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Abstract A DNA construct containing the cholera toxin
B subunit (CTB) gene genetically fused to a nucleotide
sequence encoding three copies of tandemly repeated
diabetes-associated autoantigen, the B chain of human in-
sulin, was produced and transferred into low-nicotine to-
baccos by Agrobacterium. Integration of the fusion gene
into the plant genome was confirmed by polymerase chain
reaction (PCR). The results of immunoblot analysis verified
the synthesis and assembly of the fusion protein into pen-
tamers in transgenic tobacco. GM1–ELISA showed that the
plant-derived fusion protein retained GM1–ganglioside re-
ceptor binding specificity. The fusion protein accounted for
0.11% of the total leaf protein. The production of transgenic
plants expressing CTB–InsB3 offers a new opportunity to
test plant-based oral antigen therapy against autoimmune
diabetes by inducing oral tolerance.
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Introduction

Oral administration of protein antigens can result in
diminished peripheral immune responses to a subsequent
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systemic challenge with the same antigen, in a process
known as oral immune tolerance (Weiner et al. 1994;
Strobel and Mowat 1998). Oral tolerance induced by
autoantigens has recently been applied successfully as
a therapeutic approach to treating several experimental
autoimmune diseases, including type 1 diabetes in the
non-obese diabetic (NOD) mouse (Polanski et al. 1997).
Despite the success in animal models, oral tolerance has
had only moderate success in treating human autoimmune
diseases including type 1 diabetes (McFarland 1996;
Chaillous et al. 2000). This difference may be due to
a dose-dependent effect, as the amounts of oral insulin
and myelin basic protein fed to humans in the respective
diabetes and multiple sclerosis prevention trials are
relatively low compared with those used in rodent models
(Petersen et al. 2003). Taking into consideration the
enormously increased intestinal absorptive surface area in
humans, and thus the effective use of oral tolerance to treat
human disease may critically depend on the use of mucosal
adjuvants and/or suitable delivery systems to enhance its
efficacy. Another serious limitation in the clinical applica-
tion of oral tolerance strategies will be the potentially huge
cost of producing autoantigens, particularly if repeated
regular doses are required to maintain beneficial effects.

Cholera toxin (CT), which is a major pathogenic agent
produced by Vibrio cholerae, is a potent mucosal immuno-
gen and adjuvant, and most of these activities are retained
by the nontoxic B subunit of CT (CTB). This is in part
due to its high binding affinity for the GM1-ganglioside re-
ceptor that is present on mucosal epithelium (Cuatrecassas
1973). Because of this, CTB has been widely exploited as a
potentially potent adjuvant or carrier molecule for mucosal
vaccines. Indeed, oral administration of CTB linked to anti-
gens has been shown to trigger acceptable peripheral and
mucosal immune responses that were otherwise unattain-
able when the antigen was given alone (Dertzbaugh and
Elson 1993; Holmgren et al. 1994). Furthermore, CTB has
recently been shown to induce oral tolerance for linked anti-
gens. For example, myelin basic protein (MBP) conjugated
to CTB prevented or suppressed experimental allergic en-
cephalomyelitis (EAE), when using lower concentrations
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of the conjugate than is usually necessary to induce toler-
ance with the protein alone (Sun et al. 2000). Oral admin-
istration of insulin or the B chain of insulin conjugated to
CTB enhanced oral tolerance, and reduced the dose of anti-
gen and the administration rate necessary for suppression
of diabetes in NOD mice (Ploix et al. 1999; Sadeghi et al.
2002). Promising results against type II collagen-induced
arthritis have been obtained by intranasal administration of
low doses of type II collagen–CTB conjugate (Tarkowski
et al. 1999). These results indicate that mucosal adminis-
tration of autoantigens conjugated to CTB may represent
a useful future treatment approach for human autoimmune
diseases, such as type I diabetes. At the present time, the
mechanism underlying CTB’s efficacy as a mucosal ad-
juvant or carrier molecule remains to be defined. It has
been suggested that the utility of CTB as a mucosal adju-
vant or carrier molecule is due to its ability to efficiently
deliver associated antigens to gut-associated lymphoid tis-
sues (GALT), the major inductive site for mucosal immune
responses (Holmgren et al. 1994).

To produce CTB-conjugates, two methods have been
commonly used: chemical coupling or a genetic approach
to produce a CTB fusion protein using microorganisms
such as E. coli as an expression system. A potential limita-
tion of the chemical coupling method is that it could affect
the immunogenicity or tolerogenicity by chemical modi-
fication of the target antigen or by generating a heteroge-
nous population of CTB-conjugates, where only a fraction
retains the ability to form pentamers that can bind to GM1
(McGhee et al. 1992). The recombinant approach offers
the advantage of free contamination with the holotoxin CT
and more uniform immunogen or tolerogen compositions
(Staats et al. 1994). Unfortunately, the E. coli-derived in-
clusion body-associated CTB fusion proteins have to be
redissolved, assembled in vitro into pentameric CTB, and
then purified, all of which are laborious and costly.

We have been investigating the use of transgenic plants
expressing specific pancreatic β-cell autoantigen to prevent
and treat autoimmune diabetes by inducing oral immune
tolerance. Transgenic plants offer several advantages for
oral tolerance strategy, not the least of which is its high pro-
duction potential for relevant autoantigens with near unlim-
ited scale up (Kusnadi et al. 1997). As protein-purification
costs can eliminate the economic advantage of any produc-
tion system, an additional advantage of transgenic plants
for oral tolerance is that plants can also become effective
delivery systems without extensive purification. Plant ex-
pression also largely eliminates concerns regarding poten-
tial pathogens that could be transmitted to humans. Lastly,
augmented immune responses to plant-produced vaccines
may suggest increased stability for plant expressed recom-
binant proteins to gastrointestinal degradation. Collectively
these features make plants an ideal expression and delivery
system for oral tolerance. Recently we demonstrated that
transgenic plants can be used to produce β-cell autoanti-
gen glutamic acid decarboxylase (GAD) and immunoreg-
ulatory cytokines, such as interleukin-4 (IL-4). The ex-
perimental NOD mice were protected from diabetes when
given murine GAD67 plant tissue or human GAD65 to-

gether with IL-4 plant tissue (Ma et al. 1997, 2004, 2005).
The present study was aimed at producing a fusion pro-
tein comprising CTB and the B chain of human insulin
fusion protein in transgenic plants for inducing oral toler-
ance to prevent autoimmune diabetes. Like GAD, insulin B
chain is another major autoantigen in autoimmune diabetes
(Polanski et al. 1997; Song et al. 1999). Arakawa et al.
(1998) have previously reported the production of trans-
genic potato plants expressing a fusion protein compris-
ing CTB and the whole human insulin molecule. While
oral administration of transgenic potatoes expressing the
CTB–insulin fusion protein delayed the development of
diabetes in NOD mice, one concern over administering
the whole hormone insulin molecule is its risk for caus-
ing hypoglycemia (Karounos et al. 1997; Bot et al. 2001).
In contrast, the administration of the B chain of insulin is
generally safe for both humans and animals, as the B chain
itself has no enzymatic activity. Here we demonstrate that
a CTB–InsB3 fusion protein consisting of cholera toxin
B-subunit and three copies of tandemly repeated human
insulin B chain can be efficiently produced in transgenic
tobacco plants. Moreover, the plant-derived fusion protein
retains important functional characteristics of the native
CTB, including pentamerization and GM1-ganglioside re-
ceptor binding. Transgenic plants expressing the B chain
of human insulin linked to mucosal adjuvant CTB offers
a new opportunity to test plant-based oral antigen therapy
for treating autoimmune diabetes by inducing oral immune
tolerance.

Materials and methods

Construction of plant transformation vector
pBIN–CTB–InsB3

Plant expression vector pBIN–CTB–InsB3 was constructed
using polymerase chain reaction (PCR) methods together
with standard recombinant DNA techniques. Briefly, a
single stranded synthetic gene encoding all 30 amino acids
of the B chain of human insulin was initially produced
as a DNA primer (5′-TTTGTGAACCAACACCTGTG-
CGGCTCACACCTGGTGGAAGCTCTCTACCTAGTG-
TGCGGGGAACGAGGCTTCTTCTACACACCCAAG-
ACC-3′) and used as the DNA template to obtain the
double-stranded synthetic insulin B chain gene (insB) by
the process of PCR amplification using the following pair
primers: 5′-AATTCTCGAGTTTGTGAACCAACAC-3′
(forward primer; a XhoI restriction site (underlined) on
the 5′ end of the primer was incorporated to facilitate
subsequent ligation of the insulin B chain DNA), and
5′-ATATGTCGACGGTCTTGGGTGTGTA-3′ (reverse
primer with a SalI site (underlined) being added) or
5′-ATATGGTACCGGTCTTGGGTGTGTA-3′ (reverse
primer with a KpnI site (underlined) being added). To
obtain the first insB–insB fusion, the PCR product with
a 5′ end XhoI and a 3′ end SalI was digested with SalI
and XhoI respectively, to generate compatible ends for
tail-to-head ligation. The ligated insB–insB was rescued
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by blunt-end ligation into pUC19 digested with HincII
to produce pUC19/insB–insB. To obtain insB–insB–insB
fusion, the PCR product with a 5′ end SalI and a 3′ end
KpnI restriction site (underlined) was digested with the
same enzymes and ligated into pUC19/insB–insB digested
with SalI and KpnI to create pUC19/insB–insB–insB.
To create a CTB–insB–insB–insB fusion, the resulting
insB–insB–insB DNA was isolated as a single XhoI
and KpnI fragment and cloned into the same sites of
pUC19–CTB (manuscript in preparation), which contains
the bacterial CTB gene (ctxB) that had been modified by
replacing the native signal peptide sequence with a plant
signal sequence together with the addition of a hinge
oligonucleotide encoding a glycine–proline–glycine–
proline (GPGP) motif followed by a SalI restriction site
engineered to the 3′ end of CTB and is used to produce
CTB fusion proteins. The native bacterial ctxB gene was
received as a gift from Dr. J. Holmgren (Institute of
Medical Microbiology, University of Göteborg, Sweden).
The resulting ctxB–insB–insB–insB fusion gene was
confirmed by automated sequencing, and then tagged with
6xHis followed by an ER-retention signal motif SEKDEL
via the KpnI site located at the 3′ end of the third copy of
the insB gene. The complete fusion gene was then isolated
as a single Nco1 and Xba1 fragment, and cloned onto
pTRL2–GUS (Carrington and Freed 1990) to replace the
β-glucuronidase (GUS) gene. The resulting expression
cassette comprising the CaMV35S promoter with a double
enhancer sequence (2x35S) fused to a 5′ untranslated
tobacco etch virus (TEV) leader sequence, ctxB–insB–
insB–insB–His/SEKDEL, and the nonpaline synthase
(NOS) terminator were excised as a HindIII fragment and
cloned onto plant transformation vector pBIN19 (Bevan
1984) to give pBIN–CTB–InsB3. The obtained expression
vector was introduced into Agrobacterium tumefaciens
strain LBA4404 (pAL4404) by tri-parental mating as
described previously (Lige et al. 2001).

Transformation of tobacco plants

Non-nicotine and low-alkaloid Nicotiana tabacum cv.
81V9 were transformed by co-cultivation of leaf discs with
A. tumefaciens LBA4404 containing pBIN–CTB–InsB3 ac-
cording to the method of Horsch et al. (1985). Primary
transgenic plants were selected on MS medium containing
100 mg/l kanamycin. As the regenerated plants matured,
they were transferred into the greenhouse and maintained.

PCR and Northern blot analysis of transgenic
tobacco plants

Integration of the fusion gene into tobacco genome was
confirmed by PCR. Briefly, genomic DNA was isolated
from leaves of 6-week-old greenhouse-grown tobacco
plants as described previously (Ma et al. 2004), and the
presence of the full-length CTB–InsB3 DNA was amplified
by PCR using CTB and insulin B chain-specific primers.

Transcription of the fusion gene was verified by Northern
blot analysis. In brief, total RNA from transgenic tobacco
leaf tissue was extracted by using a RNAeasy kit (Qiagen,
Mississauga, Ontario, Canada), according to the manufac-
turer’s recommendations. Aliquots (20 µg) of total RNA
was separated on a 1.2% agarose/formaldehyde gel and
blotted onto the Hybond N+ membrane (Amersham Bio-
sciences, Baie d’Urfe, Quebec, Canada) by vacuum blot-
ting, using 20× SSC (3 M NaCl, 0.3 M sodium citrate,
pH 7.2) as transfer buffer, and then cross-linked to the
membrane under UV light. A DNA fragment of approx-
imately 600 base pairs spanning the entire coding region
of CTB–InsB3 was labeled with [32p]dCTP (deoxycytidine
5′-triphosphate) and used as a hybridization probe. Blots
were washed under stringent conditions, and exposed to
autoradiographic film (MP-film, Amersham Biosciences).

Detection of CTB–InsB3 fusion protein in transgenic
tobacco tissues by Western blot analysis

Expression of CTB–InsB3 fusion protein in transgenic
tobacco plants was analyzed by Western blotting. In
brief, the uppermost fully expanded leaves of 6-week-
old greenhouse-grown tobacco plants were homogenized
in liquid nitrogen and resuspended in cold extraction
buffer (25 mM Tris pH 7.0, 50 mM NaCl, 2 mM β-
mercaptoethanol, and 1 mM phenyl-methylsulfonyl fluo-
ride, 2 µg/ml aprotinin, 2 µg/ml pepstain A, and 2 µg/ml
leupeptin). Samples were centrifuged for 10 min at 4◦C,
and supernatant was collected. Protein concentration was
measured according to the method of Bradford using the
Bio-Rad reagent with BSA (Sigma, St. Louis, MO) as a
standard. Samples were boiled for 15 min in sample buffer
or left untreated, proteins were separated by SDS-PAGE
and subsequently blotted onto PVDF (polyvinylidene di-
fluoride) membrane (Millipore, Burlington, MA). Blocked
for 1 h in 5% skim milk-TBST (20 mM Tris, 150 mM
NaCl, 0.02% Tween 20, pH 7.6), the membrane was then
incubated for 1 h with a 1:500 dilution (v/v) of a rab-
bit anti-CTB primary antibody (C-3062, Sigma) or with a
1:1,000 dilution of a mouse anti-human insulin antibody
(12018, Sigma). For the primary antibody detection, the
second anti-rabbit or anti-mouse peroxidase-linked goat
antibody (Amersham Pharmacia Biotech, Piscataway, NJ)
was used in combination with the enhanced chemilumines-
cence (ECL) detection kit (Amersham Pharmacia Biotech).

Quantification of CTB–InsB3 fusion protein levels
in transgenic tobacco tissues by enzyme-linked
immunosorbent assay (ELISA)

The CTB–InsB3 fusion protein levels in transgenic plants
were determined by quantitative ELISA assay as described
previously (Ma et al. 2004). In brief, total protein ex-
tracts from transgenic leaf tissues were bound to a 96-well
microtiter overnight at 4◦C. Background was blocked with
1% BSA in PBS, and washed three times with PBST
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(PBS containing 0.5% Tween). The plate was then in-
cubated with rabbit anti-cholera toxin antibody (Sigma
C-3062) at a dilution of 1:8,000 for 2 h at 37◦C, fol-
lowed by three washes with PBST. The plate was incu-
bated with horseradish peroxidase-conjugated goat anti-
rabbit IgG (Sigma G-7641) at a dilution of 1:10,000 for 2 h
at room temperature. After final washes in PBST, ABTS
substrate (Sigma A-1888) was added and allowed to de-
velop for 30 min at room temperature. The OD value
was measured at 405 nm in a Dynatech automated plate
reader and the OD value from each sample was subtracted
from untransformed plant OD value before converting into
nanograms CTB–InsB3 per microgram total extracted pro-
tein by reference to an ELISA standard curve constructed
with purified bacterial CTB (Sigma C-9903). Assays were
performed in triplicate unless otherwise indicated and the
average expression levels were calculated. Two indepen-
dent experiments were performed and the data are presented
as the mean ± standard deviation.

GM1-ganglioside binding assay

The GM1–ELISA assay was performed to determine the
binding capacity of plant-derived CTB–InsB3 fusion pro-
tein to GM1-ganglioside. Briefly, the microtiter plate
was coated with monosialoganglioside–GM1 (Sigma G-
7641), 3 µg/ml dissolved in bicarbonate buffer (15 mM
Na2CO3, 35 mM NaHCO3), pH 9.6 (100 µl per well)
at 4◦C overnight. Wells coated with bovine serum albu-
min (BSA) were used as controls. All wells were blocked
with 200 µl of 3% fat-free milk in PBS and incubated
at room temperature for 2 h. After washing with PBST,
100 µl of total soluble protein extracts from transgenic
or wild-type plants was added to the wells coated with
monosialoganglioside–GM1 or BSA. The wells added with
bacterial CTB were used as a positive control. Plates were
incubated overnight at 4◦C. After the washing, binding of
plant-derived CTB–InsB3 to GM1-ganglioside was visual-
ized by the addition of 100 µl of rabbit anti-cholera toxin
antibody (Sigma C-3062) diluted 1:2,000 in PBS contain-
ing 1% BSA for 1 h at 37◦C, followed by the addition of
100 µl of enzyme-conjugated anti-rabbit IgG and enzyme
substrate as for an ordinary ELISA as described above.
Horse radish peroxidase-conjugated antibodies were di-
luted 1:5,000 before use in the assay. As the substrate,
100 µl TMB (3,3′,5,5′-tetramethylbenzidine) peroxidase
substrate (Sigma) was used. After 10 min of incubation at
room temperature, OD value at 450 nm was measured as
described above. A commercial pentameric CTB (sigma)
was used as a positive control in the GM1 ELISA

Results

Construction of expression vector and production
of transgenic plants

The plant expression vector pBIN–CTB–InsB3, in which
the ctxB gene fused in frame to nucleotide sequences en-

Fig. 1 Schematic diagram of the plant expression vector pBIN–
CTB–InsB3. The T-DNA region inserted into the plant genome con-
tains the nopaline synthase expression cassette (KanR), which con-
fers kanamycin resistance on transformed cells, and the CTB–human
insulin B chain fusion protein expression cassette consisting of the
CaMV 35S promoter fused to a tobacco etch virus 5′-untranslated
region (TEV) and nopalin synthase terminater (Nos-ter). The nu-
cleotide and amino acid sequences of the B chain of human insulin
as well as the sequence surrounding the fusion site are shown at the
bottom. The underlined sequences correspond to the flexible hinge
region. The boxed sequences represent the linking site with CTB or
other copy of the B chain of the fused gene

coding three copies of the B chain of human insulin (insB) is
illustrated in Fig. 1. Construction of pBIN–CTB–InsB3 has
been described in detail in Materials and methods section.
Each copy encodes all 30 amino acid residues of the hu-
man insulin B chain, was joined together via a two amino
acid linker, valine–glutamic acid, that was created from
SalI/XhoI pair ligation. A C-terminal 6XHis-tag was in-
troduced to facilitate enrichment and purification of the
recombinant protein if necessary, using the Ni–NTA resin
that had been used for purification of proteins tagged with
six consecutive histidine residues. The inclusion of an ER-
retention signal motif SEKDEL in pBIN–CTB–InsB3 was
attempted to optimize the expression level of the fusion
protein.

Following the leaf disc transformation with Agrobac-
terium containing pBIN–CTB–InsB3, more than 20 in-
dependent transgenic tobacco lines were produced. There
were no morphological differences between transgenic and
untransformed control plants. The presence of the fusion

Fig. 2 Detection of CTB–InsB3 fusion gene in genomic DNA of
transgenic tobacco plants. The CTB–InsB3 fusion gene was amplified
from transgenic plant DNA by PCR and the amplification products
were separated by agarose gel electrophoresis. M, 1-kb DNA ladder.
Lane 1, PCR product obtained from pBIN–CTB–InsB3 plasmid DNA
as template. Lanes 2–7, PCR from transgenic tobacco lines. Lane 8,
PCR from wild-type tobacco DNA
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gene in the plant genomic DNA was verified by PCR using
CTB and human insulin B chain-specific primers (Fig. 2).

Expression of CTB–InsB3 in transgenic tobacco plants

PCR-positive tobacco plants were initially evaluated for
CTB–InsB3 expression at the transcriptional level by
Northern blot analysis with a DNA probe specific for both
CTB and human insulin B chain sequences. As expected,
CTB–InsB3 fusion mRNA of the correct size was detected
in selected transgenic tobacco lines. Representative data
are shown in Fig. 3. No amplification product was detected
in wild-type plants or plants transformed with the control
empty vector. These results indicate that the fusion gene
was actively transcribed.

Transgenic lines expressing the highest levels of CTB–
InsB3 mRNA were further analyzed for fusion protein pro-
duction by Western blotting. When probed with anti-CTB
polyclonal antibody, two prominent protein bands running
closely in the range of 35–39 kDa (as indicated by the large
arrow in Fig. 4a) was detected in boiled extracts from trans-
genic lines T1, T4, T6, and T7. Moreover, a weak band of
approximately 19 kDa (as indicated by the small arrow in
Fig. 4a) was also detected in boiled extracts from trans-
genic line T7. The 19-kDa protein corresponds in size to
the expected monomeric form of CTB–InsB3, whereas the
two larger bands at 35–39 kDa represent in size the dimeric
form of the fusion protein. As expected, none of these
protein bands were detected in boiled extracts from un-
transformed control plants. To further demonstrate that the
plant-derived CTB–InsB3 was assembled into pentameric
structures, Western blot analysis of unboiled extracts was
also conducted. As shown in Fig. 4b, a single band running
above the 93-kDa marker was recognized by anti-CTB an-
tibody. This band most likely represents the CTB–InsB3
pentamer, as the predicted size of CTB–InsB3 pentamer is
in the range of 95–100 kDa. The corresponding band could
not be detected in unboiled extracts from untransformed
plants. The integrity and assembly of the CTB–InsB3 fu-
sion protein were additionally analyzed by Western blot us-

Fig. 3 Northern blot analysis of CTB–insulin B chain fusion mRNA
expression in transgenic plants. Total RNA was extracted from the
uppermost fully expended green leaves of 6-week-old greenhouse
grown transgenic or wild-type tobacco plants. Twenty micrograms
of RNA was separated on agarose/formaldehyde gels, blotted onto
Hybond N+, and hybridized with a 32P-labeled DNA fragment span-
ning the entire coding region of the fusion gene. The data only from
those transgenic lines (T1, T2, T3, T4, T6, and T7) that were selected
for further study are presented here. WT, wild-type plants. Numbers
on the left indicate positions of RNA size markers in kb

Fig. 4 Western blot analysis of CTB–InsB3 fusion protein expres-
sion in transgenic tobacco plants. Total protein extracts (40 µg/lane)
from leaf tissues of transgenic plants were fractionated by SDS-
PAGE gel, blotted onto PVDF membrane, and probed with anti-CTB
(a and b) or anti-insulin antibody (c and d). B, bacterial CTB stan-
dard (Sigma); Ins, recombinant insulin standard (Sigma); T1–T8,
individual transgenic tobacco lines; WT, wild-type tobacco. Dena-
tured proteins in panel were boiled for 15 min before loading onto
the gel. CTB–InsB3 monomer is indicated by a small arrow whereas
the CTB–InsB3 dimeric form is indicated by a large arrow. Numbers
on the left indicate positions of protein size markers in kDa

ing anti-human insulin antibody. As expected, anti-human
insulin antibody also recognized the same two bands at 35–
39 kDa on the Western blot of boiled transgenic extracts (as
indicated by arrow in Fig. 4c), as revealed by the anti-CTB
antibody described above. The anti-human insulin antibody
could not bind the 19-kDa band corresponding to the CTB–
InsB3 monomer (Fig. 4c). Moreover, the anti-human insulin
antibody also recognized the band migrating above the 93-
kDa marker in Western blot of unboiled transgenic extracts
(Fig. 4d). Together, these results confirmed the identity of
the fusion protein and showed cross-reactivity of CTB–
InsB3 with both antibodies, demonstrating that transgenic
plants are not only able to synthesize the full-length CTB–
InsB3 fusion protein, but are also able to assemble into large
oligomeric complexes essential for its biological function.

Quantification of CTB–InsB3 fusion protein
in transgenic tobacco leaf tissues

The expression levels of CTB–InsB3 fusion protein in
transgenic leaf tissues were determined by ELISA. Using
this method, the amount of plant CTB–InsB3 fusion protein
was calculated by comparison of the optical density (OD)
values obtained for transgenic extracts with the OD values
for a known amount of bacterial CTB standard. The
amount of CTB–InsB fusion protein was then expressed
as a percentage of the total soluble plant protein (TSP).
As shown in Fig. 5A, variable levels of CTB–InsB3 fusion
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Fig. 5 (A) ELISA quantification of the CTB–InsB3 fusion pro-
tein. The amount of the CTB–InsB3 in total soluble protein (TSP)
of transgenic tobacco leaf tissues was estimated by using ELISA as
described in detail in the Materials and methods section. The CTB–
InsB3 fusion protein concentration was expressed as a percentage
of TSP from transgenic plants. Data shown here represent averages
of three experiments. The numbers on the bottom of the figure rep-
resent the different tobacco lines. WT: wild-type tobacco used as a
negative control. The error bar represents the standard deviation. (B)
GM1 binding analysis of the CTB–InsB3 fusion protein by ELISA.
Microtiter plates, coated with bovine serum albumin (BSA) or GM1-
ganglioside, were incubated with total transgenic extracts containing
the CTB–InsB3 fusion protein or purified bacterial CTB. The amount
of total protein from transgenic lines T1, T4, T6, or T7 that was
added to each well was adjusted to obtain the concentration of CTB
at approximately 7.9, 7.2, 8.9, or 8.0 ng/ml, respectively. The concen-
tration of bacterial CTB used was 10 ng/ml. The absorbance of the
GM1-ganglioside–CTB–InsB3 antibody complex in each case was
measured. The values represent the averages of three experiments.
The error bar represents the standard deviation

protein were seen in leaf extracts from individual tobacco
lines, with transgenic lines T1, T6, and T7 being the top
producers expressing CTB–InsB3 at levels ranging from
0.08 to 0.11% of TSP.

GM1 receptor-binding assays of plant-derived
CTB–InsB3 fusion protein

Biological functions of CTB, such as the ability to bind
to GM1-ganglioside, depends on the formation of a pen-
tameric structure composed of identical monomers (Hardy
et al. 1988). To demonstrate that the plant-derived CTB–

InsB3 binds to GM1-gangliosides, a GM1–ELISA was per-
formed. The results, as shown in Fig. 5B, show that both
plant fusion protein and commercial CTB bind ganglio-
sides efficiently. No binding activity was detected when
the plate was coated with irrelevant bovine serum albumin
(BSA). These results further suggest that the CTB–InsB3
pentamer is required for biological activity. Thus, the addi-
tion of the insulin B chain to the C-terminus of CTB protein
did not affect pentamerization or GM1 receptor binding of
the protein.

Discussion

We report here the production of a fusion protein contain-
ing CTB fused to three tandem copies of the B chain of hu-
man insulin in transgenic tobacco plants. The B chain was
chosen because it bears major type 1 diabetes-associated
epitopes of significance for disease in humans as well as in
NOD mice. Feeding of B chain or B chain peptides such
as amino acid residues 9–23 has been shown to prevent the
development of diabetes, while feeding of A chain showed
no protective effect (Song et al. 1999; Polanski et al. 1997).
The design of three tandem copies of human insB-encoding
sequence in the fusion gene construct was used in attempt
to increase the expression amount of the target antigen in
plants, as each CTB–InsB3 hybrid protein molecule syn-
thesized contained two extra B chain molecules compared
to CTB conjugated to a single B chain. Previously we have
shown that induction of oral tolerance to GAD using trans-
genic plant systems is critically dependent on the amount
of GAD delivered by plant tissues (Ma et al. 1997, 2004).
In theory, it is possible to further increase the expression
amount of B chain antigen in plants simply by incorpo-
rating additional copies of insB gene to CTB. However,
when a CTB fusion construct containing six tandem copies
of insB gene was tested, the expression level of the fusion
protein was found to be reduced (data not shown).

The capacity of CTB as a mucosal adjuvant or carrier
molecule for conjugated antigens is dependant on its abil-
ity to bind GM1-ganglioside in its pentameric form. It is
therefore critical to ensure that fusion of foreign proteins or
peptides to CTB will not impair the ability or efficiency of
CTB to form pentamers. The results from Western blot anal-
ysis demonstrated the synthesis and assembly of the full-
length CTB–InsB3 fusion protein into oligomeric structures
of pentamer size (Fig. 4). Moreover, GM1–ELISA showed
that plant-derived CTB–InsB3 binds to GM1-receptors as
efficiently as the native CTB (Fig. 5). This suggests that the
B chain of insulin carried by the fusion protein molecule
had no demonstrable adverse effect on assembly, stabil-
ity, or GM1 binding of the parental CTB molecule. It has
been reported that pentamerization and GM1 binding ca-
pacity of CTB linked with proteins or peptides can be af-
fected by the length of the partner protein or peptide, or by
the conformational changes induced by the fusion partner
(Liljeqvist et al. 1997). To minimize any negative perturba-
tion effects of the fusion partner on the pentamer formation
and ganglioside-binding capacity of CTB, the B chain of
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insulin was purposely fused to the C-terminal end of the
CTB and expressed as a C-terminal fusion protein because
it has been suggested that the N-terminal of CTB is in
closed proximity to the GM1-binding pocket (Zhang et al.
1995). Furthermore, a flexible hinge tetrapeptide (GPGP)
was introduced between the CTB and insulin B chain moi-
eties to reduce potential sterical hindrance and permit high
intramolecular flexibility between the CTB and insulin B
chain proteins. An endoplasmic reticulum (ER)-retention
signal sequence SEKDEL was also added to the C-terminal
of the fusion protein combined with substitution of the na-
tive signal peptide of CTB with the signal sequence from the
plant protein peanut peroxidase. Both SEKDEL and KDEL
have been shown to function as an effective ER-retention
signal in plant cells (Fiedler et al. 1997). Haq et al. (1995)
have shown that addition of SEKDEL to the C-terminal
of the B subunit of the CTB-related bacterial heat-labile
enterotoxin (LTB) is efficient at retaining the recombinant
protein in the ER compartment. This compartmentalization
facilitates oligomerization of LTB into pentamers and in-
creased protein expression levels in plants. The use of a
plant signal was intended to ensure the correct signal pep-
tide processing of CTB, a step required for importing the
fusion protein into the ER for a higher level accumulation.
There have been inferences from previous studies that trans-
genic plants may fail to process the native signal peptide of
CTB (Arakawa et al. 1997; Jani et al. 2002). Nevertheless,
a recent study by Wang et al. (2001) has demonstrated a
dramatic increase in the expression levels of CTB in trans-
genic tobacco plants when its native signal peptide was
substituted with a plant signal peptide sequence, even with-
out the further addition of an ER-retention signal. ELISA
quantification of CTB–InsB3 expression levels in trans-
genic tobacco leaf tissues revealed that the fusion protein
accumulated up to 0.11% of total soluble protein. Although
higher levels of CTB expression (0.3% of TSP) has been
achieved in transgenic potato plants (Arakawa et al. 1997),
the expression level of CTB achieved in tobacco plants was
relatively low, ranging from 0.02 to 0.09% of TSP (Wang
et al. 2001; Jani et al. 2004). The higher expression of the
CTB–InsB3 fusion protein achieved in tobacco plants in
this study may be partly due to a synergistic effect of the
combination of a plant signal peptide and the ER-targeting
signal SEKDEL.

As expected, Western blot analysis of unboiled transgenic
extracts revealed a single prominent band of the expected
size for CTB–InsB3 pentamer (Fig. 4), suggesting a high
degree of oligomerization of the fusion protein. Interest-
ingly, Western blot analysis of heat-treated extracts (boiled
for 15 min before loading on to SDS-PAGE) showed that
CTB–InsB3 still exists predominantly in the dimeric form,
rather than a monomeric form. This may suggest that the fu-
sion protein is very heat stable. The presence of two forms
of the dimer with slightly different molecular mass is inter-
esting. This could not be due to different N-glycosylation,
as CTB and the B chain of human insulin are both non-
glycoproteins. One possibility is that incomplete process-
ing of the engineered plant signal peptide may have oc-
curred in some of the fusion proteins. Nevertheless, a strong

interaction of unboiled CTB–InsB3 with gangliosides re-
vealed by GM1-binding ELISA (Fig. 5) suggests that the
plant-made CTB–InsB3 pentamers are fully biologically
active. Taken together, these findings suggest that trans-
genic plants can be a valuable system for the production of
diabetes-associated chimeric insulin B chain antigen, and
perhaps many other recombinant pharmaceutical proteins.

No expression of the immunodominant B chain of in-
sulin has so far been achieved in transgenic plants, although
Arakawa et al. (1998) have previously reported the produc-
tion of transgenic potato plants expressing a CTB–insulin
fusion protein. The production of transgenic plants express-
ing a fusion protein comprising CTB and the B chain of
insulin rather than CTB and the whole insulin molecule,
as reported here, offers at least two important advantages.
Firstly, as CTB and the B chain of insulin were present in
a 1:3 ratio in the CTB–InsB3 fusion protein, the amount
of the immunodominant B chain antigen delivered would
be tripled when compared to similar amounts of the CTB–
insulin fusion protein being delivered. This may be critical
to the success of using transgenic plants to induce oral toler-
ance to treat type 1 diabetes in humans, as large amounts of
relevant antoantigen are required for the tolerizing effect.
Secondly, administration of transgenic plants expressing
the B chain of insulin is safer compared to administra-
tion of those plants expressing the whole insulin molecule.
To date administration of the whole insulin molecule, in-
cluding dosing studies, has been tempered by the fear of
hypoglycemia (Karounos et al. 1997; Bot et al. 2001). The
CTB–human insulin B chain fusion protein expressed in E.
coli has been shown, after in vitro assembly into pentameric
forms, to induce efficient immunosuppression when fed to
mice (Sadeghi et al. 2002). The limitation of E. coli expres-
sion systems for production of CTB–insulin B chain fusion
protein is that it is very laborious and costly.

In summary, we have demonstrated the feasibility of us-
ing transgenic tobacco plants for the production of a hybrid
pancreatic β cell specific autoantigen, the B chain of hu-
man insulin coupled to CTB. Functional analysis of the
plant-derived fusion protein showed that it retains the bi-
ological and immunological characteristics of the native
CTB including its ability to pentamerize and to bind to
GM1-ganglioside receptor. Production of transgenic plants
expressing CTB–InsB3 fusion protein may provide a highly
effective, low-cost approach for preventing and treating
autoimmune diabetes by inducing oral tolerance. Animal
feeding studies with CTB–InsB3 transgenic plants have al-
ready begun to assess its therapeutic efficiency.
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