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Peptide immunotherapy for alle
rgic diseases using a rice-based

edible vaccine
Takachika Hiroia and Fumio Takaiwab
Purpose of review

Plant pollens are the most common cause of seasonal

allergic disease. The number of patients undergoing

treatment for allergies to the pollen of Japanese cedar

(major antigens: Cry j 1 and Cry j 2) has increased steadily

each year. Integration of an effective, safe and inexpensive

clinical program would be greatly improved by addressing

deficiencies in systemically delivered immunotherapy.

Recent findings

We have demonstrated that feeding mice transgenic rice

seeds accumulating the T-cell epitope peptides of Cry j 1

and Cry j 2 before systemic challenge with total protein of

cedar pollen inhibits the development of allergen-specific

IgE, IgG and CD4þ T-cell proliferative responses. The levels

of allergen-specific CD4þ T-cell-derived allergy-associated

T-helper 2 cytokine of IL-4, IL-5, and IL-13 and histamine

release in serum were also significantly decreased.

Moreover, clinical symptoms were inhibited in an

experimental sneezing-mouse model.

Summary

Plant-based edible vaccine has been shown to be effective

for treatment of Japanese cedar pollinosis. When rice seeds

containing T-cell epitopes derived from cedar pollen

allergens were orally administered to mice, immune

tolerance leading to reduction of allergen-specific IgE,

T-cell proliferative reaction and histamine could be induced,

resulting in suppression of allergic-specific symptoms such

as sneezing.
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Introduction
Plant pollens are the most common cause of seasonal

allergic disease. The number of patients suffering from

the pollen of Japanese cedar (Cryptomeria japonica) has

increased steadily to the point that Cryptomeria pollinosis

has become a serious social problem in Japan [1]. One

epidemiological study reported that about 30% of the

general population of Tokyo aged 20–40 years old had

circulating IgE antibodies to Japanese cedar pollen [2]. In

general, allergen avoidance, pharmacotherapy and immu-

notherapy are the three main principles of treatment for

allergic diseases, and allergen-specific immunotherapy

has been used for more than 90 years [3]. Protein extracts

from several pollens or dust mites were used to systemi-

cally challenge allergic patients, resulting in the

reduction of clinical symptoms [4]. Many clinically

important allergens have been purified from the extracts

of whole proteins [5]. More recently, genes encoding

allergens have been cloned for use in immunotherapy.

Derivatives of several recombinant allergens, including

synthetic peptides (e.g. T-cell-specific epitope peptide),

and variants of wild-type recombinant allergens have

been employed to avoid the clinical complications of

allergic anaphylaxis [6]. In addition to the modification

of antigens, mucosal immunization has been notable for

the safety and effectiveness of vaccinations as a replace-

ment for systemic inoculation with a hypodermic needle.

In this article, the uniqueness of an edible vaccine that

uses multiple T-cell epitopes expressed in rice to induce

immune tolerance is reviewed, with an emphasis on

future directions for clinical therapeutic potential.

Therapeutic evidence of pollen and mite
allergies mediated by antigen-specific
immunoglobulin E antibody as type I
hypersensitivity
Acute hypersensitivity reactions (type I hypersensitivity)

occur through the interaction of allergic antigen with

antigen-specific IgE antibody, which is predominantly

bound to tissue and mucosal mast cells, and circulating

basophiles [7]. This immunological binding via Fc recep-

tors leads to mast cell degranulation and the release of

chemical mediators of inflammation [8]. IgE responses

are local events occurring at the site of allergen entry at

mucosal surfaces and at local lymphoid tissues. IgE

production from IgEþ B cells is induced by antigen-

presenting cells and in cooperation with B cells and

Th2 cells [9,10].
orized reproduction of this article is prohibited.
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Of the three main principles of treatment for allergic

disease, allergen avoidance has the least possibility for

adverse side effects, particularly in children, but can be

difficult to implement. For example, removal of all

Japanese cedar trees from the urban environment is

not a socially acceptable option. For indoor environ-

ments, however, control of allergens like dust mites

can be more practical. The key to a clinical response is

the meticulous elimination of house-dust mite allergens.

The effectiveness of a house-dust mite eradication

regime has been demonstrated with a greater than 100-

fold reduction in room dust-mite content and a con-

comitant improvement in symptom scores [11].

While helpful, the removal or reduction of allergens

is more effective in clinical patient management with

pharmacotherapy. Many therapeutic medicines against

allergic airway diseases have been developed, such as

intranasal corticosteroids and systemic antihistamines.

The intranasal corticosteroids significantly improve aller-

gic symptoms [12]. Clinical studies have demonstrated

that antihistamine therapies effectively reduce symp-

toms of airway allergic disease in patients with seasonal

allergic rhinitis [13].

Specific immunotherapy for the treatment of allergy

patients began in 1911, when it was first investigated

by Noon and Freeman [14]. Systemic immunization with

protein extracts from several pollens or from dust mites

has been demonstrated as an effective therapeutic treat-

ment [4]. The clinical effects obtained through allergen-

specific immunotherapy are the result of a decrease in

allergen-specific IgE, an increase in blocking IgG, an

increase in type 1 T helper (Th1) cytokines, and a

reduction in allergen-specific T-cell responsiveness.

Specific immunotherapy is associated with a risk of

anaphylaxis and, rarely, even death, increasing the need

for alternative well tolerated vaccines [15]. Thus, because

of its inconvenience, contraindications and risks, the use

of allergen-specific immunotherapy by systemic immu-

nization for the management of pollinosis and allergic

rhinitis remains a matter for discussion within the

medical community. Therefore, there is a critical need

to develop a safe and effective treatment for allergic

diseases that are active at the mucosal surfaces.

Immunity and tolerance in mucosal immune
system
The mucosal immune system of the gastrointestinal tract

has several special anatomical and physiological features

that help it to carry out its unique functions [16]. One of

the mucosal immune systems provides a first line of

defense against invading pathogens, including allergic

antigens, and creates an appropriate cohabitant situation

between the mucosal surfaces of the host and outside

environments. Under normal circumstances, the mucosal
opyright © Lippincott Williams & Wilkins. Unautho
immune system is tightly regulated with inductive and

effector sites, which provide an appropriate immunologi-

cal homeostasis that is regulated quite differently from

systemic immunity [16]. The common mucosal immune

system, which interconnects the inductive (e.g. Peyer’s

patch) and effector (e.g. intestinal lamina propria) tissues

for the induction of the antigen-specific IgA response, is

well known [16]. The effector sites are an important part

of the common mucosal immune system, where actual

helper T (Th) cell-regulated antigen-specific IgA syn-

thesis occurs. CD4þ Th cells and their derived cytokines

(e.g. IL-5 and IL-6) are essential cellular and molecular

elements for the induction of IgA production [17]. On the

other hand, the induction of mucosal tolerance can also be

provided by mucosal exposure to antigens. Oral admin-

istration of large amounts of antigen has been shown to

induce systemic unresponsiveness, presumably in the

presence of mucosal IgA responses [18]. These immu-

nologically distinct responses in mucosa-associated ver-

sus systemic-associated lymphoid tissues were originally

termed oral tolerance [18]. Thus, oral tolerance repre-

sents the most common responses of the host to the

environment.

The development of oral tolerance is an important

natural mechanism whereby the host presumably avoids

hypersensitivity reactions to ingested food proteins and

other antigens. The first report of oral tolerance in 1946

showed that oral administration of the contact-sensitizing

compound 2,4-dinitrochlorobenzene did not lead to sen-

sitization, but rather prevented the animal from eliciting

an immune response to subsequent intracutaneous injec-

tions and cutaneous challenges. Several successful thera-

peutic trials in animal models of human disease support

this view. For example, in experimental autoimmune

encephalomyelitis models, preventive doses of myelin

basic protein can protect a naı̈ve animal if administered

before the onset of disease, probably through anergy or

deletion of autoreactive cells [19,20]. Therefore, the

development of mucosal tolerance by oral immunization

against pollen and mite antigens could be an essential and

powerful tool for the inhibition of allergic reactions,

including IgE-mediated hypersensitivities such as Type

I allergic disease.

The mechanisms in the induction of oral
tolerance
For the host to benefit from antigen therapy, it must

develop oral tolerance. In general, oral tolerance has been

thought to be induced and maintained by Th cells [21].

Initial investigations of oral tolerance determined that

systemic tolerance could be induced by administration of

two separated doses of antigen. It is now known that oral

tolerance in mice occurs after either administration of a

single high dose of antigen (10–500 mg) or repeated

exposure to lower doses (1–5 mg) [22]. These high-dose
rized reproduction of this article is prohibited.
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and low-dose tolerances are mediated by distinct mech-

anisms [22]. Clonal deletion and anergy, which can be

elicited by large doses of antigen (high-dose tolerance),

are characterized by the absence of antigen-specific

T-cell proliferation and decreased IL-2 production,

resulting in the establishment of oral tolerance [22].

High-dose oral tolerance-induced deletion occurs by

CD95 (FAS)-dependent caspase activation leading to

apoptosis [23]. Anergy occurs through T-cell receptor

ligation with inadequate costimulation, either by cognate

interactions between factors such as CD80 and/or CD86

on antigen-presenting cells with CD28 or cytotoxic

T-lymphocyte antigen 4 (CTLA4) on T cells [23]. On

the other hand, low-dose tolerance is mediated by the

active suppression of immune responses by T cells

[22,23]. Low-dose tolerance was regulated by regulatory

T cells that can be divided into three subsets, such as

CD4þCD25þ natural regulatory T cells, Th3 cells, and

Tr1 cells [22,23]. CD4þCD25þ regulatory T cells

expressed high levels of CTLA4 molecules, as well as

the immunosuppressive cytokines IL-10 and TGF-b.

TGF-b-producing Th3 cells have also been implicated

in low-dose tolerance [22,23]. Thus, the ability to control

antigen-specific immunological diseases, including aller-

gic diseases, autoimmunity and inflammation, by oral

tolerance is a potentially powerful therapeutic tool.

Oral peptide immunotherapy using T-cell
epitopes
While allergen-specific immunotherapy using intact

native allergens has been used successfully to treat aller-

gic diseases, this type of therapy has been associated with

an increased risk of systemic anaphylaxis mediated by the

cross-linking of allergen-specific IgE. To avoid these side

effects, peptide immunotherapy using dominant T-cell

epitopes has been proposed as a treatment alternative

[24,25]. Peptide immunotherapy has been mainly per-

formed by systemic injection, intranasal application or

oral administration in animal models. These treatments

resulted in a reduction in allergen-specific T-cell pro-

liferation and IgE levels, and in changes in the pattern of

cytokine release by Th2 cells. Immune deviation from

allergen-specific Th2 to Th1 or Th0 cytokine, or down-

regulation of the cytokine response released from both

Th1 and Th2 cells have been observed after treatment

with the peptide vaccine [26]. The route of intranasal or

oral (mucosal) administration of T-cell epitopes has not

yet been tested in a clinical trial.

Effective treatment of plant-based edible
vaccines for allergic diseases
The feasibility of peptide immunotherapy using a plant-

based edible vaccine has been recently examined for

treatment of Japanese cedar pollen allergic disease

(pollinosis) [27��]. Cry j 1 and Cry j 2 are the major

allergens of Japanese cedar pollen, and their predominant
opyright © Lippincott Williams & Wilkins. Unauth
T-cell epitopes have been identified for mice [28,29] and

humans [30,31]. The nucleotide sequences encoding

14 amino acids of mice Cry j 1 (277–290) and Cry j 2

(246–259) dominant T-cell epitope peptides derived

from these allergens were introduced into the C-terminal

variable regions of the acidic and basic subunits in the

soybean seed-storage protein glycinin A1aB1b cDNA,

and expressed in seeds of transgenic rice plants under

the control of the rice major seed-storage protein glutelin

GluB-1 promoter [27��]. This fusion protein was specifi-

cally expressed in the endosperm of seed and accumu-

lated at a level of 7mg/grain, or 0.5% of total seed protein.

When 10 transgenic rice seeds were fed daily to mice for

4 weeks, the mice showed far less of an immune reaction

against the pollen in a systemic challenge than mice fed

nontransgenic rice controls, indicating that oral immune

tolerance was induced by the rice seed-based vaccine.

Treated mice not only had significant reductions in the

specific CD4þ T-cell proliferative reaction, but also had

reduced allergen-specific IgE and IgG levels. IL-4, IL-5

and IL-13 associated with allergen-specific Th2 cells, and

histamine released from mast cells, were also inhibited by

feeding with the transgenic rice seeds [27��]. It should be

noted that clinical symptoms of allergy (i.e. sneezing)

were suppressed when assayed in an experimental sneez-

ing mouse. These results showed that oral immune

tolerance was induced by the administration of transgenic

rice seeds containing the major T-cell epitopes.

Based on the feasibility of an oral peptide immunother-

apy strategy against pollen allergy using rice seed-based

vaccines, a human version of the transgenic rice seed-

based edible vaccine against Japanese cedar pollinosis

has been generated [32�]. An artificial hybrid peptide

7Crp gene encoding a 96 amino-acid protein of seven

linked human dominant T-cell epitope peptides, which

are derived from Cry j 1 and Cry j 2, was synthesized

using rice seed-optimized codons for each amino acid.

The hybrid 7Crp peptide exhibited a positive response in

92% of 48 volunteers with Criptomeria pollinosis without

binding to their IgE antibodies, indicating that it can be

used as a safe and effective tolerogen [31].

In order to enhance expression and accumulation,

nucleotide sequences for the N-terminal GluB-1 signal

peptide and C-terminal KDER ER (endoplasmic reticu-

lum) retention signal were ligated to 7Crp. This chimeric

gene was inserted into the rice genome via Agrobacterium-

mediated transformation and specifically expressed in

transgenic rice seeds under the control of the glutelin

GluB-1 promoter. The artificial peptide accumulates at

a level of about 60mg/20 mg grain in the edible part

(endosperm) of the rice seed. The 7Crp peptide is not

accumulated in leaf, stem or embryo tissue despite high

mRNA transcript levels, as the 7Crp peptide is deposited

only in protein bodies in the rice endosperm. When the
orized reproduction of this article is prohibited.
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transgenic rice seeds were orally administered to B10.S

mice, which recognize only one epitope derived from Cry

j 1, both the T-cell proliferative response and IgE levels

against Cry j 1 were depressed, thus supporting the

efficacy of oral immunotherapy using transgenic rice

seeds [32�].

It is interesting to note that the reductions in T-cell

proliferative activity are retained even after boiling

7Crp rice for 20 min at 1008C, indicating that oral immune

tolerance would be effective with cooked rice. Aside from

a slight increase in lysine, the amino acid, lipid, nutri-

tional and mineral composition of 7Crp rice and non-

transgenic rice are essentially identical. The small

difference in lysine accumulation is likely due to

lysine-rich regions in the introduced peptide.

New platform of edible vaccine is for vaccine
production
T-cell epitope peptides to be used as tolerogens have

been chemically synthesized or produced in recombinant

bacteria or yeasts, and then extracted and purified for

peptide immunotherapy. This production has to be done

in a technical facility and the purification process is very

costly. In contrast, peptide vaccines produced in the

edible parts of crops make large-scale production effi-

cient, accessible and responsive to demand, because

direct delivery is achievable without the need for puri-

fication, packaging or partition into effective doses. The

production of pharmaceutical proteins in transgenic

plants has been limited to less than 1% of total protein

in many cases [33,34]. Low expression levels are caused

by several factors, including the properties of the

allergens themselves.

T-cell epitopes are also good tolerogen candidates

because they exhibit no or little binding capacity for

the IgE due to the lack of B-cell epitopes and because

of conformational changes. When expressed in plant

cells, they can be readily accumulated if targeted to

the appropriate organelle in a suitable tissue of the

desired crop. When edible crops containing parts of an

allergen are directly administered without purification,

high levels of expression are usually required.

Clinically effective levels of tolerogen peptides for

inducing the immune-suppressive response have to be

reached for practical use. Low levels of expression can

be overcome by increasing promoter activity, and by

changing the target tissue, subcellular location, plant

species, genetic background, codon usage of the trans-

gene, signal sequences involved in posttranslational con-

trol, or others [35]. Many antigens have been expressed in

plants as edible vaccines under the control of constitutive

promoters and produced in leaves or seeds. When trans-

genes are expressed in leaves, tubers and roots, transgene
opyright © Lippincott Williams & Wilkins. Unautho
products are not highly accumulated in these tissues

irrespective of high levels of mRNA transcription. Seed

is an ideal plant-production platform because it is a

natural storage organ that accumulates storage proteins,

starch and lipids, offering ample storage space for foreign

recombinant proteins [36]. Seed-specific promoters with

high activity have been reported in rice, maize, common

bean and wheat [36], and compartment-specific promo-

ters have recently been developed in rice [37]. The GUS

reporter gene can be highly expressed in the rice aleur-

one, sub-aleurone and inner starchy endosperm by the

10 kDa prolamin, GluB glutelin and 26 kDa globulin pro-

moters, respectively [37]. Accumulation levels can also be

enhanced by changing the genetic background of a host,

such as the low storage protein mutant [38,39]. Further-

more, when expressed in seed, recombinant proteins are

remarkably stable without loss of activity for more than a

year, even if stored at room temperature.

When a vaccine protein is directly administered through

the oral route, antigen accumulated in seed is more

resistant than the conventional vaccine to enzymatic

digestion in the gastrointestinal tract, suggesting that

much smaller amounts of edible vaccine delivered as

a seed-storage protein would be effective for inducing

oral tolerance. Since the antigens have to be delivered

to M cells and intestinal epithelial cells in GALT (gut-

associated lymphoid tissue) for the induction of immune

tolerance, efficacy at lower concentrations may be due to

the concentration of antigen by packaging in the plant

cell wall, and further concentrated by compartmentaliza-

tion in specialized protein body organelles. Furthermore,

it may be possible to induce immune tolerance at much

lower concentrations if bacterial CTB (cholera toxin

B-subunit) or LTB (E. coli heat-labile enterotoxin

B-subunit) are used as mucosal delivery carrier mol-

ecules, because these proteins are known to facilitate

antigen delivery and presentation to the GALT cells.

For commercialization (practical use), there are many

hurdles to overcome. There are several risks during

the production and delivery stages. The major concern

is for the potential contamination of seeds during distri-

bution through the process from the production (harvest)

to consumption and out-crossing of pollens with non-

transgenic rice close to the field where transgenic rice is

cultivated for production of pharmaceuticals. These risks

are controllable through regulatory measures.

Conclusion
When a seed-based edible vaccine containing T-cell

epitopes derived from Japanese cedar pollen allergens

was orally administered, production of IL-4, IL-5 and

IL-13 cytokines associated with Th2 was decreased

compared with a control group fed nontransgenic rice

seeds. Antigen-specific IgE, CD4þ T-cell proliferative
rized reproduction of this article is prohibited.
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response, and histamine release from the treated mice

were also inhibited. Clinical symptoms of allergy

(i.e. sneezes) were also alleviated. These results indicate

that immune tolerance can be induced by oral adminis-

tration of seeds containing T-cell epitopes in the form of

edible vaccine.

Compared with current competing technologies such as

microbial and mammalian cell culture systems, plant

expression systems offer several advantages in cost of

production, control of production scale, accessibility of

the technology, low risk of contamination by human and

animal pathogens, and the convenience of stable storage

and transportation at room temperature. The human

T-cell epitope version of Cryptomeria tolerogen edible

rice is now available for examination as a safe and

effective alternative to traditional immunotherapy, and

for environmental and food safety considerations.
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