Thirty independent transgenic rice plants
were generated, and accumulation levels of the AlaB1b-Crp-1 and
-2 protein in seeds were examined by immunoblot analysis. Trans-
genic lines 9 and 12, which showed high levels of accumulation of
AlaB1b-Crp-1 and -2 protein at the level of 7 ug per grain (=0.5%
of total seed protein), were selected and proceeded to the T;
generation by self-crossing to obtain homozygous lines.

To examine the tissue-specific expression of AlaB1b-Crp-1 and
-2 gene, total RNA extracted from leaves, roots, and maturing seeds
were subjected to Northern blot analysis. The transcript of the
AlaB1b-Crp-1 and -2 gene was only detected in maturing seeds,
whereas no band was found in the leaves or roots of transgenic lines
9 and 12 (Fig. 1B). These results indicate that the AlaB1b-Crp-1
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and -2 gene is specifically expressed in seeds under the control of
the 2.3-kb GluB-1 promoter.

Next, total seed protein was extracted for analysis of AlaBlb-
Crp-1 and -2 protein expression by Western blot (Fig. 1C). We
previously demonstrated that the glycinin AlaB1b expressed in the
endosperm of transgenic rice was synthesized as a precursor form
and then posttranslationally processed into two mature subunits,
the acidic and basic subunits (27). As shown in Fig. 1C, three signals
for the precursor, the acidic and basic subunits with molecular
masses of 56, 35, and 21 kDa, respectively, were detected in
AlaB1b-Crp-1 and -2 transgenic lines by using anti-glycinin
AlaB1b antibody. This result indicates that the AlaB1b-Crp-1 and
-2 protein was expressed and posttranslationally processed in a
similar manner to the native glycinin AlaB1b (27). The accumu-
lation of Crp-1 and -2 T cell epitope peptides in the AlaB1b-Crp-1
and -2 protein was further confirmed by immunoblot analysis using
the peptide specific anti-Crp-1 and anti-Crp-2 antibodies (Fig. 1C).
It was shown that the glycinin acidic subunit (35 kDa) and the
precursor (56 kDa) were recognized by the anti-Crp-1 antibody,
whereas the glycinin basic subunit (21 kDa) and the precursor (56
kDa) were detected by the anti-Crp-2 antibody. These results clearly
indicated that the Crp-1 and -2 peptides were expressed as fusion
protein with AlaBlb and processed into the acidic and basic
subunits of AlaB1b, respectively.

Integration of the AlaBlb-Crp-1 and -2 gene into the rice
genome was confirmed by Southern blot analysis. Because the Sacl
restriction enzyme cuts only once in the transformation plasmid, the
number of bands indicates the number of copies of the AlaB1b-
Crp-1 and -2 gene integrated into the rice genome. At least two
copies of AlaB1b-Crp-1 and -2 gene were estimated to be present
in transgenic rice lines 9 and 12 (Fig. 1D).

Oral Feeding of Transgenic Rice Seeds Prevents the Development of
Allergen-Specific IgE and IgG Responses. In the control group of mice
fed with PBS, ip. challenge with the pollen allergen elicited
significant allergen-specific IgE and IgG responses (Fig. 24 and C).
Oral feeding of nontransgenic rice seeds did not affect the high
levels of allergen-specific IgE antibody response (Fig. 24). In
contrast, the level of serum allergen-specific IgE was significantly
reduced in the group of mice fed with transgenic rice seeds
accumulating AlaB1b-Crp-1 and -2 protein when compared to
those in the control groups of mice fed with PBS or nontransgenic
rice seeds (P < 0.01) (Fig. 24). The levels of total IgE antibodies
in serum were similar among the three groups of mice (Fig. 2B). In
the case of allergen-specific IgG responses, the antibody titers were
decreased in mice orally immunized with AlaB1b-Crp-1 and -2 rice
seeds when compared to those in the control groups of mice (P <
0.01) (Fig. 2C). In addition, a dominant allergen-specific IgG1
subclass with some IgG2a and IgG2b antibodies were all decreased
in the experimental group of mice (Table 1, which is published as
supporting information on the PNAS web site). These results
suggest that oral administration of AlaB1b-Crp-1 and -2 seeds
inhibits a dominant Th2 cell-mediated antibody with some Thl-
involved antibody responses to pollen allergens.

Oral Feeding of Transgenic Rice Seeds Inhibits Allergen-Specific T Cell
Proliferation and IgE-Associated Th2 Cytokine Responses. To examine
the effect of oral feeding of rice seeds on allergen-specific T cell
responses, CD4* T cells were isolated from the spleens of exper-
imental and control mice and were stimulated in vitro with or
without pollen allergen. Oral immunization with AlaB1b-Crp-1
and -2 rice seeds greatly suppressed the allergen-specific T cell
proliferative responses when compared to those in the control mice
(75% suppression, P < 0.01) (Fig. 2D). To further demonstrate the
effect of oral feeding of transgenic seeds on the inhibition of
allergen-specific CD4" T cell responses, we next examined levels of
Th1 and Th2 cytokine synthesis (Fig. 3). The amounts of Th1l and
Th2 cytokines produced in the culture supernatants of allergen-
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stimulated CD4* T cells were measured by ELISA. In the control
groups of mice fed with PBS or nontransgenic rice seeds, high
quantities of Th2 cytokines associating with IgE-mediated immune
responses such as IL-4, IL-5, and IL-13 were produced in the culture
supernatants. In the group of mice fed with AlaB1b-Crp-1 and -2
rice seeds, levels of allergic reaction-associated cytokines IL-4, IL-5,
and IL-13 were significantly lower than those of control groups of
mice (85%, 86%, and 78 % suppression, respectively; P < 0.01) (Fig.
3). Both Th2-associated IL-10 and Th1-associated IFN-+y cytokines
were not induced significantly by this allergic response-inducing
system. However, their levels were also decreased in the group of
mice fed with AlaB1b-Crp-1 and -2 rice seeds (75% and 59%
suppression, respectively; P < 0.01) (Fig. 3). The levels of IL-6 were
not drastically changed between the three groups. These findings
specifically demonstrate that oral immunization of AlaB1b-Crp-1
and -2 rice seeds effectively induced the state of oral tolerance
where the inhibition of IgE-associated Th2 cytokines, including

PBS Mon-transgenic AlaB1b-Crp

PBS MNon—transgenic AlaBlb—Crp
18 2rice

*

1& 2rice
Fig. 2. Inhibition of allergen-specific serum IgE, 19G, and

CD4* T cell responses by oral administration of A1aB1b-Crp-1
and -2 rice seeds. Levels of allergen-specific IgE (A), total IgE
(B), and allergen-specific 1gG (C) were examined in serum of
mice fed with PBS, nontransgenic rice seeds, or A1aB1b-Crp-1
and -2 rice seeds before systemic challenge with total protein
extracts of pollen. Allergen-specific splenic CD4" T responses
(D) were expressed as stimulation index calculated as the ratio
of [cpm of cells cultured in the presence of allergen]/[cpm of
cells cultured in the absence of allergen]. Data are expressed
as mean * SD. *, P < 0.01 for the group of mice fed with
A1aB1b-Crp-1 and -2 rice seeds in comparison with the group
of mice fed with PBS or nontransgenic rice seeds.

IL-4, IL-5, and IL-13, was achieved at the level of allergen-specific
CD4" T cells.

Inhibition of Levels of Histamine Released in Serum of Mice Orally Fed
with A1aB1b-Crp-1 and -2 Rice Seeds. Next, we examined the levels
of serum histamine release, one of the inflammatory mediators
released at degranulation of mast cells associating with IgE-
mediated responses (35). Mice were bled within 10 min of the
challenge with pollen allergen at week 7 of the experiment. The
levels of histamine released in serum were as high as ~60 ng/ml in
mice fed with PBS or nontransgenic rice seeds (Fig. 44). On the
other hand, this high level of histamine release was dramatically
reduced to ~20 ng/ml in mice orally immunized with the AlaB1b-
Crp-1 and -2 rice seeds (Fig. 44). The results show that oral
administration of rice seeds containing AlaB1b-Crp-1 and -2
protein was effective in the induction of oral tolerance for the
inhibition of allergy-associated immune responses including those
of Th2 cell-mediated IgE response and histamine release.

IL-4 IL-5 IL-13
PBS
Mon—transgenic rice
AlaB1b-Crp 1 &2 rice * * *
0 250 500 750 1000 1250 0 250 500 750 1000 1250 0 1500 3000 4500 6000
(pg/ml) (pg/ml) (pe/ml)

IL-6 IL-10 IFN- ¥ Fig.3. Inhibition of allergen-induced Th2
cytokine production by splenic CD4" T cells
isolated from mice fed with A1aB1b-Crp-1

FBS and -2 rice seeds. Splenic CD4™" T cells were
cultured with or without total protein ex-

. tracts of pollen as described earlier. Levels
Non~transgeriic:rice of Th1and Th2 cytokinesin cell-free culture
supernatants of CD4" T cells were assayed

AlaB1b-Crp 1 & 2 rice ” by ELISA. Data are presented asmean + S.D.
*, P < 0.01 for the group of mice fed with

transgenic rice seeds in comparison with

0 250 500 750 1000 12500 250 500 750 1000 12500 250 500 750 1000 1250  the group of mice fed with PBS or non-

(pg/ml) (pg/ml)
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(pg/ml) transgenic rice seeds.
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Inhibition of Pollen-Induced Allergic Symptoms in Mice Orally Fed with
A1aB1b-Crp-1 and -2 Rice Seeds. To examine the effect of orally fed
AlaB1b-Crp-1 and -2 rice seeds on the development of clinical
symptoms of pollinosis, we adopted an experimental murine sneez-
ing model (34). Mice were orally fed with nontransgenic or
AlaB1b-Crp-1 and -2 rice seeds and i.p. presensitized with total
protein extracts of pollen. Mice were then intranasally challenged
with the pollen protein extracts. Significant nasal symptoms of
sneezing developed in the group of mice fed with nontransgenic rice
seeds (Fig. 4B). In contrast, the number of sneezes was reduced in
the group of mice fed with AlaB1b-Crp-1 and -2 rice (P < 0.01)
(Fig. 4B). Nasal challenge with PBS did not induce any nasal
symptoms of sneezing (Fig. 4B). These findings demonstrated that
oral administration of AlaB1b-Crp-1 and -2 rice seeds was effective
in the induction of tolerance against pollen allergen leading to the
inhibition for the development of allergic symptoms of sneezing in
nasal tract.

Discussion

Adaptation of the concept of oral tolerance has been considered as
a fundamental strategy for the development of immunotherapy for
the prevention and/or treatment of allergic diseases (36). The
mechanism of oral tolerance has not yet been precisely clarified;
however, oral immunization of allergens is known to induce a state
of systemic unresponsiveness to the administered allergens (36). To
avoid unwanted anaphylactic reactions being elicited during the
desensitization process using allergens, the use of T cell epitope
peptides has been shown to be an attractive approach (4-8). T cell
epitope peptides are incapable of binding to allergen-specific IgE
antibody molecules on the surface of mast cells, so the adminis-
tration of high doses of T cell epitope peptides is theoretically
possible without inducing anaphylactic side effects (2). The efficacy
of tolerance induction was shown to depend on the dose of allergens
administered (7); thus, immunotherapy with T cell epitope peptides
is expected to be both safe and effective in the treatment of allergic
diseases (2). In this study, we developed transgenic rice plants
expressing T cell epitope peptides in seeds and examined whether
oral feeding of the transgenic rice seeds to mice could prevent the
development of allergic responses against pollen allergens of Jap-
anese cedar. Our results demonstrate that oral immunization of the
transgenic rice seeds expressing AlaBlb-Crp-1 and -2 protein
resulted in the generation of systemic unresponsiveness with a
reduction of allergen-specific Th2-mediated IgE responses and
histamine release.

It has been demonstrated that the direct production of short
peptides such as T cell epitope peptides with lengths of 10-20 aa is
difficult for most expression systems of eukaryotic and prokaryotic
cells (37). Therefore, our efforts in this study were initially focused
on the expression of Crp-1 and -2 T cell epitope peptides in
transgenic rice seeds. We adopted a strategy in which Crp-1 and -2
peptides were expressed as parts of the soybean seed storage
protein glycinin by inserting them into highly variable regions of
acidic and basic subunits of glycinin AlaB1b (29, 30). The recom-
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binant protein was successfully expressed in rice seeds; however, the
maximum level of AlaB1b-Crp-1 and -2 accumulation (0.5% of
total seed protein) was lower than that of AlaB1b (5% of total seed
protein) (27). One possible explanation for this result is that the
insertion of T cell epitopes into variable regions of AlaB1b poten-
tially influences secondary structure formation or interaction be-
tween acidic and basic subunits in AlaB1b-Crp-1 and -2, which may
cause the lower accumulation levels of AlaB1b-Crp-1 and -2. When
expressed in transgenic rice seeds under the control of the glutelin
GluB-1 promoter, glycinin AlaB1b was synthesized as a prepro-
glycinin and posttranslationally processed into acidic and basic
subunits (27). The synthesized glycinin AlaB1b was localized in
protein body II, in which ~30% of glycinin was assembled with
glutelin (27). In this study, AlaB1b-Crp-1 and -2 protein was
synthesized as a precursor form and then posttranslationally pro-
cessed into acidic and basic subunits in a similar manner to the
glycinin AlaB1b (Fig. 1C) (27). These results suggest that AlaB1b-
Crp-1 and -2 protein accumulated in protein body II, although there
is possibility that the insertion of T cell epitope peptides into
AlaB1b may affect the intracellular localization of AlaB1b-Crp-1
and -2 protein in the endosperm cells. When anti-Crp-1 peptide
antibody was used as a probe, the precursor signal of AlaB1b-Crp-1
and -2 (56 kDa) was weaker than those obtained by the anti-glycinin
and anti-Crp 2 peptide antibodies (Fig. 1C). These results might be
explained by the difference in binding affinity of anti-Crp-1 peptide
antibody to the Crp-1 peptide accumulated in two distinct forms,
the precursor and mature acidic subunit.

Two regions of pollen allergens (p277-290 of Cry j I and
p246-259 of Cry j II) have been identified as major T cell epitopes
in BALB/c mice (15, 16). Previously, one of the major T cell
epitope peptides, p246-259 of Cry j II, was chemically synthesized
and was orally administered to mice before systemic challenge with
Cryj II (15). It was shown that the Cry j II-specific IgE response was
significantly decreased (74% suppression) in mice orally immunized
with the synthetic T cell epitope peptide. Furthermore, both Thl
and Th2 cytokine production was inhibited in the group of mice fed
orally with Cry j II peptide compared to the control group of mice
fed with PBS (15). In the present study, to evaluate the efficacy of
newly generated transgenic rice seeds expressing Cry j I and Cry j
II T cell epitope peptides for the induction of systemic unrespon-
siveness to pollen allergens of Japanese cedar, a group of mice was
fed with the transgenic rice seeds and two other groups of mice were
orally administered with nontransgenic rice seeds or PBS. We chose
total protein extracts of pollen as allergen for the systemic challenge
of mice to assess the effectiveness of transgenic rice seeds for taking
account of future applications in the clinical treatment of pollen
allergy. We further thought that this challenge method has a benefit
to examine bystander tolerance effects to additional T cell epitopes.
This line of detailed investigation requires further study.

It has been reported that patients with Japanese cedar pollinosis
exhibit a high titer allergen-specific IgE response (38). Allergen-
specific IgE antibodies have been shown to play a major biological
role for the induction of pollen-associated allergic responses (38,
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39). In this study, pollen allergen-specific IgE levels were signifi-
cantly decreased by oral feeding of transgenic rice seeds accumu-
lating AlaB1b-Crp-1 and -2, whereas the levels of total IgE
antibodies were similar among the three groups of mice (Fig. 2 A
and B). In addition, oral administration of AlaB1b-Crp-1 and -2
seeds did not affect OVA-specific CD4™ T cell proliferative re-
sponses (Fig. 5, which is published as supporting information on the
PNAS web site). These results indicate that oral feeding of trans-
genic rice seeds induces pollen allergen-specific T cell unrespon-
siveness. Furthermore, it is important to note that glycinin-specific
IgG and IgE antibodies were not detected in the sera of control and
experimental groups of mice (data not shown).

The production of CD4* Th2-type cell derived allergen-specific
cytokines, IL-4, IL-5, and IL-13, was dramatically inhibited by oral
feeding of transgenic rice seeds (Fig. 3). These Th2-type cytokines
were shown to be involved in the process of IgE production. IL-4
and IL-13 stimulate and regulate Ig class switching to IgE (39-41)
and IL-5 drives the proliferation and differentiation of B cells into
antibody-secreting plasma cells (42, 43). The inhibition of these
IgE-associated cytokine responses is one of the important factors
for the control of allergen-specific IgE synthesis. Our results show
that successful inhibition of these cytokine responses offers effec-
tive oral immunization by AlaB1b-Crp-1 and -2 rice seeds for the
suppression of IgE-mediated hypersensitive allergic reactions. The
production of IL-10 was also inhibited in the group of mice fed with
transgenic rice seeds, which is consistent with a previous report
describing that IL-10 is not required for induction of oral tolerance
to OVA (44). On the other hand, it was recently reported that the
suppression of allergic diseases in allergen immunotherapy is as-
sociated with the increased levels of IL-10 (45, 46). This conflict
might be caused by different experimental designs. Further studies
are required to examine this controversial result on the role of IL-10
in the induction of oral tolerance.

Allergy-associated inflammatory mediators such as histamine
released by mast cells are known to cause immediate symptoms of
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type-I allergy (35). Allergen-IgE complex formation on the surface
of mast cells triggers degranulation of mast cells leading to the
histamine release (35). Thus, the reduction of allergen-specific IgE
antibody levels can be an effective strategy for the suppression of
histamine release by mast cells. In our study, levels of both
allergen-specific IgE antibody and serum histamine release were
significantly reduced in the group of mice fed orally with AlaB1b-
Crp-1 and -2 rice seeds compared with the control groups (Figs. 24
and 4A4). These results suggest that oral immunization of AlaB1b-
Crp-1 and -2 rice seeds is effective in the suppression of allergen-
specific IgE responses, which further inhibit histamine release by
blocking the formation of the allergen-IgE complex. In addition,
using the experimental mouse model of pollen allergy, we have
shown here that oral feeding of AlaB1b-Crp-1 and -2 rice seeds
inhibits the development of nasal allergic symptoms (Fig. 4B). Our
findings provide further evidence of a significant potential benefit
of AlaB1b-Crp-1 and -2 rice seeds for the prevention of the
development of IgE-mediated allergic symptoms without any signs
of the anaphylactic side effects.

The seed-expression system possesses several advantages for the
production of recombinant proteins, such as simplicity of admin-
istration, low risk of contamination with animal pathogens, and low
cost for production and long storage at room temperature (17-22,
25). Here, we showed that the status of systemic unresponsiveness
associated with the inhibition of allergen-specific Th2-type and IgE
responses was achieved by oral feeding of recombinant protein
containing Crp-1 and -2 T cell epitope peptides without any
purification step. Therefore, rice seeds could serve as an effective
and new vehicle for the mucosal delivery of pharmatheutical
molecules. Further clinical trials will be required to extend our
findings for the development of rice-based edible vaccines as a
peptide immunotherapy for the control of allergy.
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