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Update on the use of transgenic rice seeds in oral 
immunotherapy

Plants provide a promising production platform 
for recombinant proteins in terms of scalability, 
safety and cost–effectiveness, and they may be 
an alternative to conventional fermentation sys-
tems that use bacteria, yeast and mammalian 
cells [1–3]. In particular, seeds provide a stable 
site for the deposition of recombinant proteins 
that can avoid degradation, even when stored 
at ambient temperatures for several years [4,5]. 
Furthermore, the recombinant proteins depos-
ited in specific seed organelles known as protein 
bodies (PBs) exhibit high resistance to the harsh 
conditions found in the gastrointestinal environ-
ment of the digestive tract, such as low pH and 
proteolytic enzyme activity, due to the double 
barriers of the cell wall and the characteristics 
of PBs in plant cells, which facilitate oral admin-
istration in the form of seeds [6–8]. Compared 
with conventional immunotherapy via paren-
teral administration, much higher amounts of 
antigen can be administered in the form of PBs 
in rice seed, which are then delivered to the gut-
associated lymphoid tissue (GALT), where they 
induce effective antigen-specific immune toler-
ance or a protective immune response. There-
fore, seed has many potential benefits as a tool 
for immunotherapy because seed can be used as 
a bioreactor and a vehicle for the oral delivery of 
antigens to GALT. 

Production of pharmaceuticals 
in seed 
The cereal endosperm is a highly specialized 
storage tissue that accumulates starch and pro-
teins, which account for approximately 80% of 

the seed dry weight [9]. The yields of recombi-
nant proteins in transgenic plants are determined 
by several factors including the strength of the 
transcriptional activity (promoter activity), 
mRNA stability, post-translational modification 
(glycosylation), intracellular compartmentaliza-
tion and the genetic background [10–12]. The 
expression levels of recombinant proteins are 
determined primarily at the transcription level. 
Higher levels of accumulation can be obtained 
by sequestering proteins into specific target tis-
sues using tissue-specific promoters. Several 
strong, seed-specific promoters such as glutelin, 
(GluB‑1 and GluB‑4 ), globulin (26-kD Glb-1), 
oleosine (18 kD) and prolamin (16 and 10 kD) 
promoters in rice have been exploited and used 
for the expression of recombinant proteins in 
different parts of the seed without affecting the 
growth of stable, transgenic rice plants [13]. A 
previous study showed that more than 200 µg 
of recombinant human IL-10 accumulated in 
a single rice grain (approximately 20 mg) when 
it was expressed under the control of the endo-
sperm-specific glutelin GluB‑1 promoter and the 
expression of endogenous prolamin genes was 
suppressed by RNAi [14]. 

High levels of expression can be also achieved 
by modifying the 5´ and 3´ untranslated 
sequences and polyadenylation signals that are 
responsible for mRNA stability. Codon opti-
mization of codon bias can also be applied to 
eliminate rare codons or undesirable sequences, 
such as mRNA destabilizing signals or polyad-
enylation signals, and introduce codons used 
by many storage protein genes. This is critical 
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for increasing expression via enhancing trans-
lation efficiency. The codon-optimized genes 
were reported to have 5–100-fold increases in 
yield compared with the unmodified control [15]. 
Furthermore, selecting a suitable intracellular 
compartment as a deposition site is a critical fac-
tor that determines the yield level because the 
subcellular localization of proteins is strongly 
associated with the accumulation capacity, sta-
bility and post-translational modification of 
expressed recombinant proteins [16,17]. Transpor-
tation to suitable intracellular compartments can 
be facilitated by adding a targeting signal to the 
recombinant protein [18]. PBs and protein storage 
vacuoles (PSVs) as the protein storage organelles 
have been used as targets for the accumulation of 
recombinant proteins in seeds [18]. The addition 
of an N-terminal signal peptide to a recombinant 
protein targets the recombinant protein to the 
endoplasmic reticulum (ER), before it is directed 
to the secretory pathway and sequestrated in the 
apoplast (the exterior of the plasma membrane) 
according to the default pathway. The targeting 
of proteins to the secretory pathway is superior 
to accumulation in the cytosol. The ER pro-
vides good conditions that are suitable for the 
production of recombinant proteins due to the 
enrichment of protein chaperones such as BiPs 
and PDIs, which are involved in folding and 
assembly [19]. By contrast, cytosolic accumula-
tion generally results in very low levels compared 
with other intracellular compartments, except in 
certain specific cases. It has been reported that 
proteins targeted to the secretory pathway gener-
ally have at least a tenfold higher yield than those 
targeted at the cytosol [20]. When recombinant 
proteins were expressed in transgenic rice seed 
by ligating the signal peptide and the KDEL ER 
retention signal at the N and C termini, they 
were mainly accumulated in ER-derived PBs. 

The selection of organelle targets can affect 
the post-translational processing of recombi-
nant proteins. Proteins targeted through the 
ER can be glycosylated. During the produc-
tion of secretory proteins, glycan is added in the 
ER lumen before further modifications in the 
Golgi apparatus. N- and O-glycosylation occur 
in the secretory pathway. High mannose type 
N-glucans (5–9 Man residues) are attached to 
Asn-X-Ser/Thr. Complex type N-glucans such as  
b-1,2 xylose and a-1,3 fucose are different from 
their mammalian counterparts because they 
are attached in the Golgi apparatus [21]. Glycan 
modification should be avoided because com-
plex types of glycosylation may have significant 
allergenic risks.

Intracellular localization of 
recombinant proteins synthesized as 
secretory proteins in transgenic rice
PBs are specialized storage organelles for seed 
proteins and the deposition site of recombinant 
proteins in endosperm cells. There are two func-
tionally distinct types of PBs with different ori-
gins in the rice endosperm cell (Figure 1) [22,23]. 
The first are ER-derived type I PBs containing 
prolamins (10-, 13- and 16-kD prolamins), 
which are known as PB-Is. PB-Is are spherical, 
with a smooth surface structure and a diameter 
of 1–2 µm. The second type are PSVs known 
as PB-IIs, which contain glutelins and 26-kD 
globulin. PB-IIs are irregular in shape with a 
high electron density and diameter of 3–4 µm. 

�� ER-derived PB-I
Prolamin is a major seed storage protein in most 
cereal grains, although it only compromises 
approximately 20% of the total seed protein 
in rice and oats. The rice prolamins consist of 
16-, 13- and 10-kD prolamins. These prolamins 
are divided into cysteine (Cys)-rich (16, 13 and 
10 kD) and Cys-poor (13 kD-b) types. PB-Is 
are known to consist of a 10-kD prolamin-rich 
core, 13-kD-b prolamin-inner layer, 13-kD-a 
and 16-kD prolamin-rich middle layer, and 
13-kD-b prolamin-rich outer layers [24].

A similar PB structure has been reported in 
maize. Maize storage proteins are composed of 
a-, b-, g- and d-zeins. Cys-poor a-zein com-
prises most of the core, which is surrounded by 
a thin layer of  b- and g-Cys-rich zeins. The 
penetration of major Cys-poor a-zein into the 
core region during the late maturity stage leads 
to the enlargement of ER-derived PBs [25]. 

The reduction of individual storage proteins 
and PB formation has been investigated using 
knockdown transgenic rice plants [26]. The 
knockdown of 13-kD prolamins reduced the 
size of ER-derived PBs and changed them from 
round-shaped structures to rugged peripheral 
structures. By contrast, suppression of Cys-rich 
10 and 16 kD prolamins resulted in a slight 
reduction in PB-I size. 

�� PSVs
Glutelin is the major seed storage protein in 
rice (i.e.,  60–70%), while 26-kD globulin 
comprises approximately 10% of the total seed 
proteins. These glutelins (GluA, B, C and D) 
and globulins are mainly transported from the 
ER lumen to PSVs through the Golgi apparatus 
via dense vesicles. Some components of glutelins 
and globulins are trafficked directly into PSVs 
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via precursor accumulating vesicles measuring 
0.2–0.4 µm that are derived from the ER as an 
alternative pathway, thereby bypassing the Golgi 
apparatus [27]. Precursor accumulating vesicles 
originate from protein aggregates in the ER. 
Reduction of the glutelin levels slightly decreases 
the PSVs, whereas the simultaneous reduction 
of glutelin and globulin levels affects the inner 
structure of PSVs, suggesting a role for globulin 
during PSV formation [26].

�� Generation of new PBs containing 
recombinant proteins
The ER is a favorable location for the storage 
of recombinant proteins. Recombinant proteins 
with a signal peptide and an ER retention signal 
(KDEL) generally accumulate in the ER-derived 
PB when they are expressed in cereal seeds under 
the control of endosperm-specific expression [28]. 

However, it is interesting to note that the intra-
cellular deposition sites of recombinant proteins 
are greatly affected by endogenous seed storage 
proteins in seeds if recombinant proteins are pro-
duced constitutively as secretory proteins, which 
results in unexpected intracellular localizations 
that differ from the inherent destination sites 
observed in the vegetative tissues of the same 
plant. For example, Aspergillus niger phytase 
was deposited in ER-derived PBs and PSVs of 
rice endosperm, whereas it was secreted into the 
apoplasts of the rice leaf by the intrinsic secre-
tory signal [29]. Human serum albumin contain-
ing a KDEL tag was also deposited as storage 
protein aggregates within the vacuoles of wheat 
endosperm cells, although it was targeted to the 
ER lumen in leaf cells [30]. Furthermore, large 
amounts of KDEL-tagged antibody expressed 
in tobacco or Arabidopsis seed were delivered to 

Figure 1. Differences in the structure of protein bodies containing various recombinant 
proteins. Recombinant proteins are deposited as unique endoplasmic reticulum-derived PBs, 
depending on the physical properties of the proteins accumulated in the rice endosperm cell. 
Intracellular localization of recombinant proteins in developing rice endosperm cells was analyzed by 
immunoelectron microscopy. (A) WT: nontransgenic WT rice; (B) 7Crp: seven linked T‑cell epitope 
peptide derived from Japanese cedar pollen allergens Cry j 1 and 2; (C) Der p 1 (45–145): fragment 
comprising amino acid positions 45–145 of the group 1 house dust mite allergen, Der p 1; (D) IL-10: 
human IL-10; (E) Der f 2 (-Cys): full-length sequence of the mutagenized group 2 house dust mite 
allergen Der f 2, in which all six cysteine residues were changed to serine residues; (F) Der f 2 
(C8/119S): full-length sequence of the mutagenized group two house mite allergen Der f 2, in which 
two cysteine residues involved in an intramolecular disulfide bond formation between Cys 8 and 119 
were changed to serine residues. Scale bar represents 1 µm.  
PB: Protein body; WT: Wild-type.

WT 7Crp Der p 1(45–145)

IL-10 Der f 2 (-Cys) Der f 2 (C8/119S)
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the periplasmic space between the plasma mem-
brane and the cell wall, as well as the ER lumen 
[31,32]. Thus, protein targeting is regulated in a 
tissue- or cell-specific manner. One explana-
tion for the targeting of recombinant proteins 
to ER-derived PBs in transgenic rice seed is that 
the free cysteine residues of recombinant pro-
teins are arrested by Cys-rich storage proteins, 
such as Cys-rich prolamins in the ER lumen, 
via intermolecular interactions and subsequently 
sequestered in PBs [33].

Recombinant proteins with noncovalent free 
cysteine residues (7Crp and Der p 1) were found 
to interact with various types of Cys-rich prola-
mins in transgenic rice seed, which facilitated 
the deposition of proteins into PB-Is via the for-
mation of aggregates between the recombinant 
protein and Cys-rich prolamins [34–36]. These 
aggregates are retained in the ER, resulting 
in the formation of ER-derived PBs contain-
ing polymerized aggregates, which are seques-
tered into PB-Is (Figure 1). When human IL-10 
with a KDEL tag was produced in rice seeds, 
IL-10 aggregated in the ER lumen and formed 
unique, small ER bodies, which then assembled 
with prolamins, resulting in the formation of 
an IL-10/prolamin assembly [14]. A similar 
intracellular localization to ER vesicles was also 
observed when GM-CSF without the KDEL tag 
was expressed as a secretory protein with a signal 
peptide in rice endosperm [37]. Modified mite 
allergen Der f 2 derivatives aggregated in the 
ER lumen where they were deposited in unique, 
PB-like structures, known as Der f 2 bodies [36]. 
The Der f 2 body differs from PB-I and -II in 
terms of its intracellular localization and physi-
cochemical properties. These results suggest that 
the structure and formation of ER-derived PBs 
containing recombinant proteins are dependent 
on the physical properties of the protein. The 
digestive enzyme resistance of these ER-derived 
PBs is generally lower than representative PB-Is.

Rice seed PBs are an effective system 
for the delivery of vaccines to GALT 
The oral administration of pharmaceuticals has 
several advantages over traditional parenteral 
(systemic) routes because of its convenience, the 
absence of a requirement for administration by 
medical personnel and the lack of pain caused by 
injections. Furthermore, parenteral and muco-
sal immune reactions can be induced if antigens 
are administrated via the oral route, resulting 
in prophylactic and therapeutic effects. There-
fore, the administration of vaccines to mucosal 
surfaces is expected to be more effective than 

their parenteral administration. Most pathogens 
invade the host via the mucosal route, so muco-
sal immune responses are considered to be the 
most effective means of preventing infectious 
diseases. With oral vaccines, however, the naked 
antigens are degraded by digestive enzymes in 
the GI tract before they arrive at the GALT. Oral 
products require a 100- to 1000-fold higher dose 
to produce an injectable dose equivalent when 
using a crude allergen extract or purified allergen. 
Resistance to digestive enzymes in the stomach 
and small intestine, and from other harsh condi-
tions is effectively promoted by bioencapsulation 
using the double barriers provided by the plant-
specific cell wall and the seed-specific protein 
body [8]. The efficacy of this route appears to be 
similar to the use of encapsulating agents such as 
liposomes. In addition to the two barriers of the 
cell wall and PBs, cereal grains also contain car-
bohydrates that confer protein stability, which 
may account for the slow release of proteins and 
their ability to survive into the gut.

The stability was compared between the two 
different types of PBs (i.e., ER-PB [PB-I] and 
PSV [PB-II]) found in rice endosperm, and the 
former showed higher resistance to digestive 
enzymes than the latter in simulated gastric fluid 
[38]. The dose of PB-I localized antigen required 
for suppression of allergen-specific IgE was sig-
nificantly lower (~1/3) when fed in a PB-II 
localized form. This is because PB-Is are tightly 
packaged by several types of prolamins with dif-
ferent physical properties that are spatially and 
systematically arranged during seed maturation. 
These findings indicate the advantages of bio-
encapsulation in PB-Is for achieving efficient 
mucosal delivery of oral protein therapeutics. 

Immune response in the gut
Oral immunization stimulates the induction of 
mucosal and systemic antigen-specific immune 
responses, which result in the generation of a 
state of immune tolerance. Thus, the mucosal 
immune system provides a front line of defense 
against invading pathogens via its induction of 
positive immune responses, as well as inducing 
immunological unresponsiveness [39]. The gut is 
an entry site for numerous antigens, where toler-
ance is required for a healthy immune response. 
Vaccines should be evaluated carefully on a case-
by-case basis to balance oral tolerance with the 
immune response (Figure 2). 

Immune tolerance is caused by anergy or 
the deletion of specific T cells and the induc-
tion of Tregs, such as thymus-derived natural 
Foxp3+ CD4+CD25+, and adaptive or inducible 
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Tregs (iTregs) related to peripherally generated 
Foxp3+ inducible T cells and Foxp3- iTregs, such 
as Tr1 and Th3 cells, depending on the antigen 
concentration administered and the duration 
and frequency of treatment [40–42]. PBs contain-
ing antigens with a diameter less than 10 µm 
are taken up by M cells in Peyer’s patches (PPs) 
and presented to dendritic cells (DCs), taken 
up directly by epithelial cells, or sampled by 
the extending dendrites of DCs in the intesti-
nal lamina propria (LP) via the epithelium [43]. 
There are at least three distinct subsets of DCs 
in PP:

�� CD11c+ DCs in the subepithelial domain 
region;

�� CD8+ DCs in the T‑cell-rich interfollicular 
regions;

�� Double-negative DCs in both the subepithelial 
domain and interfollicular regions [44,45].

Furthermore, DCs from the LP play a sub-
stantial role in the induction of antigen-specific 
responses. CD103+ DCs in the LP can induce 
conversion of Foxp3+ iTregs via their capac-
ity for releasing TGF-b and retinoic acid [46]. 
IL-10-producing immature DCs contribute 
to immunological tolerance by inducing Tr1 
regulatory  cells. 

High-dose tolerance is mediated by anergy 
or deletion [47]. Fas (CD95)-dependent apop-
tosis is responsible for the deletion of effector 
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Figure 2. Advantage of seed-based vaccine via protein body as a delivery vehicle to gut-associated lymphoid tissue. 
(A) Schematic presentation of rice endosperm cell. (B) Comparison of digestibility between native peptide and bioencapsulated peptide 
in PBs by in vitro pepsin digestion. (C) Sites of antigen uptake and immune reaction in the gut. Particle antigens, such as PBs, are taken 
up by M cells overlying PPs and then delivered to intestine APCs, such as dendritic cells, macrophages and B cells, to present antigen to 
T cells in the GALT (PP and LP) or draining lymph nodes such as the MLN. 
CW: Cell wall; FAE: Follicle-associated epithelium; FO: Follicle; GALT: Gut-associated lymphoid tissue; GC: Germinal center; 
IFR: Intrafollicular region; LP: Lamina propria; M cell: Microfold cell; MLN: Mesenteric lymph node; PB: Protein body; PP: Peyer’s patch.
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T cells. Anergy is associated with the expres-
sion of costimulation factors (interactions 
between costimulatory receptors on T  cells 
(CD28/CTRA-4) and counter-receptors on 
APCs [CD80/86]). CTRA-4 is released by 
CD4+CD25+ and is involved in the suppression 
of APCs by competing with CD28 for binding 
to CD80/86 on the APC. The ICOS–ISCS-1 
pathway or the PD-1–PD-L costimulatory path-
ways are also implicated in oral tolerance. PD-L1 
(B7-H1) and PD-L2 (B7-DC) expressed on acti-
vated DCs play a substantial role in tolerance 
induction [48,49]. 

Peripheral conversion of CD4+ T cells to Tregs 
occurs primarily in GALT. DCs from LP pro-
motes a high level of Treg conversion relative 
to the lymphoid organ-derived DC. CD103+ 
DCs isolated from the small intestine and the 
mesenteric lymph nodes of the gut produce 
both TGF-b and retinoic acid, which efficiently 
mediate the differentiation of naive T cells into 
Foxp3+ Tregs. Oral tolerance is established via 
the ability to enhance IL-10 production from 
PP-CD11c+ cells and the generation of Ag-
specific suppressive T  cells. IL-10-producing 
T cells are highly abundant in the intestine and 
frequently observed in the PP and intraepithe-
lial lymphocyte in the small and large intestines. 
After peripheral T‑cell tolerance is triggered, 
allergen-specific Tregs produce elevated levels of 
IL-10 and TGF-b. IL-10-producing T cells can 
be induced from Foxp3+ or Treg 1 after induc-
tion by TGF-b and IL-27 [50]. The iTregs found 
in the peripheral tissue are essential for muco-
sal immune tolerance and the control of severe 
chronic allergic inflammation.

NK regulatory cells have the capacity to sup-
press antigen-specific T‑cell responses. gd T cells 
are important mediators of mucosal tolerance 
that regulate autoimmunity. CD8+ Tregs are 
also involved in oral tolerance. Double-negative 
T cells promote tolerance induction and regulate 
autoimmunity [51].

Immune regulation via the oral 
administration of rice seed-based 
pharmaceuticals
�� Allergy vaccines

Allergen-specific immunotherapy is the only 
known curative treatment for allergic dis-
eases  [52,53]. Conventional immunotherapy 
using subcutaneous injection of increasing 
doses of crude allergens has been used for the 
last 3–5 years, resulting in a reduction of clini-
cal symptoms and the prevention of disease 
progression. 

Japanese cedar pollen allergy
Peptide immunotherapy is an ideal allergen-
specific immunotherapy because of its high 
safety, so high-dose administration is possible 
[54,55]. The oral administration of T‑cell epit-
opes from Japanese cedar pollen allergen is 
reported to specifically induce immune toler-
ance against the pollen allergen [56]. Rice seed 
can express and accumulate remarkably high 
levels of T‑cell epitope peptides compared with 
the doses used in conventional immunotherapy 
via the oral route. To evaluate the feasibility of 
seed-based peptide immunotherapy, two major 
T‑cell epitopes derived from the Japanese cedar 
major pollen allergens, Cry j 1 and Cry j 2, were 
expressed as a translational fusion protein with 
the soybean seed storage protein glycinin in 
the endosperm of transgenic rice seeds (Table 1) 
[57]. Transgenic rice seeds containing the major 
T‑cell epitopes were administered orally and 
followed by challenge with cedar pollen aller-
gens, which led to a specific T‑cell proliferation 
response that was significantly reduced com-
pared with mice fed with nontransgenic rice 
seeds. The clinical symptoms (i.e., the specific 
IgE level and frequency of sneezing) were also 
reduced. The Th-2 type cytokines IL-4, -5 and 
-13 were also suppressed compared with the 
wild-type seed. These results suggest that aller-
gen-specific immune tolerance can be induced 
by oral administration of transgenic rice seed 
containing major T‑cell epitopes.

Based on positive results using a model mouse, 
human versions of a rice-based peptide vaccine 
against cedar pollen allergy have been generated. 
However, the T‑cell epitopes derived from cedar 
pollen allergens are different in humans due to 
the genetic divergence of MHC. To compen-
sate for this genetic diversity, seven major T‑cell 
epitopes were linked as a hybrid peptide. The 
seven linked T‑cell epitopes are known as 7Crp, 
which is composed of three and four major T‑cell 
epitopes derived from Cry j 1 and 2, respectively. 
This hybrid T‑cell peptide produced a similar 
level of immunogenicity to the native allergens 
but no allergenicity (IgE-binding activity), 
therefore, providing an ideal peptide vaccine 
for Japanese cedar pollen allergy [58]. 

The 7Crp peptide was highly accumulated in 
transgenic rice seed (approximately 60 µg/grain) 
and was deposited in ER-derived PBs, which are 
suitable for delivery to GALT [59]. To test its 
safety, the chronic and reproductive toxicity 
were evaluated by feeding transgenic rice seeds 
to monkeys and rats, with no adverse effects 
detected [60].



Special Report Takaiwa

www.futuremedicine.com 307future science group

Update on the use of transgenic rice seeds in oral immunotherapy Special Report

Table 1. Examples of seed-based antigens and cytokines.

Recombinant 
protein

Promoter Expression level/yield, 
intracellular localization

Immunogenic reaction Ref.

T‑cell epitope peptide 
from Cry j 1 and 2, 
inserted into soybean 
glycinin (A1aB1b)

Rice glutelin, GluB‑1 7 µg per grain (0.5% TSP), 
PB-II

Suppression of allergen-specific T‑cell 
proliferation, IgG and IgE in mice following oral 
administration; reduction of histamine levels 
and sneezing frequency as a result of decrease 
in Th2 cytokines

[57]

Artifical peptide 
(7Crp): 7 linked major 
T‑cell epitope peptides 
from Cry j 1 and 2

Rice glutelin, GluB‑1 60 µg per grain, PB-I Suppression of allergen-specific T‑cell 
proliferative response and serum IgE in mice 
following oral administration

[59]

Destructed Cry j 1 
and 2

Rice glutelin, GluB‑1, 
GluB‑4, prolamin: 10 and 
16 kD

5–20 µg per grain, PB-I Suppression of allergen-specific T‑cell 
proliferation, IgG and IgE in mice following oral 
administration; reduction of sneezing frequency 
and infiltration of inflammatory cells as a result 
of decrease in Th2-type cytokines

[61]

Dust mite allergen 
Der p 1(45–145)

Rice glutelin, GluB‑1 90 µg per grain (7.5% of 
TSP)

Inhibition of Der f 1-specific IgE and IgG, T‑cell 
response and Th2-type cytokines; inhibition of 
allergen-induced inflammatory cell infiltration in 
mice following oral administration

[35]

Dust mite allergen 
hypoallergenic Der f 2

Rice glutelin, GluB‑1 15–30 µg per grain; Der f 2 
body

Suppression of Der f 2-specific IgG and IgE 
production in mice following oral administration 

[36]

CTB subunit Rice glutelin, GluB‑1 30 µg per grain, PB-I and 
PB-II

Induction of CTB-specific serum IgG and 
mucosal IgA with neutralizing activity in mice 
and macaques following oral administration; 
CTB-specific IgA-mediated protection against 
CT or LT-induced diarrhea

[6]

Nontoxic dmCT Rice glutelin, GluB‑1, 
GluB4

5 µg per grain Induction of CTB-, but not CTA-specific serum 
IgG and mucosal IgA antibodies in mice 
following oral administration; diarrhea was 
protected by oral administration

[70]

Truncated HBVs fused 
with hepatocyte 
receptor binding 
presurface 1 region

Rice glutelin, GluB‑4 31.5 ng/g dry weight grain Specific antibody responses were elicited in mice 
after intraperitoneal injection

[64]

Surface glycoprotein F 
from Newcastle 
disease virus

Maize ubiquitin and rice 
glutelin, Gt1

2.5–5.5 µg/g TSP from seed 
or leaf

Induces antigen-specific antibodies in mice 
following oral administration; specific serum 
antibody responses were elicited

[65]

16-kD antigen of the 
roundworm (Ascaris 
suum) fused to CTB

Rice glutelin, GluB‑1 1.5 µg per grain Induction of At16-specific serum IgG in mice by 
oral administration in combination with CT; 
reduction of number of larvae

[67]

IBDV host-protective 
VP2

Rice glutelin, Gt1 4.5% of total soluble 
protein 

Induction of serum antibody responses against 
IBDV in chickens vaccinated with transgenic rice 
seeds

[66]

45 kDa C-terminal half 
of the heavy chain of 
Botulinum type A 
neurotoxin 

Rice prolamin: 13 kD, 
simultaneous suppression 
of glutelin A and 13-kD 
prolamins by RNAi

100 µg per grain, cytoplasm Induction of protective immunity against a 
challenge with botulinum type A neurotoxin in 
mice following oral administration

[71]

hIL-10 Rice glutelin, GluB‑1, 
simultaneous suppression 
of 10-, 16- and 13-kD 
prolamins by RNAi

200 µg per grain, IL-10 body Suppression of cedar pollen allergen-specific 
IgG and IgG in mice following oral 
administration

[11]

hGM-CSF Rice glutelin, Gt1 14 µg per grain, ER-derived 
unique body

Mice fed transgenic seeds showed a 27% 
increase in leukocytes

[37]

CT: Cholera toxin; CTA: Cholera toxin A; CTB: Cholera toxin B; dm: Double mutant; ER: Endoplasmic reticulum; h: Human; IBDV: Infectious bursal disease virus; 
LT: Escherichia coli heat-labile enterotoxin; PB: Protein body; TSP: Total seed protein.
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However, despite its low allergenicity, pep-
tide immunotherapy using T‑cell epitopes may 
not be applicable to all Japanese cedar pollino-
sis patients. Thus, to treat a broader range of 
allergy patients, the Cry j 1 and 2 entire mol-
ecules were destroyed by a molecular shuffling 
and fragmentation process that perturbed the 
tertiary structure  required for recognition of  an 
allergen-specific IgE.

Transgenic rice seeds containing accumula-
tions of these destructed whole Cry j 1 and 2 
molecules were fed to mice daily, which were 
then challenged using crude cedar pollen allergen 
[61]. It was found that the allergen-specific CD4+ 
T‑cell proliferation and IgE and IgG levels were 
markedly suppressed compared with mice fed 
nontransgenic rice seeds. The sneezing frequency, 
which is a clinical symptom of pollinosis, and 
the infiltration of inflammatory cells in the nasal 
tissue, such as eosinophils and neutrophils, were 
also significantly reduced. These results suggest 
that oral administration of transgenic rice seeds 
containing structurally disrupted Cry j 1 and 2 
antigens provides a promising therapeutic allergy 
vaccine, which could be applicable to all patients 
who suffer with Japanese cedar pollinosis. 

House dust mite allergy
House dust mites (HDMs) are the most common 
source of indoor allergens and are associated with 
allergic diseases worldwide. To benefit allergic 
patients, safer and noninvasive mucosal routes 
of oral administration are considered to be the 
best alternative to conventional allergen-specific 
immunotherapy. A strategy using rice-based 
allergy vaccines was examined to test whether 
it could be applicable to other allergies. HDM 
allergy is the main cause of bronchial asthma. 
The main allergens responsible for HDM allergy 
are classified into group 1 and 2, which contain 
cysteine protease and similarity to a family of 
epididymal proteins, respectively. A damaged 
Der p 1 fragment (p45–145) that included most 
human and mice major T‑cell epitopes and 
Der f 2 derivatives, which had reduced IgE reac-
tivity due to disrupted intramolecular disulfide 
bonds, were produced in transgenic rice seeds 
and used as tolerogens to induce oral immune 
tolerance to mite allergens [35]. Mite allergen 
transgenic rice seeds containing the Der  p 1 
fragment (p45–145) were fed to mice that were 
subsequently immunized using a recombinant 
Der p 1, and the allergen-specific CD4+ T‑cell 
proliferation and production of allergen-specific 
IgE and IgG were suppressed compared with 
mice fed nontransgenic rice seeds. Measureable 

clinical symptoms such as the development of 
allergic airway inflammation due to infiltration 
by eosinophils and lymphocytes, and bron-
chial hyper-responsiveness were inhibited by 
prophylactic vaccination with transgenic rice 
seeds [35].

Transgenic rice seeds containing Der f 2 deriv-
atives were fed to mice and immune tolerance to 
the Der f 2 antigen was induced in a similar way 
to other allergens. Interestingly, the inhibition of 
Der f 2-specific IgE and IgG production indi-
cated that the efficacy of these derivatives was 
related to the resistance of Der f 2-containing 
PBs to digestive enzymes in the GI tract [36].

�� Vaccines against pathogens
Cholera toxin B
Cholera is an acutely dehydrating, watery diar-
rheal disease caused by Vibrio cholerae. Cholera 
affects the small intestine through its secreted 
exotoxin, which is composed of five receptor-
binding B subunits and a single catalytic A sub-
unit. Transgenic rice expressing cholera toxin 
(CT)B in rice grains was developed as a rice-
based oral vaccine. When MucoRice-expressed 
CTB was orally administered to mice, specific 
immune responses and neutralizing activity were 
detected in the systemic and mucosal compart-
ments (induction of secretory IgA and serum IgG 
responses) [6]. Interestingly, animals immunized 
with MucoRice-CTB exhibited better protection 
from an oral challenge with CT compared with 
control animals. In a similar study conducted 
using a nonhuman primate model, cynomolgus 
macaques were orally administered MucoRice-
CTB [62]. The animals were found to have CT-
specific, neutralizing antibodies and high levels of 
systemic IgG and intestinal IgA antibodies [6,62].

MucoRice CTB is taken up by the microfold  
cells and induces a CTB-specific serum IgG 
and intestinal IgA response to confer protec-
tion against oral challenges with CT, thereby 
providing two layers of defense against mucosal 
pathogens. No serum IgE antibodies against rice 
storage proteins were induced, even after mul-
tiple immunizations. In addition, rice that was 
preserved at room temperature for 3 years had 
an equivalent CTB-specific mucosal immuno-
genicity to freshly harvested rice [63]. This dem-
onstrated the stability of rice seed-based vaccines 
at room temperature, which can avoid difficult 
cold-chain requirements. 

HBV
The modified HBV surface antigen gene SS1 is a 
fusion protein that contains amino acids 21–47 
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from the hepatocyte receptor-binding presur-
face 1 region fused to the truncated C-terminus 
of the major HBV surface protein and it has been 
specifically expressed in rice endosperm under 
the control of the glutelin GluB‑4 promoter. The 
recombinant SS1 protein was observed to form 
virus-like particles in the cytoplasm of transgenic 
seeds, although its accumulation level was very 
low (approximately 31.5 ng/g dry weight grain). 
The production of antibodies against the pre-
surface 1 region region protected humans from 
HBV infection by preventing HBV from binding 
to hepatocytes, when BALB/c mice were immu-
nized with the recombinant SS1 protein [64]. 
This is a promising candidate as an alternative 
HBV vaccine for preventing hepatitis B.

Newcastle disease virus 
The Newcastle disease virus F protein was 
expressed and accumulated in the leaf and seed 
tissues of transgenic rice plants. The immunoge-
nicity of the expressed proteins was tested using a 
mouse model and specific antibodies were shown 
to be elicited in mice that had been immunized 
intraperitoneally using crude protein extracts 
from transgenic rice plants [65].

Infectious bursal disease virus
Infectious bursal disease virus (IBDV) causes 
severe immunosuppression in young chickens 
by destroying the immature B lymphocytes in 
the bursa of Fabricius. The IBDV host-protec-
tive immunogen VP2 protein was expressed 
in rice seeds. Chickens were orally vaccinated 
with transgenic rice seeds and challenged with a 
highly virulent IBDV strain, and they produced 
neutralizing antibodies against IBDV that con-
ferred protection [66]. These results demonstrated 
that transgenic rice seeds expressing IBDV VP2 
conferred protection against infectious agents in 
an animal model. 

Protection against the roundworm
As16 is characterized as an antigen that confers 
protection against the swine roundworm Asca‑
ris  suum and was produced in transgenic rice 
seed as a chimeric protein fused with the muco-
sal carrier molecule CTB. When transgenic rice 
seeds were orally fed to mice with or without 
CT, the specific serum antibody (IgG) against 
As16 was only elicited by combination with CT 
as the mucosal adjuvant. When the immunized 
mice were subsequently infected with A. suum 
embryonated eggs by oral inoculation, lung 
worm burden (the number of larvae in the lungs 
of mice) was significantly reduced compared 

with mice fed with the Tg rice without CT or 
regular food [67].

�� Production of cytokines in rice seed
IL-10 
Plants can correctly process human IL-10 as 
biologically active dimers and they provide a 
suitable platform for the production of cyto-
kines. The accumulation levels are sufficiently 
high to allow the delivery of an immunologically 
relevant dose of IL-10.

The functional efficacy of the IL-10 produced 
as a stable dimer in rice seeds was evaluated by 
oral administration in pollen- and food-allergy 
mouse models [11]. Allergen-specific IgE and 
T‑cell proliferation were significantly suppressed 
by consumption of the transgenic rice seeds, 
which showed that the IL-10 functional dimer 
retained its biological activity in rice seed.

GM-CSF
GM-CSF is used to treat the leukopenia caused 
by cancer chemotherapy or radiotherapy. 
GM‑CSF was expressed under the control of an 
endosperm-specific glutelin promoter and was 
localized in PBs and apoplasts [37]. It stimulated 
the growth of TF-1 cells in vitro. Rice seed-based 
GM-CSF generates its biological activity in a 
dose-dependent manner, which is identical to 
that of GM-CSF by injection. Immunohisto-
chemistry demonstrated that after oral con-
sumption in a seed-based form, GM-CSF can 
pass through the small intestine mucosal wall 
into the bloodstream of mice, which suggests 
that GM-CSF can be absorbed as a functional 
molecule.

Conclusion & future perspective
Rice seed-based oral vaccines offer significant 
advantages over needle-based vaccines. The 
expression of vaccine antigens in transgenic 
plants, such as rice, has the potential to provide 
a convenient, safe approach for oral vaccination 
and to provide a feasible alternative to tradi-
tional parenteral vaccines. The absence of a need 
for processing and purification makes the pro-
cess very cost-effective. In particular, seed-based 
vaccines circumvent the limitations of other oral 
vaccines because they are stable for several years 
at room temperature. It is important to note that 
not only mucosal, but also systemic immune 
reactions, are induced by oral administration. 
Furthermore, recombinant proteins deposited 
in PBs in rice seed (bioencapsulated vaccines) 
can be effectively delivered to GALT because 
they are protected from digestive enzymes in 
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the GI tract. Improved antigen expression has 
been established in transgenic rice seed, which 
serves as a factory for vaccine production. Rice 
seed-based pharmaceuticals can be cultivated 
in the field or closed compartments. The plant 
production system has the advantage of scal-
ability, which permits the large-scale and inex-
pensive production of vaccines dependent on 
requirement of many patients. During open-
field cultivation, however, there are major con-
cerns regarding out-crossing with wild-type rice. 
It is also possible that the contamination with 
nontransgenic rice grains could occur by direct 
mixing during the harvest and distribution. 
Zero tolerance of food chain contamination is 
strictly demanded by consumers and environ-
mental organizations. Thus, contamination via 
gene transfer via pollen must be avoided using 
physical or biological methods [68]. Physical 
containment can be achieved by geographical 
isolation and different plantings, although rice 
is a self-pollinating plant and its pollen viabil-
ity and out-crossing rates are very low. More 
severe physical segregation can be achieved by 
cultivation in greenhouses or closed molecular 
farming facilities (closed glasshouses). Biologi-
cal methods include the use of sterile male plants 
or cleistogamy (self-fertilization without flower 
opening). It would also be helpful to use dis-
criminative markers such as color-coded rice 
to ensure traceability. Furthermore, it may also 
be important to take measures to prevent the 
agent entering the food chain by using specific 
facilities for processing the seed and establishing 
a standard operation protocol for the manage-
ment of transgenic rice.

It has been proposed that pharmaceutical 
crops should be produced under the control 
of specific regulations and guidelines. Rice 
seed-based mucosal vaccines are a new form 
of medical drug that has to be manufactured 
according to good manufacturing practice stan-
dards, including extensive quality assurance and 

control procedures before the start of clinical 
trials (Phase I) [69]. However, standardization 
of the dosage (antigen) is a major problem in 
transgenic rice seeds. The expression levels may 
vary among plants (and seeds) and genera-
tions, depending on physiological conditions. 
It is necessary to establish a production system 
where the content and quality of the vaccine 
antigen expressed by the plants are affected as 
little as possible, even when cultivated in natu-
ral environment conditions, such as in Japan, 
good manufacturing practice validation of all 
processes from cultivation to processing of the 
packaged rice as a final product is required 
from the Pharmaceuticals and Medical Devices 
Agency. Allergen-specific immunotherapy is the 
only curative treatment for allergies. It is based 
on mechanisms that induce immune tolerance 
against allergens that induce IgE-mediated 
type I allergy. The consumption of a rice-based 
allergy vaccine containing a modified hypoal-
lergenic tolerogen induces very few severe side 
effects. This allows the administration of high 
doses of the vaccine from the start of treatment, 
resulting in a reduction in the length of treat-
ment. At present, preclinical experiments are 
underway to test rice-based allergy vaccines 
against cedar pollen allergy in Japan. If seed-
based allergy vaccines can be accepted as seed-
based mucosal pharmaceuticals, these vaccines 
will provide an innovative immunotherapeutic 
approach.
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Executive summary

�� Pharmaceuticals (antigens and cytokines) can be accumulated at high levels in seed protein bodies (PBs), particularly when they are 
expressed in rice seeds under the control of a strong endosperm-specific promoter to be produced as a secretory protein.

�� The bioencapsulated antigens in PBs are resistant to proteolysis in the GI tract and delivered much more effectively to the 
gut-associated lymphoid tissue than those accumulated in other tissues.

�� Mucosal and systemic antigen-specific immune responses have been shown to be induced effectively when antigens deposited in rice 
seed PBs were orally administered. The immune activation or tolerance may be determined by the biological properties of antigens.

�� The oral administration of modified allergens with reduced IgE-binding activities in the PBs of rice seeds led to allergen-specific immune 
suppression, which indicated the efficacy of rice seed-based allergy vaccines as oral tolerogens against aeroallergenic disease. 

�� Various vaccine antigens against pathogens were produced using transgenic rice seeds. The administration of the rice seed-based 
vaccines via oral consumption elicited neutralizing serum antibody and protective immunity.

�� Cytokines produced in rice seeds retained their biological functions after oral administration.
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