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Abstract Dengue (DEN) is one of the most important
emerging mosquito-borne viral human diseases. Therefore,
an effective dengue vaccine with immune responses against
all four dengue virus serotypes is highly needed. A fusion
gene encoding a synthetic consensus envelope protein
domain III (scEDIII) of dengue virus with neutralizing
activity against the four dengue virus serotypes and with the
B subunit of cholera toxin (CTB) to increase its mucosal
immunogenicity was constructed and was introduced into
rice callus under the control of the inducible rice amylase 3D
promoter expression system. The integration and expression
of the CTB-scEDIII fusion gene in transgenic rice callus
were confirmed by genomic DNA PCR amplification,
Northern, and Western blot analyses, respectively. The
biological binding activity of the CTB-cEDIII fusion protein
to its Gyi-ganglioside receptor was confirmed via Gyg-
ELISA with anti-CT and anti-dengue virus antibodies.
Delivery of the CTB-cEDIII fusion protein into mucosal
immune inductive sites (including M cells) in BALB/c mice
was confirmed by in vitro and in vivo antigen uptake assays.
These results showed that the CTB-cEDIII fusion protein
was produced in the transgenic rice callus, and that plant-
produced ligand fusion antigen proteins have the potential to
be targeted to the mucosal immune system for improvement
of the overall immune responses.
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Abbreviations

CTB Cholera toxin B subunit

LTB Enterotoxigenic E. coli enterotoxin B subunit

scEDIII Synthetic consensus envelope protein
domain IIT of dengue virus

Gp-ELISA Gy -ganglioside enzyme-linked immunosor
-bent assay

DHF Dengue hemorrhagic fever

DSS Dengue shock syndrome

ADE Antibody-dependent enhancement

TSP Total soluble protein

RAmy3D Rice amylase 3D
UTRs Untranslated sequences
Introduction

Dengue is one of the most important emerging mosquito-
borne viral diseases in tropical and sub-tropical areas.
Although mainly occurring in sub-tropical regions, this dis-
ease infects approximately 50-100 million individuals
worldwide annually (Gubler 2002). Recently, it has become a
significant public health problem, transcending geographical
boundaries and placing nearly 50 % of the global population
at risk (Siddiqui et al. 2009). Intensive studies to produce
effective vaccines against dengue are needed because of the
potential and considerable economic burden of this disease.
The dengue virus E protein is associated with the host cell
receptor—binding motif of domain III (EDIII). In earlier studies
(Fonseca et al. 1991), recombinant proteins based on EDIIT
were expressed in E. coli and yeast, and efficient
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immunogenicity was demonstrated (Batra et al. 2010; Block
et al. 2010; Brandler et al. 2010; Guzman et al. 2010; Etemad
et al. 2008). Numerous efforts to develop a vaccine for dengue
have been initiated since the early 1940s, and several types of
vaccines have been reported (Murrell et al. 2011). To date, an
effective dengue vaccine has yet to be licensed for human use.
Dengue virus consists of four antigenically different serotypes
(DEN 1-4), which makes it difficult to develop an effective
dengue vaccine as infection with just one of the dengue virus
serotypes can lead to the full spectrum of dengue symptoms:
fever, potentially life-threatening dengue hemorrhagic fever, or
dengue shock syndrome after heterologous consecutive infec-
tions, which is referred to as antibody-dependent enhancement
(ADE) (Huang et al. 2006). The tetravalent dengue vaccines are
thought to provide protection against all serotypes without ADE
(Swaminathan et al. 2010; Miller 2010). For these vaccines, the
consensus amino acid sequence was deduced by alignment of
EDIII sequences from different isolates of the four different
dengue viral serotypes. Mice immunized with the recombinant
consensus envelope domain III (cEDIII) developed neutraliz-
ing antibodies against all four serotypes of dengue virus
(Chiang et al. 2011; Leng et al. 2009).

The production of commercial and pharmaceutical pro-
teins in transgenic plants has been actively researched,
resulting in a fast and flexible production system by advances
in genetic engineering. Plant-based production systems offer
safe and inexpensive vaccines with the capacity to deliver
antigens to mucosal immune targets by oral vaccination (Kim
et al. 2010b; Youm et al. 2010; Mason et al. 1996). However,
the low production level of antigen proteins related to oral
tolerance and low immune response is a barrier to expanded
vaccine production using this process and should ideally be
resolved before this method is used as a viable edible vaccine.
To achieve high yields from plants, some recombinant pro-
teins have significantly increased their stable expression
through sub-cellular targeting (Pelham 1990; Yasuda et al.
2006) and chloroplast transformation, with levels of up to
47 % total soluble protein (TSP) having been reported
(Chebolu and Daniell 2009). Genetic engineering approaches,
like gene optimization, strong promoter use, efficient
untranslated leader and 3’ untranslated sequences (UTRs)
have also been employed for such purpose (Shin et al. 2003).
In addition, transient expression systems have become a
commonly used method for expressing high-value proteins
(Gleba et al. 2005). Recombinant protein yields of up to 80 %
TSP using transient expression systems have been reported
(Marillonnet et al. 2004), and the rapid, high-yield production
of individualized idiotype vaccines for non-Hodgkin’s lym-
phoma was successfully achieved in Nicotiana benthamiana
(Bendandi et al. 2010).

Another strategy to increase the immune response in
mucosal immune systems is the fusion of antigen proteins with
ligands which have the ability to deliver the fused antigen
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protein to mucosal immune induction sites for enhanced
antigen uptake into mucosal immune cells. Known represen-
tative ligands in transgenic plants are the 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 non-
toxic B subunit, which is responsible for cell attachment, and a
toxicogenic A subunit, which is post-translationally cleaved
into the A1 and A2 peptides (Sanchez and Holmgren 2008).
The B subunit has a donut-shaped pentameric conformation
and binds to Gyy;-ganglioside present on all nucleated mam-
malian cells; this receptor is also abundant in intestinal epi-
thelial cells (Liljeqvist et al. 1997). CTB is not only an antigen
protein against CT (Yuki et al. 2009), but also one of the major
candidates for an oral delivery carrier system for other vac-
cine-relevant antigens through chemical or genetic coupling
with various protein or peptide antigens (Boyhan and Daniell
2011; Kim et al. 2009b). A mucosal immunopotentiating
effect revealed by eliciting high serum IgG antibody titers as
well as secretory IgA in mucosal secretions has been reported
in some studies (Boberg et al. 2008; Sanchez et al. 2004). CTB
has been suggested as a stable carrier molecule and fusion
partner for other antigenic peptides or proteins in order to
achieve high levels of antigen expression in plants (Streatfield
2006). Concerns regarding retained functionality of the CTB-
or LTB-fusion proteins have been inconclusive (Lipscombe
et al. 1991; Schodel et al. 1990), and recent research efforts
have shown functional activity of CTB or LTB fusion proteins
(Huy et al. 2011; Kim et al. 2010c, 2011; Rosales-Mendoza
et al. 2011; Shin et al. 2011).

In this study, the rice codon-optimized cEDIII gene,
whose protein product allows for protection against all four
serotypes, was fused to the CTB protein to develop a plant-
based edible vaccine with the potential to elicit an increased
mucosal immune response. The CTB-cEDIII fusion protein
was expressed under the control of the rice amylase 3D
(RAmy3D) promoter, which is a strong inducible promoter
under sugar starvation conditions, within a rice cellular
expression system. The biological functionality of CTB-
cEDIII fusion proteins for binding to mucosal immune cells
was investigated in a mouse model.

Materials and methods
Construction of plant expression vectors

A gene encoding the consensus dengue virus envelope pro-
tein domain III (103 aa, scEDIII), which was modified based
on plant-optimized codon usage (Kim et al. 2012) and with
cross-neutralizing activity against four dengue virus sero-
types (Leng et al. 2009), was genetically fused to the CTB
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gene. The CTB gene was amplified from pMY V498, which
contains the CTB-EDIII gene (Kim et al. 2010c), with gene-
specific primers (forward primer CTBFBG: 5'-AGA TCT
ACA CCT CAA AAT-3' and reverse primer CTBRB: 5'-GC
GGA TCC CGG GCC TGG GCC ATT-3’). The primers
contain BglIl and BamHI sites, respectively (underlined) for
convenient subcloning. The PCR product was cloned into the
pGEM-T Easy vector (Promega, Madison, WI), and its
sequence was confirmed by DNA sequence analysis. The
CTB gene was excised with BglIl and BamHI and subcloned
into the BamHI site of pMY V657 (Kim et al. 2012) to gen-
erate plasmid containing the CTB-scEDIII fusion gene
(pPMYV659). The CTB-scEDIII fusion gene containing a
rice amylase 3D signal peptide was under the control of the
promoter and the 3’ untranslated region of the rice amylase
3D gene. A flexible Gly-Pro-Gly-Pro (GPGP) linker peptide
was located between the CTB and cEDIII proteins (Fig. 1a).

Rice callus transformation

Rice callus (Oryza sativa L. cv. Dongin) were prepared and
transformed with pMYV659 via particle-bombardment-
mediated transformation (Chen et al. 2002). After 3-5 days,
the rice callus were transferred to N6 selection media sup-
plemented with 2,4 dichlorophenoxyacetic acid (2 mg 17,
sucrose (30 g 1_1), proline (0.5 g 1_1), glutamine (0.5 g 1_1),

casein enzymatic hydrolysate (0.3 g 17"), gelite (2 g 17!), and
hygromycin B (50 mg 17") as the antibiotic for selection and
allowed to grow for 2-3 weeks.

Genomic DNA PCR amplification

Genomic DNA in putative transgenic and non-transgenic
rice callus was purified using a ZymoBead™ Genomic
DNA Kit (Zymo Research, Orange, CA) and was used for
genomic DNA PCR analysis. The presence of the CTB-
scEDIII fusion gene in rice callus was determined using
gene specific forward (CTBFBG) and reverse (5-GGT
ACC GGA GGA GCC CTT-3') primers. The PCR mixture
contained 100 ng of genomic DNA, 10 pmol primers,
200 uM dNTPs, 1 x Taq polymerase buffer (1 mM Tris—
Cl, pH 8.8, 5 mM KCl, and 0.01 % Triton X-100), 1.5 mM
MgCl,, and 2 U i-Tag polymerase (iNtRON Biotechnol-
ogy, Seoul, Korea) in a total reaction volume of 20 pl.
Plant expression vector pMY V659 DNA (50 ng) was used
as the positive control. The amplified DNA was resolved
using 1.0 % agarose gel electrophoresis.

Northern blot analysis

Total RNA was extracted from non-transgenic and trans-
genic rice callus tissue 5 days after induction under sugar
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Fig. 1 Transformation of rice calli with the CTB-cEDIII fusion gene.
Construction of a plant expression plasmid containing the consensus
domain III (scEDIII) of dengue virus glycoprotein fused with the
cholera toxin B (CTB) subunit (pMYV659) under the control of a
promoter (RAmy3D) and the 3’ untranslated region (3'UTR) of rice
amylase 3D gene (a). The CTB-scEDIII fusion gene was detected by
genomic DNA PCR amplification with CTB-scEDIII gene-specific
primers in putative transgenic rice callus. Lane PC, plant expression
plasmid containing the CTB-scEDIII fusion gene as the positive

<— 720 bp

control; Lane M, 100 bp DNA ladder (ELPIS BIOTECH, Seoul,
Korea); Lane NC, non-transgenic rice callus as the negative control;
Lanes /-12, putative transgenic rice callus (b). Total RNA extracts
from transgenic rice callus after induction via sugar starvation were
subjected to Northern blot analysis to detect CTB-scEDIII fusion gene
transcripts. Lane NC, total RNA extracts of non-transgenic rice callus
used as the negative control; Lanes /—/2, total RNA extracts of
transgenic rice callus (c)
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starvation conditions using Trizol Reagent (Molecular
Research Center, Inc., Cincinnati, OH) according to the
supplier’s instructions. Thirty micrograms of total RNA
was resolved 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 *?P-labeled random-
primed (Promega) CTB-scEDIII probe at 65 °C in modi-
fied Church buffer (pH 7.4) that contained 1 mM EDTA,
250 mM Na,HPO, - 7TH,0, 1 % hydrolyzed casein, and
7 % SDS in a hybridization incubator (Finemould Preci-
sion Ind., Seoul, Korea). The blot was washed twice with
2 x SSC plus 0.1 % SDS and twice with 2 x SSC plus
1 % SDS for 15 min each at 65 °C. Hybridized bands were
detected by autoradiography using X-ray film (Fuji Photo
Film Co. HR-G30, Tokyo, Japan).

Western blot analysis

Non-transgenic and transgenic rice callus were analyzed to
detect CTB-cEDIII fusion proteins by Western blot anal-
ysis. Transgenic rice callus were extracted 7 days after
induction under sugar starvation conditions 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 protein (TSP) as
determined by Bradford protein assay (Bio-Rad, Inc.,
Hercules, USA) was separated by 15 % sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at
120 V for 2-2.5 h after boiling for 5 min or no boiling 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-
transblot apparatus (Bio-Rad) at 150 mA for 2 h. Non-
specific antibody binding was blocked by 5 % non-fat dry
milk in TBS buffer (20 mM Tris—Cl, pH 7.5, and 500 mM
NaCl), followed by washing in TBS buffer for 5 min. The
membrane was incubated for 2 h in a 1:5,000 dilution of
rabbit anti-CT antibody (Sigma, St. Louis, MO) or a
1:2,500 dilution of mouse anti-dengue virus antibody
(Serotech, Oxford, UK) in TBST antibody dilution buffer
(TBS with 0.05 % Tween-20 and 2 % non-fat dry milk),
followed by three washes in TBST buffer (TBS with
0.05 % Tween-20). The membrane was incubated for 2 h
in a 1:5,000 dilution of goat anti-rabbit or mouse IgG
conjugated with alkaline phosphatase (Sigma). The mem-
brane was washed twice with TBST buffer and once with
TMN buffer (100 mM Tris—Cl, pH 9.5, 5 mM MgCl, and
100 mM NaCl). After washing, color was developed using
premixed BCIP/NBT solution (Sigma).
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Gpi-ELISA

Transgenic rice callus lines showing high expression levels
of CTB-cEDIII fusion proteins by Western blot analysis
were selected for suspension culture. The transgenic rice
callus were harvested using a vacuum pump 7 days after
induction under sugar starvation conditions. The biological
activity of CTB-cEDIII fusion proteins in transgenic rice
callus was detected by Gy;-enzyme-linked immunosorbent
assay (Gy-ELISA). The total soluble protein was extracted
by grinding the lyophilized powder (100 mg dried cell
weight) of transgenic and non-transgenic rice callus with a
chilled mortar and pestle to a fine powder with gradual
addition to 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). For Gy;;-ELISA, a 96-well micro-
titer plate was coated with 100 pl monosialoganglioside Gy
(3.0 ug ml™") per well (Sigma), covered with plastic wrap,
and incubated at 4 °C overnight. The wells were washed
three times with PBST buffer (PBS plus 0.05 % Tween-20),
blocked by the addition of 300 pl 1 % BSA in PBS buffer per
well, and incubated at 37 °C for 2 h, followed by 3 washes
with PBST buffer. The total soluble protein was diluted 1:10
in PBS buffer. Serial dilutions (100 pl per well) of protein
extracts and a commercial CTB (Sigma) (10 ng of protein)
used as a standard were loaded and incubated at 37 °C for
2 h. The plates were incubated with a 1:5,000 dilution of
rabbit anti-CT antibody or a 1:2,500 dilution of mouse anti-
dengue virus antibody in 0.01 M PBS buffer containing
0.1 % BSA for2 hat37 °C and then washed three additional
times with PBST buffer. The plates were incubated with a
1:5,000 dilution of goat anti-rabbit or mouse IgG conjugated
with alkaline phosphatase in 0.1 % BSA and washed three
times with PBST buffer. The plates were developed by the
addition of 100 pl AP substrate for 12 min at room tem-
perature in the dark. Absorbance was measured at 405 nm
using a SpectraCountTM (Packard Instrument Co., Downers
Grove, IL) ELISA reader. Biologically-active CTB-cEDIII
fusion protein levels from transgenic rice dried callus were
calculated by Gy;;-ELISA with anti-CT antibody.

In vitro and in vivo antigen uptake assays

A gut loop containing Peyer’s patches from male BALB/c
mice (Charles River Technology, MA, through Orient Bio.,
Sungnam, Korea) that had been fasted overnight were used
for in vitro CTB-cEDIII fusion antigen binding assays. The
gut loops were washed with ice-cold PBS buffer and fixed
with 4 % paraformaldehyde. The tissue was blocked with
2.5 % BSA, 0.1 % glycine, and anti-mouse CD16/32
antibody/PBS and protein extracts from non-transgenic and
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transgenic rice callus (50 pg CTB-cEDIII fusion protein)
were applied for 2 h for binding. The tissue was then
stained with Alexa Flour 350® conjugated-WGA (Invitro-
gen, 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). The tissues were then analyzed using
confocal laser scanning microscopy (CLSM; LSM 510
META; Carl Zeiss, Thornwood, NY). Male BALB/c mice
were orally administrated protein extracts from non-trans-
genic rice or transgenic rice callus containing CTB-cEDIII
fusion protein for 10 min and then euthanized. Gut loops
containing Peyer’s patches from the mice were prepared,
washed with ice-cold PBS, and fixed with 4 % parafor-
maldehyde. After blocking with 2.5 % BSA, 0.1 % gly-
cine, and anti-mouse CD16/32 antibody/PBS, the tissue
was stained with Alexa Flour 350® conjugated-WGA,
rhodamine-conjugated UEA-1, and anti-dengue virus
antibody followed by FITC-conjugated anti-mouse IgG,
and was then analyzed by CLSM.

Results

Construction of the plant expression vector
and genomic DNA PCR analysis

A gene encoding the consensus EDIII (scEDIII) protein of
dengue virus envelope glycoprotein was synthesized based
on plant-optimized codon usage (Kim et al. 2012), which
was deduced in accordance with the amino acid sequence
containing cross-neutralizing activity against four dengue
virus serotypes. The gene encoding the CTB was fused to
the N-terminus of the scEDIII gene in order to overcome
low immune response and immune tolerance due to low
production levels of the target protein. The CTB-scEDIII
fusion gene was inserted into the pMYV659 plant
expression vector under the control of the RAmy3D pro-
moter, which is a sucrose starvation-inducible promoter.
Rice callus were transformed with the expression plasmid
via particle bombardment-mediated transformation meth-
ods, and putative transgenic callus were selected under
hygromycin pressure. Twelve independent, putative trans-
genic rice callus with the CTB-scEDIII fusion gene were
selected 2—4 weeks after transformation. A DNA fragment
corresponding in size to the CTB-scEDIII gene including
the signal sequence (720 bp) was amplified by genomic
DNA PCR amplification with primer sets specific to the
CTB-scEDIII fusion gene in all 12 transgenic rice callus.
DNA bands for CTB-scEDIII fusion genes were not
detected in non-transgenic rice callus (Fig. 1b).

Expression of CTB-scEDIII fusion gene in transgenic
rice callus

Transcription of the CTB-scEDIII fusion gene was confirmed
in transgenic rice callus using a [*?P]-labeled CTB-scEDIII
fusion gene probe by Northern blot analysis. Positive signals
for the CTB-scEDIII fusion gene were detected in the total
RNA extracted from 11 of the 12 transgenic rice callus lines,
and no signal was found in non-transgenic rice callus
(Fig. 1c). Additional bands below the positive signal for the
CTB-scEDIII fusion gene were also detected in 2 transgenic
lines (lanes 2 and 8, Fig. 1c), which may be a truncated form
of the CTB-scEDIII transcripts. Six transgenic rice callus
lines showing a strong signal in Northern blot analysis were
tested for production of the CTB-cEDIII fusion protein.
Results of immunoblotting with anti-CT antibody showed the
same pattern as that of the anti-dengue virus antibody, indi-
cating that the CTB and cEDIII proteins were located at the
same position and expressed as a single protein. The results of
immunoblotting with both anti-CT and anti-dengue virus
antibodies under non-boiled conditions showed two main
bands: the higher band was about 130 kDa, and the lower
band was about 95 kDa (Fig. 2a, b). Under boiled conditions,
two bands were detected in the transgenic rice callus lines
(Figs. 2c, d). No bands corresponding to the CTB-cEDIII
fusion protein were detected in non-transgenic rice callus
protein extracts.

Biological activity and quantification
of the CTB-cEDIII fusion protein

Transgenic rice callus line #12 had the highest CTB-cEDIII
fusion protein level based on Western blot analysis and was
therefore selected for the measurement of biological activity
and expression levels. Antigen immunogenicity can be
improved when coupled to CTB as a carrier and an adjuvant
due to both the increased uptake of coupled antigen across
the mucosal barrier and the more efficient presentation of
coupled antigens by intestinal mucosal immune cells. The
binding of a CTB fusion protein to Gy;-ganglioside is nee-
ded for internalization and activation of the fusion protein.
The transgenic rice callus were lyophilized at 7 days after
induction under sugar starvation conditions. The Gy bind-
ing activity of the CTB-cEDIII fusion protein in lyophilized
transgenic rice callus was confirmed with both anti-CT and
anti-dengue virus antibodies (Fig. 3a, b), indicating that
plant-produced CTB-cEDIII fusion protein with biological
activity was successfully expressed. Gy-ELISA was also
used to evaluate the expression level of CTB-cEDIII fusion
protein in lyophilized transgenic rice callus. The amount of
CTB-cEDIII fusion protein was calculated via comparison
with a known amount of bacterial CTB. The expression level
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Fig. 2 Western blot analysis of the CTB-cEDIII fusion protein. The
CTB-cEDIII fusion protein produced in transgenic rice callus after
induction with sucrose starvation were separated via SDS-PAGE and
subjected to Western blot analysis with anti-CT (a, ¢) or anti-dengue
virus antibodies (b, d) either under boiling conditions for 5 min (c,

of CTB-cEDIII protein was determined to be approximately
0.68 mg g~ lyophilized rice callus using Gyg-ELISA
analysis with anti-CT antibody.

Binding of CTB-scEDIII fusion protein to M cells
in Peyer’s patches

Microfold (M) cells are specialized antigen sampling epi-
thelial cells of the mucosal immune system. Therefore, the
binding ability of CTB-cEDIII fusion proteins to Peyer’s
patches was confirmed by a M cell binding assay in a
mouse model. The M-cell-specific targeting ability of the
functional CTB-cEDIII fusion protein expressed in trans-
genic rice callus was measured relative to UEA-1TWGA™
M cells using fluorescence microscopy. Peyer’s patch tis-
sue was incubated with transgenic rice callus protein
extracts containing 50 pg of CTB-cEDIII fusion protein.
Red represents UEA-1T"WGA™ M cells bound only with
rhodamine-labeled UAEI1 (red), purple represents entero-
cytes bound with rhodamine-labeled UAEI (red) and Alexa
Flour 350® conjugated-WGA (blue), yellow represents
CTB-scEDIII fusion proteins (FITC-conjugated anti-mouse
IgG, green) bound to M cells (red) and white represents
CTB-scEDIII fusion protein (green) bound to enterocytes
(purple). In both in vitro and in vivo assays, yellow and
white coloring was detected, indicating that CTB-scEDIII
fusion proteins were bound to the M cells and enterocytes
in Peyer’s patches (Fig. 4). Green color was also detected
together with yellow, indicating that CTB-cEDIII fusion
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d) or without boiling (a, b). Lane PCI, commercial bacterial CTB;
Lane PC2, purified EDIII (serotype 2) in E. coli; Lane NC, non-
transgenic rice callus protein extracts used as a negative control;
Lanes 2, 3, 6, 7, 8, and 12, protein extracts from transgenic rice callus.
Arrows indicate assembled CTB-cEDIII fusion proteins

protein was bound to M cells. CTB-cEDIII fusion proteins
with green spots were widespread in the enterocytes of
Peyer’s patches. There were no interactions between cE-
DIII alone or non-transgenic rice callus protein extracts
with M cells or enterocytes in Peyer’s patches (Fig. 4).

Discussion

Many vaccine candidates against bacterial and viral patho-
gens have been produced in transgenic plant expression
systems, as this method has the potential to meet the demand
for safe and inexpensive vaccines (Loc et al. 2011; Martinez
et al. 2011; Martinez-Gonzalez et al. 2011). However, low
immune response and oral immune tolerance, which both are
due to the low expression levels of target antigens in trans-
genic plants, are a barrier to plant-based oral vaccine
development. The success of plant-based oral vaccines will
depend on the efficiency of sampling antigens and to present
them to the mucosal immune system in order to induce high
immune responses against target antigens. Many efforts to
improve the expression levels of target genes have used such
approaches as strong or tissue-specific promoters, codon
optimization of target genes, transcriptional or translational
factors with 5'UTR sequences, protein targeting to subcel-
lular locations, and fusion to a stable protein like the B
subunit of the E. coli heat-labile enterotoxin (LT) or cholera
toxin (CT) (Lau and Sun 2009).
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The use of ligands is an alternative strategy to over-
coming weak immune responses and immune tolerances.
Ligands have the capacity to target fused antigens into
mucosal immune systems in order to improve of antigen
uptake and antigen presentation in antigen-presenting cells.
The CTB was fused to an antigen and introduced into rice
callus for this purpose. The CTB-cEDIII fusion protein was
detected by Western blot analysis, and binding activity to
its receptor, Gy-ganglioside, was confirmed by Gygi-
ELISA. The bands detected in Western blot analysis with
anti-CT showed the same band position as detected with
anti-dengue virus antibody, and Gy -ELISA showed that
Gpp—ganglioside-binding proteins interacted with both
anti-CT and anti-dengue virus antibodies. These results
indicate that plant-produced CTB-cEDIII fusion proteins
contained both CTB and scEDIII domains.

M cells are specialized antigen-sampling epithelial cells
in the mucosal immune system, and are easily accessible to
microorganisms or migration molecules for tissue-specific
consequences of lymphocyte priming in Peyer’s patches
(Kim et al. 2010a; Takahashi et al. 2009). The binding
ability of CTB-cEDIII fusion proteins to Peyer’s patches
was confirmed by M cell binding assays in a mouse model.
CTB-cEDIII fusion proteins (yellow, white, and green
color, Fig. 4) were detected in the M cells and enterocytes
of Peyer’s patches. This result indicates that the CTB-cE-
DIII fusion antigen protein, which is responsible for
binding to Gy -gangliosides (present on all nucleated
mammalian cells and abundant on intestinal epithelial
cells), can be delivered into the M cells of the mucosal
epithelium and successfully presented on the antigen-pre-
senting cells of the mucosal immune system.

In Western blot analyses using anti-CT or anti-dengue
virus antibody under boiled conditions, the CTB-cEDIII
fusion proteins were detected as two bands of monomeric
ligand fusion protein, which was similar to the banding
pattern observed in previous studies investigating the
expression of foreign proteins in transgenic plants (Kim
et al. 2010c; Chebolu and Daniell 2009; Kim et al. 2009b;
Arakawa et al. 1998). The two bands shown in Western
blot analysis may account for the presence of processed or
unprocessed RAmy3D signal peptides. Several bands,
including two main bands (95 and 130 kDa), were detected
by anti-CT and dengue virus antibodies in non-boiled
conditions. The two main bands are assumed to be penta-
meric and tetrameric CTB-cEDIII fusion proteins because
the monomer is slightly less than 26 kDa. Other faint bands
were likely assembly of CTB-cEDIII fusion proteins.

The expression levels of CTB-cEDIII fusion proteins
were measured in lyophilized transgenic rice callus. The
expression level (0.68 mg/g) of CTB-cEDIII protein as
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Fig. 3 Gy -ELISA and quantification of CTB-cEDIII fusion pro-
teins. The biological binding activity of CTB-cEDIII fusion proteins
produced in transgenic rice callus to its Gyy;-ganglioside receptor was
confirmed by Gy -ELISA with anti-CT (a) or anti-dengue virus
antibodies (b). The production level of CTB-cEDIII fusion protein
was measured by Gy;-ELISA in lyophilized rice callus at day 7 after
induction with sugar starvation (c)
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A NC cEDIII
NC
| .

Fig. 4 Biological activity of plant-produced ligand fusion proteins in
Peyer’s patches. The M cell-specific targeting abilities of the
functional CTB-cEDIII fusion proteins produced in transgenic rice

callus were measured relative to UEA-1TWGA™ M cells in vitro
(a) and in vivo (b) using fluorescence microscopy. Red color,

cEDIII

measured by Gy -ELISA analysis, which assesses bio-
logical binding activity, was approximately 1.5 % of TSP
in lyophilized transgenic rice callus. This expression level
was considerably higher compared to previous experi-
ments. EDIII and CTB-EDIII protein expressed in trans-
genic tobacco plants were found to be only 0.13-0.25 % of
TSP based on Western blot analysis and 0.019 % of TSP
based on Gy -ELISA (Kim et al. 2009a, 2010c). Plant-
codon-optimized consensus EDIII protein produced in
transgenic rice callus showed a high expression level of
0.45 mg g~ ' lyophilized rice callus by densitometric
analysis (Kim et al. 2012). EDIII expressed in plants using
a tobacco mosaic virus vector system was detected at
0.28 % of TSP, and the purified EDIII protein induced the
anti-dengue virus antibodies with neutralizing activity.
Plant-produced EDIII protein did not elicit an immune
response without an adjuvant, but a response was elicited
with the use of an adjuvant (Saejung et al. 2007). CTB-
cEDIII fusion proteins with high binding affinity to the
mucosal inductive sites can be efficiently taken up into the
mucosal immune system in order to improve the immune
response against antigens and prevent infection with all
dengue virus serotypes.

In this study, we developed a valuable plant-based oral
vaccine against dengue virus infection. We constructed a
plant expression plasmid to produce a fusion protein con-
sisting of a plant-codon-optimized consensus EDIII and

@ Springer

CTB-cEDIII

CTB-cEDIII

rhodamine-labeled UEA-1 bound to M cells; green color, fluorescein
isothiocyanate (FITC)-conjugated anti-mouse IgG bound with CTB-
cEDIII fusion protein; yellow color, the combination of UEA-1 and
cEDIII indicating the binding of CTB-cEDIII fusion proteins to M
cells in the Peyer’s patches. (Color figure online)

CTB under the control of the RAmy3D promoter expression
system and transformed this plasmid into rice callus using a
particle bombardment-mediated transformation method.
The production of CTB-cEDIII fusion protein was confirmed
by Western blot analysis and Gyy;-ELISA in transgenic rice
callus. The CTB-cEDIII fusion protein expressed in trans-
genic rice callus showed binding activity to intestinal epi-
thelial cells, including the M cells of gut-associated
lymphoid tissues, by M cell binding assays in a mouse model.
These results suggest the feasibility of the CTB-cEDIII
fusion protein for improving the immune response by anti-
gen targeting of the mucosal immune system.
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