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Introduction

Summary

Transgenic rice seeds that contain genetically modified Cry j 1 and Cry j
2, the two major allergens of Cryptomeria japonica (Japanese cedar; JC),
have been developed as immunotherapeutic candidates for JC pollinosis.
Because the transgenic rice (TG-rice) seeds express allergens containing
whole amino acid sequences of Cry j 1 and Cry j 2 in the endosperm tis-
sue (edible part of rice grain), they can potentially target all Cry j 1- and
Cry j 2-specific T-cells. However, it was unknown whether antigenicity of
Cry j 1 and Cry j 2 could be completely preserved in TG-rice seeds. We
verified the antigenicity of TG-rice seeds to T-cells through the analysis of
the proliferative responses of T-cells in Cry j 1- or Cry j 2-immunized
mice or T-cell lines to TG-rice seed extract. First, four mouse strains were
immunized with Cry j 1 or Cry j 2. T-cells in the immunized mice prolif-
erated on treatment with TG-rice seed extract, but not non-transgenic
wild-type rice (WT-rice) seed extract. Furthermore, T-cell lines were
established from the spleen cells of the immunized mice. Each T-cell line
resulted in a proliferative response to TG-rice seed extract, but not to
WT-rice seed extract, suggesting that TG-rice seeds certainly express T-cell
epitopes corresponding to T-cell lines. Considering the modified amino
acid sequences of Cry j 1 and Cry j 2 in TG-rice seeds, the expression of
specific T-cell epitopes suggested that TG-rice seeds express all possible
T-cell epitope repertoires of Cry j 1 and Cry j 2.

Keywords: immunotherapy; pollinosis; T-cell epitope; T-cell line; transgenic
rice.

toward them. Subcutaneous immunotherapy (SCIT) has
been used for a long time as a desensitizing therapy for JC

Japanese cedar (JC; Cryptomeria japonica) pollinosis is one
of the most serious type I allergic diseases in Japan, which
causes allergic rhinitis, conjunctivitis and asthma as clinical
symptoms in the period of February to April each year. An
epidemiological study conducted in 2008 indicated that the
prevalence of JC pollinosis was 26-5%." Conventional ther-
apies for JC pollinosis include allergen avoidance, pharma-
cotherapy using antihistamines or corticosteroid nasal
spray, and specific immunotherapy.” Allergen-specific
immunotherapy is based on the administration of disease-
eliciting allergens to induce a state of unresponsiveness

pollinosis. Sublingual immunotherapy (SLIT) was intro-
duced to the treatment of JC pollinosis in 2014.”

Recently, transgenic rice seeds that contain genetically
modified Cry j 1 and Cry j 2, the two major allergens of
C. japonica (JC), have been developed as immunothera-
peutic candidates for JC pollinosis. More than 90% of
patients suffering from JC pollinosis have immunoglobu-
lin E (IgE) specific to both Cry j 1 and Cry j 2, and the
remainder carry an IgE specific to only one of these two
allergens.* The transgenic rice (TG-rice) seeds express
allergens containing whole amino acid sequences of Cry j

Abbreviations: APCs, antigen-presenting cells; IgE, immunoglobulin E; JC, Japanese cedar; PBS , phosphate-buffered saline;
RPMI , Roswell Park Memorial Institute; S.I., stimulation index; SCIT, subcutaneous immunotherapy; SLIT, sublingual
immunotherapy; TG-rice , transgenic rice; WT-rice, non-transgenic wild-type rice
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1 and Cry j 2 in the endosperm tissue (edible part of rice
grain): Cry j 1 gene was divided into three overlapping
fragments, and the amino acid sequence of Cry j 2 gene
was shuffled.”” Wakasa et al.’ demonstrated the accu-
mulation of Cry j 1 and Cry j 2 in TG-rice seeds by
immunoblot analysis using anti-glutelin-specific (GluA,
GluB and GluC) and anti-Cry j 2 antibodies after elec-
trophoresis of the seed proteins on sodium dodecyl sul-
phate—polyacrylamide gel electrophoresis (SDS-PAGE).
Intracellular localization of modified Cry j 1 and Cry j 2
in endosperm cells was also observed by immunoelec-
tron microscopy.” The allergens in TG-rice seeds were
engineered to engage T-cell receptors, but they were of
insufficient length to cross-link IgE on the surface of
mast cells or basophils. However, the actual IgE-binding
and IgE-crosslinking abilities of the antigens in TG-rice
seeds remain unverified. We previously revealed that the
modified allergens in TG-rice seeds had a low risk of
IgE-mediated adverse events by evaluating basophil acti-
vation of patients with JC pollinosis after in vitro stimu-
lation with TG-rice seed extract in a basophil activation
test.®

Because TG-rice seeds contain whole amino acid
sequences of Cry j 1 and Cry j 2, it is possible that all
types of Cry j 1- or Cry j 2-specific T-cells could be tar-
geted. Although the efficacy of oral immunotherapy with
TG-rice seeds has already been demonstrated in mouse
models,”"" it is unknown whether Cry j 1 and Cry j 2
antigenicity is completely preserved in TG-rice seeds.
Accordingly, the aim of this study was to prove the anti-
genicity of TG-rice seeds to Cry j 1- or Cry j 2-specific
T-cells by analysing the proliferative responses of T-cells
in Cry j 1- or Cry j 2-immunized mice or established
T-cell lines to TG-rice seed extract.

Materials and methods

Four mouse strains were immunized with Cry j 1 or Cry
j 2, and their T-cell proliferation assays were conducted
to assess the antigenicity of TG-rice seed extract. T-cell
epitope sites in Cry j 1- or Cry j 2-immunized mice were
identified using overlapping peptides spanning the entire
sequences of Cry j 1 or Cry j 2. Next, we established five
types of T-cell lines, based on the spleen cells of Cry j 1-
or Cry j 2-immunized mice. T-cell line proliferation
assays were conducted to prove the expression of specific
T-cell epitopes in TG-rice seeds. Furthermore, the prolif-
erative responses of T-cell lines to boiled-TG-rice seed
extract were examined to verify whether TG-rice seeds
retain antigenicity to T-cells after boiling. This study was
approved by the Institutional Animal Care and Use Com-
mittee of the Jikei University [identification (ID): 2016-
091]. The care and handling of the mice followed the
Animal Experimentation Guidelines of Jikei University
School of Medicine.

T-cell antigenicity of transgenic rice seeds

Allergen extraction from the protein body powder of TG-
rice seeds

Transgenic-rice seeds deposit the recombinant Cry j 1
and Cry j 2 in ER-derived protein bodies in the endo-
sperm. The protein bodies were isolated from TG-rice
seeds (Ozeki, Nishinomiya, Japan) and modified to make
them powdery. Soluble allergens were extracted from
powdered protein bodies as follows. First, the powdered
protein bodies were dissolved in phosphate-buffered sal-
ine (PBS) at a 1 : 150 ratio (w/v), and the mixture was
sonicated on ice. Thereafter, the mixture was centrifuged
at 5800 g for 10 min at 4°, and the supernatant was col-
lected. The supernatant was then dialysed in PBS, concen-
trated 10-fold using an Amicon Ultra-15 Centrifugal
Filter Unit (Merck Millipore, Co. Cork, UK), and steril-
ized through a 0-22-pum Sterile Millex Filter Unit (Merck
Millipore, Co.) to produce a filtered- and concentrated-
TG-rice seed extract. Extraction from the protein body
powder of non-transgenic wild-type rice (WT-rice) seeds
was performed in the same manner as extraction from
the protein body powder of TG-rice seeds.

Immunization of mice

Male BALB/c, B10.S, C57BL/6 and C3H/He mice were
purchased from Sankyo Labo Service (Tokyo, Japan)
and housed in our facilities under specific pathogen-free
conditions. All mice were used for experiments at the
age of 6-10 weeks. The four strains of mice were
injected with 10 ug of Cry j 1 or Cry j 2 antigen
(Hayashibara Biochemical Laboratories, Okayama, Japan)
along with 1 mg of Al(OH); as adjuvant by intraperi-
toneal injection twice on days 0 and 14 (n = 3 per each
strain). On day 28, spleen cells were collected from the
mice for analysis.

T-cell proliferative response to TG-rice seed extract

Extracts from WT- or TG-rice seeds were added to the
spleen cells of Cry j 1- or Cry j 2-immunized mice. The
proliferative responses of the spleen cells were determined
by an in vitro radioactively labelled thymidine incorpora-
tion assay. Roswell Park Memorial Institute (RPMI)-1640
medium (Gibco, Thermo Fisher Scientific, Waltham, MA)
supplemented with 1% normal mouse serum was used to
suspend the spleen cells. Briefly, 8 x 10> spleen cells were
seeded into each well of a Nunc Microwell 96-Well
Microplate (Thermo Fisher Scientific) and cultured in a
1 : 40 dilution of WT- or TG-rice seed extract and several
concentrations of Cry j 1 or Cry j 2 antigen in 5% CO,
for 72 hr at 37°. Each well was then pulsed with 0-5 pCi
of “H-thymidine (American Radiolabeled Chemicals,
Saint Louis, MO), and the cells were harvested 16 hr later
with a Skatron Micro96 Cell Harvester (Skatron,
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Newmarket, UK). The level of *H-thymidine incorpora-
tion was determined by measuring the radioactivity with
an LSC-6000 liquid scintillation counter (ALOKA, Tokyo,
Japan). The results were expressed as the stimulation
index (S.1.), which was calculated as follows: mean counts
per minute in the presence of the antigen/mean counts
per minute in the absence of the antigen.

Identification of T-cell epitope sites in the Cry j I- or
Cry j 2-immunized mice

The T-cell epitope sites in the immunized mice were
identified using overlapping peptides spanning the entire
sequences of Cry j 1 or Cry j 2. The Cry j 1 and Cry j 2
amino acid sequences were divided into 41 and 46 over-
lapping peptides, respectively, each composed of almost
32 residues and shifting every eight residues (Selleck
Chemicals, Houston, TX). The spleen cells of the immu-
nized mice (n =3 per strain) were cultured with the
overlapping peptides, and T-cell proliferative responses to
the overlapping peptides were determined by a *H-thymi-
dine incorporation assay as described above.

Establishment of T-cell lines

Cry j 1-specific T-cell lines were established from the
spleen cells of Cry j 1- immunized B10.S or BALB/c mice,
and Cry j 2-specific T-cell lines were established from the
spleen cells of Cry j 2-immunized BALB/c or C57BL/6
mice. The spleen cells were collected from the immunized
mice on day 28 and suspended at a density of 4 x 10/
ml in RPMI-1640 medium (Gibco, Thermo Fisher Scien-
tific) supplemented with 1% normal mouse serum. Then,
8 x 10° spleen cells were seeded into each well of a 24-
well Nunc Cell-Culture Treated Multidish (Thermo Fisher
Scientific.) and cultured with 2-5 pg/ml of Cry j 1 or Cry
j 2 antigen in 5% CO, at 37°. After 7 days, the cells were
harvested and then cultured with each antigen in the
presence of 40 pg/ml of mitomycin C (Kyowa Hakko
Kogyo, Tokyo, Japan)-treated spleen cells of syngeneic
mice as antigen-presenting cells (APCs). After more than
seven cycles of antigen stimulation once every 2 or
3 weeks in the presence of the APCs, five types of T-cell
lines were established, and their antigen specificity was
verified using the overlapping peptides spanning the
entire sequences of Cry j 1 or Cry j 2. In the case of the
T-cell line established from Cry j 2-immunized C57BL/6
mice, two dominant T-cell epitope sites were observed
after Cry j 2-stimulation. Subsequently, two types of T-
cell lines were established after separate repetition of
stimulation with p233-264 or p353-384 epitope peptides
of the Cry j 2 amino acid sequences. The proliferative
responses of the T-cell lines to the overlapping peptides
were determined by an in vitro *H-thymidine incorpora-
tion assay. Briefly, the overlapping peptides were added

to each T-cell line (1 x 10* cells) in the presence of
spleen cells of syngeneic mice (6 x 10° cells) as APCs in
96-well microplates and cultured in 5% CO, for 48 hr at
37°. Each well was then pulsed with 0-5 pCi of *H-thymi-
dine, and the cells were harvested 16 hr later with a Ska-
tron Micro96 Cell Harvester. The level of *H-thymidine
incorporation was determined by measuring the radioac-
tivity with an LSC-6000 liquid scintillation counter.

T-cell line proliferative response to TG-rice seed extract

T-cell line proliferation was assessed to prove the expres-
sion of specific T-cell epitopes in TG-rice seeds via a “H-
thymidine incorporation assay. The 1 :40 dilution of
WT- or TG-rice seed extract was added to each T-cell line
(1 x 10* cells) in the presence of spleen cells of syngeneic
mice (6 x 10° cells) as APCs in 96-well microplates and
cultured in 5% CO, for 48 hr at 37°. Each well was then
pulsed with 0-5 uCi of *H-thymidine. The cells were har-
vested 16 hr later, and the level of *H-thymidine incorpo-
ration was measured.

Evaluation of antigenicity of TG-rice seeds after boiling

Established Cry j 1- and Cry j 2-specific T-cell lines were
used to evaluate the antigenicity of TG-rice seeds after
boiling. Briefly, the 1 :40 dilution of WT- or TG-rice
seed extract was boiled at 100° for 30 min and added to
each T-cell line (1 x 10* cells) in the presence of spleen
cells of syngeneic mice (6 x 10° cells) as APCs in 96-well
microplates and cultured in 5% CO, for 48 hr at 37°.
Each well was then pulsed with 0-5 uCi of *H-thymidine.
The cells were harvested 16 hr later, and the level of
*H-thymidine incorporation was measured.

Results

T-cells in the Cry j 1- or Cry j 2-immunized mice
showed proliferative responses to TG-rice seed extract

First, to investigate whether Cry j 1- or Cry j 2-specific
T-cells were induced in Cry j 1- or Cry j 2-immunized
mice, the proliferative responses of the spleen cells to Cry
j 1 or Cry j 2 antigen were assessed. The spleen cells of
Cry j l-immunized B10.S, BALB/c and C3H/He mice
responded to Cry j 1 antigen in a dose-dependent manner
(Fig. la—c). However, those of C57BL/6 mice immunized
with Cry j 1 did not respond to Cry j 1 antigen, even at
high concentrations (Fig. 1d), suggesting that Cry j 1-
specific T-cells were induced in B10.S, BALB/c and C3H/
He mice; C57BL/6 mice were non-responders to Cry j 1.
In contrast, the spleen cells of Cry j 2-immunized B10.S,
BALB/c, C3H/He and C57BL/6 mice responded to Cry j 2
antigen in a dose-dependent manner (Fig. le-h), suggest-
ing that Cry j 2-specific T-cells were induced in these four
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mouse strains. Thereafter, to verify the antigenicity of
TG-rice seeds, the proliferative responses of the spleen
cells to WT- or TG-rice seed extract were assessed. Cry j
1-specific T-cells derived from Cry j 1-immunized B10.S,
BALB/c and C3H/He mice showed significant proliferative
responses to TG-rice seed extract compared with those to
WT-rice seed extract (Fig. la—c). Similarly, Cry j 2-speci-
fic T-cells derived from Cry j 2-immunized B10.S, BALB/
¢ and C57BL/6 mice showed significant proliferative
responses to TG-rice seed extract compared with those to
WT-rice seed extract (Fig. le,f;,h). Therefore, evident Cry
j 1- or Cry j 2-specific T-cell proliferative responses to
TG-rice seed extract rather than WT-rice seed extract

(a) Cry j 1-immunized B10-S mice

T-cell antigenicity of transgenic rice seeds

were demonstrated, except in Cry j 1-immunized C57BL/
6 mice (non-responders to Cry j 1) and Cry j 2-immu-
nized C3H/He mice. These results indicated that the
TG-rice seeds were sufficiently antigenic to activate Cry j
1- or Cry j 2-specific T-cells.

T-cell epitope sites in the Cry j 1- or -Cry j 2-
immunized mice

The proliferative responses of the spleen cells to the over-
lapping peptides spanning the Cry j 1 or Cry j 2
sequences were examined to determine T-cell epitope sites
in the immunized mice. T-cells induced in the Cry j 1- or

(e) Cry j 2-immunized B10-S mice
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Figure 1. The proliferative responses of the spleen cells of Cry j 1- or Cry j 2-immunized mice to non-transgenic wild-type rice (WT-) or trans-

genic rice (TG-rice) seed extract. Fourteen days after the last immunization with Cry j 1 or Cry j 2, the spleen cells of B10.S, BALB/c, C3H/He

and C57BL/6 mice (n = 3 per strain) were cultured with WT- or TG-rice seed extract and several concentrations of Cry j 1 or Cry j 2 antigen

for 72 hr (a-h), and then pulsed with 0-5 uCi of *H-thymidine. The results of T-cell proliferation were expressed as the stimulation index (S.1.),

which was calculated as follows: mean counts per minute in the presence of the antigen divided by mean counts per minute in the absence of

the antigen. *P < 0-05; **P < 0-01.
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Cry j 2-immunized mice reacted with various overlapping
peptides of Cry j 1 or Cry j 2. The number of major
T-cell epitope sites was two in the Cry j 1-immunized
B10.S and BALB/c mice (Fig. 2a,b), and one in the Cry j
I-immunized C3H/He mice (Fig. 2c). No T-cell epitope
site was observed in the Cry j 1l-immunized C57BL/6
mice because they were non-responders to Cry j 1
(Fig. 2d). The number of major T-cell epitope sites was
four in the Cry j 2-immunized B10.S (Fig. 2e) and
C57BL/6 mice (Fig. 2h), and two in the Cry j 2-immu-
nized BALB/c (Fig. 2f) and C3H/He (Fig. 2g) mice. Con-
sidering T-cell proliferative responses of Cry j 1- or Cry j
2-immunized mice to TG-rice seed extract (Fig. 1), these
results revealed the possibility that TG-rice seeds contain
multiple epitopes of Cry j 1 and Cry j 2.

T-cell epitopes of Cry j 1- or Cry j 2-specific T-cell
lines

To identify the T-cell epitope of each T-cell line, we investi-
gated their proliferative responses to the overlapping peptides

42, (@) Cryj 1-immunized B10-S mice

(C) Cry j 1-immunized C3H/He mice

Cryj 1

S.
omnM s o ® O

(d) cry j 1-immunized C57BL/6 mice

spanning the entire sequences of Cry j 1 or Cry j 2. The estab-
lished T-cell lines were designated as SCR1, BaCR1, BaCR2,
B6pp30 and B6pp45. SCR1 was a T-cell line established from
the Cry j l-immunized B10.S mice. The proliferative
responses of SCR1 to the Cry j 1-overlapping peptides were
examined. SCR1 specifically responded to p193-225, p201—
232 and p209-240 Cry j l-overlapping peptides (Fig. 3a).
Therefore, SCR1 was thought to respond to the common
core epitope contained in p209-225 (DDKSMKV
TVAFNQFGPN) (Table 1). BaCR1, a T-cell line established
from the Cry j l-immunized BALB/c mice, specifically
responded to p257-288, p265-296 and p273-304 Cry j 1-
overlapping peptides (Fig. 3b) and, therefore, was thought to
respond to the common core epitope contained in p273-288
(ESYKKQVTIRIGCKTS) (Table 1). Similarly, BaCR2, a T-
cell line established from the Cry j 2-immunized BALB/c
mice, specifically responded to p225-256, p233-264 and
p241-272 Cry j 2-overlapping peptides (Fig. 3c) and, there-
fore, was thought to respond to the common core epitope
contained in p241-256 (GRENSRAEVSYVHVNG) (Table 1).
B6pp30 and B6pp45 were two kinds of T-cell lines established

(e) Cry j 2-immunized B10-S mice

5:
Cryj2-

Overlapping peptides of Cry j 2

4 (g) Cry j 2-immunized C3H/He mice

S.I.

5
Cryj2-

Overlapping peptides of Cry j 2

(h) cry j 2-immunized C57BL/6mice
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Figure 2. T-cell epitopes in Cry j 1- or Cry j 2-immunized mice. The overlapping peptides spanning the Cry j 1 or Cry j 2 sequences were desig-

nated by the numbers of N- and C-terminal amino acid residues. The spleen cells of the Cry j 1-immunized mice were cultured with the 41 over-

lapping peptides of Cry j 1 (a—d). The spleen cells of the Cry j 2-immunized mice were cultured with the 46 overlapping peptides of Cry j 2 (e—

h). T-cell proliferative responses were determined by *H-thymidine incorporation assay as described in the legend of Fig. 1.
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Figure 3. T-cell epitopes of Cry j 1- or Cry j 2-specific T-cell lines. Cry j 1-specific T-cell lines were established from the spleen cells of Cry j 1-
immunized B10.S or BALB/c mice, and Cry j 2-specific T-cell lines were established from the spleen cells of Cry j 2-immunized BALB/c or
C57BL/6 mice, as described in the Materials and methods. The established T-cell lines were designated as SCR1, BaCR1, BaCR2, B6pp30 and
B6pp45, respectively (a—e). The proliferative responses of T-cell lines to the overlapping peptides spanning the Cry j 1 or Cry j 2 sequences were
determined by *H-thymidine incorporation assay as follows: the overlapping peptides were added to each T-cell line in the presence of spleen
cells of syngeneic mice as antigen-presenting cells (APCs) in 96-well microplates and cultured for 48 hr. Each well was then pulsed with 0-5 pCi
of *H-thymidine and the cells were harvested 16 hr later.

Table 1. The epitope peptide sequences corresponding to T-cell lines

(a) SCRI1 p193-225 of Cry j 1 FNHHKVMLLGHDDAYSDDKSMKVTVAFNQFGPN
p201-232 of Cry j 1 LGHDDAYSDDKSMKVTVAENQFGPNCGQRMPR
P209-240 of Cry j 1 DDKSMKVTVAFNQFGPNCGQRMPRARYGLVHV
(b) BaCR1 p257-288 of Cry j 1 SNPTILSEGNSFTAPNESYKKQVTIRIGCKTS
p265-296 of Cry j 1 GNSFTAPNESYKKQVTIRIGCKTSSSCSNWVW
p273-304 of Cry j 1 ESYKKQVTIRIGCKTSSSCSNWVWQSTQDVFY
(c) BaCR2 P225-256 of Cry j 2 EDLICGPGHGISIGSLGRENSRAEVSYVHVNG
p233-264 of Cry j 2 HGISIGSLGRENSRAEVSYVHVNGAKFIDTQN
p241-272 of Cry j 2 GRENSRAEVSYVHVNGAKFIDTQNGLRIKTWQ
(d) B6pp30 P225-256 of Cry j 2 EDLICGPGHGISIGSLGRENSRAEVSYVHVNG
p233-264 of Cry j 2 HGISIGSLGRENSRAEVSYVHVNGAKFIDTQN
p241-272 of Cry j 2 GRENSRAEVSYVHVNGAKFIDTQNGLRIKTWQ
(e) B6pp45 P353-384 of Cry j 2 ISLKLTSGKIASCLNDNANGYFSGHVIPACKN
p357-388 of Cry j 2 LTSGKIASCLNDNANGYFSGHVIPACKNLSPS

The bold font means the core peptide sequences common to three epitopes.

from the Cry j 2-immunized C57BL/6 mice. B6pp30 specifi- other hand, B6pp45 specifically responded to p353-384 and
cally responded to p225-256, p233-264 and p241-272 Cry j p357-388 Cry j 2-overlapping peptides (Fig. 3e). Therefore,
2-overlapping peptides (Fig. 3d). Therefore, B6pp30 was B6pp45 was thought to respond to the common core epitope
thought to respond to the common core epitope contained contained in p357-384 (LTSGKIASCLNDNANGYFSGHVI-

in p241-256 (GRENSRAEVSYVHVNG) (Table 1). On the PACKN) (Table 1).
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Figure 4. The proliferative responses of T-cell lines to non-transgenic wild-type rice (WT-) or transgenic rice (TG-rice) seed extract. The prolifer-

ative responses of five types of T-cell lines (a—e) to WT- or TG-rice seed extract were determined by *H-thymidine incorporation assay, as

described in the legend of Fig. 3.

T-cell lines showed proliferative responses to TG-rice
seed extract

The proliferative response of each T-cell line to TG-rice
seed extract was examined (Fig. 4). Every T-cell line
showed a positive proliferative response to TG-rice seed
extract compared with the response to WT-rice seed
extract, demonstrating that TG-rice seeds certainly
expressed T-cell epitopes that the five types of T-cell lines
could respond to. TG-rice seeds were shown to express
P209-225 and p273-288 epitopes of Cry j 1 with antigenic-
ity, based on the proliferative responses of T-cell lines
SCR1 and BaCR1 (Fig. 4; Table 1). The TG-rice seeds were
genetically engineered to contain the whole amino acid
sequences of the Cry j 1 and Cry j 2 antigens in the endo-
sperm: the Cry j 1 gene was divided into three overlapping
fragments (Fragment 1: pl-144; Fragment 2: p126-257;
and Fragment 3: p231-335), and the Cry j 2 gene was shuf-
fled. The certain existence of p209-225 and p273-288 epi-
topes of Cry j 1 in the distinct fragments suggested that
TG-rice seeds contained Fragment 2: p126-257 and Frag-
ment 3: p231-335 (Fig. 5). Although we did not establish a
T-cell line from C3H/He mice, major T-cell epitopes to
which T-cells in Cry j 1-immunized C3H/He mice reacted
were assumed to be amino acid sequences common to
p49-80, p57-88 and p65-96 overlapping peptide-antigens
of Cry j 1 (Fig. 2c). The proliferative response of T-cells in
Cry j 1-immunized C3H/He mice to TG-rice seed extract
(Fig. 1c) suggested that TG-rice seeds expressed the com-
mon core epitope of p65-80 (DRPLWIIFSGNMNIKL).

P65-80 was located in Fragment 1: p1-144 (Fig. 5). There-
fore, the expression of all three fragments in TG-rice seeds
indicated that they contained the whole Cry j 1 amino acid
sequence. Similarly, based on the proliferative responses of
T-cell lines BaCR2, B6pp30 and B6pp45 to TG-rice seed
extract, it was proven that TG-rice seeds expressed p241—
256 and p357-384 epitopes of Cry j 2 with antigenicity
(Fig. 4; Table 1). Based on the structural precondition that
Cry j 2 amino acid sequences are shuffled but not intermit-
tent in TG-rice seeds, the certain expression of two T-cell
epitopes of Cry j 2 in TG-rice seeds indicated that TG-rice
seeds contained the whole Cry j 2 amino acid sequence
(Fig. 5). Therefore, we postulated that TG-rice seeds
expressed the whole Cry j 1 and Cry j 2 amino acid
sequences.

TG-rice seeds retain antigenicity to T-cells even after
boiling at 100° for 30 min

Cry j 1-specific T-cell line SCR1 and Cry j 2-specific T-
cell line B6pp45 proliferated following treatment with
boiled-TG-rice seed extract (Fig. 6). These results indi-
cated that TG-rice seeds retained antigenicity to T-cells,
even after boiling.

Discussion

Our study has demonstrated that TG-rice seed extract
activated all Cry j 1- and Cry j 2-specific T-cells in four

100 © 2019 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 158, 94-103



mouse strains immunized with Cry j 1 or Cry j 2. We
further identified various types of T-cells induced in Cry j
1- or Cry j 2-immunized mice by using overlapping pep-
tides spanning the Cry j 1 or Cry j 2 sequences. Detection
of a positive proliferative response of the spleen cells,
including various types of T-cells to TG-rice seed extract,
suggested that TG-rice seeds contained various epitope
peptides of Cry j 1 and Cry j 2. However, these results
did not necessarily confirm that TG-rice seeds contained
a specific epitope of Cry j 1 or Cry j 2. For example, the
number of major T-cell epitope sites was two in the Cry j
I-immunized B10.S mice. However, a positive prolifera-
tive response of the spleen cells in the Cry j 1-immunized
B10.S mice to TG-rice seed extract does not guarantee
that TG-rice seeds contain both epitopes. Even if only
one epitope was expressed in the TG-rice seed, a positive
proliferative response of the spleen cells would occur.
Therefore, T-cell lines that selectively react with specific
epitopes were required. Previously, T-cell lines of Cry j 1,
Cry j 2 and Japanese cypress pollen allergens Cha o 1 and

Cry j 1 - fragmentation

N, I I 363C

1 144

126 |2s7

231 363

65 p273
) @D e

T-cell antigenicity of transgenic rice seeds

Cha o 2 have been reported."*™"” To specify T-cell epi-
topes expressed in TG-rice seeds, we established T-cell
lines and examined their proliferative responses to TG-
rice seed extract. The evident proliferative responses of T-
cell lines to TG- rather than WT-rice seed extract defini-
tively demonstrated that TG-rice seeds contained specific
T-cell epitopes of Cry j 1 and Cry j 2. TG-rice seeds were
shown to express at least four T-cell epitopes. Consider-
ing that the Cry j 1 gene was divided into three overlap-
ping fragments and the Cry j 2 amino acid sequences
were shuffled but not intermittent in TG-rice seeds, the
proliferative response of T-cells in Cry j l-immunized
C3H/He mice and the established T-cell lines suggested
that TG-rice seeds expressed the whole Cry j 1 and Cry j
2 amino acid sequences. Therefore, our study indicated
the possibility that the antigens expressed in TG-rice
seeds could target all types of Cry j 1- or Cry j 2-specific
T-cells. Furthermore, it was proven that TG-rice seeds
retained antigenicity, even after boiling at 100° for
30 min. It was important to establish whether the

Cry j 2 - shuffling
N1| I C

93 388 58 92 1 57
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Figure 5. Antigen mapping in transgenic rice (TG-rice) seeds. The antigen mapping shows the locations of epitope peptides that were proved to

be expressed in TG-rice seeds.

(a) SCR1 (b) B6pp45
6 1 150 4
41 100 4
s *
. . . . 24 50
Figure 6. Transgenic rice (TG-rice) seeds
retain antigenicity even after boiling. The pro-
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described in the legend of Fig. 3.
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polypeptides in TG-rice seeds were stable after boiling, as
rice seeds are usually eaten in the form of steamed rice.
We believe that TG-rice seeds will be an effective
immunotherapeutic vehicle in T-cell epitope-based pep-
tide immunotherapy.'®

In Japan, SCIT and SLIT have been applied to treat JC
pollinosis. However, because a crude or standardized vac-
cine is adopted in both treatments, the high doses of
allergens has been associated with adverse events, includ-
ing anaphylactic reactions. In a previous study, we used
the basophil activation test to prove that recombinant
allergens in TG-rice seeds would be much safer than the
antigens included in SCIT and SLIT against JC pollinosis
and would decrease the risk of IgE-mediated adverse
events.® Thus, it appears advantageous to administer oral
immunotherapy with TG-rice seeds.

The efficacy of a seed-based peptide vaccine taken
orally in humans has not been verified. Antigens are gen-
erally degraded in the gastrointestinal tract before arrival
at the mucosal immune cells in gut-associated lymphoid
tissue due to exposure to the harsh environment in the
stomach (low pH and pepsin).'”” However, the recombi-
nant proteins in protein bodies in the endosperm showed
greater resistance to pepsin.’ When orally delivered via
cereal seeds such as rice grains, bio-encapsulation of the
antigens within the double barriers of protein bodies and
the cell walls characteristic of plant cells prove advanta-
geous in that they protect the antigen from proteolysis."”
Thus, rice grains are advantageous in terms of enabling
efficient delivery to the gut-associated lymphoid tissue.
Mice fed TG-rice seeds daily for 3 weeks and then chal-
lenged with crude JC pollen allergen showed marked sup-
pression of allergen-specific CD4" T-cell proliferation, IgE
and IgG levels compared with mice fed non-transgenic
rice seeds.’ The sneezing frequency and infiltration of
inflammatory cells, such as eosinophils and neutrophils,
were also significantly reduced in the nasal tissue,” sug-
gesting that oral administration of TG-rice seeds induces
immune tolerance against JC pollinosis. However, the
mechanism of oral immune tolerance might be different
from SCIT or SLIT. It was reported that oral
immunotherapy was more efficacious than SLIT for the
treatment of milk and peanut allergies.”*>* Milk, egg and
peanut oral immunotherapy have consistently shown suc-
cessful desensitization, although longer-lasting tolerance
does not appear likely at this stage of investigation.”> The
most effective administration route of allergens expressed
in TG-rice seeds for the treatment of JC pollinosis should
be investigated. Nevertheless, we consider that a rice-
based allergy vaccine taken orally is the best route if suc-
cessful mucosal immune tolerance can be obtained. Oral
immunotherapy with TG-rice seeds may contribute to
health economics as it would require neither food pro-
cessing nor allergen component extraction from the rice
seeds. Furthermore, oral immunotherapy with TG-rice

seeds might improve treatment adherence because rice is
a principal food of the Japanese. In the near future, we
will investigate the safety and the effectiveness of TG-rice
seeds as seed-based oral vaccines in a double-blind, pla-
cebo-controlled study of patients with JC pollinosis.

Acknowledgements

This research was supported by The Jikei University
Research Fund for Graduate Students, and the Agri-
Health Translational Research Project from the Ministry
of Agriculture, Forestry and Fisheries of Japan. The fund-
ing source had no role in the design of the study, analy-
sis, interpretation of data and in writing the manuscript.

Disclosure

The authors have no conflicts of interest to declare.

Author contributions

SS designed the study. ST and SS conducted the experi-
ments. ST, TE, DA and SS interpreted the results. ST
wrote the paper. YW, HT, KO and FT contributed to the
extraction from the transgenic rice seeds. NO and HK
supervised the study. All authors have read and approved
the final manuscript.

The authors are grateful to Mayumi Tsuda and Yoko
Natake for their technical assistance, and to Akiko Itasaka
for her clerical work related to this study.

References

Okamoto Y, Horiguchi S, Yamamoto H, Yonekura S, Hanazawa T. Present situation of
cedar pollinosis in Japan and its immune responses. Allergol Int 2009; 58:155-62.

)

Okubo K, Kurono Y, Ichimura K, Enomoto T, Okamoto Y, Kawauchi H ef al. Japanese
guidelines for allergic rhinitis 2017. Allergol Int 2017; 66:205—19.

Okamoto Y, Okubo K, Yonekura S, Hashiguchi K, Goto M, Otsuka T et al. Efficacy
and safety of sublingual immunotherapy for two seasons in patients with Japanese
cedar pollinosis. Int Arch Allergy Immunol 2015; 166:177-88.

Hashimoto M, Nigi H, Sakaguchi M, Inouye S, Imaoka K, Miyazawa H et al. Sensitiv-

w

'S

ity to two major allergens (Cry j I and Cry j II) in patients with Japanese cedar (Cryp-
tomeria japonica) pollinosis. Clin Exp Allergy 1995; 25:848-52.
Wakasa Y, Takagi H, Hirose S, Yang L, Saeki M, Nishimura T et al. Oral immunother-

apy with transgenic rice seed containing destructed Japanese cedar pollen allergens, Cry

w

j 1 and Cry j 2, against Japanese cedar pollinosis. Plant Biotechnol J 2013; 11:66-76.
Wakasa Y, Takagi H, Watanabe N, Kitamura N, Fujiwara Y, Ogo Y et al. Concentrated

=N

protein body product derived from rice endosperm as an oral tolerogen for allergen-
specific immunotherapy—a new mucosal vaccine formulation against Japanese cedar
pollen allergy. PLoS One 2015; 10:e0120209.

Takaiwa F, Wakasa Y, Takagi H, Hiroi T. Rice seed for delivery of vaccines to gut

<

mucosal immune tissues. Plant Biotechnol ] 2015; 13:1041-55.

©

Takaishi S, Saito S, Kamada M, Otori N, Kojima H, Ozawa K et al. Evaluation of baso-
phil activation caused by transgenic rice seeds expressing whole T cell epitopes of the
major Japanese cedar pollen allergens. Clin Transl Allergy 2019; 9:11.

Fukuda K, Ishida W, Harada Y, Wakasa Y, Takagi H, Takaiwa F et al. Prevention of
allergic conjunctivitis in mice by a rice-based edible vaccine containing modified Japa-
nese cedar pollen allergens. Br J Ophthalmol 2015; 99:705-9.

10 Fukuda K, Ishida W, Harada Y, Wakasa Y, Takagi H, Takaiwa F et al. Efficacy of oral

immunotherapy with a rice-based edible vaccine containing hypoallergenic Japanese

©

cedar pollen allergens for treatment of established allergic conjunctivitis in mice. Aller-
gol Int 2018; 67:119-23.

102 © 2019 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 158, 94-103



13

15

© 2019 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 158, 94-103

Fukuda K, Ishida W, Wakasa Y, Takagi H, Takaiwa F, Fukushima A. Oral immunother-
apy for allergic conjunctivitis using transgenic rice expressing hypoallergenic antigens.
Cornea 2018; 37(Suppl 1):567-S73.

Ohno N, Ide T, Sakaguchi M, Inouye S, Saito S. Common antigenicity between Japa-
nese cedar (Cryptomeria japonica) pollen and Japanese cypress (Chamaecyparis obtusa)
pollen, II. Determination of the cross-reacting T-cell epitope of cry j 1 and cha o 1 in
mice. Immunology 2000; 99:630—4.

Masuyama K, Chikamatsu K, Ikagawa S, Matsuoka T, Takahashi G, Yamamoto T et al.
Analysis of helper T cell responses to Cry j 1-derived peptides in patients with nasal
allergy: candidate for peptide-based immunotherapy of Japanese cedar pollinosis. Aller-
gol Int 2009; 58:63-70.

Sone T, Dairiki K, Morikubo K, Shimizu K, Tsunoo H, Mori T et al. Identification of
human T cell epitopes in Japanese cypress pollen allergen, Cha o 1, elucidates the
intrinsic mechanism of cross-allergenicity between Cha o 1 and Cry j 1, the major aller-
gen of Japanese cedar pollen, at the T cell level. Clin Exp Allergy 2005; 35:664—71.

Sone T, Dairiki K, Morikubo K, Shimizu K, Tsunoo H, Mori T et al. Recognition of T
cell epitopes unique to Cha o 2, the major allergen in Japanese cypress pollen, in aller-
gic patients cross-reactive to Japanese cedar and Japanese cypress pollen. Allergol Int
2009; 58:237-45.

Sone T, Morikubo K, Miyahara M, Komiyama N, Shimizu K, Tsunoo H et al. T cell
epitopes in Japanese cedar (Cryptomeria japonica) pollen allergens: choice of major T

20

21

22

23

T-cell antigenicity of transgenic rice seeds

cell epitopes in Cry j 1 and Cry j 2 toward design of the peptide-based immunothera-
peutics for the management of Japanese cedar pollinosis. J Immunol 1998; 161:448-57.
Tkagawa S, Matsushita S, Chen YZ, Ishikawa T, Nishimura Y. Single amino acid substi-
tutions on a Japanese cedar pollen allergen (Cry j 1)-derived peptide induced alter-
ations in human T cell responses and T cell receptor antagonism. ] Allergy Clin
Immunol 1996; 97:53—64.

Prickett SR, Rolland JM, O’Hehir RE. Immunoregulatory T cell epitope peptides: the
new frontier in allergy therapy. Clin Exp Allergy 2015; 45:1015-26.

Takaiwa F. Seed-based oral vaccines as allergen-specific immunotherapies. Hum Vaccin
20115 7:357-66.

Keet CA, Frischmeyer-Guerrerio PA, Thyagarajan A, Thyagarajan A, Schroeder JT,
Hamilton RG et al. The safety and efficacy of sublingual and oral immunotherapy for
milk allergy. J Allergy Clin Immunol 2012; 129:448-55.

McGowan EC, Wood RA. Sublingual (SLIT) versus oral immunotherapy (OIT) for
food allergy. Curr Allergy Asthma Rep 2014; 14:486.

Narisety SD, Frischmeyer-Guerrerio PA, Keet CA, Gorelik M, Schroeder ], Hamilton
RG et al. A randomized, double-blind, placebo-controlled pilot study of sublingual ver-
sus oral immunotherapy for the treatment of peanut allergy. J Allergy Clin Immunol
2015; 135:1275-82.

‘Wood RA. Oral immunotherapy for food allergy. J Investig Allergol Clin Immunol 2017;
27:151-9.

103



