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Abstract The spread of dengue (DEN) virus is becoming

a major concern due to the possibility of primary infection

with one of the four dengue serotypes (DEN 1–4) and

secondary infection with other heterotypes, which can

further aggravate clinical manifestations. A gene encoding

consensus envelope protein domain III (cEDIII) of dengue

virus with neutralizing activity against four dengue virus

serotypes was fused to M cell-targeting peptide ligand

(Co1) to increase its mucosal immunogenicity and was

introduced into rice calli under the control of the inducible

rice amylase 3D promoter expression system. The inte-

gration and expression of scEDIII–Co1 fusion gene in

transgenic rice calli were confirmed by genomic DNA PCR

amplification, Northern and Western blot analyses,

respectively. The deliveries of cEDIII–Co1 fusion proteins

into mucosal immune inductive site (including M cells)

were confirmed by in vitro and in vivo antigen uptake

assays. These results showed that plant-produced M cell-

targeting peptide ligand, Co1, fusion antigen proteins have

the potential to be targeted to the mucosal immune system

for improvement of immune responses.

Keywords Dengue virus � Tetravalent � M cell-target

peptide ligand � Plant-based edible vaccine

Introduction

Dengue is a flaviviral disease transmitted to humans via

infected Aedes mosquitoes in tropical and subtropical

areas. Recently, it has become a significant public health

problem, transcending geographic boundaries and placing

nearly 50 % of the global population at risk [1]. Because

of the potential and considerable economical burden,

advanced studies are needed to produce effective vaccines

against dengue.

The properties of the dengue virus E protein from a

vaccine point of view are associated with the host cell

receptor-binding motif of domain III (EDIII). Four anti-

genically different strains make it difficult to develop an

effective dengue vaccine because infection with just one of

the dengue virus serotypes can lead to the full spectrum of

dengue symptoms: fever, potentially life-threatening den-

gue hemorrhagic fever (DHF), or dengue shock syndrome

(DSS) after heterologous consecutive infections. To over-

come this hurdle, the tetravalent types of dengue vaccine are

mainly considered to provide protection against all sero-

types without the antibody-dependent enhancement (ADE)

of dengue virus infection [2, 3]. The consensus sequence

was deduced by alignment of amino acid sequences of

EDIII from different isolates of the four dengue viral sero-

types. Mice immunized with the recombinant consensus

envelope domain III (cEDIII) developed neutralizing anti-

bodies against all four serotypes of dengue virus [4, 5].
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Since the first demonstration of the ability to express a

vaccine antigen in 1990 [6], plant-based production sys-

tems offer safe and inexpensive vaccines with the capacity

to deliver antigens to mucosal immune targets by oral

vaccination [7–9]. However, a bottleneck against expanded

vaccine production remains due to the low antigen yields

related to oral tolerance and low immune responses and

should ideally be resolved before being used as an edible

vaccine. One strategy to increase immune responses in

mucosal immune systems is the fusion of antigen proteins

with ligands, which have an ability to deliver the fused

antigen protein into mucosal immune systems for enhanc-

ing antigen uptake into mucosal immune cells. The repre-

sentative ligands in transgenic plants were cholera toxin B

subunit (CTB) and enterotoxigenic E. coli enterotoxin B

subunit (LTB). Heat-labile toxin (LT), produced by E. coli,

and cholera toxin (CT), produced by Vibrio cholera, are

members of the AB5 toxin family. CT is composed of a

toxigenic A subunit and a non-toxic B subunit. The non-

toxic B subunit possesses a pentameric conformation with

a donut shape and binds to the GM1-ganglioside present on

all nucleated mammalian cells [10]. CTB is one of the

major candidates as an oral delivery carrier system for

chemically or genetically coupled various vaccine-relevant

antigens [11, 12]. Recent research efforts have shown

functional activity of CTB or LTB fusion proteins [13–15].

Recently, Kim et al. [16] have shown that the M cell-

targeting peptide ligand, Co1, in orally treated mice

enhanced the uptake of fused antigen into the effective sites

of mucosal immune systems and immune responses against

fused antigen compared to antigens only.

In this study, the rice codon-optimized, synthetic cEDIII

gene that allows protection against all four serotypes as a

tetravalent type of dengue virus was fused to the M cell-

binding peptide, Co1, to develop a plant-based edible

vaccine with the potential for increased mucosal immune

responses. The cEDIII–Co1 fusion proteins were produced

under the control of the rice amylase 3D (RAmy3D) pro-

moter, a strong inducible promoter, under a sugar starva-

tion condition within a rice cellular expression system. The

biologic functionality of cEDIII–Co1 fusion proteins for

binding on mucosal immune cells was investigated in a

mouse model.

Materials and Methods

Construction of Plant Expression Vectors

A gene encoding consensus dengue virus envelope protein

domain III (103 aa, scEDIII), which was modified based on

plant optimized codon usage [17] and with cross-neutral-

izing activity against four dengue virus serotypes [4], was

genetically fused to the M cell-binding peptide, Co1. The

scEDIII gene fused with the M cell-binding peptide, Co1,

was amplified from pMY657 [17] with gene-specific

primers (forward primer scEDIII-F: 50-GGA TCC AAG

GGC ATG TCC TAC-30 and reverse primer scEDIII–Co1-

R: 50-GGT ACC TGG AAG TGG AGA TCT AGC TGG

AAG CTG ATG AAA AGA GGA GGA GCC CTT CTT

GAA-30). The primers contained BamHI and KpnI sites

(underlined) for easy subcloning, and the reverse primer

contains the Co1 sequence (bold). PCR reaction contained

10 ng pMY657, 10 pmol primers, 200 lM dNTPs, 2 lL

109 Taq polymerase buffer (10 mM Tris–HCl, pH 8.8,

50 mM KCl, and 0.1 % Triton X-100), 1.5 mM MgCl2,

and 2U i-Taq polymerase (iNtRON Biotechnology, Seoul,

Korea) in a total volume of 20 lL. The PCR reaction was

conducted with the following PCR condition: 1 cycle at

94 �C for 5 min; 30 cycles at 94 �C for 30 s, 55 �C for

30 s, and 72 �C for 30 s; and 1 cycle at 72 �C for 5 min.

The PCR product was cloned into a pGEM-T Easy vector

(Promega, Madison, WI) and its sequence was confirmed

by DNA sequence analysis. The BamHI and KpnI-digested

DNA fragment was subcloned into the same sites of

pMYV657, which contains the promoter with signal pep-

tide and the 30 untranslated region (30UTR) of rice amylase

3D gene, resulting in pMYV685 (Fig. 1).

Rice Callus Transformation

Rice calli (Oryza sativa L. cv. Dongin) were prepared and

transformed via particle bombardment-mediated transfor-

mation [18] with pMYV685. After 3–5 days, the rice calli

were transferred to N6 selection media supplemented with

2,4 dichlorophenoxyacetic acid (2 mg/L), sucrose (30 g/L),

proline (0.5 g/L), glutamine (0.5 g/L), casein enzymatic

hydrolysate (0.3 g/L), gelite (2 g/L), and hygromycin B

(50 mg/L) as the antibiotic for selection at 2–3 weeks.

Genomic DNA PCR Amplification

Genomic DNA in putative transgenic and non-transgenic

rice calli was purified using the ZymoBeadTM Genomic

DNA Kit (Zymo Research, Orange, CA) and used for

genomic DNA PCR analysis. The scEDIII–Co1 fusion

gene was identified using scEDIII-F and scEDIII–Co1-R

primers. The PCR mixture contained 100 ng of genomic

DNA, 10 pmol primers, 200 lM dNTPs, 19 Taq poly-

merase buffer (1 mM Tris–Cl, pH 8.8, 5 mM KCl, and

0.01 % Triton X-100), 1.5 mM MgCl2, and 2 U i-Taq

polymerase (iNtRON Biotechnology, Seoul, Korea) in a

total reaction volume of 20 lL. Plant expression vector

pMYV685 plasmid DNA (50 ng) were used as positive

controls. The amplified DNAs were analyzed by 1.0 %

agarose gel electrophoresis.
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Northern Blot Analysis

Total RNA was extracted from non-transgenic and trans-

genic rice calli tissues (500 mg) 5 days after induction under

the condition of sugar starvation using Trizol Reagent

(Molecular Research Center, Inc., Cincinnati, OH) accord-

ing to the supplier’s instructions. Thirty micrograms of total

RNA were fractionated on 1.2 % formaldehyde-containing

agarose gels and then transferred to a Hybond-N? membrane

(Amersham–Pharmacia Biotech, Piscataway, NJ). The blot

was hybridized overnight with a 32P-labeled random-primed

(Promega) scEDIII–Co1 probe at 65 �C in a modified church

buffer (pH 7.4) that contained 1 mM EDTA, 250 mM

Na2HPO4�7H2O, 1 % hydrolyzed casein, and 7 % SDS in a

Hybridization Incubator (Finemould Precision Ind., Seoul,

Korea). The blot was washed twice with 2 9 SSC plus 0.1 %

SDS and twice with 2 9 SSC plus 1 % SDS for 15 min each

at 65 �C. Hybridized bands were detected by autoradiogra-

phy using X-ray film (Fuji Photo Film Co. HR-G30, Tokyo,

Japan).

Western Blot Analysis and Quantification of Ligand

Fusion Protein

Non-transgenic and transgenic rice calli were analyzed to

detect cEDIII–Co1 fusion proteins by Western blot analysis.

Transgenic rice calli (200 mg) were extracted 7 days after

induction under the condition of sugar starvation with

extraction buffer (200 mM Tris–Cl, pH 8.0, 100 mM NaCl,

400 mM sucrose, 10 mM EDTA, 14 mM 2-mercaptoethanol,

1 mM phenylmethylsulfonyl fluoride, and 0.05 % Tween-

20). Thirty micrograms of total soluble proteins (TSP) as

determined by the Bradford protein assay (Bio-Rad, Inc.,

Hercules, USA) were separated by 15 % sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at

120 V for 2–2.5 h after boiling for 5 min in Tris–glycine

buffer (25 mM Tris–Cl, 250 mM glycine, pH 8.3, and 0.1 %

SDS). The separated protein bands were transferred from the

gel to a Hybond C membrane (Amersham Pharmacia Biotech

RPN303C) using a Mini Trans-Blot apparatus (Bio-Rad) at

150 mA for 2 h. Non-specific antibody binding was blocked

by 5 % non-fat dry milk in a TBS buffer (20 mM Tris–Cl, pH

7.5, and 500 mM NaCl), followed by washing in a TBS buffer

for 5 min. The membrane was incubated for 2 h in a 1:2,500

dilution of mouse anti-dengue virus antibody (Serotech,

Oxford, UK) in a TBST antibody dilution buffer (TBS with

0.05 % Tween-20 and 2 % non-fat dry milk), followed by

three washes in a TBST buffer (TBS with 0.05 % Tween-20).

The membrane was incubated for 2 h in a 1:5,000 dilution of

goat anti-mouse IgG conjugated with alkaline phosphatase

(Sigma). The membrane was washed twice in the TBST buffer

and once in a TMN buffer (100 mM Tris–Cl, pH 9.5, 5 mM

MgCl2 and 100 mM NaCl). After washing, color was allowed

to develop using premixed BCIP/NBT solution (Sigma).

35S-P HPT polyA3’UTRRB LB

Signal peptide

PC    NC    1         2        3       4        5        6       7        8        9      10  

400 bp

NC      1          2         3         4         5         6         7        8         9       10  

B

A

C

RAmy3D

HindIII

scEDIII-Co1

BamHI KpnI

Fig. 1 Plant transformation. The consensus domain III (scEDIII) of

dengue virus glycoprotein fused with the M cell-targeting peptide,

Co1 (pMYV685), was constructed into a plant expression vector

under the control of a promoter (RAmy3D) with signal peptide and

the 30 untranslated region (30UTR) of rice amylase 3D gene (a). The

scEDIII–Co1 fusion genes were detected by genomic DNA PCR

amplification with target gene-specific primers in putative transgenic

rice calli. Lane PC is plant expression vector containing cEDIII–Co1

fusion genes as positive control. Lane NC is non-transgenic rice callus

as negative control. Lanes 1–10 are transgenic rice calli (b). The total

RNA extracts from transgenic rice calli after induction via sugar

starvation were subjected to Northern blot analysis to detect the

transcripts of scEDIII–Co1 fusion gene. Lane NC is the total RNA

extract of non-transgenic rice calli used as a negative control. Lanes
1–10 are the total RNA extracts of transgenic rice calli (c)
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The transgenic rice calli lines showing high expression

of cEDIII–Co1 fusion proteins in Western blot analysis

were applied to suspension culture. The transgenic rice

calli were harvested 7 days after induction under the con-

dition of sugar starvation. The expression level of cEDIII–

Co1 fusion protein in transgenic rice calli was measured by

quantitative enzyme linked immunosorbent assay (ELISA).

The concentration of protein extracts from transgenic calli

using bicarbonate buffer, pH 9.6 (15 mM Na2CO3 and

35 mM NaHCO3), was determined by Bradford protein

assay. The quantitative ELISA was conducted as previ-

ously described [19]. Briefly, the serial dilutions of plant

protein extracts were coated at 100 lL/well into a 96-well

microtitre plate (Thermo Fisher Scientific, Denmark) along

with purified bacterial cEDIII. The coated plate was cov-

ered with Saran wrap and incubated overnight at 4 �C. The

wells were blocked by adding 300 lL/well of 1 % bovine

serum albumin (BSA) in PBS and incubated at 37 �C for

2 h, followed by three washes with PBST buffer (PBS

containing 0.05 % Tween-20). The wells were loaded with

100 lL/well of a 1:4,000 dilution of mouse anti-dengue

virus antibody and incubated for 2 h at 37 �C, followed by

washing the wells three times with PBST buffer. The plate

was then incubated with 100 lL/well of secondary anti-

body, a 1:7,000 dilution of alkaline phosphatase-conju-

gated goat anti-mouse IgG (Sigma), for 2 h at 37 �C and

washed three times with PBST buffer. The plate was

incubated for 15 min at room temperature with 100 lL/

well of phosphatase substrate (Sigma S0942). The plate

was read at 405-nm wavelength in an ELISA reader

(Packard Instrument MRA-006, Meriden, CT). The

expression levels were estimated based on the known

amounts of purified bacterial cEDIII using Excel 2007

program (Microsoft) and expressed as mean ± standard

deviation of three independent experiments. To prepare

bacterial cEDIII protein, scEDIII gene was constructed into

pCold II vector [20] and expressed in E. coli strain BL21-

RPIL. The recombinant cEDIII proteins was purified using

an nickel column (Ni–NTA, Invitrogen, Carlsbad, CA)

under denaturation conditions in 8 M urea. The purified

recombinant proteins were quantified by Bradford protein

assay and used to make standard curve.

Propagation and Induction of Rice Cell Suspension

Culture

Transgenic rice calli were propagated and cultured at 28 �C

in the dark in a shaking incubator at a rotation speed of

110 rpm. The transgenic rice cell suspension cultures were

maintained in 300-mL flasks using N6 medium containing

2 mg/L 2,4-D, 0.02 mg/L kinetin, and 3 % sucrose [21].

A 10 mL inoculum was transferred every 9 days for sub-

culturing. In order to induce target gene expression under

the control of the RAmy3D promoter, the N6 medium was

replaced by fresh N6 (-S) medium (without sucrose) at

10 % (weight of wet cells/volume of medium) density.

The rice callus was collected after induction with sugar

starvation by pouring through 2–3 layers of Miracloth

(Calbiochem, La Jolla, CA).

In Vitro and in Vivo Antigen Uptake Assays

For in vitro ligand fusion antigen binding assay, a gut loop

containing Peyer’s Patches prepared from a male BALB/c

mice (Charles River Technology, MA, through Orient Bio.,

Sungnam, South Korea) were washed in ice-cold PBS buffer,

whole-mounted using 4 % paraformaldehyde and blocked

with 2.5 % BSA, 0.1 % glycine, and anti-mouse CD16/32

antibody/PBS. The protein extracts from non-transgenic rice

calli and transgenic rice calli expressing cEDIII [17] or

cEDIII–Co1 fusion proteins (50 lg of cEDIII–Co1 fusion

protein) were applied for 2 h for binding. The Peyer’s pat-

ches were then stained with Alexa Flour 350� conjugated-

WGA (Invitrogen, Carlsbad, CA), rhodamine-labeled

UEA-1 (Santa Cruz Biotechnology, Santa Cruz, CA), and

mouse anti-dengue virus antibody followed by fluorescein

isothiocyanate (FITC)-conjugated anti-mouse IgG (BD

Bioscience, Franklin Lakes, NJ) and analyzed by confocal

laser scanning microscopy (CLSM; LSM 510 META; Carl

Zeiss, Thornwood, NY). To monitor in vivo antigen uptake,

BALB/c mice that received protein extracts from non-

transgenic rice calli or transgenic rice calli containing

cEDIII–Co1 fusion protein were euthanized at 10 min after

oral administration, and Peyer’s Patches were excised from

the small intestine. The Peyer’s Patches were washed and

whole-mounted using 4 % paraformaldehyde. After block-

ing with 2.5 % BSA, 0.1 % glycine and anti-mouse CD16/32

antibody/PBS, the specimens were stained with Alexa Flour

350� conjugated-WGA, rhodamine-conjugated UEA-1 and

anti-dengue virus antibody followed by FITC-conjugated

anti-mouse IgG and then analyzed by CLSM.

Results

Construction of Plant Expression Vector and Genomic

DNA PCR Analysis

The consensus EDIII (scEDIII) gene was deduced in

accordance with the amino acid sequence containing cross-

neutralizing activity against four dengue virus serotypes and

synthesized based on plant optimized codon usage [17]. To

overcome low immune responses and immune tolerance due

to the low expression level of the target protein, the M cell-

binding peptide ligand, Co1, was fused in the c-terminus of

the scEDIII gene. The scEDIII–Co1 fusion genes were
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constructed into the plant expression vector with the

RAmy3D promoter expression system, which is the sucrose

starvation-inducible promoter, pMYV685 (scEDIII–Co1)

(Fig. 1a). The rice expression vectors were transformed into

rice calli via particle bombardment-mediated transformation

methods, and putative transgenic calli were selected under

hygromycin pressure. Ten putative transgenic rice calli for

the scEDIII–Co1 fusion gene appeared at 2–4 weeks after

transformation. A DNA fragment corresponding in size

to the scEDIII–Co1 fusion gene (400 bp) was amplified by

genomic DNA PCR amplification with primer sets specific

to the scEDIII–Co1 fusion genes in all transgenic rice calli.

The bands for scEDIII–Co1 fusion gene were not detected

in non-transgenic rice calli (Fig. 1b).

Expression of scEDIII–Co1 Fusion Gene in Transgenic

Rice Calli

Transcription of the scEDIII–Co1 fusion gene was con-

firmed in transgenic rice calli using a [32P]-labeled scEDIII–

Co1 fusion gene probe by Northern blot analysis. The posi-

tive signals for scEDIII–Co1 transcripts were detected in 8 of

10 transgenic rice calli (Fig. 1c). Expression of the cEDIII–

Co1 fusion protein was evaluated by Western blot analysis in

6 transgenic rice callus lines chosen because they showed

strong signals in Northern blot analysis. The cEDIII–Co1

fusion protein was detected as 3 bands with slightly different

sizes near 17 kDa using anti-dengue virus antibody

(Fig. 2a). The size of the purified bacterial EDIII protein

(serotype 2) expressed in the pRSET vector expression

system was approximately 16 kDa. However, no band cor-

responding to the cEDIII–Co1 fusion protein was detected in

transgenic callus line #2 or in non-transgenic rice callus

protein extracts (Fig. 2a).

Quantification of Ligand Fusion Proteins

Transgenic rice callus lines #5, #6, and #9 showing high

expression level of cEDIII–Co1 fusion protein according to

Western blot analysis so they were selected for measure-

ment of the expression level. The transgenic rice calli were

harvested 7 days after induction under a sugar starvation

condition. The expression level of the cEDIII–Co1 fusion

protein expressed in transgenic rice calli was quantified by

quantitative ELISA with known amounts of purified bac-

terial cEDIII protein as a standard. The expression levels of

cEDIII–Co1 fusion protein were expressed as a percentage

of total soluble protein (percentage of TSP) (Fig. 2b). The

amount of rice-produced cEDIII–Co1 fusion protein was

found to be between 0.27 and 0.73 % of TSP. The highest

level of cEDIII–Co1 fusion protein expression was found

in transgenic rice callus line #6 that was selected for

in vitro and in vivo antigen uptake assays.

Binding of cEDIII–Co1 Fusion Proteins to M Cells

in Peyer’s Patches

M cell-specific targeting ability of the cEDIII–Co1 fusion

proteins produced in transgenic rice calli was measured

relative to the UEA-1?WGA- M cells by fluorescence

microscopy. Transgenic rice calli protein extracts containing

50 lg of cEDIII–Co1 fusion proteins were incubated into

Peyer’s Patches. Red color represents UEA-1?WGA- M

cells bound only with rhodamine-labeled UAE-1 (red),

purple color represents enterocytes bound with rhodamine-

labeled UAE-1 (red) and Alexa Flour 350� conjugated-

WGA (blue), yellow color represent cEDIII–Co1 fusion

proteins (fluorescein isothiocyanate (FITC)-conjugated anti-

mouse IgG, green) bound to M cell (red). In both in vitro and

in vivo assays, cEDIII–Co1 fusion proteins showed yellow

and green colors together with yellow colors, indicating

the binding of ligand fusion proteins to M cells on Peyer’s

Patches. There was no interaction of cEDIII alone or non-

transgenic rice cell protein extracts with M cells or entero-

cytes in Peyer’s Patches (Fig. 3).

Discussion

Development of plant-based vaccines has been facilitated

because of the demand for safe and inexpensive vaccines.

The success of plant-based oral vaccine development is

responsible for the efficiency of sampling antigens and to

present them to the mucosal immune system to induce high

immune responses against target antigens. The small dose

of antigens contained in transgenic plant materials, which

is due to the low expression level of the antigen protein,

provides a smaller opportunity for them to present their

epitopes onto the antigen-presenting cells to efficiently

induce immune responses and therefore results in low

immune responses and oral tolerances [22, 23]. Many

efforts to improve the expression level of target genes have

been conducted using strong or tissue-specific promoters,

codon optimization of target genes, transcriptional or

translational factors with 50UTR sequences, protein tar-

geting to subcellular locations, and fusion to a stable pro-

tein like the B subunit of the E. coli heat-labile enterotoxin

(LT) or cholera toxin (CT) [24].

An alternative strategy to overcome weak immune

responses and immune tolerances is the use of ligands,

which have the capacity to target the fused antigens into

mucosal immune systems for improvement of antigen

uptake and antigen presentation in antigen-presenting cells.

For this purpose, the M cell-binding peptide, Co1, was fused

to an antigen and introduced into rice calli. M cells in the

mucosal immune system are specialized antigen sampling

epithelial cells and are easily accessible to microorganisms

884 Mol Biotechnol (2013) 54:880–887

123



or migration molecules for tissue-specific consequences of

lymphocyte priming in Peyer’s Patches [10, 25]. Even

though the mechanism of antigen uptake by M cells is not

completely understood [26, 27], M cell-targeted antigen

delivery approaches have been evaluated by several groups

[10, 28], and surface markers for potential delivery of

mucosal vaccines through the M cell have been identified

[29]. The binding ability of cEDIII–Co1 fusion proteins to

Peyer’s Patches was confirmed by M cell-binding assay in a

mouse model. This result indicates that the cEDIII–Co1

fusion antigen protein can be delivered to the mucosal epi-

thelium, including M cells, specialized epithelial cells

responsible for antigen sampling, and successfully presented

in antigen presenting cell of the mucosal immune system.
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Fig. 2 Western blot analysis and quantification of the cEDIII–Co1

fusion protein. The cEDIII–Co1 fusion proteins produced in trans-

genic rice calli after induction with sucrose starvation were separated

via SDS-PAGE and subjected to Western blot analysis with anti-

dengue virus antibody. Lane M is a prestained protein ladder

(Fermentas, Glen Burnie, MD). Lane PC is purified EDIII (serotype

2) in E. coli. Lane NC contains non-transgenic rice callus protein

extracts used as a negative control. Lanes 1, 2, 5, 6, 8, and 9 are

protein extracts in transgenic rice calli (a). The expression level of

cEDIII–Co1 fusion protein in transgenic rice calli was measured

7 days after induction of sugar starvation condition by quantitative

ELISA. Serial dilutions of bacterial cEDIII protein were used to create

a standard curve to measure the expression level of cEDIII–Co1

fusion protein in transgenic rice calli (b)

NC cEDIII cEDIII-Co1 

NC cEDIII cEDIII-Co1       
B

A

Fig. 3 Biologic activity of plant-produced cEDIII–Co1 fusion pro-

teins in Peyer’s Patches. The M cell-specific targeting abilities of the

cEDIII–Co1 fusion proteins in transgenic rice calli were measured

relative to UEA-1?WGA- M cells in vitro (a) and in vivo (b) assays

by fluorescence microscopy. Rhodamine-labeled UEA-1 (red color)

bound to M cells, and fluorescein isothiocyanate (FITC)-conjugated

anti-mouse IgG bound with ligand cEDIII fusion protein (green
color). The combination (yellow color) of UEA-1 (red color) and

cEDIII (green color) indicated the binding of ligand fusion proteins to

M cells in the Peyer’s Patches (Color figure online)
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The cEDIII–Co1 fusion proteins in the Western blot

analysis with anti-dengue virus antibody under the boiled

condition were detected as three bands with slightly dif-

ferent and these results showed a similar band pattern as

that observed in previous reports for the expression of

foreign proteins in transgenic plants [30, 31]. Three bands

shown in Western blot analysis may account for the pres-

ence of processed or unprocessed RAmy3D signal peptides

because the secreted cEDIII–Co1 fusion protein into sus-

pension culture medium representing processed RAmy3D

signal peptide showed only one band (data not shown).

The expression levels of cEDIII–Co1 fusion proteins

were measured in transgenic rice calli by quantitative

ELISA. The expression level of cEDIII–Co1 fusion protein

was approximately 0.73 % of the TSP in transgenic rice

calli. The expression level showed considerably higher

expression level compared to previous experiments; EDIII

and CTB–EDIII protein produced in transgenic tobacco

plants showed only 0.13–0.25 % of TSP based on Western

blot analysis and 0.019 % of TSP based on the GM1-ELISA

[14, 30]. The domain III protein of the dengue virus

expressed in plants using a Tobacco mosaic virus (TMV)

vector system was detected at 0.28 % TSP, and the purified

domain III protein induced anti-dengue virus antibodies

with neutralizing activity. Immunized mice with the plant-

produced EDIII protein without an adjuvant did not elicit

immune responses, but these responses were produced with

an adjuvant [32]. It is expected that cEDIII–Co1 fusion

proteins with high expression level and binding ability to the

mucosal surface can be efficiently taken up into the mucosal

immune system and improve immune responses against

antigens to prevent infection with all dengue virus serotypes.

In this study, we wanted to develop a valuable plant-

based oral vaccine against dengue virus infection. We

constructed a plant expression vector using the plant

codon-optimized consensus EDIII gene fused to the M cell-

binding peptide, Co1, which was under the control of the

RAmy3D promoter expression system and transformed in

rice calli by the particle bombardment-mediated transfor-

mation method. The expression of cEDIII–Co1 fusion

proteins was confirmed by Western blot analysis in trans-

genic rice calli. The plant-produced, cEDIII–Co1 fusion

proteins showed binding activity to intestinal epithelial

cells, including M cells of the gut-associated lymphoid

tissues, by M cell-binding assays in a mouse model. These

results suggest the feasibility of M cell-binding ligand, Co1

fusion protein use to improve immune responses due to

antigen targeting of the mucosal immune system.
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