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ABSTRACT OF DISSERTATION
Enterotoxin B Subunit Lectins as Adjuvants for Improvement of Mucosal Vaccine
by
Nak-Won Choi
Doctor of Philosophy, Graduate Program in Biochemistry
Loma Linda University, December 2004
Dr. William H.R. Langridge, Chairperson

In comparison with whole organism vaccines, subunit vaccines may be safer for
immunization but may lack sufficient immunogenicity to provide complete immunity to
the pathogen. To resolve this problem, bacterial and plant enterotoxin B subunit
adjuvants containing a variety of receptor-binding properties were used to enhance the
immunogenicity of rotavirus subunit vaccines. Enterotoxin B subunit adjuvants were
employed to enhance protection against virus infection. Pentameric cholera toxin B
subunit (CTB), shiga toxin-1 B subunit (STB) and monomeric ricin toxin B subunit
(RTB) molecules were genetically linked to a 90 amino acid peptide from the simian
rotavirus (SA11) nonstructural protein NSP4 or to the rotavirus outer capsid protein VP7.
Lectin binding assays were used to demonstrate receptor binding activity of the ligandantigen fusion proteins synthesized in E. coli. Mice co-fed RTB and NSPdgo protein or
heat denatured NSP49o::RTB fusion protein generated higher serum anti-NSP49o IgG
titers than mice inoculated with the NSPTgo antigen alone. Serum anti-NSP49o IgG and
intestinal anti-NSP49o IgA titers were the highest in mice immunized with native
NSP49o::RTB or STB::NSP49o fusion proteins. Serum anti-NSPTgo IgG isotype analysis
and secreted cytokine assays from splenocytes isolated from mice immunized with
NSP49o::RTB and STB::NSP49o fusion proteins generated elevated IFN-y and IL-4 levels

xm

and increased IgG2a antibody titers confirming fusion protein stimulation of a dominant
Thl cell mediated immune response. Diarrhea in SA11 rotavirus challenged suckling
neonates from dams immunized with NSP49o::RTB and STB::NSP49o fusion proteins was
dramatically reduced both in severity and duration in comparison with rotavirus
challenged neonates from unimmunized mice, demonstrating the protective efficacy of
ligand-antigen fusion proteins synthesized in bacteria.
The feasibility of using transformed plants for production of correct posttranslational modification of adjuvanted subunit rotavirus antigens was assessed.
Immunoblot analyses and lectin-receptor binding enzyme-linked immunosorbent assays
showed that CTB::NSP49o, CTB::VP7 and VP7::RTB fusion proteins of expected
molecular mass were synthesized in transformed potato leaf and tuber tissues. The
production of adjuvant ligand-rotavirus antigen fusion proteins in both bacteria and plant
tissues demonstrates the feasibility of using prokaryotic and eukaryotic systems for
production of adjuvanted viral antigens for generating enhanced immunity against
infectious rotavirus disease.
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CHAPTER ONE
INTRODUCTION
General
Current Vaccination Problems
Protective immunity against infectious disease was first introduced in 1796 by the
English physician Edward Jenner when he inoculated an 8-year-old boy with cowpox
virus isolated from a milkmaid resulting in protection against smallpox infection. For
over 200 years, parenteral vaccination has been the most cost-effective medical
intervention available for prevention of disease epidemics worldwide. With exponential
population growth, more rapid dissemination of infectious diseases due to air travel, the
rising prevalence of antibiotic resistant pathogenic bacterial strains and an alarming
increase in new and re-emerging infectious diseases, the need for alternative effective
global vaccination programs has become a high priority. Unfortunately, implementation
of vaccination programs in developing countries has been almost impossible due to a
combination of poor economic conditions, prohibitive cost of conventional vaccines and
periodic political unrest.
Mandate for Mucosal Vaccines
Realizing the urgency for improved vaccines, the National Institute of Allergy and
Infectious Diseases (NIAID), National Institute of Health (NIH), and the World Health
Organization (WHO) identified in 2000 the pressing need for increased development and
evaluation of more effective, inexpensive, and easily administered oral vaccines for
global vaccination in developed and industrialized countries. While they are effective in
protection against infectious diseases, parenteral vaccines have limitations based on
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stability, painful route of administration, protective efficacy, toxicity of serum and
mercury based preservatives, trained personnel for administration, lack of immune
system targeting, stimulation of neurological disorders (autism) and inability to generate
mucosal immunity. Alternatively, mucosal vaccines have advantages including lack of
requirement for refrigerated storage reduced vaccination production costs, ease of
delivery, absence of contamination with animal proteins and animal pathogens, no needle
stick injury and availability of the largest organ system for immune surveillance and
induction of secretory IgA.
In contrast to humoral immunization, mucosal immunization protects the largest
portion of the body from pathogen attack, by responding to invasion of the body tissues
by infectious pathogens. Gastrointestinal, respiratory and genitourinary tract mucosal
surfaces together occupy an area of approximately 400 m representing the largest organ
system in vertebrates and the largest target for immune surveillance in the mammalian
body (Holmgren et al, 1994). The mucosal immune system consists of molecules, cells,
and organized lymphoid structures that provide protective immunity against viral and
bacterial pathogens that bind to mucosal surfaces, the portals of entry into the body
(Figure 1). Systemic infection by viruses and bacteria results in the induction of serum
and mucosal secretory antibodies (IgA) in addition to cell-mediated immunity. The latter
is manifested by CD8+ T helper-type 1 cells (TH1), which eliminate virus infected cells
and other intracellular pathogens. Another major advantage of mucosal immunization is
that the immune response is normally accompanied by the synthesis of large amount of
secretory immunoglobulin A antibodies (slgA), that provide a primary line of defense
against pathogen invasion of deeper tissues by inactivating enteric viruses during
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transcytosis from the lamina propria to the intestinal lumen as well as by binding and
inactivating virus particles in the lumen of the intestine (Van Ginkel et al, 2000). In
contrast to humoral immunity, which generates IgG but little if any slgA, the mucosal
immune system provides up to 80% of the body’s immune protection through slgA.
Production of secretory IgA exceeds that any other immunoglobulin class - from 5 g to
15 g of secretory IgA is transferred into protective mucosal cell coatings everyday to
protect the intestinal epithelia from pathogen attack (Kuby 4th ed., 2000). Along the
jejunum of the small intestine, there are more than 2.5 x 1010 IgA secreting plasma cells,
a number surpassing the total plasma cell population of the bone marrow, lymph and
spleen combined. Because the mucosal immune system is the major source of immune
surveillance against infectious disease entrance into the body, the development of
effective and easily delivered mucosal vaccines stimulating the production of IgG and
especially slgA could play a major role in prevention of infectious diseases. Current
mucosal vaccine research predominantly targets pathogens causing intestinal infectious
bacterial and virus diseases such as rotavirus, Norwalk virus, cholera, and enterotoxigenic
E. coli (ETEC), leading causes of epidemic acute gastroenteritis in humans (Mead et al..
1999).
Problems Associated with Whole Organism Mucosal Vaccines
Previous studies have shown that whole organism mucosal vaccines can deliver
adequate protection against infectious pathogenic organisms, but not without significant
problems that include reactogenicity, neural disorders (autism) and development of
allergic and autoimmune responses (Kapikian et al., 1986; Rennels et al., 1987; Bernstein
et al., 1995). For example, rhesus-human reassortant rotavirus vaccines can provide
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protection against subsequent virus infection (Vesikari et al., 1992). However, this
approach has practical limitations including a lack of protection against diverse rotavirus
serotypes. The only rotavirus vaccine approved by the FDA for human mucosal
immunization was recently recalled because the reassortant rotavirus was found to
stimulate higher than normal rates of intussusception (lethal infolding of the intestine) in
young children (Estes et al., 1989).
Advantages of Subunit Vaccines
Subunit mucosal vaccines have numerous advantages over traditional whole
organism rotavirus vaccines as in the case of rotavirus subunit vaccines, they are unlikely
to cause intussusception, stimulate allergic responses, or trigger autoimmune and other
dangerous reactions (Mitchell et al., 1993; Bernstein et al., 1995). However, many
mucosal vaccine antigens are subject to degradation in the digestive tract and may have
little tropism for mucosal inductive sites, rendering them weakly immunogenic (Van
Ginkel et al., 2000). Subunit vaccines have the major advantage of controlling the type
and amount of antigen delivered using recombinant DNA technology. Subunit mucosal
vaccines with an adjuvant linked to pathogen antigens can compensate for low antigen
recognition resulting in enhancement of antigen immunogenicity. Further, while
parenteral vaccines may be involved in the stimulation of allergic responses including
autism, subunit mucosal vaccines are unlikely to elicit undesirable side reactions due to
the introduction of individual pathogen proteins and the degradation of pathogenic
antigens in the digestive, respiratory or genitourinary tracts.(Mason et al., 1998; Rigano
et al., 2002). Lot to lot dose and quality control is more manageable for subunit vaccines
than for whole virus approaches.

4

Problems with Subunit Vaccines
While safer subunit vaccines consisting of one or two immunodominant virus
proteins are unlikely to cause reactogenicity, they have generally been shown to be
weakly immunogenic. Thus, a rotavirus subunit mucosal vaccine with enhanced immune
stimulation may provide more complete protection against virus infection. While mucosal
immunization has distinct advantages over parenteral immunization, certain problems
such as stimulating weaker immune responses must be addressed before mucosal
vaccination can replace parenteral vaccines or whole organism mucosal vaccines. To
overcome the lack of immunogenicity, multicomponent or multivalent vaccines using
several antigens against a single or several infectious diseases and subunit vaccine
adjuvant enhancement of immunogenicity of existing pathogen antigens could provide
further increase in immunity.
Dissertation Goals
The goal of this study is development of subunit vaccine adjuvants that can
generate more protective immune responses based on the rotavirus pathogen model.
Enterotoxin B subunit stimulation of mucosal B and T lymphocyte immune responses to
rotavirus surface and internal antigens will be measured. We will compare pentameric
cholera toxin B subunit (CTB), shiga toxin B subunit (STB) and monomeric ricin toxin B
subunit (RTB) lectin adjuvant targeting strategies for enhancement of rotavirus antigen
immunogenicity. The CTB subunit has been shown to be a strong adjuvant for mediating
conjugated foreign antigen protein stimulation of mucosal immune response (Yu et al..
2001), STB with a pentamer subunit structure similar to CTB will be compared with CTB
for adjuvant enhancement of rotavirus antigen immunogenicity. While assembly of five
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subunit monomers into a pentameric structure is required for CTB and STB receptor
binding, monomeric RTB subunit does not require assembly into multimeric structures
prior to receptor binding. Further, there is no known fusion protein size constraints for
receptor binding, thus RTB may deliver a greater number of larger antigen proteins to gut
epithelial cells than is possible with the multimeric toxin B subunit lectins.
Multicomponent or multivalent vaccines could be constructed from several toxin
lectin-antigen molecules to enhance the adjuvanticity of rotavirus antigens, an approach
which holds promise for substantially increasing the protective efficacy of subunit
mucosal vaccines. To assess whether post-translational glycosylation and
phosphorylation are important for stimulating adjuvanticity, rotavirus subunit antigens
will be expressed in plant tissues. Biosynthesis of biologically active subunit vaccines in
plant tissues will help to demonstrate the feasibility of edible plants for production and
delivery of subunit vaccines.
In addition, bacterial and plant enterotoxin B subunits may contain pathogen
associated molecular patterns (PAMP) that stimulates dendritic cell (DC) toll receptors
providing additional levels of adjuvanticity.
AB Toxin B Subunit Lectins
Cholera Toxin B Subunit
Cholera toxin (CT) is a representative of a group of heteromultimeric AB toxins
produced by a number of bacterial pathogens (Figure 2). The toxic A subunit (CTA), is a
single polypeptide (28 kDa) composed of two major domains A1 and A2 (Lencer et al,
1999). The toxic Al subunit ADP ribosylates cellular adenylate cyclase G activation
proteins resulting in continuous activation of protein kinases by cyclic AMP leading to
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extensive phosphorylation of membrane porins and a massive efflux of water and salts
from gut epithelial cells (diarrhea).
The cholera toxin B subunit (CTB) responsible for entry of the toxic A subunit into
the polarized enterocyte requires apical endocytosis mediated by the B subunit and
retrograde transport of the toxin A and B subunits into Golgi cistemae and ultimately the
ER (Lencer et al, 1995). CTB is composed of five identical polypeptides (11.5 kDa) that
assemble into a pentameric ring. The primary function of the B subunit pentamer is to
bind to specifically and tightly (dissociation constant of 4.61 x 101 V1), to the membrane
glycolipid receptor GM1 ganglioside on the apical (lumen) size of polarized intestinal
epithelial cells (Kusiemko et al, 1996). The first step in the signal transduction
mechanism depends on GM1 ganglioside coupling of the B subunit with caveolae or
caveolae-related enterocyte membrane domains (Parton, 1994; Wolf et al, 1998). In
addition to binding to M cells which have a greater density of GM1 gangliosides in their
membranes than other types of enterocytes, they may also bind to GM1 receptors on
dendritic cells that extend their processes through the intact mucosal epithelium to sample
antigens in the gut lumen (Kraehenbuhl et al, 1997). Antigen primed dendritic cells
migrate to the Peyer’s patches, and other mesenteric and peripheral lymph nodes and
present the CTB-Ag peptides to B- and T-cells in these mucosal inductive sites. Recent
reports that CTB fused with the rotavirus enterotoxin NSP4 or ovalbumin and used in
oral immunization experiments indicated that CTB can act as a powerful adjuvant when
fused with the antigen protein (Yu and Langridge, 2001; George-Chandy et al, 2001).
Previous experiments indicate that AB toxins delivered orally in transformed plant tissues
can stimulate a significant cellular immune response (Arakawa et al, 1997). These
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results argue well for successful adaptation of AB toxin systems for retrograde delivery
of antigen proteins from the cell surface to the endoplasmic reticulum. The efficiency of
enterocyte targeting to the GALT depends on the size and location of the antigenic
peptide with respect to the CTB adjuvant protein molecule. The greatest amount of CTBantigen binding to GM1 ganglioside receptors was detected when antigen proteins were
linked to the C-terminus of CTB (Liljeqvist et al, 1997). Peptides of 25 kDa linked to
the C-terminus of CTB form pentamer structures readily and do not interfere with GM1
ganglioside membrane receptor binding (Liljeqvist et al, 1997). The largest peptide
fused to CTB that produced immune responses in mice - in spite of reduced binding to
GM1 ganglioside receptors - was the 65 kDa glutamate decarboxylase (GAD)
autoantigen for Type 1 diabetes produced in transgenic potato plants by our laboratory
(Arakawa et al, 1997; Arakawa et al, 1998).
Shiga Toxin B Subunit
The adjuvanticity of other AB toxin antigen fusion proteins has not yet been
assessed. With similar structures but different receptors to cholera toxin, shiga toxin and
shiga-like toxins (verotoxin) produced by Shigella dysenteriae and certain strains of
Escherichia coli (STEC; Shiga-toxin producing E. coli) respectively, are also AB5 class
bacterial toxins. Shiga toxin consists of a single catalytically active A-subunit (Ai and A2
peptides) and a pentamer of identical B-subunits, responsible for toxin attachment and
uptake into host cells (Lacy and Steven, 1998) (Figure 3). The pentameric B subunit
binds globotriaosylceramide (Gb3) glycolipid receptors on the cell surface (Lindberg et
al, 1987). In the absence of the A-subunit, the B-subunits form pentamers functionally
equivalent to the holotoxin in binding to cell surface glycolipids (Jacewicz et al, 1986).
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The binding constant of shiga toxin to whole cells is 109 M'1 (Fuch et a/., 1986).
However, the binding constant to soluble Gb3 is only about 10 M' (St Hilaire et
a/., 1994). The toxin circumvents the low affinity by binding simultaneously to five or
more cell surface carbohydrates.
Similar to cholera toxin, following endocytosis, shiga toxins undergo retrograde
transport to cytosol via the Golgi cistemae as indicated by experiments with the Golgi
perturbing agents brefeldin A and monensin (Sandvig and Van Deurs, 1996). When STB
was fused to a tumor peptide, the fusion protein induced specific CTL and targeted
dendritic cells to allow MHC class I-restricted presentation in mice without the use of
adjuvant (Haicheur et al, 2000; Lee et al., 1998; Noakes et al, 1999). Similar to CTB
but with different membrane receptors, STB could be an attractive alternative or possibly
complementary adjuvant for mucosal vaccine development based on its unique receptor
binding ability, its ability to target dendritic cells and to induce specific CTL responses.
Ricin Toxin B Subunit
In contrast to pentameric CTB and STB subunits, monomeric RTB is isolated from
plants, possesses different membrane receptors and has no known size limitation for
linked antigens. RTB will be used to replace for or to complement multimeric CTB and
STB adjuvants for delivery of additional and potential larger antigens. Ricin is a
heterodimeric 65 kDa lectin glycoprotein toxin belonging to the AB family of toxins,
isolated from seeds of the castor bean plant Ricinus communis (Figure 4). The ricin toxin
B subunit (RTB) is a cell membrane binding lectin of 262 aa linked by a disulfide bond to
an A subunit (RTA) chain of 267 aa (Tregear and Roberts, 1992). Ricin induced
mammalian cell toxicity resides in the N-glycosidase activity of the A chain which
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inhibits protein synthesis (Fu et al, 1996), by activation of ribosome mediated translation
through removal of a single adenine from a conserved region (A4324) of the 28S rRNA
in the 60S ribosomal subunit (Day et al, 1996; Endo et al, 1987). Ricin intoxication of
mammalian cell is initiated by B chain binding to a heterogeneous mixture of
glycoproteins (Olsnes and Refsnes, 1978) and glycolipid epidermal cell surface
galactoside receptors (Hughes and Gardas, 1976; Wales et al, 1994). Ricin B chain
mutant studies in a baculovirus expression system provide clear evidence for
participation of lectin binding sites in ricin in vivo (Fu et al, 1996). Following uptake by
endocytosis and similar to cholera toxin, ricin toxin is considered to undergo retrograde
transport to the Golgi cistemae (Sandvig and Van Deurs, 1996). A large part of the AB
toxin is returned from the Golgi to the cell surface via endosomal vesicles in which the
toxin is digested by lysosomal proteolytic enzymes followed by presentation on the cell
surface by MHC II receptors for delivery to antigen presenting cells (APC), (Rappuoli et
al, 1999; Sandvig and Van Deurs, 2000). Mammalian cells incubated with eGFP-RTA
fusion protein showed strong cell surface fluorescence at 4°C and, on incubation at 37°C,
distributed at first to endosomes and then to Golgi vesicles demonstrating retrograde
transport of the internalized ricin A subunit into the Golgi (Tagge et al, 1997).
Additional experiments suggest that a portion of the ricin B subunit is transported into the
ER where the protein is unfolded, digested and bound to MHC I receptors or exported
from the ER into the cytoplasm, ubiquinated and degraded in proteosomes into short
peptides which are returned to the ER by transporter proteins (TAP) and bound to MHC I
receptors within the ER for ultimate presentation on the cell surface for identification by
cytotoxic lymphocytes (Rapak et al, 1997).
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In contrast to CTB which is taken up predominantly into clathrin independent pits,
ricin toxin is taken up by both clathrin dependent and based on dynamin overexpression
studies, clathrin independent endocytic mechanisms, further improving the opportunity
for fusion antigen uptake into generalized enterocytes as well as M cells (Simpson et ah,
1998). Recently, a C-terminal fusion of RTB with green fluorescent protein was
synthesized in transformed tobacco and found to generate a strong humoral immune
response to the fusion antigen (Medina-Bolivar et ah, 2003). Further, increases in
humoral antibody production in response to fusion of RTB with the GFP antigen indicate
that RTB may function as a strong adjuvant molecule (Medina-Bolivar et al, 2003).
Thus, heterodimeric AB toxins and specifically RTB lectin may prove to be effective gut
epidermal cell targeting carriers that may complement oligomeric B toxin subunits for
delivery of vaccine antigens to the GALT. The availability of an established mechanism
for retrograde transport of RTB proteins from the cell surface through the golgi to the site
of protein processing (ER) for ultimate presentation to lymphocytes of the gut associated
lymphoid tissues, provides us with an established avenue for exploitation of RTB for
delivery of antigens to the mucosal immune system.
Rotavirus Nonstructural NSP4 and Outer Capsid VP7 Protein Antigens as Targets for
Adjuvant Enhanced Immunogenicity
In agreement with the vaccine goals established by the NIH and WHO, we selected
rotavirus, nonstructural internal virus protein NSP4 and outer capsid protein VP7, as the
target antigens for our investigation of adjuvant stimulation of mucosal immunity. Of all
the enteric pathogens, rotaviruses arguably have the greatest economic importance.
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Rotaviruses are spherical 70 nm non-enveloped icosahedral particles (Bishop et al,
1973) that belong to the family Reoviridae (Jawetz et al, 1989). They have a distinctive
core and double shelled outer capsid (Kapikian and Chanock, 2001) containing a genome
composed of 11 segments of dsRNA, encoding 6 structural (capsid) and 5 nonstructural
proteins important in virus multiplication (Figure 5). Of the 7 distinct rotavirus groups
(A-G), three (A,B,C) contain human as well as animal viruses. Based on VP7 and VP4
protein structures, four serotypes account for more than 95% of rotavirus illness in human
(Woods et al, 1992).
To date, reassortant (human/monkey) rotavirus vaccines have provided the
greatest level of protection against virus infection. However, health problems
(intussusception) appearing late in Rotashield™ vaccine development resulted in its
withdrawal from use. Thus, no safe and effective rotavirus vaccine is currently available
(Beale, 2002). Development of subunit vaccines, which can eliminate proteins that
generate autoimmune, allergic or other unwanted physiological responses, may provide a
safer alternative vaccine. However, current rotavirus subunit vaccines are not known to
generate a strong immunity to the virus in animals. One problem is that the mechanisms
responsible for immunity to human rotavirus infections are at present unclear due to
conflicting results obtained in studies concerning the importance of serum antibodies
(Kapikian et al, 2001). Since adults have already developed immunity against the virus
which makes reinfection more trivial, the major problem confronting development
of effective rotavirus vaccines is protection of the young who are decimated by initial
confrontation with the virus early in life when their immune system is still immature.
Early studies of the relative roles of local and systemic rotavirus antibodies in animals
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have shown that secretory antibodies (slgA) in the small intestine provided by milk from
immunized mothers are a primary determinant of resistance to rotavirus illness
(Snodgrass and Wells, 1976). More recent support for the value of passive immunity
based on secretory antibodies was provided by studies of mucosal vaccine protection
against rotavirus disease in newborn mice (Offit and Clark, 1985; Yu and Langridge,
2001). Similar studies in humans reinforce the hypothesis that mucosal immunization of
adults can stimulate production of secretory antibodies that provide passive protection
against rotavirus infection to children (Barnes et al, 1982; Brussow et al, 1990;
Davidson, 1996). Rotavirus subunit vaccines have raised neutralizing antibodies against
outer capsid proteins VP7 and VP4 (Ludert et al, 2002). Since VP7 is the dominant
outer capsid protein it has been a primary candidate for subunit vaccine development
(Emslie et al, 1995). The VP7 glycoprotein has a complex glycosylation pattern
identifying 14 serotypes infecting humans (Umesh et al, 1998). Unfortunately,
difficulties in generating glycosylation patterns resembling wild type VP7 glycoprotein in
transformed bacteria have directed production of protective VP7 subunit vaccines toward
plant systems.
The rotavirus outer capsid protein VP7 has a MW of 38 kDa, forms the smooth
external surface of the outer shell, constitutes 30% of the viral proteins, and contains one
to three potential sites for N-linked glycosylation (Mattion et al, 1994). Early studies in
which reassortant rotaviruses were analyzed for genotype and antigenic specificities
indicated that most neutralizing antibodies in hyperimmune antiserum were directed
against the VP7 protein (Greenberg et al, 1983). VP7 has also been proposed to be
responsible for attachment of virus to host cells (Mattion et al, 1994). The major
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neutralization epitopes on VP7 were designated as antigenic region A (aa 87 - 99), B (aa
145 - 150), or C (aa 211 - 223) (Dyall-Smith et al, 1986). The importance of
glycosylation in the antigenicity of VP7 was shown by the effect of a single amino acid
substitution at amino acid 211 of simian virus SA11 (Caust et al, 1987). It constitutes an
immunodominant site that is rendered inaccessible to its corresponding neutralizing
antibodies by the addition of a new carbohydrate side chain. This region appears to be
the dominant antigenic site on SA11 VP7. Although various structural and nonstructural
rotavirus proteins have been reported to elicit a CTL response in mice, the VP7 protein is
a major target of rotavirus-specific CTLs. This CTL activity to VP7 is either G serotype
specific or cross-reactive (Devitt et al, 1993; Offit et al, 1991; Offit et al, 1994). The
CTL epitopes on the VP7 have been mapped to amino acid residues 5 to 13, 8 to 16, and
31 to 40 (Heath et al, 1997).
The rotavirus 175 amino acid (20 kDa) nonstructural glycoprotein enterotoxin
(NSP4) encoded by genome segment 10, is conserved in all virus serotypes and is
involved in host cell calcium regulation and acquisition of an endoplasmic reticulum
membrane coat during virus passage through the ER and secretion from the cell
(Mattion et al, 1994; Browne et al, 2000). A 22 amino acid peptide NSP422 (aa residues
114-135), was shown to be sufficient to generate diarrhea in mouse neonates (Ball et al,
1996). Pups bom to dams immunized with NSP422 had less severe diarrhea of shorter
duration than controls (Ball et al., 1996). Further, significant passive protection against
vims infection was detected in mouse neonates following oral immunization of the dams
with plant-based vaccines containing NSP422 (Arakawa et al, 1998; Yu and
Langridge, 2001). Recently, mucosal immunization of mice with a 90 amino acid NSP4
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(NSP490) lacking the membrane destabilization domain and generated in E. coli was
shown to deliver a stronger mucosal immune response than the shorter NSP422 peptide
(Kim et al, 2003). To assess the reliability of toxin B subunit lectins mediated antigen
delivery strategy for protection of mice and their neonates against virus infection,
rotavirus antigens NSP49o and VP7 were linked to the monomeric RTB and pentameric
STB or CTB lectins prior to mucosal immunization and testing protective efficacy.
In summary, we predict increased protective efficacy that B subunit adjuvant
targeting of linked antigens to a variety of mucosal receptors stimulates systemic immune
responses that will assure the feasibility of adjuvanted mucosal vaccines to meet the
challenge for providing inexpensive, safe and easily administered immunity against
infectious enteric viral diseases throughout the world.
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Figure 1. The anatomy of the mucosal immune system (Cited from Mucosal
Vaccines 1996, Academic Press). The follicle-associated epithelium in a rabbit
Peyer’s patch contains many M cells (M), identified by their short, sparse
microvilli and thin apical cytoplasm, interspersed with enterocytes, identified by
their microvillous brush borders (bb). The intraepithelial pockets formed by
contiguous M cells are very large and contain B and T lymphocytes, macrophages
and dendritic cells. The basement (bm) is interrupted to accommodate cellular
traffic between the intraepithelial pockets and the subepithelial tissue.
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Figure 2. Composite model for cholera holotoxin bound to GM1 gangliosides of five
receptor molecules (Modified from Mucosal Vaccines 1996, Academic Press).
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Figure 3. Composite models for shiga toxin. Panel (A): Structure of shiga holotoxin
(Modified from the UCSF Chimera package). Panel (B): Side view of the shiga toxin B
pentamer bound to the glycoiipid receptors on the cell membrane (Modified from Ling et
al, Biochemistry 1998:37:1777-1788).

19

A subunit
monomer
32 kDa

.

\

B subunit
monomer
30 kDa

Enterocyte
membrane

i

Cell surface glycolipid protein
with a terminal galactose

Figure 4. Composite model for ricin toxin holotoxin bound to the glycolipid proteins on
the cell membrane (Modified from the UCSF Chimera package).

20

Figure 5. Schematic illustration of the rotavirus particle (Cited from Mucosal
Vaccines 1996, Academic Press).
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CHAPTER TWO
MATERIALS AND METHODS
Materials
Reagents
All restriction endonucleases, Taq DNA polymerase, and T4 DNA ligase were
purchased from New England Biolabs (Beverly, MA). QIA quick PCR purification Kit,
QIA quick Gel Extraction Kit, QIA quick nucleotide Removal Kit, QIAprep Spin
Miniprep Kit, and QIAfilter Plasmid Midi Kit were purchased from Qiagen Inc.
(Valencia, CA). Rabbit anti-mouse IgG, anti-mouse IgA, mouse anti-rabbit IgG, and anti
rabbit IgA alkaline phosphatase conjugates were purchased from Sigma Chemical Co.
(St. Louis, MO). Rabbit anti-His tag antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse anti-shiga toxin - IB subunit was purchased
from Toxin Technology Inc. (Sarasota, FL). Rabbit znix-ricinus communis lectin antibody
was purchased from Sigma Chemical Co. (St Louis, MO). Asialofetuin was purchased
from Sigma Chemical Co. (St Louis, MO). Glotriaosylceramide (Gb3) was purchased
from Matreya Inc. (Pleasant Gap, PA). Lumi-Phos Plus chemiluminescent substrate was
purchased from Lumigen (Southfield, MI). The antibiotics gentamicin sulfate, kanamycin
monosulfate, rifampicin, carbenicillin, ampicillin, and chloramphenicol were purchased
from Sigma Chemical Co. (St Louis, MO). Mouse interferon gamma and interleukin-4
kits were purchased from R & D systems (Minneapolis, MN). Phytohemagglutinin
(PHA) was purchased from REMEL Inc. (Lenexa, KS). Magenta GA-7 culture boxes
were purchased from Sigma Chemical Co. (St. Louis, MO). BCIP/NBT alkaline
phosphatase substrate was purchased from Sigma Chemical Co. (St. Louis, MO).

23

Oligonucleotides were synthesized using a model 394 DNA/RNA Synthesizer
(Applied Biosystems, Inc.) in the DNA Core Facility located in the Center for Molecular
Biology and Gene Therapy, Loma Linda University.
The rotavirus SA11 strain, anti-rotavirus hyperimmune serum, and plasmid
pCR2.1 containing the NSP4 gene were provided by Dr. Mary Estes, Baylor College of
Medicine. Plasmid pJN26 containing the full-length STB gene was provided from Dr.
Alison O’Brien, Uniformed Services University, Bethesda, MD. Plasmid pRTB
containing the full-length RTB gene was provided from Dr. L. Roberts, University of
Warwick, UK. Plasmid pPT42 containing the cholera toxin ctxAB operon was provided
by Dr. J. Mekalanos, Harvard Medical School.
Animals
BALB/c Inbred Mice (male - 6 weeks old; female - 22 days old) were purchased
from Taconic Animal Models Inc. (Oxnard, CA). The animals were housed in selfcontained filter-top cages in a room controlled for temperature, humidity, and a 12 h daynight cycle. Autoclaved bedding, food, and water were provided. At the time of sacrifice,
rapid CO2 asphyxiation was performed in compliance with the NIH Guide for the Care
and Use of Laboratory Animals. All animal care was performed under the direction of a
licensed veterinarian. The animal study was approved by the Loma Linda University
Animal Research Committee.
Methods
Preparation ofElectro-competent Cells
A single colony of Escherichia coli strain BL21 (DE3) pLysS (Invitrogen,
Carlsbad, CA) was inoculated into 5 ml liquid Luria-Bertani (LB) medium (10 g/1
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Tryptone, 5 g/1 Bacto yeast extract, 10 g/L NaCl, pH 7.3) and was grown at 37°C
overnight with vigorous shaking (approximately 250 to 300 rpm). 2.5 ml of the culture
was transferred into 500 ml LB medium in a sterile 2 liter flask and was grown at 37°C
with shaking to an ODeoo of 0.5 to 0.7. The cells were chilled on ice for 15 minutes, and
then were centrifuged at 5000 x g for 20 minutes. The supernatant was removed and the
cell pellet was washed twice with 500 ml ice cold distilled water. The cell pellet was
washed in 80ml 10 % ice cold glycerol and resuspended in a final volume of 2ml 10 %
glycerol. Small aliquots of 50 pi were transferred to pre-chilled microfiige tubes and
frozen on dry ice for 20 minutes. Finally, the competent cells were stored at -80°C. For
Agrobacterium tumefaciens strain GV3101 pMP90RK, the cells were grown at 28°C with
shaking in YEB medium (Beef extract 5.0 g/1, Bacto yeast extract 1.0 g/1, Bacto peptone
1.0 g/1, sucrose 5.0 g/1, MgS04.7H20 0.1 g/1, pH 7.3) containing the antibiotics
rifampicin (100 pg/ml), kanamycin (25 pg/ml), and gentamicin (25 pg/ml).
Bacterial Transformation by Electroporation
Plasmid (approximately 200 ng) was mixed with 50 pi E. coli BL21 (DE3) or A.
tumefaciens electro-competent cells. The mixture was transferred to a 0.2 cm
electroporation cuvette. The Gene Pulser electroporation apparatus (Bio-Rad, Inc.
Hercules, CA) was set at 2.5 kV, 25 pFD, 200 Q. After electroporation, 1 ml SOC
medium (2.0 % Bacto tryptone, 0.5 % Bacto yeast extract, 10 ml NaCl, 2.5 nM KC1, 10
mM MgCh, 10 mM MgSCL, 10 mM glucose) was added to the cuvette to suspend the
cells. The cell suspension was transferred to a 5 ml culture tube, and incubated with
shaking at 200 rpm for 2 hours. For E. coli BL21 (DE3), 0.1 ml cell culture was plated
on LB selection medium containing ampicillin (100 pg/ml). Ampicillin resistant colonies
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were isolated after overnight culture at 37°C. For A tumefaciens, 0.1 ml cell culture was
plated on YEB selection medium containing rifampicin, kanamycin, gentamicin amd
carbenicillin (100 pg/ml). Carbenicillin resistant colonies were isolated after incubation at
28°C for 48 to 72 hours. The correct DNA sequence in all recombinant plasmids was
confirmed by DNA sequence analysis in a model 373A DNA Sequencer (Applied
Biosystems, Inc., Foster City, CA) located in the Loma Linda University Core Facility.
Expression, Purification and Immunoblot Detection
E. coli strain BL21 (DE3) harboring the recombinant plasmid was inoculated into
25 ml of LB medium containing ampicillin (100 mg/1) and incubated overnight at 37°C.
The culture was transferred to 250 ml of LB medium and incubation continued until the
culture ODeoo reached approximately 0.5. The T7 promoter inducer, isopropyl p-Dthiogalactopyranoside (IPTG), was added to the culture to a final concentration of 1 mM
to stimulate synthesis of the recombinant protein. The bacterial cultures were incubated
at 37°C with aeration for an additional 3 to 4 hours prior to harvest by centrifugation
(4000 x g, 10 min., 4°C). The cells were lysed in 10 ml of buffer “Z” (8 M urea, 100 mM
NaCl, 20 mM F1EPES, pH 8.0) by sonication on ice 3 times for 10 s with output power of
10 watts (60 Sonic Dismembrator, Fisher Scientific). To remove cell debris, the
homogenate was centrifuged in a Sorvall RC5 refrigerated centrifuge at 12,000 x g, 10
min, 4°C in a SS-34 rotor. The supernatant was transferred to a clean tube and imidazole
was added to a final concentration of 10 mM. The mixture was loaded onto a 2 ml nickel
(Ni-NTA) histidine affinity column (Invitrogen, Carlsbad, CA). The column was washed
with 30 ml of Buffer Z plus imidazole (20 mM) to remove weakly bound E. coli proteins.
The His-tagged recombinant fusion protein was then eluted with buffer Z containing 250
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mM imidazole. The purified recombinant fusion protein was quantified by Bradford
protein assay (Bio-Rad, Hercules, CA). The recombinant RTB protein was dialyzed in
water containing 80 mM galactose, 1 mM NaCl, 0.1 mM DTT; and the recombinant
NSP49o::RTB fusion protein in water containing 40 mM galactose, 1 mM NaCl, 0.1 mM
DTT; and the recombinant STB and the recombinant STB::NSP49o in 25 mM Tris buffer
(pH 8.3) to remove the urea and imidazole. After dialysis, the recombinant fusion
proteins were separated by electrophoresis on 12% SDS-polyacrylamide gels at 130 volts
for Ih (Bio-Rad, Cat. # 165-3302) and detected on immunoblots by binding with a
primary rabbit anti-His tag antibody (1:3,000 dilution), or mouse anti-shiga toxin-1 B
subunit (10 pg/ml) for the recombinant STB and STB::NSP49o fusion proteins followed
by secondary alkaline phosphatase-conjugated rabbit anti-mouse IgG (1:10,000), or with
a primary rabbit anti-His tag antibody (1:3,000 dilution), or rabbit anti-ric/Hws communis
lectin antibody (1:3,000 dilution) for the recombinant RTB and NSP49q::RTB fusion
proteins followed by secondary alkaline phosphatase-conjugated mouse anti-rabbit IgG
(1:20,000 dilution).
Lectin-Receptor Binding Assay
For the recombinant RTB and NSP49o::RTB fusion proteins, duplicated wells of a
96-well microtiter plate were coated with the glycoprotein substrate asialofetuin diluted
to 2.0 pg/ml in bicarbonate buffer (pH 9.6) at 4°C overnight. For the recombinant STB
and STB::NSP49o fusion proteins, duplicate wells of a 96-well microtiter plate were
coated with 100 pl/well (200 ng) of globotriaosylceramide (Gb3) receptor substrate
solubilized in 2 pg/ml of chloroform-methanol-water (65:25:4, vol/vol) and evaporated in
a fume hood for 2 h. The microtiter plate was washed with phosphate buffered saline
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(PBS) buffer and blocked with 1% BSA in PBS buffer at 37°C for 2 h. The purified
recombinant fusion proteins were added to the microtiter plate at several different
concentrations and the plate was incubated at 37°C for 4 h. The plate was washed three
times with phosphate buffered saline (PBS) buffer and incubated with a primary mouse
anti-shiga toxin-1 B subunit (10 pg/ml) for the recombinant STB and STB::NSP49o
fusion proteins followed by secondary alkaline phosphatase-conjugated rabbit anti-mouse
IgG (1:10,000), or rabbit ant\-ricinus communis lectin antibody (1:3,000 dilution) for the
recombinant RTB and NSP49o::RTB fusion proteins followed by secondary alkaline
phosphatase-conjugated mouse anti-rabbit IgG (1:20,000 dilution). The wells were
washed three times with phosphate buffered saline (PBS) and incubated with Lumi-Phos
Plus chemiluminescent substrate at 100 jal per well, for 30 min at 37°C. The plate was
read in a Micro™ ML3000 Microtiter Plate Luminometer (Dynatech Laboratories).
Oral Immunization in Mice
Experimental groups of 10 inbred strain Balb/c female mice (22 days old) were
orally inoculated by gavage with 30 pg of NSP49o, 90 pg of RTB plus 30 pg of NSP490,
120 pg ofNSP49o::RTB (boiled), and 120 pg of NSP49q::RTB fusion protein for a total of
five times on days 0, 7, 14, and 21 with a final booster dose on day 35. Additional
experimental groups of 5 inbred strain Balb/c female mice (22 days old) were orally
inoculated by gavage with 30 pg of NSP49o, 90 pg of plant RTB plus 30 pg of NSP49o, or
60 pg of NSP49o::RTB plus 15 pg of NSP49o fusion protein. Other experimental
immunization groups of 10 inbred strain Balb/c female mice (22 days old) were orally
inoculated by gavage with 30 pg of NSP49o or 60 pg of STB::NSP49o proteins purified
from E. coli BL21 cells for a total of five times on days 0, 7, 14, and 21 with a final
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booster dose on day 35. Each antigen dose contained 300 gl of sodium bicarbonate buffer
(350mM), pH 8.5. Ten days after the fifth inoculation, the mice were sacrificed by CO2
anoxia and blood samples were collected from the immunized mice. To obtain mucosal
IgA antibody, the small intestines were excised and the lumen rinsed into a tube with 1
ml of lx PBS buffer, pH 8.5, containing 10 mM PMSF. Serial dilutions of pooled serum
or intestinal washes were added to the microtiter plate wells (100 p 1/well) coated with
bacterial NSPdgo (300 ng/well) protein as the well coating antigens to determine IgG and
IgA antibody titers by the chemiluminescent ELISA methods.
Chemiluminescent ELISA Detection ofNSP490 Antibody Titers
Duplicate wells of a 96-well microtiter plate (Dynatech Laboratories, Burlington,
MA) were coated with 100 p 1/well of bacterial NSP49o (3.0 pg/ml) protein diluted in
bicarbonate buffer, pH 9.6, and incubated overnight at 4°C. The plate was washed three
times with PBS buffer containing 0.05% Tween 20. Background interference in the wells
was blocked by incubation of the wells in 1 % BSA in PBS buffer (300 pl/well) at 37°C
for 2 h followed by washing three times with PBS buffer containing 0.05% Tween 20.
Serial dilutions of serum or intestinal washings were added to each well (100 pl/well) and
the plate covered and incubated overnight at 4°C. Alkaline phosphatase-conjugated anti
mouse IgG, IgA, IgG2a or IgGl diluted in PBS containing 0.5 % BSA was added (100
pl/well) as the secondary antibody, and the plates were incubated for 2 h at 37°C. The
wells were washed three times with PBS buffer containing 0.05% Tween 20 and
incubated with Lumi-Phos Plus chemiluminescent substrate at 100 pi per well for 30 min
at 37°C. The plates were read in a Micro™ ML 3000 Microtiter Plate Luminometer
(Dynatech Laboratories) and relative light units (RLU) were calculated for each sample.
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Analysis of Cytokines Secreted by Mouse Splenocytes
Immunized mice were sacrificed on day 16 following the final oral inoculation
with the recombinant fusion proteins. Spleens were excised from the mice and macerated
in RPMI medium (Cellgro, Cat#. 10-040-CV). The spleen cell suspensions (2 X 106 cells
/ml) were cultured in 96 well (200 pl/well) flat bottom microculture plates in RPMI
medium 1640 (Cellgro, Cat#. 10-041-CV), supplemented with glutamine containing 10%
FBS, 2-mercaptoethanol (1:5,000 dilution) and 5 pl/ml penicillin/streptomycin. Duplicate
splenocyte cultures were stimulated with 20 pg/ml phytohemagglutinin (PHA) or PHA
plus 5 jag of NSP490 antigen for immunostimulation. The stimulated cells were incubated
for 48 hours at 37°C in a humidified atmosphere containing 5 % CO2. The cell cultures
were analyzed for the secreted cytokines IFN-y and IL-4 by ELISA using commercial
ELISA kits in accordance with the manufacturer’s instructions. All splenocyte samples
were assayed in duplicate.
Protection ofSuckling Mice by Vaccination against Rotavirus Infection
Two days following the fourth antigen inoculation, immunized adult female Balb/c
mice were mated with uninfected male Balb/c mice. The resultant mouse neonates were
challenged 7 days after birth with a single oral dose of SA-11 rotavirus in 50 pi PBS. The
virus dose was 15 x DD50 (the virus dose empirically determined to cause diarrhea in
50% of the mouse pups). All cages were coded and individual neonates were examined
for the presence of diarrhea daily for 7 days after virus challenge by gentle abdominal
palpation to produce feces. The diarrhea score and the proportion of mice showing
diarrhea symptoms in each experimental group were recorded. Stool classification was
defined as: 0, no stool; 1, normal stool; 2, normal stool accompanied by a yellow pasty
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stool; 3, all yellow pasty stool; 4, milky-liquid stool. The pups with a stool score > 2 were
considered positive for diarrhea.
Statistical Analysis
Statistically significant differences among the experimental groups were analyzed
by one-way ANOVA. Probability values < 0.05% were determined to indicate significant
differences among immunization groups.
Plant Transformation with Ligand-Rotavirus Fusion Proteins
Potato plants S. tuberosum cv. Bintje were grown in Magenta GA-7 culture boxes
on Murashige and Skoog (MS) basal medium (Murashige and Skoog 1962) containing
3.0% sucrose and 0.2% Gelrite at 20 °C in a light room under cool white fluorescent
tubes (12 pE) set on a 16-h photoperiod regime. Stem explants were excised from the
plants with a sterile scalpel and immersed in a culture dish containing an overnight
culture suspension of A. tumefaciens (1 x 1010 cell/ml) harboring plasmid
pPCV701CTB::NSP49o, pPCV701CTB::VP7, or pPCV701(3-pha.::VP7::RTB. The
explants were incubated in the bacterial suspension for 15 min, blotted on sterile filter
paper, and transferred to MS basal solid medium, pH 5.7, containing 0.4 pg/ml indole-3acetic acid (IAA) and 2.0 pg/ml benzyl adenine (BA). The stem explants were incubated
for 2 days at 20 °C on MS basal solid medium containing IAA and BA to permit T-DNA
transfer into the plant genome. For selection of transformed plant cells and for counter
selection against continued Agrobacterium growth, the explants were transferred to MS
solid medium containing kanamycin (100 pg/ml) and cefotaxime (300 pg/ml) antibiotics.
Transformed plant cells formed call! on the selective medium during continuous
incubation for 2 to 3 weeks at 20 °C in a light room under cool white fluorescent tubes

31

set at a 16-h photoperiod regime. When the putative transformed calli grew to 5-10 mm
in diameter (3-4 weeks), they were transferred to MS basal solid medium containing 2.0
pg/ml BA and 0.1 pg/ml gibberellic acid (GA3), 100 pg/ml kanamycin and 300 pg/ml
cefotaxime for shoot induction. After 3-6 weeks, regenerated shoots were excised from
the calli and transferred to MS basal solid medium with antibiotics and without growth
regulators to stimulate root formation. After the putative transformed potato plantlets
formed roots (3-6 weeks), they were transferred to pots in the greenhouse and grown to
maturity (2-3 months).
Detection ofLigand-Rotavirus Antigen Fusion Gene
Genomic DNA was isolated from potato leaf tissues using a DNeasy Plant mini
kit. The concentration of genomic DNA was measured by spectrophotometer (at 260 nm).
The presence of the fusion gene in transformed potato genomic DNA (500 ng) was
determined by PCR analysis methods.
Detection ofLigand-Rotavirus Antigen Fusion Protein
Transformed potato tuber tissues were analyzed by immunoblot analysis for the
presence of the fusion gene expression. Tuber tissues surface-sterilized with a 20%
solution of commercial bleach containing 2-3 drops of Tween-80 were sliced, and
incubated for 7 days on MS basal solid medium containing 5.0 mg/ml 1naphthaleneacetic acid (NAA) and 6.0 mg/ml 2,4-dichlorophenoxyacetic acid (2,4-D) to
activate the mas promoters. The auxin treated tissues were homogenized by grinding in a
mortar and pestle at 4°C in extraction buffer (1:1 w/v) (200 mM Tris-Cl, pH 8.0, 100 mM
NaCl, 400 mM sucrose, 10 mM EDTA, 14 mM 2-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride, 0.05% Tween-20). The tissue homogenate was

32

centrifuged at 17,000 x g in a Beckman GS-15R centrifuge for 15 min at 4 °C to remove
insoluble cell debris. An aliquot of supernatant containing 100 pg of total soluble protein,
as determined by the Bradford protein assay (Bio-Rad, Inc., Hercules, CA), was
separated by 10% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDSPAGE) at 125 volts for 1.5 h in Tris-glycine buffer (25 mM Tris-Cl, 250 mM glycine, pH
8.3, 0.1% SDS). The separated protein bands were transferred from the gel to
approximately 80 cm size Immun-Lite membranes by electroblotting on a semi-dry
blotter for 120 min at 30 V and 70 mA. Nonspecific antibody binding was blocked by
incubation of the membrane in 25 ml of 5% non-fat dry milk in TBS buffer (20 mM TrisCl, pH 7.5 and 500 mM NaCl) for 1 h with gentle agitation on a rotary shaker (40 rpm),
followed by washing in TBS buffer for 5 min. The membrane was incubated overnight at
room temperature with gentle agitation in a 1:1,000 dilution of rabbit anti-rotavirus
antiserum for the VP7::RTB and CTB::VP7 fusion proteins or in a 1:3,000 dilution of
rabbit anti-NSP49o antiserum in TEST antibody dilution buffer (TBS with 0.05% Tween20 and 1% non-fat dry milk) followed by washing three times in TEST washing buffer
(TBS with 0.05% Tween-20). The membrane was then incubated for 1 h at room
temperature with gentle agitation in a 1:10,000 dilution of mouse anti-rabbit IgG
conjugated with alkaline phosphatase in antibody dilution buffer. The membrane was
washed three times in TEST buffer as before, followed by incubation in 10 ml of
BCIP/NBT alkaline phosphatase substrate for 15 min at room temperature with gentle
agitation on a rotary shaker.
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Quantitation ofLigand-Rotavirus Antigen Fusion Protein
For the CTB::NSP49o and CTB::VP7 fusion proteins, GMl-ganglioside receptor
binding was evaluated in duplicate samples by quantitative chemiluminescent GM1ELISA methods. The microtiter plate was coated with 100 pi per well of GMlganglioside diluted to 3.0 pg/ml in bicarbonate buffer (15 mM Na2C03, 35 mM NaHCOs,
pH 9.6), at 4°C overnight. For the VP7::RTB fusion protein, asialofetuin receptor binding
was evaluated in duplicate samples by quantitative chemiluminescent asialofetuin-ELISA
methods. The microtiter plate was coated with 100 pi per well of asialofetuin diluted to
2.0 pg/ml in bicarbonate buffer (15 mM Na2C03, 35mM NaHC03, pH 9.6), at 4°C
overnight. The wells were blocked by adding 200 pl/well of 1% bovine serum albumin
(BSA) in PBS and incubated at 37 °C for 2 h followed by washing three times with PBST
(PBS containing 0.05% Tween-20). Known amounts of purified undenatured CTB for
the CTB::NSP49o and CTB::VP7 fusion proteins, or known amounts of plant RTB
purified in a non-denaturing condition for the VP7::RTB fusion proteins were added to
the wells to generate a standard curve. The wells were loaded with 10-fold serial dilutions
(100 pl/well) of a centrifuged plant extract containing total soluble potato tuber proteins
in PBS and incubated overnight at 4 °C. The plate was first incubated with 100 pl/well of
a primary rabbit anti-cholera toxin diluted to 1:3,000 with 0.5 % BSA in PBS at 37 °C 6h
for the CTB::NSP49o and CTB::VP7 fusion proteins. Anti-rabbit IgG conjugated with
alkaline phosphate diluted to 1:15,000 with 0.5 % BSA in PBS was added as a secondary
antibody (100 pi per well). For the VP7::RTB fusion proteins, the plate was first
incubated with 100 pl/well of a primary rabbit mti-Ricinus communis lectin antibody
diluted to 1:3,000 with 0.5% BSA in PBS at 37 °C 6h. Anti-rabbit IgG conjugated with
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alkaline phosphate diluted to 1:10,000 with 0.5% BSA in PBS was added as a secondary
antibody (100 pi per well). The plates were incubated for 2 h at 37 °C, then washed and
incubated with Lumi-Phos Plus chemiluminescent substrate at 100 pi per well for 30 min
at 37 °C. The plate was read in a Micro™ ML3000 Microtiter® Plate Luminometer
(Dynatech Laboratories, Chantilly, VA).
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Abstract

The Ricinus communis A-B dimeric toxin B subunit (RTB) was genetically linked
at its N-terminus with a 90 amino acid peptide from the simian rotavirus (SA-11) nonstructural protein NSP490 and produced in E. coli BL21 cells. Oral inoculation of the
purified NSP490-RTB ligand-antigen fusion protein delivered the chimeric protein to
intestinal epidermal cells for mucosal immunization against rotavirus infection. Mice fed
the NSP490-RTB fusion protein generated detectable titers of anti-NSP49o IgG antibodies.
Titers of serum IgG2a antibodies were significantly higher than IgGl titers suggesting the
NSP490-RTB fusion protein stimulates a dominant Thl lymphocyte response. The
experimental results demonstrate that the ricin toxin B subunit N-terminus can be used as
a site for delivery of virus antigens to the gut associated lymphoid tissues for RTB
mediated-immune stimulation of antiviral mucosal immune responses.

Keywords : ricin, rotavirus, mucosal immune responses
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1. Introduction
Rotaviruses are highly infectious, diarrhea causing, non-enveloped, triple-layered
icosahedral virus particles with an 11 segment double-stranded RNA genome [1].
Rotavirus gastroenteritis kills more than one half million children annually in developing
countries [2]. Available reassortant rotavirus vaccines while effective, were found to
cause higher than normal rates of intussusception (infolding of the intestine) in young
children [3]. Thus, development of effective rotavirus subunit vaccines unlikely to cause
intussusception is highly desirable. While subunit vaccines consisting of individual virus
proteins are unlikely to cause intussusception, they may be weakly immunogenic. Thus, a
rotavirus subunit mucosal vaccine with the capacity for enhanced immune stimulation
would be of value. In this work, we linked a 90 amino acid fragment of the rotavirus
nonstructural protein (NSP4) capable of initiating virus diarrhea symptoms to the
membrane targeting B subunit lectin of the plant Ricinus communis. The ricin toxin B
subunit (RTB) is able to serve as a carrier for delivery of the virus antigen to the mucosal
immune system and as a potential immunomodulator to enhance the mucosal immune
response to antigens, similar to the carrier and adjuvant functions of the cholera toxin B
subunit (CTB) used in our laboratory earlier for stimulation of enhanced immune
responses to rotavirus infection [4]. Ricin toxin (RT) is composed of a galactose-binding
B chain (Mr = 32,000) and a cytotoxic A chain (Mr = 30,500). RT toxicity is based on A
subunit inhibition of protein synthesis by ribosome inactivation. The ricin A chain is a
glycosidase that catalyzes the removal of a single adenine residue from a highly
conserved loop of the 28 S ribosomal RNA (A 4324 in rat 28S RNA) [5]. Interaction
between sugar-binding moieties on the ricin B chain and terminal galactosides located on
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the enterocyte membrane facilitates ricin holotoxin uptake by endocytosis into
intracellular vesicles [6]. The sugar-binding activity of the ricin B chain is largely
dependent on one of three lactose-binding sites [7-11].
RTB has been cloned and expressed in various organisms, e.g. E. coli, S.
cerevisiae, Xenopus laevis oocytes, and N. tabacum [12-15]. Distinct advantages of the
monomeric ricin B subunit are that they do not require assembly into multimeric
structures prior to receptor binding as required for proteins such as CTB or LTB [16].
RTB has a broader receptor binding specificity for membrane receptors than CTB or
LTB. RTB binds to glycoproteins which are found on epidermal cell membranes at levels
of about l-3xl07 molecules per cell [17]. Both CTB and LTB bind to sialo sugar
receptors that are present at lower frequencies, about 7.5x104 GM1 molecules per
mucosal epidermal cell [18]. In contrast to CTB and LTB, the monomeric RTB subunit
does not exert fusion protein size constraints based on oligomer assembly. In addition,
the RTB N-terminus is located further from the membrane receptor binding sites than the
C-terminus and may therefore permit linkage with larger antigen molecules without
generating problems of steric hindrance. Therefore, RTB has the potential for delivery of
more and larger antigen molecules to gut epithelial cells than either CTB or LTB.
Recently, a C-terminal fusion of RTB with green fluorescent protein (GFP) was
synthesized in transformed tobacco and found to generate a humoral immune response,
showing the presence of a Th2 response in intranasally immunized mice [19]. Thus, the
membrane targeting RTB subunit of plant heterodimeric AB toxin from Ricinus
communis may have the capacity to serve as a carrier for subunit vaccines.
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2. Materials and Methods
2.1. E. coli expression vector construction.
The RTB and NSP490-RTB fusion genes were inserted downstream of the T7
polymerase of the overexpression vector, pRSET A (Invitrogen, Carlsbad, CA)
containing a 6x histidine region for nickel affinity column purification of the fusion
protein by PCR cloning methods to generate the respective proteins in E. coli. For
production of the recombinant protein, the bacterial strain BL21 (DE3) pLysS was
purchased from Invitrogen, Carlsbad, CA. The NSP49o gene was amplified by PCR from
plasmid pCR2.1-NSP4 containing gene 10 of simian virus SA-11. This gene encodes the
full-length NSP4i75 protein. Plasmid pRTB containing the full-length RTB gene was
provided by Dr. L. Roberts, University of Warwick, UK. The correct DNA sequence in
all recombinant plasmids was confirmed by DNA sequence analysis in a model 373A
DNA Sequencer (Applied Biosystems, Inc., Foster City, CA) located in the Loma Linda
University Core Facility. After confirmation of the correct sequence of the recombinant
plasmid by DNA sequence analysis, the vectors were introduced by electroporation into
E. coli strain BL21 (DE3) pLysS for production of the RTB and NSP490-RTB fusion
proteins.

2.2. Purification and immunoblot detection of RTB ligand and ligand-rotavirus
fusion proteins.
Purification of the fusion proteins produced in E. coli was performed under
denaturation conditions in 8 M urea [20]. Briefly, a bacterial colony harboring the
recombinant plasmid was inoculated into 25 ml of LB medium containing ampicillin, 100
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mg/1 and incubated overnight at 37°C. The culture was transferred to 250 ml of LB
medium and incubation continued until the culture OD60o reached approximately 0.5.
IPTG (Isopropyl p-D-thiogalactopyranoside) was added to a final concentration of 1 mM
to stimulate recombinant protein synthesis. The bacterial cultures were incubated for an
additional 3 to 4 hours prior to harvest by centrifugation (4000 x g, 10 min., 4°C). The
cells were lysed in 10 ml of buffer “Z” (8 M urea, 100 mM NaCl, 20 mM HEPES, pH
8.0) by sonication (60 Sonic Dismembrator, Fisher Scientific) on ice 3 times for 10 s with
output power of 10 watts. After centrifugation at 12,000xg, 10 min, 4°C in a SS34 rotor
in a Sorvall RC5 refrigerated centrifuge to remove cell debris, imidazole was added to the
bacterial lysate supernatant to a final concentration of 10 mM and the sample loaded onto
a 2 ml nickel column (Ni-NTA), (Invitrogen, Carlsbad, CA). The histidine affinity
column was washed with 30 ml of Buffer Z plus imidazole (20 mM) to remove weakly
bound proteins of E. coli origin. The His-tagged recombinant proteins were then eluted
with buffer Z plus 250 mM imidazole. The purified recombinant proteins were quantified
by Bradford protein assay (Bio-Rad, Hercules, CA) and dialyzed in several different
concentrations of galactose, salt (NaCl), and reducing agent (DTT) to remove the urea
and imidazole (Table I). After dialysis, the RTB and NSPdgo-RTB fusion proteins were
analyzed by separation on 10% gels by SDS-polyacrylamide gel electrophoresis (PAGE)
(Bio-Rad, Cat. # 165-3302). The recombinant RTB and NSP490-RTB fusion proteins
were detected on immunoblots by binding with rabbit anti-His tag antibody (Santa Cruz
Biotechnology, 1:3,000 dilution) and alkaline phosphatase-conjugated mouse anti-rabbit
IgG (Sigma, 1:20,000 dilution).
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2.3. Asialofetuin substrate binding activity of recombinant RTB and NSP490-RTB
fusion proteins.
A 96-well microtiter plate was coated with the glycoprotein substrate asialofetuin
(Sigma, Cat. # A-4781) diluted to 2.0 pg/ml in bicarbonate buffer (pH 9.6) at 4°C
overnight. The plate was washed with phosphate buffered saline (PBS) containing 0.05%
Tween 20 and blocked with 1% BSA in PBS at 37 °C for 2 h. The recombinant RTB and
NSP49o-RTB fusion proteins purified from E. coli strain BL21 (DE3) pLysS (Invitrogen,
Carlsbad, CA) were added to the microtiter plate at different concentrations and
incubated overnight at 4°C. Known amounts of purified undenatured RTB (Sigma, Cat. #
L-9639) were added to the wells to generate a standard curve. The plate was first
incubated with a primary rabbit diaii-Ricinus communis lectin antibody (Sigma, Cat. # R1254) diluted to 1:3,000 with 0.5% BSA in PBS at 37 °C overnight. Anti-rabbit IgG
(Sigma, Cat. # A-2556) conjugated with alkaline phosphate diluted to 1:10,000 with 0.5%
BSA in PBS was added as a secondary antibody (100 pi per well) and the plates were
incubated for 2 h at 37°C. The wells were washed and incubated with Lumi-Phos Plus
chemiluminescent substrate (Lumigen, Southfield, MI) at 100 pi per well for 30 min at
37°C. The plate was read in a Micro™ ML3000 Microtiter Plate Luminometer (Dynatech
Laboratories).

2.4. Oral immunization with NSP49o-RTB fusion protein.
Experimental groups of 10 inbred strain Balb/c female mice (22 days old) were
orally inoculated by gavage with RTB, NSP49o, and NSP490-RTB fusion proteins a total
of five times on days 0, 7, 14, and 21 with a final booster dose on day 35. Each dose
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contained 300 jal of sodium bicarbonate buffer (350 mM), pH 8.5, containing 30 pg of
NSP490and 120 pg of NSP490-RTB proteins purified from^. coli BL21 cells. On day 45
after the fifth feeding, blood samples were collected from the immunized mice. To obtain
mucosal IgA antibody, the small intestines of the mice were removed and the lumen of
the intestine was washed with 1 ml of lx PBS buffer, pH 8.5, containing 10 mM PMSF to
collect mucosal antibodies. Endpoint titer measurements were determined by adding
serial dilutions of pooled serum or intestinal washes to microtiter plate wells (100
pl/well) coated with bacterially produced NSP490 protein (300 ng/well). The IgG and IgA
antibody titers were determined by previously described chemiluminescent ELISA
methods established in our laboratory [21].

2.5. Chemiluminescent ELISA detection of NSP490 antibody titers.
Duplicate wells of a 96-well microtiter plate (Dynatech Laboratories, Burlington,
MA) were coated with 100 pl/well of bacterial NSPdgo (3.0 pg/ml) protein diluted in
bicarbonate buffer, pH 9.6, and incubated at 4°C overnight. The plate was washed with
PBS containing 0.05% Tween 20. Background in the wells was blocked by incubation in
1 % BSA in PBS (300 pl/well) at 37°C for 2 h followed by washing three times with PBS
containing 0.05% Tween 20. Serial dilutions of serum or intestinal washings were added
to the wells (100 pl/well) and the plate was incubated overnight at 4°C. Anti-mouse IgG
(Sigma A 3688, St. Louis, MO) or anti-mouse IgA (Sigma A-4937, St. Louis, MO)
diluted in PBS containing 0.5 % BSA was added (100 pl/well), and incubated for 2 h at
37°C. The wells were washed and incubated with Lumi-Phos Plus chemiluminescent
substrate (Lumigen, Southfield, MI) at 100 pi per well for 30 min at 37°C. The plate was
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read in a Micro™ ML 3000 Microtiter Plate Luminometer (Dynatech Laboratories). The
data were analyzed by one-way ANOVA methods. Probability values < 0.05% were
considered to indicate significant differences among the different immunization groups.

3. Results
3.1. Construction of E.coli expression vectors containing the recombinant ricin B
chain and NSP49o-RTB fusion genes.
The ricin B subunit (RTB) gene (786 bp) and the rotavirus NSPdgo-RTB fusion
gene DNA (270 bp) fragments were inserted downstream of the T7 promotor in E. coli
expression vector, pRSET (Invitrogen, San Diego, CA) (Fig. 6). The RTB and NSP49oRTB fusion genes lacked the signal peptide directing transport of the produced protein
into the periplasmic space.
To maximize expression of the recombinant RTB fusion proteins in E. coli, an
NSP490 peptide containing amino acid residues 86 to 175 was selected to include the
greatest number of available rotavirus epitopes and avoid cytotoxicity generated by the
trans-membrane domain (a.a. 1-85). The N-terminus of RTB was selected for attachment
of the rotavirus peptide antigen because the C-terminus is located in close proximity to
the RTB receptor-binding sites and could interfere with RTB membrane receptor binding
activity. A hinge region (4 a.a.-GPGP) was inserted between NSPdgo and RTB proteins to
increase molecular flexibility [22,23].
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3.2. Expression of recombinant RTB and NSP490-RTB fusion genes in E. coli and
purification of the recombinant fusion proteins.
E. coli BL21 (DE3) pLysS competent cells were transformed with the vectors
containing NSP490, RTB, and NSP49o-RTB plasmids and were grown at 37°C. To
maximize the recombinant protein expression levels, IPTG was added to a final
concentration of 1 mM when the ODeoo reached approximately 0.5. The cultures were
grown an additional 3 to 4 hours before harvest by centrifugation. The recombinant
proteins produced in E. coli were extracted in 8 M urea and purified on an affinity
column containing nickel-charged Sepharose affinity resin based on the affinity of the 6x
histidine tag affinity for Ni++ ions. Histidine linked recombinant proteins bound to the
resin were eluted with a buffer containing 250 mM imidazole in 8 M urea as described in
the section on Materials and Methods. The expressed, purified denatured NSP490, RTB
and NSP490-RTB fusion proteins were separated by SDS-PAGE (Fig 7). In Figure 8, the
immunoblots were incubated with rabbit polyclonal antibodies against the 6x histidine
tag (Fig. 8, Panel A) and rabbit polyclonal antibodies against ricin B chain purified from
Ricinus communis seeds (Panel B). Protein bands representing the recombinant RTB (Mr
= 34 kDa) and the recombinant NSP49Q-RTB fusion protein (Mr = 44 kDa) were detected.

3.3. Renaturation of biologically active recombinant RTB and NSP490-RTB fusion
proteins.
The recombinant RTB and NSP49o-RTB fusion proteins were renatured by dialysis
in water containing galactose, salt (NaCl) and a reducing agent (dithiothreitol, DTT)
(Table 1). Dialysis in the presence of 80 mM galactose and 100 mM NaCl for RTB, and
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40 mM galactose and 100 mM NaCl for NSP49o-RTB resulted in considerable protein
precipitation. No protein precipitates were observed under other salt and substrate
conditions. The concentrations of recombinant RTB and NSP490-RTB fusion proteins
dialyzed under various conditions were determined by the Bradford protein assay
(BioRad, Hercules, CA). The optimal conditions for purification of biologically active
forms of RTB and NSP49o-RTB fusion proteins were found to be the removal of urea by
dialysis in the presence of 80 mM galactose, 1 mM NaCl and 0.1 mM DTT for RTB, and
40 mM galactose, 1 mM NaCl and 0.1 mM DTT for NSP49q-RTB fusion proteins shown
in Fig. 7, Panel B and C. The biological activity of RTB and NSP49q-RTB fusion
proteins was measured by asialofetuin glycoprotein receptor binding assay methods [9].
RTB and NSP49o-RTB fusion proteins were produced in E. coli with a yield of purified
protein of 41 % and 40 %, respectively. Based on an asialofetuin-lectin binding assay, the
biologically active forms of RTB and NSP49o-RTB fusion proteins made up 30 % and
21% of the total protein yield, respectively (Fig. 9).

3.4. Immunization with rotavirus NSP490-RTB fusion proteins.
Balb/c mice were fed recombinant NSP490-RTB fusion proteins to determine the
oral immunogenicity of the NSP4 rotavirus nonstructural proteins. Mice were immunized
with equal amounts of NSP49q antigen molecules, 30 gg of NSP49q or 120 gg of NSP49oRTB fusion proteins per dose. Because molecular weight of the NSP49q-RTB fusion
protein is four times higher than that of the NSP49o protein. Blood and intestinal wash
samples were collected on day 45 after the fifth feeding. Serum anti-NSP4 IgG titers
were measured by chemiluminescent ELISA methods using a 1:100 dilution of

46

immunized mouse serum. When NSP490-RTB fusion proteins were fed, all of the
immunized mice developed detectable serum IgG titers against NSP49Q (Fig. 10).
Antibody isotype studies showed that mice immunized with NSPdgo-RTB fusion proteins
generated dominant serum IgG2a antibody isotype titers, suggesting a general Thl
immune response (Fig. 11).
Following mucosal immunization, the immunized mice were assayed for mucosal
IgA antibody titers by chemiluminescent ELISA methods. In addition to stimulation of
significant serum IgG titers, the recombinant rotavirus NSP49o-RTB fusion proteins
induced low but detectable intestinal anti-NSP49o secretory IgA response in 4 out of 6
immunized mice (Fig. 12).
The ELISA assays for IgG and IgA, as well as the IgG2a and IgGl antibody
isotypes suggested that oral immunization generated measurable Thl lymphocyte
immune responses. The presence of measurable mucosal IgA antibody titers also
indicated a successful immune response at the intestinal site of antigen exposure.

3.5. Measurement of antigen stimulated spleen cell secreted cytokines.
To confirm the initial suggestions of a dominant Thl immune response, levels of
antigen stimulated splenocyte secreted inflammatory cytokine IFN-y and suppressor
cytokine IL-4 were measured by ELISA in the immunized mice following the final
antigen booster. Phytohemagglutinin (PHA) was included in the splenocyte culture
medium to trigger lymphocyte mediated cytokine production (Ngoumou et al., 2004).
The addition of NSP49Q antigen stimulation significantly increased IFN-y expression
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levels. In contrast, secreted IL-4 levels were relatively low, but significantly higher than
detected in unimmunized mouse spleen cells (Fig. 13).

3.6. Protection against rotavirus challenge in passively immunized mouse pups.
Protection of anti-NSP49o antibodies against rotavirus-induced diarrhea was
evaluated by S A-11 rotavirus challenge of passively immunized mouse pups from
immunized dams. On day 2 following virus challenge, diarrhea symptoms were detected
in most of the immunized mice. However, on day 3 after rotavirus challenge, a significant
reduction in diarrhea frequency was detected only in the suckling neonates from
immunized dams (Fig. 14). Among the immunized experimental animal groups, diarrhea
symptoms in rotavirus challenged neonates from dams immunized with NSPdgo-RTB
fusion protein were dramatically reduced both in the number of pups with diarrhea and in
the duration of the diarrhea symptoms.

4. Discussion
The rotavirus nonstructural glycoprotein NSP4 is thought to function as an
enterotoxin and as an intracellular receptor for binding virus capsid proteins to the ER
membrane and was also found to possess membrane destabilization activity [24,25]. For
expression of recombinant proteins in E. coli, amino acid residues 86 to 175 of NSP4
were selected because NSPdi.gs amino acid peptide is involved in cytotoxic activity. In
Figure 6, to make the construct of NSP490-RTB, the N-terminus of RTB was selected
because the C-terminus is closer to receptor-binding sites [7,11].
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Previous reports indicate that the biologically active recombinant ricin B chain
can be expressed in eukaryotic cells [26,27], and also in E. coli when the gene products
are directed into the periplasmic space via the OmpA protein signal sequence [28].
Secretion into the periplasmic space is accompanied by OmpA signal peptide cleavage
and disulfide bond formation, resulting in a correctly folded, biologically active
recombinant protein. Recently, the ricin B subunit was fused at its C-terminus with green
fluorescent protein (GFP) and expressed in tobacco plants [19]. In our E. coli
experiments, the recombinant RTB genes were cloned into the pRSET A vector without
the OmpA protein. The cultures were grown in 0.5 L of LB media in the presence of
ampicillin (lOOpg/ml) and IPTG (ImM). For the expressed recombinant RTB proteins,
the total amount of the purified proteins was 23.48 mg in 78 ml of the elution buffer.
After dialysis for protein renaturation, 9.63 mg was obtained for a final total protein
concentration with a yield of 41 %, and the biologically active RTB proteins were made
up 30 % of the total protein yield. For the expressed recombinant NSP49o-RTB fusion
proteins, the total amount of the purified proteins was 15.68 mg in a total of 70 ml of the
elution buffer. After dialysis for protein renaturation, 6.27 mg was obtained for a final
total protein concentration with a yield of 40 %, and the biologically active NSPdgo-RTB
fusion proteins were made up 21 % of the total protein yield.
Naturally infected children and adults, as well as rotavirus vaccinated children,
showed both a serum IgG and a cellular (CTL) immune response to recombinant NSP4
peptide [29]. Mice orally immunized with plant-produced CTB-NSP422 proteins
produced a humoral immune response and pups from immunized dams were partially
protected against rotavirus challenge [4]. Even if only the 22 aa immunodominant
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peptide is required to induce diarrhea, additional portions of the NSP4 enterotoxin may
be essential to generate full toxicity and maximum antigenicity [30]. An NSP4 peptide
(aa 48-91) was shown to have membrane-destabilization activity that causes ER
membrane damage and was lethal when expressed in E. coli [25]. Therefore, in this
study, an NSPdgo peptide of 90 aa (residues 86-175) including the NSP422 was used to
increase enterotoxin antigenicity with additional available epitopes responsible for
increasing the protective efficacy of antibody responses to the enterotoxin.
Mice orally immunized with NSP49o-RTB fusion proteins produced in E. coli
generated measurable anti- NSP490 IgG and IgA titers in serum and in intestine,
respectively (Fig. 10 and 12). The CTB-NSP4 IgA antibody titers detected on the
intestinal mucosal surface were found to be higher than the serum IgG titers [21].
Therefore, we considered to be of secretory IgA as well as IgA origin. Detection of
comparable IgA titers in intestinal washes in mice immunized with NSP49Q-RTB fusion
protein suggests that the IgA antibodies detected may likely be of slgA as well as IgA
origin. Antibody isotype analysis indicated that the mice developed higher serum IgG2a
titers than IgGl supporting dominant expression of a Thl lymphocyte response (Fig. 6).
The NSP49Q-RTB fusion proteins may activate Thl cells leading to the generation of
antigenic-specific CTLs in addition to antibody production. The presence of intestinal
secretory IgA is strongly correlated with the protective immune responses against
microbial and viral pathogens at the mucosal immune tissues. Virus infection is blocked
by secretory IgA through the virus neutralization in the mucosal glycocalyx, the first
defense line of extracellular immune responses against such pathogens [31,32]. In Figure
12, higher anti- NSP490 intestinal IgA antibody titers in mice immunized with NSP490-
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RTB than NSP490 alone suggest that the RTB ligand can facilitate mucosal delivery of
rotavirus antigen and /or may have pathogen associated molecular patterns (PAMPs) or
other signals (e.g. TLRs) responsible for IgA stimulation in the mucosal immune system
[33].
Measurements of the IFN-y and IL-4 cytokine expression levels secreted from
NSP490 antigen activated splenocyte from immunized mice confirmed that the NSPdgoRTB fusion protein stimulates a strong Thl cell mediated immune response (Fig. 13).
Further evidence that the nature of the T cell immune response may be related to the
immunogenic nature of the antigen molecule comes from mucosal immunization studies
with another pentameric toxin B subunit-autoantigen fusion protein (CTB::insulin) or
CTB::NSP4 fusion protein [4,21].
On the third day following SA-11 rotavirus challenge, diarrhea symptoms in
suckling neonates from immunized dams were reduced in both severity and duration in
comparison with pups bom from unimmunized dams (Fig. 14). Results of the passive
immunization experiment indicated that mice orally immunized with NSP490-RTB fusion
protein developed protective titers of anti-NSP49o antibodies that were passively
delivered to the pups through the maternal circulation prior to parturition and from the
mother’s milk following birth. Maternal antibody-rotavims complexes were found to
stimulate the juvenile immune system more than antibody-antigen complexes generated
by the pups in response to vims infection [34]. Thus, maternal antibody-rotavims antigen
complexes may more effectively prime the juvenile immune response, providing a greater
immune response to rotavims infection in passively immunized juvenile mice.
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It was reported earlier that oral administration of total soluble proteins containing
ricin-GFP extracted from tobacco leaf tissues did not generate anti-GFP antibodies [19].
Based on the fact that the ligand-fusion proteins used in our experiments were present at
100-fold higher levels, it is possible that the generation of antibodies in the mucosal
immune tissues may be related to the dosages of the administered proteins [30], and that
endogenous tobacco leaf lectins may not be practical for the uptake in the mucosal
tissues.
Based on the experiments of detectable titers in immunized animals, we show for
the first time that the N-terminus of RTB is an effective site for attachment of rotavirus
antigens in order to achieve RTB carrier and adjuvant enhancement of the mucosal
immune response in mice.
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Figure 6. E. coli expression pRSET vectors containing RTB and
NSP49o-RTB fusion proteins. The recombinant genes were amplified by
PCR primers containing the bordering restriction enzyme sequences and
were inserted into the Sac I and EcoR I restriction enzyme sites in pRSET
A. The fusion genes were expressed from the T7 promoter. The RTB
fusion proteins were genetically linked to a 6X His tag for separation
from contaminating bacterial proteins by Ni++ affinity column
chromatography. PCR primers: PI, 5’-CGAGCTCGCTGATG-3’; P2, 3’GGTAATAAAATTCTTAAGGC-5’; P3, 5’-GCGAGCTCAAAGA
GCAGATAAC-3’; P4, 3’-CGTTACATTCTTAAGGC-5’; P5, 3’CACTGAC GTCGTTACCCTGGTCCTGGTTTCGAACCC-5 ’.
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Figure 7. Expression and purification of NSP49o, RTB and
NSP490-RTB fusion proteins. Panel (A): lane 1, bacterial strain
BL21(DE3) pLys extract; lane 2, cell extract containing expressed RTB
fusion proteins (arrow); lane 3, cell extract containing expressed
NSP490-RTB fusion proteins (arrow); lane 4, cell extract containing
expressed NSPdgo proteins (arrow). Lane M contains molecular weight
markers (Bio-Rad, Inc.) Panel (B): lane 1, RTB; lane 2, NSP49o-RTB;
lane 3, NSP490 after purification by Ni++ affinity column chromatography.
Panel (C): lane 1, purified RTB fusion proteins oligomerized after removal
of 8 M urea by dialysis (left bracket); lane 2, boiled RTB fusion proteins
after dialysis (arrow); lane 3, purified NSPdgo-RTB fusion proteins
oligomerized after dialysis (right bracket); lane 4, boiled NSP90-RTB
fusion proteins after dialysis (arrow).
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Figure 8. Immunoblot detection of RTB and NSP490-RTB fusion
proteins. Following purification by Ni++ affinity column
chromatography, RTB and NSPdgo-RTB fusion proteins were analyzed
for their levels of expression using anti-His (Panel A) and anti-RTB
(Panel B) polyclonal antibodies as the primary antibody. Lane 1 of panels
(A) and (B) is the purified RTB protein (arrows). Lane 2 of panels (A)
and (B) is the purified NSPTgo-RTB protein (arrows). Lane M
contains molecular weight markers (Bio-Rad, Inc.)
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Table 1
Conditions for renaturation of biologically active RTB and NSP49o-RTB fusion
protein from E.coli

RTB(in water)
Galactose (mM)
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
N/A

NaCl (mM)
100.0
10.0
1.0
0.0
10.0
10.0
1.0
1.0
1.0
N/A

DTT (mM)
0
0
0
0
0.5
0.1
1.0
0.1
0.01
N/A

Precipitation

Conc.(pg/ml)
210.5
679.8
662.3
658.0
662.8
680.3
662.7
681.4
634.7
649.6

DTT (mM)

Precipitation

Conc.(|ig/ml)
276.6
425.3
468.0
478.0
495.8
449.2
450.5
495.0
482.3
479.6

NSP490-RTB (in water)
Galactose (mM)
40.0
40.0

40.0
40.0
40.0
40.0
40.0
40.0
40.0
N/A

NaCl (mM)
100.0
10.0
1.0
0.0
10.0
10.0
1.0
1.0
1.0
N/A

0
0

0
0
0.5
0.1
1.0
0.1
0.01
N/A
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Figure 9. Asialofetuin substrate binding activity of recombinant RTB
and NSP490-RTB determined by chemiluminescent ELISA. The efficiency
of RTB and NSPdgo-RTB fusion protein binding to asialofetuin receptors
was compared using commercially prepared plant ricin toxin B subunit
(RTB) as a positive control. The solid line with filled squares represents
commercial ricin toxin B subunit (Sigma, St Louis, MO) as a positive
control. The solid line with filled diamonds represents RTB (80 mM
galactose, ImM NaCl and 0.1 mM DTT). The dashed line with filled
triangles represents NSPdgo-RTB (40 mM galactose, ImM NaCl and
0.1 mM DTT). The dotted line with filled diamonds represents RTB
(water). The dot-dashed line with triangles represents NSPTqq-RTB
(water). The solid line represents the absence of RTB. Dialysis conditions
are in parentheses.
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100

Figure 10. Anti-NSP49o serum IgG titers determined by a
chemiluminescent ELISA using NSP490 as the well coating antigen.
Balb/c mice were orally immunized with NSP49o or NSP490-RTB fusion
proteins. They-am indicates serum IgG titers from mice immunized with
equal amounts of antigen molecules contained in 30 pg of NSP49o or
120 pg ofNSP49o-RTB fusion proteins. The fractions above the bars
indicate the number of immunized mice that showed a significant
immune response in comparison with the total number of immunized
mice. The error bars indicate the standard error of the mean.
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Figure 11. Serum IgG antibody isotype titers measured in mice
immunized with NSP49o-RTB fusion proteins. Serum IgGl and IgG2a
antibody isotypes against NSPdgo were determined by chemiluminescent
ELISA. Open bars represent IgG land IgG2a antibody isotype titers in
unimmunized mice. Gray bars represent IgGl (Th2 cell response) and
IgG2a (Thl cell response) in mice orally immunized with 120 pg of
NSP49o-RTB fusion proteins. They-am indicates anti-NSP4 serum
IgG isotype titers and error bars represent the standard error of the mean.
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Figure 12. Anti-NSP49o Intestinal IgA antibody titers in mice immunized
with NSP49o and NSP490-RTB fusion proteins. The mice in all
experimental groups were immunized with equal amounts of antigen
molecules contained in 30 pg of NSP49o or 120 pg of NSP490-RTB.
Intestinal IgA levels were determined by chemiluminescent ELISA using
NSP490 as the well coating antigen. The fractions above bars represent
the number of immunized mice that showed a significant immune
response in comparison with the total number of immunized mice.
They-axzs' shows anti-NSP4 intestinal IgA titers and error bars represent
the standard error of the mean.
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Figure 13. ELISA measurement of secreted cytokine levels in spleen
cells from mice immunized with NSP490-RTB fusion protein. Spleen
cells were isolated from unimmunized Balb/c mice and mice immunized
with NSP490-RTB fusion protein on day 16 after the final oral
immunization. The spleen cell cultures were treated with either
phytohemagglutinin (PHA) or phytohemagglutinin plus NSP490 antigen
and 48 hours later, the culture supernatant medium was assayed by
ELISA for the presence of secreted cytokines, IFN-y (Panel A) or
IL-4 (Panel B). The levels of IFN-y and IL-4 were defined as the amount
of the cytokines produced in 1ml spleen cell culture (2 x 106 cells/ml).
Open bars represent IFN-y and IL-4 cytokine levels in unimmunized mice.
Gray bars represent IFN-y and IL-4 cytokine levels in mice orally
immunized with NSPdgo-RTB fusion protein. Error bars indicate
standard error of the mean. The difference between PHA and PHA + Ag
samples indicates the increases in cytokine levels due to Ag stimulation.
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Figure 14. Protection against rotavirus challenge in passively
immunized mouse pups. Mouse pups bom from unimmunized Balb/c
mouse dams (open bars) or orally immunized with NSP49o-RTB fusion
protein (black bars) were challenged with 15 x DD5o dose of rotavims
strain SA-11. The y-axis represents the percentage of mouse pups that
developed diarrhea from day 1 to day 5 following vims challenge. Open
bars represent suckling neonates from unimmunized dams. Black bars
represent the suckling neonates from dams immunized with NSP490-RTB
fusion protein. The number of neonates (numerator) that show diarrhea in
comparison to the total number of neonates in each experimental group
(denominator) is indicated at the top of each column.
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Abstract

A fusion protein containing the Ricinus communis A-B toxin B subunit (RTB)
fused at its N-terminus with a 90 amino acid peptide from simian rotavirus SA-11
nonstructural protein NSP4 was synthesized in E. coli. Biologically active recombinant
RTB and NSP49o::RTB fusion proteins were shown to bind asialofetuin receptor
molecules in an in vitro enzyme-linked immunosorbent assay (ELISA). Mice co
inoculated with purified RTB and NSPTgo proteins or heat denatured NSP49q::RTB fusion
protein generated higher serum anti-NSP49o IgG antibody titers than mice immunized
with NSPdgo antigen alone. Serum anti-NSPdgo IgG titers were highest in mice
immunized with native NSPdgo: :RTB fusion protein. The experimental results
demonstrate the feasibility of using RTB as an adjuvant for stimulation of humoral
immunity against rotavirus antigens. The ability of NSPdgo: :RTB fusion protein to
effectively bind receptor molecules indicates that linkage of antigen molecules to the Nterminus of RTB does not interfere with RTB adjuvanticity which can be attributed at
least in part to the B subunit’s ability to deliver linked antigen molecules through the
intestinal mucosa for stimulation of lymphocytes in gut associated lymphoid tissues.

Keywords: ricin B subunit, rotavirus, adjuvant and carrier effects
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1. Introduction
The castor-oil producing plant Ricinus communis contains a heterodimeric toxin
composed of a cytotoxic A chain (RTA) and a galactose-binding B chain (RTB) [1]. The
ricin A chain has an N-glycosidase activity that inactivates 28S ribosomal RNA resulting
in inhibition of protein synthesis and cell death [2,3], The ricin B chain binds both
glycolipids and glycoproteins with a terminal galactose on the cell surface and facilitates
translocation of ricin holotoxin into the cell by endocytic uptake through the cell
membrane in both uncoated and clathrin coated vesicles [4,5]. RTB is a glycoprotein with
N-linked oligosaccharides that are necessary for stability and maintenance of a
biologically active conformation for galactose receptor binding [6,7,8]. While RTB has
several galactose binding sites, the lectin binding activity of RTB is almost completely
disrupted by exchanging the contact residue of Asn-255 for alanine in the sugar-binding
sites [9]. Additional binding sites of RTB, e.g. Tyr-248 and Trp-258, are also involved in
binding interactions with terminal galactoside GalNAc on the cell membrane [10].
RTB was expressed and characterized in a variety of prokaryotic and eukaryotic
organisms, E. coli, S. cerevisiae, Xenopus laevis oocytes, N. tabacum and S. frugiperda
(1SF-9) cells as well as mammalian (Cos-M6) cells [11-16]. RTB is a lectin carbohydrate
binding protein with broad receptor binding specificity. It binds a diverse group of
membrane bound sugar moieties that mediate a variety of biological processes, including
cell to cell and host to pathogen interactions as well as innate immune responses [17].
Monomeric RTB binds to the glycoprotein asialofetuin which is found on epidermal cell
membranes at about l-3xl07 molecules per cell [18]. In contrast, the pentameric cholera
toxin B subunit (CTB) binds sialo sugar receptors at about 7.5xl04 GM1 molecules per
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intestinal epidermal cell [19]. A potential advantage of the monomeric ricin B subunit as
an adjuvant molecule is that it does not require assembly into multimeric structures prior
to receptor binding in comparison with CTB or the heat-labile enterotoxigenic E. coli
toxin B subunit (LTB) [1]. Another potentail advantage is that monomeric RTB subunit
does not have known fusion protein size constraints for oligomer assembly or for receptor
binding. Therefore, RTB may deliver more and larger antigen molecules for uptake into
gut epithelial cells than is possible with either CTB or LTB.
Rotaviruses are one of the most important infectious diseases and are recognized
as the most prevalent cause of severe gastroenteritis and dehydration in young children
and animals and results in the largest number of deaths due to infectious enteric diseases
[20]. Rotaviruses are highly infectious, nonenveloped, triple-layered icosahedral virus
particles with a genome of 11 segments of double-stranded RNA [21]. Available rhesushuman reassortant rotavirus vaccines (RRV-TV; Rotashield®) are approximately 80%
effective in young children, but are found to cause higher than normal rates of
intussusception (telescoping of the small intestine bowel) in infants [22]. Since rotavirus
subunit vaccines deliver only one or two virus antigens to the immune system, they are
unlikely to cause intussusception and are therefore highly desirable. Alternatively,
because subunit vaccines are made up of only one or two antigens, they are often weakly
immunogenic and deliver little protection against disease. Thus, enhancement of rotavirus
subunit vaccine immunogenicity is of great interest.
As an adjuvant, the immunostimulatory role of the RTB subunit may be divided
into several functions which include the ability to target antigens specifically to microfold
(M) cells and epidermal cells of the digestive tract as well as pathogen associated
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molecular patterns (PAMPs) in the molecule that could stimulate uptake of the B subunit
into antigen presenting cells (APCs) such as dendritic cells, B cells and macrophages via
Toll-like receptors located on their plasma membranes.
In this study, we explore the feasibility of using the RTB B subunit as an adjuvant
when linked at its N-terminus to the immunodominant rotavirus nonstructural antigen
protein NSP49Q.

2. Materials and methods
2.1. E. coli expression vector construction.
The RTB and the NSP49o::RTB fusion genes were inserted downstream of T7
polymerase in the expression vector, pRSET A (Invitrogen, Carlsbad, CA) which
contains a 6x histidine region for nickel affinity column purification of the fusion protein
from strain BL21 (DE3) pLysS of E. coli (Invitrogen, Carlsbad, CA). The NSP490 gene
was amplified by PCR from plasmid pCR2.1-NSP4 containing gene 10 of simian virus
SA-11. Gene 10 encodes the full-length 175 amino acid NSP4 protein. Plasmid pRTB
containing a cDNA encoding the full-length RTB gene was provided by Dr. L. Roberts,
University of Warwick, UK. The correct DNA sequence in all recombinant plasmids was
confirmed by DNA sequence analysis in a model 373A DNA Sequencer (Applied
Biosystems, Inc., Foster City, CA) located in the Loma Linda University Core Facility.
After confirmation of the correct DNA sequence of the recombinant plasmid by DNA
sequence analysis, the vectors were introduced by electroporation into E. coli strain BL21
(DE3) pLysS for production of the RTB and NSP49o::RTB fusion proteins.
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2.2. Purification and immuno-detection of RTB ligand::rotavirus fusion proteins.
Purification of RTB and NSP49o::RTB fusion proteins produced in E. coli was
performed under denaturation conditions in 8 M urea [23]. Briefly, a bacterial colony
harboring the NSP49o::RTB gene containing plasmid was inoculated into 25 ml of LB
medium containing ampicillin 100 mg/L and incubated overnight at 37°C. The culture
was transferred to 250 ml of LB medium and incubation continued until the culture ODeoo
reached approximately 0.5 to stimulate recombinant protein synthesis. A fresh solution of
IPTG (Isopropyl p-D-thiogalactopyranoside) was added to the culture to a final
concentration of 1 mM. The bacterial cultures were incubated for an additional 3 to 4
hours prior to harvest by centrifugation (4000 x g, 10 min., 4°C). The cells were lysed in
10 ml of buffer “Z” (8 M urea, 100 mM NaCl, 20 mM HEPES, pH 8.0) by sonication (60
Sonic Dismembrator, Fisher Scientific) on ice 3 times for 10 s with an output power of 10
watts. After centrifugation at 12,000xg, 10 min, 4°C in a SS34 rotor in a Sorvall RC5
refrigerated centrifuge to remove cell debris, imidazole was added to the bacterial lysate
supernatant to a final concentration of 10 mM and the sample was loaded onto a 2 ml
nickel column (Ni-NTA), (Invitrogen, Carlsbad, CA). The histidine affinity column was
washed with 30 ml of Buffer Z plus imidazole (20 mM) to remove weakly bound proteins
ofE. coli origin. The His-tagged recombinant proteins were eluted with buffer Z plus 250
mM imidazole. The purified recombinant proteins were quantified by the Bradford
protein assay (Bio-Rad, Hercules, CA) and dialyzed in 80 mM galactose, 1 mM NaCl,
and 0.1 mM DTT for the recombinant RTB proteins and in 40 mM galactose, 1 mM
NaCl, and 0.1 mM DTT for the recombinant NSP49o”RTB fusion proteins to remove the
urea and imidazole. After dialysis, the RTB and NSP49o::RTB fusion proteins were
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analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) separation on 10%
acrylamide gels (Bio-Rad, Cat. # 165-3302). The recombinant RTB and NSP49o::RTB
fusion proteins were detected on immunoblots by binding with a primary rabbit anti-His
tag antibody (Santa Cruz Biotechnology, 1:3,000 dilution) or with a primary rabbit antiRicinus communis lectin antibody (Sigma, Cat. # R-1254, 1:3,000 dilution) and with a
secondary antibody alkaline phosphatase-conjugated mouse anti-rabbit IgG (Sigma, Cat.
#A-2556, 1:20,000 dilution).

2.3. Lectin-receptor binding activity of recombinant RTB and NSP49o::RTB fusion
proteins.
A 96-well microtiter plate was coated with the glycoprotein substrate asialofetuin
(Sigma, Cat. # A-4781) diluted to 2.0 pg/ml in bicarbonate buffer (pH 9.6) at 4°C
overnight [24]. The plate was washed with phosphate buffered saline (PBS) containing
0.05% Tween 20 and blocked with 1% BSA in PBS at 37°C for 2 h. The recombinant
RTB, the boiled recombinant RTB, the boiled recombinant NSP49o::RTB, and the
recombinant NSP49o::RTB fusion proteins purified from E. coli strain BL21 (DE3) pLysS
(Invitrogen, Carlsbad, CA) were added to the microtiter plate at different concentrations
and incubated overnight at 4°C. Known amounts of plant RTB (Sigma, Cat. # L-9639)
purified under non-denaturing conditions was added to the wells to generate a standard
curve. The plate was first incubated with a primary rabbit wnti-Ricinus communis lectin
antibody (Sigma, Cat. # R-1254) diluted to 1:2,000 with 0.5% BSA in PBS at 37°C
overnight. Anti-rabbit IgG (Sigma, Cat. # A-2556) conjugated with alkaline phosphate
diluted to 1:10,000 with 0.5% BSA in PBS was added as a secondary antibody (100 pi
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per well) and the plates were incubated for 2 h at 37°C. The wells were washed and
incubated with Lumi-Phos Plus chemiluminescent substrate (Lumigen, Southfield, MI) at
100 pi per well for 30 min at 37°C. The plate was read in a Micro™ ML3000 Microtiter
Plate Luminometer (Dynatech Laboratories).

2.4. Oral immunization with RTB and NSP49o::RTB fusion protein.
Experimental groups of 10 inbred strain Balb/c female mice (22 days old) were
orally inoculated by gavage with 30 pg of NSP49o, 90 pg of RTB plus 30 pg of NSP49o,
120 pg of NSP49o"RTB (boiled), or 120 pg of NSP49q::RTB fusion protein for a total of
five times on days 0, 7, 14, and 21 with a final booster dose on day 35. Additional
experiment groups of 5 Balb/c female mice were orally inoculated by gavage with 30 pg
of NSP49o, 90 pg of plant RTB (Sigma, Cat # L-9639) plus 30 pg of NSP490, 60 pg of
NSP49o::RTB plus 15 pg of NSP49q fusion protein. Each antigen dose was suspended in
300 pi of sodium bicarbonate buffer (350mM), pH 8.5. On day 45, ten days after the fifth
feeding, blood samples were collected from the immunized mice. To collect mucosal IgA
antibodies, the small intestines of the mice were removed and the lumen of the intestine
was washed with 1 ml of lx PBS buffer, pH 8.5, containing 10 mM PMSF. Serial
dilutions of pooled serum or intestinal washes were added to microtiter plate wells (100
pl/well) coated with bacterial NSP49q (300 ng/well) protein as the well coating antigen to
determine IgG and IgA antibody titers using previously described chemiluminescent
ELISA methods [25].
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2.5. Chemiluminescent ELISA detection of NSP49o antibody titers.
Duplicate wells of a 96-well microtiter plate (Dynatech Laboratories, Burlington,
MA) were coated with 100 pl/well of bacterial NSP49o (3.0 pg/ml) protein diluted in
bicarbonate buffer, pH 9.6, and incubated at 4°C overnight. The plate was washed with
PBS containing 0.05% Tween 20. Background signal in the wells was blocked by
incubation with 1 % BSA in PBS (300 pl/well) at 37°C for 2 h followed by washing three
times with PBS containing 0.05% Tween 20. Serial dilutions of serum or intestinal
washings were added to each wells (100 pl/well), and the plate was incubated overnight
at 4°C. Anti-mouse IgG (Sigma A 3688, St. Louis, MO) or anti-mouse IgA (Sigma A4937, St. Louis, MO) conjugated with alkaline phosphate diluted in PBS containing 0.5
% BSA was added (100 pl/well), and incubated for 2 h at 37°C. The wells were washed
and incubated with 100 pi per well of Lumi-Phos Plus chemiluminescent substrate
(Lumigen, Southfield, MI) for 30 min at 37°C. To determine the levels of light emission
signal from each sample, the plate was read in a Micro™ ML 3000 Microtiter Plate
Luminometer (Dynatech Laboratories).

3. Results
3.1. Expression of RTB and NSP49o::RTB fusion genes in E.coli and purification of
the recombinant fusion proteins.
Renatured NSPdgo, RTB, and NSP49q::RTB proteins isolated from E. coli
homogenates were purified by nickel (Ni-NTA) affinity chromatography and separated
by SDS-PAGE (Fig. 16). The immunoblots were incubated with either rabbit polyclonal
antibodies against 6x histidine tag (Fig. 17, Panel A) or rabbit polyclonal antibodies
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against the ricin B chain purified from Ricinus communis seeds (Panel B). After
separation of RTB and NSPdgoiiRTB fusion proteins by PAGE, protein bands
representing recombinant NSP49o (Mr = 14 kDa), recombinant RTB (Mr = 34 kDa), and
recombinant NSP49o::RTB fusion protein (Mr = 44 kDa) were detected by staining the
gel with Coomassie Blue.

3.2. Biological activity of recombinant RTB and NSP49o::RTB fusion proteins.
Optimal conditions for purification of biologically active recombinant RTB and
NSP49o::RTB fusion proteins were determined by removal of urea by dialysis in the
presence of 80 mM galactose, 1 mM NaCl and 0.1 mM DTT for RTB, and 40 mM
galactose, 1 mM NaCl and 0.1 mM DTT for NSP490::RTB fusion proteins as shown in
Fig. 16, Panels B and C. Biological activity of the RTB and NSP49o"RTB fusion
proteins was measured by the asialofetuin glycoprotein receptor binding assay as
described in the Materials and Methods section. Based on the level of asialofetuin-lectin
binding, biologically active RTB and NSP49q::RTB fusion proteins produced in E. coli
were found to retain receptor binding capacity, while their biological activity was found
to be somewhat lower than commercial RTB purified from Ricinus communis tissue
under non-denaturing conditions. Of importance, boiled RTB and NSP49q::RTB fusion
proteins lost their receptor binding activity (Fig. 18).

3.3. Oral immunization of mice with RTB and NSP49o::RTB fusion proteins.
Balb/c mice were fed recombinant RTB, NSP490::RTB, or boiled NSP49o::RTB
fusion proteins to assess the adjuvant effects of RTB on immunogenicity of the rotavirus
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NSP4 antigen. Based on the molecular weight of recombinant RTB, NSP49o, and
NSP49o::RTB fusion proteins, mice were immunized with approximately equal molar
amounts of NSP49q antigen molecules as described in the section on Materials and
Methods. Blood and intestinal washings were collected on day 45, ten days after the fifth
antigen feeding. Serum anti-NSP4 IgG endpoint titers were measured in the immunized
mice by chemiluminescent ELISA methods using a 1:75 dilution of immunized mouse
serum (Fig. 19). All immunized mice developed detectable serum IgG titers against
NSP49q. Mice immunized with the recombinant NSP49o::RTB fusion protein showed
higher anti-NSP49o IgG antibody titers than mice immunized with boiled recombinant
NSP49o::RTB fusion protein which represented approximately equal titers in mice co
immunized with recombinant RTB plus NSP49q proteins. Although boiled recombinant
NSP49o::RTB fusion protein lost most of its receptor binding capacity, it produced antiNSP49o IgG antibody titers in the serum of immunized mice. Further, mice co-immunized
with recombinant RTB plus NSP49o proteins showed higher anti-NSP49o IgG antibody
titers than mice immunized with NSP49q antigen alone.
In an additional set of mouse oral immunization experiments, the approximate
molar amount of RTB in recombinant NSP49o::RTB fusion protein used for
immunization was half the total molar amount of commercial plant RTB. However, mice
immunized with recombinant NSP49o::RTB fusion protein generated higher anti-NSP49o
IgG antibody titers than mice co-immunized with commercial plant RTB (purified under
non-denaturing conditions) plus NSP49q proteins (Fig. 20).
In addition to serum antibody measurements, following mucosal immunization,
inoculated mice were assayed for mucosal IgA endpoint titers by chemiluminescent
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ELISA using a 1:4 dilution of intestinal washes. Mice immunized with commercial plant
RTB plus NSP49o protein or recombinant rotavirus NSP49o::RTB fusion protein induced
low but detectable intestinal anti-NSP49o IgA responses which were higher than observed
in mice immunized with antigen NSP490 alone (Fig. 21). The presence of measurable
intestinal IgA antibody titers indicated successful B cell stimulation and a measurable
increase in the mucosal humoral immune response at the gut site of antigen delivery.

4. Discussion
The ricin toxin B subunit (RTB) produced by Ricinus communis displays a single
peptide monomeric structure [1]. Monomeric RTB binds to asialo-sugar membrane
receptor molecules including both glycolipids and glycoproteins containing a terminal
galactose moiety located on epidermal cell surfaces [4,5,18]. Biologically active
recombinant RTB subunits have been produced and characterized in variety of organisms
and recently, the RTB C-terminus was genetically linked to green fluorescent protein
(GFP) and the fusion protein was expressed in tobacco plants. The RTB::GFP fusion
protein generated humoral immune responses in intranasally immunized mice suggesting
the presence of a Th2 response [26]. In this study, the N-terminus of the RTB was
selected for attachment of the rotavirus peptide antigen NSP49o to avoid the possibility of
steric hindrance interference with RTB galactose receptor binding sites. The rotavirus
nonstructural glycoprotein NSP4 is a strong immunogen with a variety of immunity
stimulating functions such as acting as an intracellular receptor for binding virus capsid
proteins to the ER membrane and acting as an enterotoxin epitope with membrane
destabilizing activity located within amino acid residues 1 to 86 [27,28].
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In asialofetuin receptor binding assays, the recombinant renatured RTB and
NSP49o"RTB fusion proteins were less active in substrate binding than native RTB
purified from plant Ricinus communis under non-denaturing conditions, but showed
significantly higher substrate binding than recombinant RTB and NSP49o::RTB fusion
proteins linearized by boiling (Fig. 18). Biological activity of the recombinant RTB and
NSP49o::RTB fusion proteins in terms of receptor binding, was dependent on correct
RTB refolding following denaturation in urea. These results are consistent with previous
reports indicating that N-glycosylation of RTB at Asn-95 and Asn-135 was necessary for
both asialo-sugar receptor binding activity and protein stability, but not necessarily
required for biological activity with respect to receptor binding [6,8]. However, heat
denaturation of recombinant RTB and NSP49q::RTB fusion proteins resulted in a
complete loss of biological activity and protein stability. The results of asialofetuin
receptor binding assay experiments suggested that RTB molecules in the heat denatured
recombinant NSP49q::RTB fusion protein were unable to provide adjuvanticity as carrier
molecules for receptor mediated uptake of NSP490 into gut epithelial cells.
Mice co-immunized with recombinant RTB plus NSP49q proteins or heat
denatured recombinant NSP490::RTB fusion protein generated higher anti-NSP49o IgG
antibody titers than mice immunized with the antigen NSP49q alone (Figure 19). Based on
the antibody titration data, we suggest that RTB molecules act as adjuvants in a capacity
other than carrier function for stimulation of rotavirus antigen NSP49q immunogenicity
for enhanced mucosal immune responses. Other RTB adjuvant functions may include the
presence of PAMPs that stimulate Toll-like receptor uptake by macrophages, dendritic
cells and B cells [29]. Induction of mucosal immune responses require antigen entry
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across epithelial membrane barriers to contact lymphoid cells for stimulation of immune
responses. With respect to the mechanism of RTB adjuvanticity, three known pathways
are available for adjuvant mediated antigen transport across epithelial cell barriers [3032]: 1) Enterocytes permit internalization of ligand-antigen fusion proteins via receptormediated endocytic uptake or diffusion across the glycocalyx and eventual entry into
lysosome mediated intracellular degradative pathways that generate antigen and ligand
peptides for presentation on MHC molecules that interact with antigen-presenting cells to
stimulate humoral or cellular immune responses [33,34]. 2) A specialized epithelial M
cell pathway depends on size and charge properties of the antigen and the ligand
receptors present on the M cell surface. M cells located on the follicle-associated
epithelium (FAE) can transcytose foreign materials (soluble macromolecules, particles,
or even microorganisms) through fluid-phase endocytosis, receptor-mediated
endocytosis, or phagocytosis from the intestinal lumen to APC’s in organized lymphoid
tissues (Peyer’s patches) within the mucosa [35-37]. Antigens transported across the FAE
by M cells are captured by APCs e.g., immature dendritic cells (DCs), macrophges, and
B cells [38]. 3) There is a specific dendritic cell pathway, in which immature DCs in the
lamina-propria extend cellular processes (dendrites) between adjacent epithelial cells and
opening tight junctions (zonula occludens) that seal adjacent epithelial intestinal cells,
and capture antigens in the lumen through Toll-like receptors on their dendrites [39].
Once DCs have taken up an antigen or a microorganism, they migrate from the villus
epithelium to the gut-associated lymphoid tissues (lymph nodes) and process the antigens
for presentation to T helper cells that mature and secrete specific cytokines that facilitate
B cell humoral and/or cellular immune responses [40].
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In the mucosa of immunized mice, recombinant RTB, NSPdgo, or boiled
NSP49o::RTB proteins may be transported across epithelial barriers through a
combination of the three previously described pathways. Thus, RTB molecules may
stimulate mucosal immune responses as immunomodulators to increase rotavirus antigen
NSP490 immunogenicity via carrier functions of RTB or through pathogen associated
molecular patterns (PAMPs) located on RTB peptide fragments that bind specific Toll
like receptors (TLRs) located on the surface of dendritic cells, B cells and macrophages
[41,42]. The TLRs can trigger immune stimulation by initiating a signaling pathway
through a Toll/IL-1-receptor (TIR)-domain-containing adaptor (MyD88) that leads to
activation of NF-kB transcription factors and MAP kinase signalling molecule families to
alert B and T cells by presenting processed antigen fragments for subsequent processing.
[43,44]. In DCs, TLR signaling triggers maturation of the DC cells and upregulates
MHC, costimulatory molecules, and expression of pro-inflammatory cytokines such as
TNF-a, IL-1 and IL-6 resulting in priming of naive T cells to initiate acquired/adaptive
immune responses [45]. The IgG and IgA titration data presented here suggests that the
adjuvanticity of RTB provides stimulation of humoral and lymphocyte responses through
delivery of the fused antigen primarily through the enterocyte and M cell pathways via
activation of antigen uptake mechanisms at the cell membrane. However, linkage of RTB
to the antigen results in substantially greater immune stimulation than co-delivery of the
adjuvant and antigen which suggests that APC stimulation is enhanced to a greater degree
by presentation of a single molecule containing both antigen and linked
immunostimulatory regions that suggest the presence of PAMPs on the pathogen
molecules that stimulate APCs processing of the antigen. Similarly, pentameric toxin B
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subunits (CTB or LTB) were shown to be poor mucosal adjuvants when co-delivered
with the antigen NSP490. However, the adjuvanticity of CTB and LTB was much
enhanced when coupled with the antigens prior to immunization [45,46].
We did not attempt to detect the secretory component attachment to the intestinal
IgA (Figure 21). However, previous data from our laboratory showed that immunized
mouse intestinal wash IgA titers were considerably higher than corresponding IgG titers
[25]. Since serum anti-NSP49o IgA levels were consistently lower than IgA levels
detected in intestinal washes, it is unlikely that IgA titers in intestinal washes could be
higher than that found in the blood unless the IgA antibody was protected from
proteolysis by the secretory component. Thus, we assume that anti-NSP49o IgA
antibodies detected in the intestinal lumen were predominantly secretory in nature.
In this study, we show that the ricin toxin B subunit acts as an adjuvant to
stimulate the immunogenicity of rotavirus nonstructural protein NSP49o and that fusion of
the RTB subunit to NSP49q provides simultaneous delivery of adjuvant and antigen to
each antigen presenting cell, resulting in maximum enhancement of NSP4 immune
responses.
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Figure 15. E. coli pRSET expression vectors encoding the RTB and
NSP49o::RTB fusion proteins. The genes were amplified by PCR primers
containing the bordering restriction endonuclease sequences and were
inserted into the multiple cloning sites (MCS) of the E. coli T7 expression
pRSET A. The RTB and NSP49o::RTB fusion proteins were genetically
linked to a 6X His tag for separation from contaminating bacterial proteins
by Ni++ affinity column chromatography. (A): E. coli expression vector
pRSET A. (B): pRSET A vector containing a 90 amino acid peptide of the
rotavirus nonstructural protein, NSP49o. (C): pRSET A vector containing
the ricin toxin B subunit, RTB. (D): pRSET A vector containing the
NSP49o::RTB fusion gene. PCR primers: PI, 5’-CGAGCTCGCTG
ATG-3’; P2, 3’-GGTAATAAAATTCTTAAGGC-5’; P3, 5’GCGAGCTCAAAGAGCAGATAAC-3’; P4, 3’-CGTTACATTCTTA
AGGC-5’; P5, 3’-CACTGACGTCGTTACCCTGGTCCTGGTTTCG
AACCC-5’.
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Figure 16. Expression and purification of NSP49o, RTB and
NSP49o::RTB fusion proteins. Panel (A): Lane 1, bacterial strain
BL21(DE3) pLys extract; Lane 2, cell extract containing expressed
NSP49o protein (arrow); Lane 3, cell extract containing expressed RTB
protein (arrow); Lane 4, molecular weight markers (Bio-Rad, Inc.);
Lane 5, cell extract containing expressed NSP49o::RTB fusion protein
(arrow). Panel (B): Lane 1, NSP490 protein (arrow); Lane 2, molecular
weight markers; Lane 3, RTB protein (arrow); Lane 4, NSP49q::RTB
fusion protein (arrow) after purification by Ni++ affinity column
chromatography. Panel (C): Lane 1, boiled RTB protein after dialysis
(arrow); Lane 2, purified RTB protein oligomerized after removal of 8 M
urea by dialysis (left bracket); Lane 3, molecular weight markers; Lane 4,
boiled NSP9q::RTB fusion protein after dialysis (arrow); Lane 5, purified
NSP490::RTB fusion protein oligomerized after dialysis (right bracket);
Lane 6, NSP49q protein after removal of 8 M urea by dialysis (arrow).
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Figure 17. Immunoblot detection of RTB and NSP49o::RTB fusion
proteins. Following purification by Ni++ affinity column chromatography,
RTB and NSP49o::RTB fusion proteins were analyzed for their levels of
expression using anti-His (Panel A) and anti-RTB (Panel B) polyclonal
antibodies as the primary antibody. Panel (A): Lane 1, purified NSP49o
protein after dialysis (arrow); Lane 2, purified RTB fusion protein
oligomerized after removal of 8 M urea by dialysis (left bracket); Lane 3,
boiled RTB fusion protein after dialysis (arrow); Lane 4, molecular
weight markers; Lane 5, purified NSP490::RTB fusion protein
oligomerized after dialysis (right bracket); Lane 6, boiled NSP9o::RTB
fusion protein after dialysis (arrow). Panel (B): Lane 1, boiled RTB
fusion protein after dialysis (arrow); Lane 2, purified RTB fusion protein
oligomerized after removal of 8 M urea by dialysis (left bracket); Lane 3,
molecular weight markers; Lane4, boiled NSP9o"RTB fusion protein after
dialysis (arrow); Lane 5, purified NSP49o::RTB fusion protein
oligomerized after dialysis (right bracket).
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Figure 18. Asialofetuin substrate binding activity of recombinant RTB
and NSP49o::RTB determined by chemiluminescent ELISA. The
efficiency of RTB and NSP49o::RTB fusion protein binding to
asialofetuin receptors was compared using commercially prepared plant
ricin toxin B subunit (RTB) as a positive control. The solid line with
filled squares represents commercial ricin toxin B subunit (Sigma, St
Louis, MO) as a positive control. The dashed line with filled triangles
represents purified RTB fusion proteins oligomerized after removal of
8 M urea by dialysis. The dotted line with filled diamonds represents
NSP49o::RTB fusion proteins oligomerized after removal of 8 M urea by
dialysis. The dotted line with open diamonds represents boiled
NSP49o::RTB fusion proteins after dialysis. The dashed line with open
triangles represents boiled RTB fusion proteins after dialysis. The solid
line with open squares represents the absence RTB protein as a negative
control.
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Figure 19. Anti-NSP49o serum IgG titers determined by a
chemiluminescent ELISA using NSP49o as the well coating antigen.
Balb/c mice were orally immunized with NSP49o, RTB+NSP490, boiled
NSP49o::RTB, or NSP49o::RTB fusion proteins. Thzy-axis indicates serum
IgG titers from mice immunized with approximately equal amounts of
antigen NSP49q molecules. The fractions above the bars indicate the
number of immunized mice that showed a significant immune response in
comparison with the total number of immunized mice. The error bars
indicate the standard error of the mean.
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Figure 20. Anti-NSP49o serum IgG titers in mice immunized with
NSP49o, plant RTB+NSP490, or NSP490::RTB+NSP49o fusion proteins.
Serum IgG levels were determined by a chemiluminescent ELISA using
NSP49o as the well coating antigen. The y-axis indicates serum IgG titers
from mice immunized with approximately equal molar amounts of antigen
NSP49o molecules. The fractions above the bars indicate the number of
immunized mice that showed a significant immune response in comparison
with the total number of immunized mice. The error bars indicate the
standard error of the mean.
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Figure 21. Anti-NSP49o Intestinal IgA antibody titers in mice
immunized with NSP49o, plant RTB+NSP490, or NSP490::RTB+NSP49o
fusion proteins. The mice in all experimental groups were immunized with
approximately equal amounts of antigen NSP49o molecules. Intestinal IgA
levels were determined by chemiluminescent ELISA using NSP49o as the
well coating antigen. The fractions above the bars represent the number of
immunized mice that showed a significant immune response in comparison
with the total number of immunized mice. The error bars represent the
standard error of the mean.
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Abstract

A fusion protein containing the shiga toxin-1 B subunit (STB) linked to a 90
amino acid peptide from simian rotavirus (SA-11) non-structural protein NSP490 was
synthesized in E. coli. Mice orally inoculated with the STB::NSP4 fusion protein
generated higher humoral and intestinal antibody titers than mice inoculated with NSP4
alone. Serum anti-NSP4 IgG2a isotype titers were substantially greater than IgGl titers,
suggesting a dominant Thl-lymphocyte immune response. ELISA measurement of
cytokines secreted from splenocytes isolated from immunized mice confirmed
STB::NSP4 fusion protein stimulation of a strong Thl cell mediated immune response.
Diarrhea in SA-11 rotavirus challenged suckling neonates from STB::NSP4 immunized
dams was significantly reduced in severity and duration in comparison with virus
challenged neonates from unimmunized mice. Together, our experiments demonstrate for
the first time that the shiga toxin B subunit provides ligand mediated delivery of virus
antigens to the gut-associated lymphoid tissues for adjuvant enhanced stimulation of
humoral and cellular responses against rotavirus gastroenteritis.

Keywords : shiga toxin-1, rotavirus, mucosal immune responses
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1. Introduction
Rotaviruses are recognized as the most important cause of active gastroenteritis
and dehydration in young children and animals [1]. Rotaviruses are highly infectious,
nonenveloped, triple-layered icosahedral virus particles with a genome of 11 segments of
double-stranded RNA [2]. Among the 6 rotavirus serogroups that cause active
gastroenteritis, most human strains belong to group A [3]. Available rhesus-human
reassortant rotavirus vaccines (RRV-TV; Rotashield®) are approximately 80% effective
in young children, but are suspected of causing an unacceptable rate of intussusception
(telescoping of the intestinal bowel) in infants [4]. Thus, effective rotavirus subunit
vaccines unlikely to cause intussusception would be highly desirable. Unfortunately,
subunit vaccines are often weakly immunogenic. Thus, enhancement of rotavirus protein
immunogenicity would be of significant value.
While cholera toxin and its B subunit possess strong adjuvant capacity for
stimulation of humoral antibody and cellular immune responses [5], little is known about
the immunostimulatory capacities of the B subunit of other bacterial A/B toxins with
similar subunit structure. To test the adjuvant capacity of the shiga toxin B subunit for
enhancement of rotavirus subunit vaccine immunogenicity, we linked a 90 amino acid
fragment of the immunogenic rotavirus nonstructural protein (NSP4) to the c-terminus of
the gut epithelial cell targeting B subunit of shiga toxin-1. The nonstructural rotavirus
protein NSP4 is a transmembrane protein that becomes embedded in the endoplasmic
reticulum (ER) membrane and is known to function as an intracellular receptor for
transport of newly synthesized virus particles from the ER into the cytoplasm. In
addition, the NSP4 protein also interacts with viral capsid proteins for removal of the
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virus envelope during early stages of viral morphogenesis [6,7,8]. Further, the NSP4
protein is also thought to function as a diarrhea causing enterotoxin through activation of
intracellular calcium levels resulting in chloride ion and water secretion through the
mucosae of the small and large intestine [9,10,11]. The shiga toxin B subunit (STB)
isolated from Shigella dysenteriae type I was used as a carrier ligand for delivery of the
rotavirus NSP4 antigen to target cells (M cells) in the gut-associated lymphoid tissues.
The STB protein was selected based on its structural similarity to the cholera toxin B
subunit [12,13]. In earlier experiments, the cholera toxin B subunit-rotavirus fusion
protein was shown to deliver five virus antigen molecules to GM1 ganglioside receptors
on gut epithelial cells for each pentameric CTB molecule [5,14]. Similar to cholera toxin,
shiga toxin is composed of a single enzymatically active A subunit noncovalently linked
with a pentameric molecule composed of five receptor-binding B subunits [15]. While
the function of the toxic A subunit is to depurinate a specific adenine residue in the
eukaryotic 28S rRNA blocking protein synthesis [16], the function of the B subunit
pentamer appears to delivery of the A subunit into the cell by binding to
globotriaosylceramide (Gb3) glycolipid receptors located on the surface of gut epithelial
cells [17,18]. In this study, we link the shiga toxin B subunit to a rotavirus
immunodominant antigen (NSP4) for STB mediated delivery of the virus antigen
molecules through gut epithelial cells (M cells) to antigen presenting cells located in
lymph nodes (peyer’s patches) of the mucosal immune system. Immunostimulatory
sequences present in the STB subunit may also serve as immunomodulators to further
enhance the mucosal immune response to the antigen, similar to the carrier and adjuvant
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functions assigned to the cholera toxin B subunit (CTB) shown to stimulate humoral and
cellular immune responses to rotavirus infection [5].

2. Materials and Methods
2.1. E. coli expression vector construction.
The NSP49o gene was amplified by PCR from plasmid pCR2.1-NSP4 containing
gene 10 of simian rotavirus SA-11. This gene encodes the full-length NSP4i75 protein.
Plasmid pJN26 containing the full-length STB gene (207 bp) was provided by Dr. Alison
O’Brien, Uniformed Services University, Bethesda, MD. Both the STB and STB::NSP49o
fusion gene DNA fragments were inserted behind the T7 polymerase promoter in the E.
coli expression vector, pRSET A (Invitrogen, Carlsbad, CA) (Fig. 22). A hinge region (4
a.a.-GPGP) was inserted between the STB and NSP490 proteins to increase molecular
flexibility. To maximize expression of the recombinant STB fusion proteins in E. coli, an
NSP49q peptide containing amino acid residues 86 to 175 was selected to include the
greatest number of available rotavirus epitopes and to avoid cytotoxicity generated by the
trans-membrane domain (a.a. 1-85). The bacterial strain BL21 (DE3) pLysS (Invitrogen,
Carlsbad, CA) was used for synthesis of the recombinant protein. The correct DNA
sequence in all recombinant plasmids was confirmed by DNA sequence analysis in a
model 373A DNA Sequencer (Applied Biosystems, Inc., Foster City, CA) located in the
Loma Linda University Core Facility. Following confirmation of the correct structure of
the recombinant plasmid by DNA sequence analysis, the vectors were introduced into E.
coli strain BL21 (DE3) pLysS by electroporation for synthesis of the STB and
STB::NSP49o fusion proteins.
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2.2. Purification and immunoblot detection of STB and ligand-rotavirus fusion
proteins.
Purification of the STB and STB::NSP49o fusion proteins synthesized in E. coli
was performed under denaturation conditions in 8 M urea [19]. Briefly, E. coli strain
BL21 (DE3) pLysS harboring the recombinant plasmid was inoculated into 25 ml of LB
medium containing ampicillin, 100 mg/1 and incubated overnight at 37°C. The culture
was transferred to 250 ml of LB medium and incubation continued until the culture ODeoo
reached approximately 0.5. The T7 promoter inducer, isopropyl p-Dthiogalactopyranoside (IPTG), was added to the culture to a final concentration of 1 mM
to stimulate synthesis of the recombinant protein. The bacterial cultures were incubated
at 37°C with aeration for an additional 3 to 4 hours prior to harvest by centrifugation
(4000 x g, 10 min., 4°C). The cells were lysed in 10 ml of buffer “Z” (8 M urea, 100 mM
NaCl, 20 mM HEPES, pH 8.0) by sonication on ice 3 times for 10 s with output power of
10 watts (60 Sonic Dismembrator, Fisher Scientific). To remove cell debris, the
homogenate was centrifuged in a Sorvall RC5 refrigerated centrifuge at 12,000xg, 10
min, 4°C in a SS34 rotor. The supernatant was transferred to a clean tube and imidazole
was added to a final concentration of 10 mM. The mixture was loaded onto a 2 ml nickel
(Ni-NTA) histidine affinity column (Invitrogen, Carlsbad, CA). The column was washed
with 30 ml of Buffer Z plus imidazole (20 mM) to remove weakly bound E. coli proteins.
The His-tagged recombinant STB::NSP49o protein was eluted with buffer Z containing
250 mM imidazole. The purified recombinant proteins were quantified by Bradford
protein assay (Bio-Rad, Hercules, CA) and dialyzed in 25 mM Tris buffer (pH 8.3) to
remove the urea and imidazole. After dialysis, the STB and STB::NSP49o fusion proteins
were separated by electrophoresis on 12% SDS-polyacrylamide gels at 130 volts for Ih
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(Bio-Rad, Cat. # 165-3302). The recombinant STB and STB::NSP49o fusion proteins
were detected on immunoblots by binding with primary rabbit anti-His tag antibody
(Santa Cruz Biotechnology, 1:3,000 dilution) and secondary alkaline phosphataseconjugated mouse anti-rabbit IgG (Sigma, 1:20,000 dilution).

2.3. Receptor binding activity of recombinant STB and STB::NSP49o fusion
proteins.
Duplicate wells of a 96-well microtiter plate were coated with 100 pl/well (200
ng) of Globotriaosylceramide (Gb3) receptor substrate (Matreya. Inc, Cat#. 1067)
solubilized in 2 pg/ml of chloroform-methanol-water (65:25:4, vol/vol) and evaporated
in a fume hood for 2 h [20,21]. The microtiter plate was washed with phosphate buffered
saline (PBS) buffer and blocked with 1% BSA in PBS buffer at 37°C for 2 h. The purified
recombinant STB and STB::NSP49o fusion proteins were added to the microtiter plate at
several different concentrations and the plate was incubated at 37°C for 4 h. The plate
was washed three times with phosphate buffered saline (PBS) buffer and incubated with
100 pl/well (10 pg/ml) of a primary mouse anti-shiga toxin-1 B subunit (Toxin
Technology Inc., Cat#. STX1-13C4) diluted with 0.5% BSA in PBS buffer at 4°C
overnight. The secondary anti-mouse IgG (Sigma, Cat. # A-3688) conjugated with
alkaline phosphatase diluted to 1:1,000 with 0.5% BSA in PBS buffer was added (100 pi
per well) and the plates incubated for 2 h at 37°C. The wells were washed three times
with phosphate buffered saline (PBS) and incubated with Lumi-Phos Plus
chemiluminescent substrate (Lumigen, Southfield, MI) at 100 pi per well, for 30 min at
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37°C. The plate was read in a Micro™ ML3000 Microtiter Plate Luminometer (Dynatech
Laboratories).

2.4. Oral immunization of mice with STB::NSP49o fusion protein.
Experimental immunization groups (n=10) of inbred strain Balb/c female mice (22
days old) were orally inoculated by gavage with the STB, NSP49o, and STB::NSP49o
fusion proteins for a total of five times on days 0, 7, 14, and 21 with a final booster dose
on day 35. Each antigen dose contained 300 pi of sodium bicarbonate buffer (350 mM),
pH 8.5, containing 30 pg of NSPdgo or 60 pg of STB::NSP49o proteins purified from E.
coli BL21 cells. Ten days after the fifth inoculation, the mice were sacrificed by CO2
anoxia and blood samples were collected from the immunized mice. To obtain mucosal
IgA antibody, the small intestines were excised and the lumen rinsed into a tube with 1
ml of lx PBS buffer, pH 8.5, containing 10 mM PMSF. Serial dilutions of pooled serum
or intestinal washes were added to the microtiter plate wells (100 pl/well) coated with
bacterial NSPdgo (300 ng/well) protein as the well coating antigens to determine IgG and
IgA antibody titers by previously described chemiluminescent ELISA methods [14].

2.5. Chemiluminescent ELISA detection of NSP49o antibody titers.
Duplicate wells of a 96-well microtiter plate (Dynatech Laboratories, Burlington,
MA) were coated with 100 pl/well of bacterial NSP49o (3.0 pg/ml) protein diluted in
bicarbonate buffer, pH 9.6, and incubated overnight at 4°C. The plate was washed three
times with PBS buffer containing 0.05% Tween 20. Background interference in the wells
was blocked by incubation of the wells in 1 % BSA in PBS buffer (300 pl/well) at 37°C
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for 2 h followed by washing three times with PBS buffer containing 0.05% Tween 20.
Serial dilutions of serum or intestinal washings were added to each well (100 gl/well) and
the plate covered and incubated overnight at 4°C. Alkaline phosphatase-conjugated anti
mouse IgG (Sigma A 3688, St. Louis, MO), IgA (Sigma A-4937, St. Louis, MO), IgG2a
(Cappel, cat# 59570,Wester Chester, PA) or IgGl (ICN/Cappel, cat# 59569, Aurora, OH)
diluted in PBS containing 0.5 % BSA was added (100 pl/well) as the secondary
antibodies, and the plates were incubated for 2 h at 37°C. The wells were washed three
times with PBS buffer containing 0.05% Tween 20 and incubated with Lumi-Phos Plus
chemiluminescent substrate (Lumigen, Southfield, MI) at 100 pi per well for 30 min at
37°C. The plates were read in a Micro™ ML 3000 Microtiter Plate Luminometer
(Dynatech Laboratories) and relative light units (RLU) were calculated for each sample.
Differences among the experimental groups were determined by ANOVA. The IgG and
IgA titers data for Fig. 5 and 7 was analyzed using one-way ANOVA. Probability values
< 0.05% were considered to indicate significant differences among immunization groups.

2.6. Analysis of cytokines secreted by mouse splenocyte.
Immunized mice were sacrificed on day 16 following the final oral inoculation
with STB::NSP49o fusion proteins. Spleens were excised from the mice and macerated in
RPMI medium (Cellgro, Cat#. 10-040-CV). The spleen cell suspensions (2 X 106 cells
/ml) were cultured in 96 well (200 pl/well) flat bottom microculture plates in RPMI
medium 1640 (Cellgro, Cat#. 10-041-CV), supplemented with glutamine containing 10%
FBS (Life Technologies, Cat#. 10099-141), 2-mercaptoethanol (1:5,000 dilution, Fisher
Scientific) and 5 pl/ml penicillin/streptomycin (Life Technologies, Cat#. 15140-122).
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Duplicate splenocyte cultures were stimulated with 20 pg/ml phytohemagglutinin (PHA)
(REMEL Inc., Lenexa, KS) or PHA plus 5 jug of NSP490 antigen for immunostimulation.
The stimulated cells were incubated for 48 hours at 37°C in a humidified atmosphere
containing 5 % CO2 [22]. The cell cultures were analyzed for secreted cytokines IFN-y
and IL-4 by ELISA using commercial ELISA kits (R & D systems, Minneapolis, MN) in
accordance with the manufacturer’s instructions. All splenocyte samples were assayed in
duplicate.

2.7. Protection of suckling mice by vaccination against rotavirus challenge.
Two days following the fourth antigen inoculation, immunized adult female Balb/c
mice were mated with uninfected male Balb/c mice. The resultant mouse neonates 7 days
after birth were challenged with a single oral dose of SA-11 rotavirus in 50 pi PBS. The
virus dose was 15 x DD50 (the virus dose empirically determined to cause diarrhea in
50% of the mouse pups). All cages were coded and individual neonates were examined
for the presence of diarrhea daily for 7 days after virus challenge by gentle abdominal
palpation to produce feces. The diarrhea score and the proportion of mice showing
diarrhea symptoms in each experimental group were recorded [5]. Stool classification
was defined as: 0, no stool; 1, normal stool; 2, normal stool accompanied by a yellow
pasty stool; 3, all yellow pasty stool; 4, milky-liquid stool. The pups with a stool score >
2 were considered positive for diarrhea.
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3. Results
3.1. Expression of STB and STB::NSP49o fusion genes in E. coli and purification of
the recombinant fusion proteins.
Renatured NSP49o, STB, and STB::NSP49o proteins isolated from E.coli
homogenates were purified by nickel (Ni-NTA) affinity chromatography and separated
by SDS-PAGE (Fig. 23). The immunoblots were incubated with either rabbit polyclonal
antibodies against 6x histidine tag (Fig. 24, Panel A) or mouse monoclonal antibodies
against shiga toxin-1 B subunit (Panel B). Protein bands representing recombinant STB
protein (Mr =12 kDa) or recombinant STB::NSP490 fusion protein (Mr = 26 kDa) were
detected on the blots by lowlight image analysis.

3.2. Biological activity of STB and STB::NSP49o fusion proteins.
The biological activity of recombinant STB and STB::NSP49q fusion proteins that
reassembled into pentameric structures was determined by measurement of STB and
STB::NSP49o pentamer binding to globotriaosylceramide glycolipid receptors in a
binding assay described in the section on Materials and Methods. Pentamerized STB
protein showed higher levels of receptor binding activity than pentamerized STB::NSP49q
fusion protein. Low levels of nonspecific protein binding activity were detected in the
absence of STB and STB::NSP49q fusion proteins (Fig. 25).

3.3. Oral immunization of mice with STB::NSP49q fusion proteins.
The humoral antibody response generated against NSP4 protein was assessed
after oral priming and four oral boosters with recombinant STB::NSP49o fusion proteins.
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Blood and intestinal wash samples were collected ten days (on day 45) after the last oral
antigen inoculation. Serum anti-NSP4 IgG titers were measured by chemiluminescent
ELISA methods. Following oral immunization with STB::NSP49o fusion proteins, all
immunized mice developed detectable serum IgG titers against NSP490 (Fig. 26, Panel
A). Antibody IgG isotype titration experiments showed that immunization with
STB::NSP49o fusion proteins generated measurable IgG2a and IgGl antibody titers.
Serum IgG2a antibody titers were found to be significantly higher than corresponding
IgGl titers suggesting that immunization with the STB::NSP49o fusion protein stimulates
a dominant Thl lymphocyte immune response (Fig. 26, Panel B).
After the final oral inoculation, the immunized mice were assayed for mucosal
IgA antibody titers by chemiluminescent ELISA methods as described in the section on
Materials and Methods. In addition to stimulation of significant serum IgG titers, the
recombinant STB::NSP49o fusion protein induced low but detectable intestinal antiNSP490 secretory IgA titers in 5 out of 6 immunized mice (Fig. 26, Panel C). The
presence of measurable mucosal IgA antibody titers indicated that immunization occurred
at the intestinal site of antigen exposure.

3.4. Measurement of antigen stimulated spleen cell secreted cytokines.
To confirm the initial suggestions of a dominant Thl immune response, levels of
antigen stimulated splenocyte secreted inflammatory cytokine IFN-y and suppressor
cytokine IL-4 were measured by ELISA in the immunized mice following the final
antigen booster. Phytohemagglutinin (PHA) was included in the splenocyte culture
medium to trigger lymphocyte mediated cytokine production [22]. The addition of
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NSP490 antigen stimulation significantly increased IFN-y expression levels. In contrast,
secreted IL-4 levels were relatively low, but significantly higher than detected in
unimmunized mouse spleen cells (Fig. 27).

3.5. Protection against rotavirus challenge in passively immunized mouse pups.
Protection of anti-NSP49o antibodies against rotavirus-induced diarrhea was
evaluated by S A-11 rotavirus challenge of passively immunized mouse pups from
immunized dams. On day 2 following virus challenge, diarrhea symptoms were detected
in most of the immunized mice. However, on day 3 after rotavirus challenge, a significant
reduction in diarrhea frequency was detected only in the suckling neonates from
immunized dams (Fig. 28). Among the immunized experimental animal groups, diarrhea
symptoms in rotavirus challenged neonates from dams immunized with STB::NSP49o
fusion protein were dramatically reduced both in the number of pups with diarrhea and in
the duration of the diarrhea symptoms.

4. Discussion
The shiga toxin-1 B subunit (STB) produced by Shigella dysenteriae type 1
strains and by enterohemorrhagic Escherichia coli displays a pentameric structure,
similar to that of the cholera toxin B subunit [13]. Pentameric STB binds to
globotriaosylceramide (Gb3), a glycolipid receptor molecule located on the epidermal
cell surface. Three Gb3-binding sites have been identified for each shiga toxin B-subunit
[23,24]. Recombinant STB stimulates neutralizing antibodies in rabbits and provides
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protection against Shigella and E.coli infection following oral challenge of mice
mucosally immunized with shiga toxin-1 producing organisms [25,26]. In this study, STB
was used predominantly as a ligand carrier molecule to deliver the rotavirus NSP490
antigen to gut-associated lymphoid tissues to stimulate mucosal humoral and cellular
immunity against rotavirus gastroenteritis.
The rotavirus nonstructural glycoprotein NSP4 is a strong immunogen with a
variety of viral functions, acting as an intracellular receptor for binding virus capsid
proteins to the ER membrane and as an enterotoxin located based on its membrane
destabilization activity at amino acid residues 1 to 85 [27]. In previous immunization
experiments, oral immunization with plant-produced CTB::NSP422 proteins induced a
protective humoral antibody immune response in mice. Suckling neonates from
immunized dams were substantially protected against rotavirus generated diarrhea
intensity and duration following virus challenge [5]. Although a 22 amino acid
immunodominant peptide (residues 114-135) was shown to be required for diarrhea
induction, additional portions of the NSP4 molecule were subsequently found to be
essential for generation of full toxicity and maximum antigenicity [28]. Further, with
respect to NSP4 antigenicity, the globotriaosylceramide receptor binding activity of
biologically active recombinant STB and STB::NSP49o fusion proteins may be related to
the size of the NSP4 molecule (Fig. 25). Globotriaosylceramide binding of the shorter
STB::NSP422 fusion protein was observed to be higher than detected for the STB::NSP49o
fusion protein and lower than detected for STB alone. This result suggests the presence of
linked antigen molecules may interfere with STB pentamer assembly and that reduction
in immunogenicity may depend to some extent on the size of the linked antigen. In
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contrast with antigen size, we observed that immunization with NSPdgo generated higher
anti-rotavirus titers than immunization with NSP422 suggesting that additional
immunogenic epitopes present in the 90 aa molecule compensated for loss of
immunogenicity due to lack of assembly of monomers into membrane binding pentamers.
Mice orally immunized with STB::NSP49o fusion proteins synthesized in E. coli
generated measurable anti-NSP49o IgG antibody titers in serum and IgA antibody titers in
intestinal washes (Fig. 26, Panel A and C). All immunized mice generated measurable
serum anti-NSPdgo IgG antibody titers. Out of 6 immunized mice, 5 were found to have
measurable intestinal IgA antibody titers against the NSP490 antigen. As generally
observed, intestinal IgA antibody titers were detectable but relatively low in comparison
with IgG levels observed in serum. Previous studies showed virus infection was blocked
by secretory IgA through virus neutralization in the intestinal lumen e.g., the mucosal
glycocalyx, where extracellular antibody immune responses neutralize the pathogen
[29,30]. The induction of both systemic and mucosal IgG and IgA antibodies at higher
levels in STB::NSP49o immunized mice than in mice immunized with NSPdgo alone
indicates that the STB ligand is able to deliver conjugated rotavirus antigens to the gutassociated lymphoid tissues. Further, STB being a pathogenic molecule may possess an
additional immunostimulatory role based on the presence of pathogen associated
molecular patterns (PAMPs) capable of binding Toll-like receptor (TLR) molecule
signals located on the surface of dendritic cells, B cells or macrophages [31]. This
additional adjuvant effect may provide further enhancement of humoral and lymphocyte
immune responses.
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IgG antibody isotype analysis showed that mice immunized with STB::NSP49o
fusion proteins developed higher serum IgG2a titers than serum IgGl titers suggesting
that STB::NSP49o fusion proteins may stimulate a dominant Thl immune response (Fig.
5, Panel B). Measurements of the IFN-y and IL-4 cytokine expression levels secreted
from NSP490 antigen activated splenocyte from immunized mice confirmed this
observation (Fig. 27). Further evidence that the nature of the T cell immune response may
be related to the immunogenic nature of the antigen molecule comes from mucosal
immunization studies with another pentameric toxin B subunit-autoantigen fusion protein
(CTB::insulin) that was shown to stimulate a strong Th2 immune response while
immunization with CTB::NSP4 fusion protein was found to generate a dominant Thl
response [5,14].
On the third day following SA-11 rotavirus challenge, diarrhea symptoms in
suckling neonates from immunized dams were reduced in both severity and duration in
comparison with pups bom from unimmunized dams (Fig. 28). Complete resolution of
diarrhea symptoms occurred four days after vims challenge in pups from immunized
dams. Results of the passive immunization experiment indicated that mice orally
immunized with STB::NSP49o fusion protein developed protective titers of anti-NSPdgo
antibodies that were passively delivered to the pups through the maternal circulation prior
to parturition and from the mother’s milk following birth. These IgG and IgA antibodies
provided protection against the onset as well as reduction in the duration of diarrhea
symptoms following rotavims challenge. Maternal antibody-rotavims complexes were
found to stimulate the juvenile immune system more than antibody-antigen complexes
generated by the pups in response to vims infection [32]. Thus, maternal antibody-
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rotavirus antigen complexes may more effectively prime the juvenile immune response
providing a greater immune response to rotavirus infection in passively immunized
juvenile mice.

The experimental results presented in this study demonstrate for the first time the
function of shiga toxin B subunit as an adjuvant for rotavirus antigen stimulation of
protective mucosal humoral and cellular immune responses in mice.
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Figure 22. E. coli expression vectors containing STB and STB::NSP490
fusion proteins. The recombinant genes were amplified by PCR primers
containing bordering restriction endonuclease sequences and were inserted
into the multiple cloning site (MCS) of the E. coli T7 expression vector
pRSET A. The STB fusion proteins were genetically linked to a 6X His
tag for separation from contaminating bacterial proteins by Ni++ affinity
column chromatography and were expressed from the T7 promoter. (A):
E. coli expression vector pRSET A. (B): pRSET A vector containing a 90
amino acid peptide of the rotavirus nonstructural protein, NSPTgo. (C):
pRSET A vector containing the shiga toxin B subunit, STB. (D): pRSET
A vector containing the STB::NSP49o fusion gene. The PCR primers used
for cloning three gene fragments are: PI, 5’-GCGAGCTCAAA-GAGCA
GATAAC-3’; P2, 3’-CGTTACATTCTTAAGGC-5’; P3, 5’GCCGCTCGAGACGCCTGATTGTG-3 ’; P4, 3 ’ -CA ATAAAAAGCAA
TTGACGTCAAAA-5’; P5, 3’-CTTCAATAAAAAGCACCTGGTCCTG
GTCTCGAGGC-5 ’.
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Figure 23. Expression and purification of STB, NSP49o and
STB::NSP4c>o fusion proteins from E.coli BL21 cells. Panel (A): Lane 1,
E.coli strain BL21(DE3) pLys cell extract; Lane 2, cell extract containing
expressed STB fusion proteins (arrow); Lane 3, cell extract containing
expressed STB::NSP49o fusion proteins (arrow); Lane 4, cell extract
containing expressed NSPdgo proteins (arrow). Lane M contains molecular
weight markers (Bio-Rad, Inc. CA). Panel (B): Purification of STB and
STB "fusion protein from E.coli cell extract by Ni++ affinity column
chromatography. Lane 1, STB; Lane 2, STB::NSP49o; Lane 3, NSPdgo.
Panel (C): Pentamerization of STB and STB "fusion protein monomers
after removal of 8 M urea by dialysis. Lane 1, purified STB fusion protein
pentamers (arrow); Lane 2, purified STB::NSP49o fusion protein pentamers
(arrow); Lane 3, purified NSP490 protein monomers (arrow).
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Figure 24. Immunoblot identification of STB and STB: :NSP49o fusion
proteins. Following purification by Ni++ affinity column chromatography,
STB and STB::NSP49o fusion proteins were identified and analyzed for
their levels of expression using anti-His polyclonal antibodies as the
primary antibody (Panel A) or anti-STX polyclonal antibodies as the
primary antibody (Panel B). Panel (A): Lane 1, purified STB fusion
protein; Lane 2, purified STB::NSP49o fusion protein. Panel (B): Lane 1,
purified and refolded pentameric STB fusion proteins (arrow); Lane 2,
purified and refolded pentameric STB::NSP49o fusion proteins (arrow).
Lane M contains molecular weight markers (Bio-Rad, Inc.).
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Figure 25. ELISA measurement of glycolipid receptor binding activity
of STB and STB::NSP49o fusion proteins. The efficiency of STB and
STB::NSP49o fusion protein binding to globotriaosylceramide receptors
was compared using commercially prepared shiga-toxin (STX) as a
positive control. The solid line with open diamonds represents commercial
shiga-toxin (Toxin Tech., FL) as a positive control. The dot-dashed line
with filled squares represents the absence STB protein as a negative
control. The dashed line with filled triangles represents STB protein.
The dotted line with filled circles represents STB::NSP49o fusion protein.
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Figure 26. Anti-NSP49o serum IgG and intestinal IgA antibody titers.
Antibody titers were determined by chemiluminescent ELISA using NSP490
as the well coating antigen. Panel (A): Balb/c mice immunized with
NSP49o or STB::NSP49o fusion proteins. They-axis indicates serum IgG
titers from mice orally immunized with approximately equal molar
amounts of NSP49o antigen molecules contained in NSP49o or
STB::NSP490 fusion proteins. Panel (B): Serum anti-NSP49o IgGl and
IgG2a antibody isotype titers were measured by chemiluminescent
ELISA in mice immunized with STB::NSP49o fusion proteins. Open
bars represent IgGl and IgG2a antibody isotype titers in unimmunized
mice. Gray bars represent IgGl (Th2 cell response) and IgG2a (Thl cell
response) in mice immunized with STB::NSP49o fusion proteins.
Panel (C): The mice in all experimental groups were immunized with
approximately equal molar amounts of NSP49o antigen molecules
contained in NSP49q or STB::NSP49o fusion protein. Intestinal IgA titers
were determined by chemiluminescent ELISA using NSP49q as the well
coating antigen. In panels (A) and (C), the fractions located above the error
bars represent the number of immunized mice showing a detectable
antibody response (numerator) in comparison with the total number of
immunized mice (denominator). Error bars represent standard error of
the mean.
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Figure 27. ELISA measurement of secreted cytokine levels in spleen
cells from mice immunized with STB::NSP49o fusion protein. Spleen
cells were isolated from unimmunized Balb/c mice and mice immunized
with STB::NSP49o fusion proteins on day 16 after the final oral
immunization. The spleen cell cultures were treated with either
phytohemagglutinin (PHA) or phytohemagglutinin plus NSP490 antigen
and 48 hours later, the culture supernatant medium was assayed by
ELISA for the presence of secreted cytokines, IFN-y (Panel A) or IL-4
(Panel B). The levels of IFN-y and IL-4 were defined as the amount of
the cytokines produced in 1 ml spleen cell culture (2 x 106 cells/ml). Open
bars represent IFN-y and IL-4 cytokine levels in unimmunized mice. Gray
bars represent IFN-y and IL-4 cytokine levels in mice orally immunized
with STB::NSP49o fusion protein. Error bars indicate standard error of the
mean. The difference between PHA and PHA + Ag samples indicates the
increases in cytokine levels due to Ag stimulation.
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Figure 28. Protection against rotavirus challenge in passively
immunized mouse pups. Mouse pups bom from unimmunized Balb/c
mouse dams (white bars) or orally immunized with STB::NSP49o fusion
protein (black bars) were challenged with 15 x DD5o dose of Rhesus
rotavims strain SA-11. The y-axis represents the percentage of mouse pups
that developed diarrhea from day 1 to day 5 following vims challenge.
Open bars represent suckling neonates from unimmunized dams. Black
bars represent the suckling neonates from dams immunized with
STB::NSP49o fusion protein. The number of neonates (numerator) that
show diarrhea in comparison to the total number of neonates in each
experimental group (denominator) is indicated at the top of each column.
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Abstract

A DNA fragment encoding VP7 the outer capsid protein of simian rotavirus
SA11, was genetically linked to the amino terminus of the ricin toxin B subunit (RTB)
isolated from seeds of the castor-oil plant Ricinus communis. The VP7::RTB fusion gene
was transferred into Solanum tuberosum cells by Agrobacterium tumefaciens mediated in
vivo transformation methods and antibiotic-resistant plants were regenerated. The
VP7::RTB fusion gene was detected in transformed potato leaf genomic DNA by
polymerase chain reaction (PCR) DNA amplification. Immunoblot analysis with anti
rotavirus antiserum as the primary antibody verified the synthesis of biologically active
VP7::RTB fusion protein in transformed potato tuber tissues. The binding of VP7::RTB
fusion protein to cell membrane receptors measured by asialofetuin-enzyme-linked
immunosorbent assay (asialofetuin-ELISA) indicated that the VP7::RTB fusion protein
made up approximately 0.03% of total soluble tuber protein. Biosynthesis of biologically
active VP7::RTB fusion protein in potato tuber tissues demonstrates the feasibility of
using edible plants for production and delivery of VP7::RTB fusion protein to achieve
adjuvant-mediated immunostimulation of rotavirus mucosal subunit vaccines for
immunity.

Key words: Rotavirus outer capsid protein VP7, ricin toxin B subunit, plant.
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1. Introduction
Improvements in the genetic engineering of plants for production of proteins for
industry and medicine and the development of mucosal immunization have lead to an
increasing role for genetically engineered plants in the production of edible vaccines for
protection against infectious and autoimmune diseases such as Norwalk virus capsid
protein [1], hepatitis B surface antigen [2,3], rotavirus NSP4 [4-6], heat labile enterotoxic
E. coli toxin B subunit [7] and type 1 diabetes [8]. Plant-produced edible vaccines are
less expensive, more stable to produce and store, easier to administer and free from
contaminating mammalian proteins. Oral or nasal administration of plant-produced
vaccines has been shown to elicit mucosal and systemic immune responses in animal and
human tests [9,10]. However, because of the degradative environment of the intestinal
tract, plant-produced edible subunit vaccines are more prone to reduction in the amount
of antigen actually delivered to the gut or nasal lymphoid tissues (GALT or NALT) [11].
This may be due to the fact that only one or two antigens are delivered to the immune
induction sites such as GALT and NALT. Thus, enhancement of the immunogenicity of
plant-produced antigens would be of significant value.
The membrane targeting B subunit lectins of bacterial multimeric AB toxins, e.g.,
V. cholerae and enterotoxigenic E. coli, and plant heterodimeric AB toxins, e.g., Ricinus
communis and Abrusprecatorius, may serve as adjuvants for subunit vaccines by acting
as site-directed carriers for linked antigens and/or by stimulating an immune response to
the antigen through co-delivery of pathogen associated molecular patterns (PAMP)
recognized by antigen presenting B cells, macrophages and dendritic cells [5,12]. Ricin,
the cytotoxin from Ricinus communis seeds, consists of the heterodimeric A and B
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subunits [13]. The A and B subunits are joined by a single disulfide bond in the holotoxin
[14]. Ricin toxin A subunit (RTA) is a glycoprotein known to inactivate a 28S ribosomal
RNA in eukaryotic ribosome blocking protein synthesis [15]. The ricin toxin B subunit
(RTB) is a galactose-binding lectin that binds to (3-galactosyl terminated oligosaccharides
on cell surface glycoproteins triggering receptor-mediated endocytosis [16]. RTB has
been expressed in variety of organisms, e.g., E. coli, S. cerevisiae, Xenopus laevis oocyte,
and N. tabacum [17-22]. As a monomeric subunit, RTB does not need to be assembled
into multimeric structures to activate receptor binding as required by the cholera toxin
and heat labile enterotoxigenic E. coli B subunits (CTB; LTB) [13]. RTB has a broad
receptor binding specificity binding to asialo-sugar glycoproteins on the epidermal cell
membranes at about l-3xl07 molecules per cell [23], while CTB and LTB bind to sialosugar receptors on mucosal epidermal cells [24]. Further, RTB may have the ability to
deliver larger antigen molecules into gut epidermal cells than CTB and LTB, as RTB
may not have the fusion protein size constraints possessed by CTB and LTB based on
oligomer assembly for receptor binding. Recently, RTB linked to the green fluorescent
protein (GFP) was expressed in tobacco and found to generate a humoral immune
response in intranasally inoculated mice [25].
Rotavirus is the most frequent cause of viral gastroenteritis in humans and animals
[26]. However, no protective vaccines are currently available. Rotavirus subunit vaccines
have raised neutralizing antibodies against VP7, the outer capsid protein which contains
the neutralizing epitopes for virus attachment to the host cell membrane [27,28]. The VP7
protein is the dominant outer capsid protein that is responsible for defining viral
serotypes [29]. The VP7 glycoprotein (38kDa) has been expressed in prokaryotic and
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eukaryotic organisms and has a complex glycosylation pattern identifying 14 serotypes
infecting humans [30,31]. In reassortant rotavirus vaccines, most virus neutralizing
antibodies detected in hyperimmune antiserum were directed against the VP7 protein
[32]. Based on amino acid sequence analysis, the VP7 protein has three major antigenic
sites in SA11 rotaviruses that are designated A (aa 87-99), B (aa 145-150), or C (aa 211223) as the dominant neutralization epitopes [33]. In addition, VP7 is the dominant target
protein for rotavirus-specific cytotoxic T-lymphocyte (CTL) activity [34]. Therefore,
VP7 was chosen as a major candidate for subunit vaccine development.
Based on the above considerations, we constructed a rotavirus outer capsid protein
VP7 linked to the N-terminus of the ricin toxin B subunit to test the feasibility of
generating the the VP7::RTB fusion protein in transgenic potato for the possibility of
development of anti-rotavirus mucosal subunit vaccines.

2. Materials and methods
2.1. Construction of plant expression vector pPCV701VP7::RTB.
A p-phaseolin signal peptide::VP7::RTB fusion gene encoding VP7 (amino acid
residues 51-326) was constructed using PCR cloning methods in E. coli (Fig. 29). The
oligonucleotide 5’ primer (S’-GCTCTAGAATGATGAGAGCAAGGG-S’) and 3’
primer (5,-CGGAGCTCAAATGAGGCAGAAAG-3’) were used for amplication of the
P-phaseolin peptide gene from plasmid pRTB containing the p-phaseolin signal peptide
and the full-length RTB gene provided by Dr. L. Roberts, University of Warwick, UK.
The VP7 gene was amplified by PCR using the oligonucleotide 5’ primer (5’GCGAGCTCCAAAATTATGGTATTAATC-3’) and 3’ primer (5’-CCCAAGCTTTG-
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GTCCTGGTCCCACTCTGTAATAAAATGCTG-3 ’) from VP7 cDNA of simian
rotavirus SA11 gene 9. This gene encodes the full-length VP7326. The oligonucleotide 5’
primer (5’-CCCAAGCTTGCTGATGTTTGTATG-3’) and 3’ primer (5’-TCCCCCGGGCCAAATAATGGTAACCA-3’) were used for amplication of the RTB gene from
plasmid pRTB. The 3’ primer for VP7 was designed to contain the tetrapeptide hinge
(Gly-Pro-Gly-Pro) to facilitate molecular movement between RTB and the conjugated
peptide VP7 [35]. Briefly, the PCR conditions included 30 cycles of PCR amplification
(DNA strand denaturation at 94 °C for 30 s, annealing at 50 °C for 45 s, and
complementary strand synthesis at 72 °C for 30 s). Following completion of the two PCR
reactions to amplify the p-phaseolin signal peptide gene fragments and the VP7 gene
fragments, the PCR products were digested with Sad restriction enzyme and ligated at 16
°C for overnight. The second PCR reactions were conducted to amplify the (3-phaseolin
signal peptide gene::VP7 fusion gene fragments and the RTB gene fragments. The PCR
products were digested with Hindlll restriction enzyme and ligated at 16 °C for
overnight. Another PCR reaction was carried out to amplify the P-phaseolin signal
peptide: :VP7::RTB fusion gene fragments. The PCR products were digested with Xbal
and Smal restriction enzymes. The amplified fusion gene fragment was inserted into
plant expression vector pPCV701:SEKDEL which contains a DNA sequence encoding
the ER retention signal (SEKDEL) at the end of the fusion gene under control of the mas
P2 promoter [36]. Plasmid DNA in the ligation mixture was transferred into E. coli strain
HB101 by electroporation [37] and ampicillin-resistant colonies were isolated following
overnight culture at 37 °C. To confirm the presence of the correct VP7::RTB fusion gene,
plasmid DNA was isolated from individual transformed colonies and subjected to DNA
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sequence analysis in a model 373A DNA Sequencer (Applied Biosystems, Inc., Foster
City, CA) using the forward primer (5’-ACCAATACA TTACACTAGCATCTG-3’)
specific for the mas P2 promoter region and the reverse primer (5’GACTGAGTGCGATATTATGTGTAATAC-3’) specific for the gene 7 poly (A) signal
region. The plasmid containing the correct DNA sequence was designated as
pPCV701 VP7::RTB. This plant expression vector was transferred into Agrobacterium
tumefaciens strain GV3101 pMP90RK by electroporation [37].

2.2. Plant transformation.
Potato plants S. tuberosum cv. Bintje were grown in Magenta GA-7 culture boxes
(Sigma Chemical, Co., St. Louis, MO) on Murashige and Skoog (MS) basal medium
(Murashige and Skoog 1962) containing 3.0% sucrose and 0.2% Gelrite at 20°C in a light
room under cool white fluorescent tubes (12 qE) set on a 16-h photoperiod regime. Stem
explants were excised from the plants with a sterile scalpel and immersed in a culture
dish containing an overnight suspension culture of A. tumefaciens (1 x 1010 cell/ml)
harboring plasmid pPCV701VP7::RTB. The explants were incubated in the bacterial
suspension for 15 min, blotted on sterile filter paper, and transferred to MS basal solid
medium, pH 5.7, containing 0.4 pg/ml indole-3-acetic acid (IAA) and 2.0 pg/ml benzyl
adenine (BA). The stem explants were incubated for 2 days at 20 °C on MS basal solid
medium containing IAA and BA to facilitate T-DNA transfer into the plant genome. For
selection of transformed plant cells and for counter selection against continued
Agrobacterium growth, the explants were transferred to MS solid medium containing
kanamycin (100 pg/ml) and cefotaxime (300 pg/ml). Transformed plant cells formed
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calli on the selective medium during continuous incubation for 2 to 3 weeks at 20 °C in a
light room under cool white fluorescent tubes set at a 16-h photoperiod regime. When
the putative transformed calli grew to 5-10 mm in diameter (3-4 weeks), they were
transferred to MS basal solid medium containing 2.0 pg/ml BA and 0.1 pg/ml gibberellic
acid (GA3), 100 pg/ml kanamycin and 300 pg/ml cefotaxime for shoot induction. After
3-6 weeks, regenerated shoots were excised from the calli and transferred to MS basal
solid medium with antibiotics and without growth regulators to stimulate root formation.
After the putative transformed potato plantlets formed roots (3-6 weeks), they were
transferred to pots in the greenhouse and grown to maturity (2-3 months).

2.3. Detection of the VP7::RTB fusion gene in transformed plants.
Genomic DNA was isolated from potato leaf tissues using a Dneasy Plant mini kit
(Qiagen, Valencia, CA). The concentration of genomic DNA was measured by
spectrophotometer (at 260 nm). The presence of the VP7::RTB fusion gene in
transformed potato genomic DNA (500 ng) was identified by PCR analysis using the 5’
primer from p-phaseolin signal peptide sequence and the 3 ’ primer of RTB using the
same conditions for subcloning as described above. Restriction enzyme digestion of Sad
or Hindlll confirmed VP7 gene inclusion between the p-phaseolin signal peptide
sequence and the RTB gene.

2.4. Detection of the VP7::RTB fusion protein in transformed potato tissues.
Transformed potato tuber tissues were analyzed by immunoblotting for the
presence of CTB-NSPTgo fusion protein synthesis. Tuber tissues were surface-sterilized
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with a 20% solution of commercial bleach containing 2-3 drops of Tween-80. The tissues
were sliced, and incubated for 7 days on MS basal solid medium containing 5.0 mg/ml 1naphthaleneacetic acid (NAA) and 6.0 mg/ml 2,4-dichlorophenoxyacetic acid (2,4-D) to
stimulate the mas promoter activity. The auxin treated tissues were homogenized by
grinding them in a mortar and pestle at 4°C in extraction buffer (1:1 w/v) (200 mM TrisCl, pH 8.0, 100 mM NaCl, 400 mM sucrose, 10 mM EDTA, 14 mM 2-mercaptoethanol,
1 mM phenylmethylsulfonyl fluoride, 0.05% Tween-20). The tissue homogenate was
centrifuged at 17,000 x g in a Beckman GS-15R centrifuge for 15 min at 4 °C to remove
insoluble cell debris. An aliquot of supernatant containing 100 pg of total soluble protein,
as determined by the Bradford protein assay (Bio-Rad, Inc., Hercules, CA), was
separated by 10% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDSPAGE) at 125 volts for 1.5 h in Tris-glycine buffer (25 mM Tris-Cl, 250 mM glycine, pH
8.3, 0.1% SDS). The separated protein bands were transferred from the gel to
approximately 80 cm2 size Immun-Lite membranes (Bio-Rad, Inc., Hercules, CA) by
electroblotting on a semi-dry blotter (Sigma Chemical, Co., St. Louis, MO) for 120 min
at 30 V. and 70 mA. Nonspecific antibody binding was blocked by incubation of the
membrane in 25 ml of 5% non-fat dry milk in TBS buffer (20 mM Tris-Cl, pH 7.5 and
500 mM NaCl) for 1 h with gentle agitation on a rotary shaker (40 rpm), followed by
washing in TBS buffer for 5 min. The membrane was incubated overnight at room
temperature with gentle agitation in a 1:1,000 dilution of rabbit anti-rotavirus antiserum
(provided from Dr. Estes laboratory) in TEST antibody dilution buffer (TBS with 0.05%
Tween-20 and 1% non-fat dry milk) followed by washing three times in TEST buffer
(TBS with 0.05% Tween-20). The membrane was then incubated for 1 h at room
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temperature with gentle agitation in a 1:10,000 dilution of mouse anti-rabbit IgG
conjugated with alkaline phosphatase (Sigma A-2556, St. Louis, MO) in antibody
dilution buffer. The membrane was washed three times in TEST buffer as before,
followed by incubation in 10 ml of BCIP/NBT alkaline phosphatase substrate (Sigma B5655, St. Louis, MO) for 15 min at room temperature with gentle agitation on a rotary
shaker.

2.5. Quantitation of the VP7::RTB fusion protein in transformed potato tissues.
The level of active VP7::RTB fusion proteins in transformed potato plants and its
affinity for asialofetuin receptor binding was evaluated in duplicate samples by
quantitative chemiluminescent asialofetuin-ELISA methods. The microtiter plate was
coated with 100 pi per well of asialofetuin (Sigma, Cat. # A-4781) diluted to 2.0 pg/ml in
bicarbonate buffer (15 mM Na2C03, 35mM NaHC03, pH 9.6), at 4°C overnight. The
wells were blocked by adding 200 plAvell of 1% bovine serum albumin (BSA) in PBS
and incubated at 37 °C for 2 h followed by washing three times with PBST (PBS
containing 0.05% Tween-20). Known amounts of plant RTB (Sigma, Cat. # L-9639)
purified under non-denaturing conditions were added to the wells to generate a standard
curve. The wells were loaded with serial dilutions (100 pl/well) of a centrifuged plant
homogenate containing soluble potato tuber protein in PBS and the plate was incubated
overnight at 4 °C. The plate was washed three times in PBST and incubated with 100
pl/well of a primary rabbit anti-Zfo'cmws communis lectin antibody (Sigma, Cat. # R-1254,
St. Louis, MO) diluted to 1:3,000 with PBS containing 0.5% BSA at 37°C for 6 h. Anti
rabbit IgG (Sigma, Cat. # A-2556, St. Louis, MO) conjugated to alkaline phosphate
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diluted to 1:10,000 with 0.5% BSA in PBS was added as the secondary antibody (100 |al
per well). The plates were incubated for 2 h at 37°C. The wells were washed and
incubated with Lumi-Phos Plus chemiluminescent substrate (Lumigen, Southfield, MI) at
100 pi per well for 30 min at 37°C. The plates were read in a Micro™ ML3000
Microtiter® Plate Luminometer (Dynatech Laboratories, Chantilly, VA).

3. Results
3.1. Detection of the VP7::RTB fusion gene in transformed potato plants.
The rotavirus VP7 outer capsid protein gene was attached into between the Cterminus of the (3-phaseolin signal peptide and the N-terminus of ricin toxin B subunit
gene. The fusion gene fragment was transferred into plant expression vector pPCV701 as
shown in Figure 1. Independently transformed kanamycin-resistant potato plants formed
roots 4-6 weeks after transformed shoots were transferred to MS basal medium
containing the antibiotic kanamycin (lOOpg/mL). A DNA fragment corresponding in size
to the VP7::RTB fusion gene (1,684 bp) was amplified by PCR from genomic DNA of
transformed potato leaf tissues. No DNA band corresponding in size to the VP7::RTB
fusion gene was detected after PCR amplification of untransformed potato genomic DNA
(Fig. 30). Transgenic potato genomic DNA extracts were subject to PCR analysis with
primers specific for the plant expression vector region outside the T-DNA region
indicating the absence of contaminating Agrobacterium plasmid DNA.

3.2. Immunoblot detection of plant produced VP7::RTB fusion protein.
The presence of VP7::RTB fusion protein was detected by immunoblot analysis in
transformed leaf tissue extracts from putatively transformed plants (data not shown).
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Microtubers from transformed potato plants showing high foreign protein expression
levels in leaf tissues measured by ELISA methods were tested by immunoblotting to
identify the presence of the VP7::RTB fusion protein. The presence of VP7::RTB fusion
protein (~60 kDa) was detected in tuber extracts by immunoblot analysis using anti
rotavirus serum as the primary antibody (Fig. 31). A nonspecific signal band indicating
cross-reactivity to anti-rotavirus serum was detected in both transformed and
untransformed plants. However, no band corresponding in size to the VP7::RTB fusion
protein was detected in tuber tissue extracts from untransformed plants.

3.3. ELISA quantification of VP7::RTB fusion protein in transformed potato plants.
The amount of VP::RTB fusion protein produced in transformed microtuber
tissues was measured by aialofetuin-ELISA methods. The number of relative light units
(RLU) detected in transformed plant tuber tissue extracts was compared with the RLU
measured from a commercially prepared plant RTB (Sigma) protein standard curve. The
amount of recombinant VP7::RTB fusion protein as a component of total soluble plant
protein (TSP) was determined by dividing the amount of RTB detected in the sample,
based on RLU measurements, by the TSP extracted from the plant tuber tissue extract as
measured by the Bradford protein assay (Bio-Rad, Hercules, CA). Transgenic plant #6
was found to contain VP7::RTB expression levels equivalent to about 0.031% of total
soluble tuber protein. This value is approximately equal to 31 mg of VP7::RTB fusion
protein per 100 g transformed tuber tissue. The amount of recombinant VP7::RTB fusion
protein synthesized in transformed tuber tissue was found to range from 0.001% to
0.031% of TSP (Fig. 32).

159

4. Discussion
Rotavirus infection is the most common cause of severe diarrheal illness in young
children in industrialized and developing countries leading to about 18 million cases and
870,000 deaths annually [26, 38]. The life-threatening nature of rotavirus infection in the
United States is similar to that generated by measles, varicella, and pertussis prior to the
application of vaccines. Several studies indicated that whole organism rotavirus vaccines
or rhesus-human reassortant rotavirus vaccines provide effective protection against
subsequent rotavirus infection [39]. The results from the studies have not been effective
and useful in providing protection against other various rotavirus serotypes. The only one
available reassortant rotavirus vaccine while protective, was found to stimulate higher
than normal rates of intussusception (lethal infolding of the intestine) in young children
[40]. Thus, the development of an effective rotavirus subunit vaccine unlikely to cause
intussusception, is a highly desirable goal. While subunit vaccines consisting of only one
or two virus proteins are unlikely to cause intussusception, they may also be weakly
immunogenic. Thus, a rotavirus subunit mucosal vaccine with the capacity for enhanced
immune stimulation would be of value.
Plant-produced subunit vaccines are relatively inexpensive to produce, easy to
store as they do not require refrigeration, safe from animal pathogenic contaminants, and
convenient to administer as simple as eating. More importantly, plant cells, like other
eukaryotic cells, carry out post-translational modifications, e.g., phosphorylation and
glycosylation required for the biological activity of proteins of foreign origin [41].
Together, these advantages suggest that plants could be a feasible production and
delivery system for the development of useful mucosal subunit vaccines. In our
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laboratory, transformed potatoes expressing the cholera toxin B subunit genetically
linked to rotavirus and islet autoantigen proteins were found to protect against cholera
toxin and rotavirus infection, as well as the Thl cell mediated autoimmune disease type 1
diabetes. In preclinical animal trial experiments, plant-produced vaccines generated
strong immunomodulatory responses against both infectious and autoimmune diseases
[4,5]. These results indicate that plant-produced mucosal vaccines can play a role in
immune protection.
We constructed a VP7::RTB fusion gene in plant expression vector pPCV701 to
test the feasibility of generating mucosal subunit vaccines in potato. The RTB, the
membrane binding moiety, has several receptor binding sites, e.g., Lys-40, Asn-46, Tyr248, Asn-255, and Trp-258 [42,43]. Changes in just one amino acid at these binding sites
severely reduced receptor binding activity. Further, a single amino acid change in Asn255 abrogated more than >99% of the lectin-receptor binding activity of RTB [42]. Thus,
to avoid potential steric hindrance interference with the galactose receptor binding sites,
we selected the N-terminus of the RTB molecule for attachment of the rotavirus antigen.
RTB is a glycosylated protein attached N-linked oligosaccharides at Asn-95 and Asn-135
[44]. Therefore, glycosylation of RTB could be essential for both protein stability and
biological activity of the protein for receptor binding [45]. Unglycosylated RTB was
shown to have a reduced receptor binding activity. The RTB lectin has a broad receptor
binding specificity, binding diverse sugar structures to mediate a variety of biological
processes, including cell-cell and host-pathogen interactions and innate immune
responses [46]. Further, distinctive advantages of the monomeric ricin B subunit include
an absence for the need of subunit assembly into multimeric structures prior to receptor
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binding such as required for CTB or LTB [13]. Monomeric RTB may not have fusion
protein size constraints since oligomer assembly is not required for receptor binding.
Therefore, RTB may be capable of delivering more and larger antigen molecules to the
gut epithelial cells than CTB or LTB.
Both immunoblot and asialofetuin binding-ELISA analysis experiments showed
that glycosylated recombinant VP7::RTB fusion proteins produced in transgenic potato
plants retained the biologically active conformation required for receptor binding.
Previous studies in our laboratory and others showed that the p-phaseolin signal peptide
and the ER retention signal (SEKDEL) linked to the carboxyl terminus of the fusion
protein were required for sequestration of the ligand-antigen conjugate in the ER and for
facilitating protein stabilization and increased antigen fusion protein gene expression
levels in plants [36]. To promote RTB-receptor binding, a flexible hinge peptide (GPGP)
was introduced between RTB and VP7 to reduce the possibility of steric hindrance
between the VP7 and RTB moieties by facilitating molecular movement between VP7
and RTB [35].
The VP7 glycoprotein, located in the outer capsid, is the dominant virus
neutralization antigen in hyperimmune antiserum for serotype specificity. VP7 constitutes
30% of the virion protein [27,32]. The importance of glycosylation for antigenicity of
VP7 was shown by the effect of a single amino acid change at amino acid 211 at the
designated antigenic region C of simian rotavirus SA11 [33]. This location constitutes an
immunodominant site in the virus that is rendered inaccessible to corresponding
neutralizing antibodies by addition of a new carbohydrate side chain. This region appears
to be the dominant VP7 antigenic site on SA11. Although various structural and
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nonstructural rotavirus proteins have been reported to elicit CTL responses in mice, the
VP7 protein is a major target of rotavirus-specific CTLs. CTL activity to VP7 is either G
serotype specific or cross-reactive [34]. CTL epitopes on VP7 have been mapped to
amino acid residues 5-13, 8-16, and 31-40 [47]. Previous reports showed that antiserum
raised against baculovirus-expressed VP7 neutralized SA11 rotavirus infectivity [30],
while recombinant VP7 expressed in E. coli has proved to be toxic to the bacteria [48]. In
addition, immature membrane bound VP7 found in the ER did not induce neutralizing
antibody because its conformation was different from mature VP7 found in the assembled
virus [49].
In this study, we have transformed potato plants that produce detectable amounts
of a rotavirus outer capsid protein VP7::ricin toxin B subunit fusion protein. The ability
of this VP7::RTB fusion protein to generate protective humoral and cellular immune
responses against rotavirus challenge will be the subject of further analysis in animal
immunization experiments.
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Figure 29. Plant expression vector pPCV701VP7::RTB. Genes located
within the T-DNA sequence flanked by the right and left T-DNA border
(RB and LB) include: the A. tumefaciens mas P2 promoter; the (3-phaseolin
signal peptide upstream of the VP7::RTB ligand-antigen fusion gene; a
SEKDEL endoplasmic reticulum sequestration signal; a beta-lactamase
gene for detection of ampicillin resistance in E. coli and carbenicillin
resistance in A. tumefaciens', the g7pA polyadenylation signal is from
gene 7 in the A. tumefaciens Tl-DNA; the OcspA polyadenylation signal
is from the A. tumefaciens octopine synthase gene; the pNOS promoter is
from the A. tumefaciens nopaline synthase gene; an NPT II (neomycin
phosphotransferase II) expression cassette for kanamycin selection of
transformed plants; the g4pA polyadenylation signal is from gene 4 in
the Tl-DNA [50].
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Figure 30. Detection of the VP7::RTB fusion gene in transformed
potato leaf tissues. Genomic DNA (500 ng) isolated from transformed
potato leaf tissues was used to demonstrate the presence of the VP7::RTB
fusion gene in plant chromosomal DNA by PCR analysis. PCR
amplification with primers (used for products of Lane 4, 5 and 6) specific
for the plasmid region excluding the T-DNA (immediately downstream
of the T-DNA right border) indicated that no Agrobacterium
contamination was present in the genomic DNA extracts. Lane M
contains 1 kb plus molecular weight markers (New England Biolabs Inc.);
Lane NC is untransformed plant genomic DNA used as a negative control;
Lanes 1 and 4 are pPCV701VP7::RTB template DNA used as a control for
PCR; Lanes 2 and 5 are genomic DNA of transformed plant #6; Lane 3 and
6 are genomic DNA of transformed plant #8.
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Figure 31. Immunoblot detection of the VP7::RTB fusion protein in
transformed potato tuber tissues. Auxin-induced tuber tissue extracts
from transformed potato plants were analyzed for expression of the
VP7::RTB fusion protein (~60 kDa) with anti-rotavirus antiserum as the
primary antibody. Lane M contains molecular weight markers (Bio-Rad);
Lane NC is the tuber tissue extract from an untransformed potato
(100 pg per lane); Lane 1 is tuber tissue extract of transformed potato #6
(lOOpg per lane); Lane 2 is tuber tissue extract of transformed potato #8
(lOOpg per lane). Arrows show VP7::RTB proteins.
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Figure 32. Asialofetuin-ELISA measurement of the expression levels
of VP7::RTB fusion protein in transformed plant tuber tissues. AntiRicinus communis lectin antibody was used as the primary antibody in an
asialofetuin-ELISA. Serial dilutions of total soluble protein from
transformed and untransformed plant tuber tissue extracts were used
directly for asialofetuin-ELISA. The relative light units (RLU) obtained
from the assays were measured in a microtiter luminometer and the RLU
value was subtracted from the untransformed plant extract RLU value.
The light unit values were compared with a commercially prepared ricin
toxin B (RTB) subunit standard curve to calculate VP7::RTB fusion
protein expression levels in the transformed potato plant tuber tissue
extracts. The bars represent the portion of VP7::RTB fusion protein as a
part of the total soluble protein (TSP) in transformed potato plant tuber
tissue extracts. Error bars represent the standard deviation from the mean.
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Abstract

A gene encoding VP7, the outer capsid protein of simian rotavirus SA11 was
fused to the carboxyl terminus of the cholera toxin B subunit gene and a plant expression
vector containing the fusion gene under control of the mannopine synthase P2 promoter
was introduced into Solarium tuberosum cells by Agrobacterium tumefaciens-mediated
transformation. The CTB::VP7 fusion gene was detected in the genomic DNA of
transformed potato leaf cells by PCR DNA amplification methods. Immunoblot analysis
of transformed potato tuber tissue extracts showed that synthesis and assembly of the
CTB::VP7 fusion protein into pentameric size oligomers occurred in the transformed
plant cells. The binding of CTB::VP7 fusion protein pentamers to sialo-sugar containing
GM1 ganglioside receptors on intestinal epithelial cell membrane was quantified by
enzyme-linked immunosorbent assay (ELISA). The ELISA results showed that the
CTB::VP7 fusion protein made up approximately 0.01% of total soluble tuber protein.
Synthesis and assembly of CTB::VP7 monomers into biologically active pentamers in
transformed potato tubers demonstrates the feasibility of edible plants as a system for
production and delivery of rotavirus capsid protein antigens.

Keywords: Rotavirus, cholera toxin, edible vaccine.
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1. Introduction
Edible plants are a traditional source of food and energy and have been
increasingly used throughout the past decade for production and delivery of foreign
antigen proteins with therapeutic value. Advances in molecular biology have increased
the expression of bacterial and viral antigens in a variety of plant species for use as
mucosal vaccines [1,2]. Oral and nasal administrations of plant-produced antigens have
elicited mucosal and systemic immune responses in humans and animals, indicating that
transgenic plants are feasible production and delivery systems for the development of
mucosal vaccines [3,4]. However, because of the degradative environment of the mucosal
lining, immunization with plant-produced vaccines is prone to fluctuations in the amount
of antigen delivered to immune induction sites e.g., the gut or nasal associated lymphoid
tissues (GALT or NALT), rendering them weakly immunogenic. Thus, enhancement of
the immunogenicity of plant-produced antigens would be of significant value.
The heteromultimeric AB5 cholera toxin isolated from Vibrio cholerae has one
cytotoxic A subunit (CTA) linked to five identical B (CTB) subunits arranged in a
pentameric ring structure [5]. Assembly of five CTB subunit monomers into a pentameric
structure is required for binding to approximately 7.5x104 sugar receptors per mucosal
epidermal cell [6]. The cholera toxin B (CTB) subunit has been shown to function as an
effective adjuvant molecule for mediating conjugated foreign antigen protein stimulation
of mucosal immune responses [4] including delivery of antigens and autoantigens to the
GALT [7]. CTB molecules bind selectively to sialo-sugar based GM1 ganglioside
receptors located on intestinal epithelial cells and M-cells [8]. The CTB subunit produced
in transgenic food plants has demonstrated its usefulness as an adjuvant for edible
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vaccine for protection against infectious disease in an animal model [9]. Previous studies
indicated that the C-terminus of the CTB monomer is the most effective location for the
fusion of foreign antigen proteins for maximum immune stimulation [10]. Thus, CTB has
been identified as an adjuvant that stimulates immune responses by targeting fused
antigens to the gut associated lymphoid tissues (GALT) [11,12].
Rotaviruses are the major causative agent of acute infantile gastroenteritis
worldwide. Rotavirus infection is responsible for approximately one million deaths
annually in industrialized and developing countries [13] and an estimated 18 million
hospitalizations, of which 20-40% are virus-based severe diarrheal illness in infants and
young children [14].
Rotaviruses are non-enveloped, triple-layered icosahedral virus particles
containing 11 segments of double-stranded RNA encoding 5 nonstructural proteins and 6
structural proteins [15]. Rotavirus subunit vaccines have raised neutralizing antibodies
against VP7, the outer capsid protein which contains the neutralizing epitopes for virus
attachment to the host cell [16,17]. The VP7 glycoprotein responsible for viral serotype
determination [18], is located in the outer capsid protein and is the dominant
neutralization antigen in hyperimmune antiserum and constitutes about 30% of the virion
protein [19]. The VP7 glycoprotein (38 kDa) has a complex glycosylation pattern
identifying 14 serotypes infecting humans [20]. In reassortant rotaviruses, most
neutralizing antibodies in hyperimmune antiserum were directed against the VP7 protein
[21]. Based on amino acid sequence analysis, VP7 has three major antigenic sites in
SA11 rotaviruses which are designated A (aa 87-99), B (aa 145-150), or C (aa 211-223)
as the peptides containing dominant neutralization epitopes [22]. Further, VP7 was
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shown to be the dominant target protein for rotavirus-specific cytotoxic T-lymphocyte
(CTL) activity [23].
Previous reports showed that the plant-produced VP7 antigen generated systemic
and mucosal humoral immune responses and generated virus neutralization in orally
immunized mice [24]. In contrast, a VP7 DNA vaccine induced humoral immune
responses in mice but was unable to protect mice against virus challenge [25]. Thus, VP7
is a major candidate for the development of mucosal subunit vaccines.
To test the feasibility of generating a strong plant-produced mucosal rotavirus
subunit vaccine, we constructed a cholera toxin B subunit::rotavirus outer capsid protein
VP7 fusion gene and transferred the CTB::VP7 fusion gene into potato plants.

2. Materials and methods
2.1. Construction of plant expression vector pPCV701CTB::VP7.
A CTB::VP7 fusion gene encoding the VP7 amino acid residues 51-326 was
constructed using PCR cloning methods in E.coli (Fig. 33). The oligonucleotide 5’ primer
(5’-GCGAGCTCCAAAATTATGG-3’) and the 3’ primer (5’-TCCCCCGGGCACACTCTGTAATAAAATGC-3’) were used for amplification of the VP7 gene from VP7
cDNA from simian rotavirus SA11 gene 9. This gene encodes the full-length VP7326
protein provided by Dr. Mary K. Estes, Baylor College of Medicine, Houston, TX. The
oligonucleotide 5’ primer (5’-GCTCTAGAGCCACCATGATTAAATTAAAATTTGGTG-3’) and the 3’ primer (5’-GCGAGCTCCGGGCCTGGGCCATTTGC-3’) were used
for amplification of the CTB-hinge (CTBh) fusion sequence from plasmid pRT42
containing the ctxAB gene from Vibrio cholerae strain 569B provided by Dr. John
Mekalanos, Harvard Medical School, Boston, MA. The 3’ primer for CTB was designed
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to contain the tetrapeptide hinge (Gly-Pro-Gly-Pro) to allow molecular movement
between CTB and the conjugated VP7 peptide [26]. Briefly, the PCR conditions included
30 cycles of PCR amplification (DNA strand denaturation at 94 °C for 30 s, annealing at
50 °C for 30 s, and complementary strand synthesis at 72 °C for 30 s). Following
completion of the two PCR amplification reactions, the CTB gene fragment and VP7
gene fragment PCR products were digested with Sad restriction enzyme and ligated at 16
°C overnight. A second PCR reaction was initiated to amplify the CTB::VP7 fusion gene
fragments. The PCR products were digested with Xbal and Smal restriction
endonucleases. The amplified fusion gene fragment was ligated into the plant expression
vector pPCV701:SEKDEL containing a DNA sequence encoding the ER retention signal
(SEKDEL), 3’ adjacent to the mas P2 promoter [27]. Plasmid DNA in the ligation
mixture was transferred into E. coli strain HB101 by electroporation [9] and ampicillinresistant colonies were isolated following overnight culture at 37 °C. To confirm the
presence of the correct CTB::VP7 fusion gene, plasmid DNA was isolated from
individual colonies of transformants and subjected to DNA sequence analysis in a model
373A DNA Sequencer (Applied Biosystems, Inc., Foster City, CA) with the forward
primer (5’-ACCAATACA TTACACTAGCATCTG-3’) specific for the mas P2 promoter
region and the reverse primer (S’-GACTGAGTGCGATATTATGTGTAATAC^’)
specific for the gene 7 poly (A) signal region. The plasmid containing the correct DNA
sequence was designated as pPCV701CTB::VP7. This plant expression vector was
transferred 'mio Agrobacterium tumefaciens strain GV3101 pMP90RKby electroporation
prior to plant transformation experiments [9].
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2.2. Potato transformation.
Potato plants S. tuberosum cv. Bintje were grown under sterile conditions in
Magenta GA-7 culture boxes (Sigma Chemical, Co., St. Louis, MO) on Murashige and
Skoog (MS) basal medium (Murashige and Skoog 1962) containing 3.0% sucrose and
0.2% Gelrite at 20°C in a light room under cool white fluorescent tube lights (12 pE) set
on a 16-h photoperiod regime. Stem explants were excised from the plants with a sterile
scalpel and immersed in a culture dish containing an overnight culture suspension of A.
tumefaciens (1 x 1010 cell/ml) harboring plasmid pPCV701CTB::VP7. The explants were
incubated in the bacterial suspension for 15 min, blotted on sterile filter paper, and
transferred to MS basal solid medium, pH 5.7, containing 0.4 pg/ml indole-3-acetic acid
(IAA) and 2.0 pg/ml benzyl adenine (BA). The stem explants were incubated for 2 days
at 20 °C on MS solid basal medium containing IAA and BA to permit T-DNA transfer
into the plant genome. For selection of transformed plant cells and for counter selection
against continued Agrobacterium growth, the explants were transferred to MS solid
medium containing kanamycin (100 pg/ml) and cefotaxime (300 pg/ml) antibiotics.
Transformed plant cells formed calli on the selective medium during continuous
incubation for 2 to 3 weeks at 20 °C in a light room under cool white fluorescent tube
lights set at a 16-h photoperiod regime. When the putative transformed calli grew to 5-10
mm in diameter (3-4 weeks), the calli were transferred to MS basal solid medium
containing 2.0 pg/ml BA and 0.1 pg/ml gibberellic acid (GA3), 100 pg/ml kanamycin and
300 pg/ml cefotaxime for shoot induction. After 3-6 weeks, regenerated shoots were
excised from the calli and transferred to MS basal solid medium with antibiotics and
without growth regulators to stimulate root formation. After the putative transformed
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potato plantlets formed roots (3-6 weeks), they were transferred to pots in the greenhouse
and grown to maturity (2-3 months).

2.3. Detection of CTB::VP7 fusion gene in transformed plants.
Genomic DNA was isolated from potato leaf tissues using a DNeasy Plant mini kit
(Qiagen, Valencia, CA). The concentration of genomic DNA was measured by
spectrophotometer (at 260 nm). The presence of the CTB::VP7 fusion gene in
transformed potato genomic DNA (500 ng) was determined by PCR analysis using the 5’
primer of CTB and the 3 ’ primer of VP7 with the same conditions for subcloning as
described above.

2.4. Immunoblot detection of CTB::VP7 fusion protein in transformed potato cells.
Transformed potato tuber tissues were analyzed by immunoblot analysis for the
presence of CTB::VP7 fusion gene expression. Tuber tissues surface-sterilized with a
20% solution of commercial bleach containing 2-3 drops of Tween-80 were sliced, and
incubated for 7 days on MS basal solid medium containing 5.0 mg/ml 1naphthaleneacetic acid (NAA) and 6.0 mg/ml 2,4-dichlorophenoxyacetic acid (2,4-D) to
activate the mas promoters. The auxin treated tissues were homogenized by grinding in a
mortar and pestle at 4°C in extraction buffer (1:1 w/v) (200 mM Tris-Cl, pH 8.0, 100 mM
NaCl, 400 mM sucrose, 10 mM EDTA, 14 mM 2-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride, 0.05% Tween-20). The tissue homogenate was
centrifuged at 17,000 x g in a Beckman GS-15R centrifuge for 15 min at 4 °C to remove
insoluble cell debris. An aliquot of supernatant containing 100 pg of total soluble protein,
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as determined by the Bradford protein assay (Bio-Rad, Inc., Hercules, CA), was
separated by 10% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDSPAGE) at 125 volts for 1.5 h in Tris-glycine buffer (25 mM Tris-Cl, 250 mM glycine, pH
8.3, 0.1% SDS). The separated protein bands were transferred from the gel to
approximately 80 cm size Immun-Lite membranes (Bio-Rad, Inc., Hercules, CA) by
electroblotting on a semi-dry blotter (Sigma Chemical, Co., St. Louis, MO) for 120 min
at 30 V and 70 mA. Nonspecific antibody binding was blocked by incubation of the
membrane in 25 ml of 5% non-fat dry milk in TBS buffer (20 mM Tris-Cl, pH 7.5 and
500 mM NaCl) for 1 h with gentle agitation on a rotary shaker (40 rpm), followed by
washing in TBS buffer for 5 min. The membrane was incubated overnight at room
temperature with gentle agitation in a 1:1,000 dilution of rabbit anti-rotavirus antiserum
(provided from Dr. Estes laboratory) in TBST antibody dilution buffer (TBS with 0.05%
Tween-20 and 1% non-fat dry milk) followed by washing three times in TBST washing
buffer (TBS with 0.05% Tween-20). The membrane was then incubated for 1 h at room
temperature with gentle agitation in a 1:10,000 dilution of mouse anti-rabbit IgG
conjugated with alkaline phosphatase (Sigma A-2556, St. Louis, MO) in antibody
dilution buffer. The membrane was washed three times in TBST buffer as before,
followed by incubation in 10 ml of BCIP/NBT alkaline phosphatase substrate (Sigma B5655, St. Louis, MO) for 15 min at room temperature with gentle agitation on a rotary
shaker.
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2.5. Quantitation of CTB::VP7 fusion protein in transformed potato plants.
The level of active CTB::VP7 fusion proteins in transformed potato plants and its
affinity for GMl-ganglioside receptor binding was evaluated in duplicate samples by
quantitative chemiluminescent GM1-ELISA methods. The microtiter plate was coated
with 100 pi per well of GMl-ganglioside (Sigma, Cat. # G-7641, St. Louis, MO) diluted
to 3.0 pg/ml in bicarbonate buffer (15 mM Na2C03, 35mM NaHCOs, pH 9.6), at 4°C
overnight. The wells were blocked by adding 300 pl/well of 1% bovine serum albumin
(BSA) in PBS and incubated at 37 °C for 2 h followed by washing three times with PBST
(PBS containing 0.05% Tween-20). Known amounts of purified undenatured CTB
(Sigma, Cat. # C-9903, St. Louis, MO) were added to the wells to generate a standard
curve. The wells were loaded with 10-fold serial dilutions (100 pl/well) of a centrifuged
plant extract containing total soluble potato tuber proteins in PBS and incubated
overnight at 4 °C. The plate was washed three times in PBST. The plate was first
incubated with 100 pl/well of a primary rabbit anti-cholera toxin (Sigma, Cat. # C-3062,
St. Louis, MO) diluted to 1:3,000 with 0.5% BSA in PBS at 37°C 6 h. Anti-rabbit IgG
(Sigma, Cat. # A-2556, St. Louis, MO) conjugated with alkaline phosphate diluted to
1:15,000 with 0.5% BSA in PBS was added as a secondary antibody (100 pi per well)
and the plates were incubated for 2 h at 37°C. The wells were washed and incubated with
Lumi-Phos Plus chemiluminescent substrate (Lumigen, Southfield, MI) at 100 pi per well
for 30 min at 37°C. The plate was read in a Micro TM ML3000 Microtiter® Plate
Luminometer (Dynatech Laboratories, Chantilly, VA).
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3. Results
3.1. Detection of CTB::VP7 fusion gene in transformed potato plants.
The CTB::VP7 fusion gene was introduced into the T-DNA region of plant
expression vector pPCVVOl which in turn was integrated into the chromosome of S.
tuberosum cells by Agrobacterium tumefaciens-medmied in vivo transformation methods.
Independently transformed kanamycin-resistant potato explants formed roots following
transfer of the transformed shoots to MS basal medium containing the antibiotic
kanamycin (100 pg/mL). A DNA fragment (1,137 bp) corresponding in size to the
CTB::VP7 fusion protein gene was amplified from the genomic DNA of the transformed
potato leaf tissues. No DNA band corresponding to the CTB::VP7 fusion gene was
detected in untransformed potato genomic DNA (Fig. 34). Transgenic potato genomic
DNA extracts were subject to PCR analysis with primers specific to the plant expression
vector region outside the T-DNA portion showing the absence of contaminating
Agrobacterium plasmid DNA.

3.2. Immunodetection of CTB::VP7 fusion protein in transformed potato plants.
The CTB::VP7 fusion protein was detected by immunoblot analysis in
transformed leaf tissue extracts from putatively transformed plants (data not shown).
Microtubers from the transformed potato plants showing high foreign protein expression
levels in leaf tissues as measured by ELISA methods were tested by immunoblotting to
identify the presence of the CTB::VP7 fusion protein. The CTB::VP7 fusion protein was
detected in tuber extracts by immunoblot analysis with rotavirus antiserum as the primary
antibody (Fig. 35). The CTB::VP7 fusion protein monomer (~42 kDa) was detected in
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boiled extracts of tuber tissue from transformed potato plants. The CTB::VP7 monomers
(boiled) and assembled into oligomeric structures (unboiled) resembling native pentamers
(-210 kDa) were detected by immunoblot analysis of transformed potato tuber extracts
(Fig. 35). No protein band corresponding in size to the CTB::VP7 fusion protein was
detected in tuber tissue extracts from untransformed plant.

3.3. ELISA quantification of CTB::VP7 fusion protein in transformed potato plants.
The amount of biologically active oligomeric CTB::VP7 fusion protein produced
in transformed tuber tissue extracts was measured based on the number of relative light
units (RLU) generated by chemiluminescent GM1-ELISA methods. Quantification of the
number of relative light units (RLU) detected in transformed plant tuber tissues was
compared with the RLU generated by a commercial CTB (Sigma) protein standard curve.
The amount of recombinant CTB::VP7 fusion protein as a constituent of total soluble
plant protein (TSP) was calculated by dividing the amount of CTB detected sample based
on RLU by the TSP identified in the plant tuber tissue extracts as determined by the
Bradford protein assay (Bio-Rad, Hercules, CA). It was found to range from 0.0064% to
0.0082% of TSP or approximately 6.4 mg per lOOg tuber tissue (Fig. 36).
4. Discussion
Since plant-produced vaccines are relatively inexpensive to produce, safe from
pathogenic animal contaminants, and convenient to administer by eating, the application
of transgenic plants as vaccine production and delivery vehicles has increased annually
for delivery of viral and bacterial pathogen antigens that retain biological activity and
functions essential for successful mucosal vaccine development [28,29]. Plant cells,
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similar to other eukaryotic cells, can perform post-translational modifications, e.g.,
glycosylation and phosphorylation required for maximum biological activity of proteins
of animal origin [28]. In our laboratory, transformed potatoes expressing the cholera
toxin B subunit genetically linked to enteric viral antigen proteins and autoantigen
proteins were found to generate mucosal humoral antibody immune responses that
protected mice against rotavirus infection and the autoimmune disease Type 1 diabetes
[4,7]. These results indicated the feasibility of generating plant-produced mucosal subunit
vaccines for immune protection against both infectious and autoimmune diseases.
Driven by the need for inexpensive oral vaccines for use in both industrialized
and developing worlds, current plant-produced edible vaccine research targets
predominantly pathogens that cause infectious enteric diseases such as rotavirus,
Norwalk virus, cholera, and enterotoxigenic Escherichia coli (ETEC) that are the leading
causes of epidemic gastroenteritis in humans [30]. The only available reassortant
rotavirus vaccine while effective, was found to cause higher than normal rates of
intussusception (lethal infolding of the intestine) in young children [31]. Thus, the
development of effective rotavirus subunit vaccines unlikely to cause intussusception is
highly desirable. While subunit vaccines consisting of individual virus proteins are
unlikely to cause intussusception, they may be weakly immunogenic. Thus, a rotavirus
subunit mucosal vaccine with the capacity for enhanced immune stimulation would be of
value.
In this work, we constructed a CTB::VP7 fusion gene in plant expression vector
pPCV701 to test the feasibility of generating mucosal subunit vaccines in potato plants.
The rotavirus outer capsid protein VP7 was attached to the CTB C-terminus. The
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membrane binding CTB subunit requires assembly of CTB monomers into a pentameric
structure possessing the essential geometry for intestinal epithelial cell receptor binding
and uptake of ligand-antigen conjugates into the cell for presentation to the gut-associated
lymphoid tissues (GALT) for stimulation of humoral and cellular immune responses.
Each CTB monomer has one conjugated VP7 antigen protein in a pentmerized oligomeric
structure. Thus, one CTB pentamer can carry up to five VP7 antigen proteins, which is
distinct from other monomeric membrane targeting B subunit, e.g., RTB. Since the CTB
monomers are incapable of membrane receptor binding, the performance of CTB carrier
functions in animal immunized with the CTB-antigen fusion proteins is dependent on
pentamer assembly. Both immunoblot analysis and GM1-ELISA experiments showed
that CTB::VP7 fusion proteins assemble into biologically active pentameric structures in
transformed tubers. Further, this data indicates that the VP7 protein size does not
significantly interfere with CTB fusion protein pentamerization in the plant cell following
auxin activation of the mas P2 promoter. Genetic conjugation of CTB with virus antigens
expressed in transformed potato tubers significantly enhanced the humoral antibody
immune responses in comparison with co-administered CTB proteins mixed with antigen,
indicating that CTB-antigen fusion proteins serve as stronger adjuvants [4]. In addition, it
has been shown that fusion of CTB to pathogen antigens increases CTB adjuvanticity by
more than 10,000-fold [32]. Therefore, it is predicted that the CTB::VP7 fusion protein
may generate more effective humoral immune responses for protection against rotavirus
infection in comparison to immunization with the VP7 antigen alone. Previous studies in
our laboratory and others have shown that the inclusion of the CTB signal peptide and the
linkage of an ER retention signal (SEKDEL) to the carboxyl terminus of the fusion
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protein were important for sequestration of the ligand-antigen conjugate in the ER to
facilitate CTB pentamerization and for increasing fusion protein levels in transformed
plant cells [33]. A flexible hinge peptide (GPGP) was introduced between the CTB and
VP7 protein moieties to reduce the possibility of steric hindrance to facilitate CTBreceptor binding by allowing maximum intramolecular movement between the CTB and
VP7 protein moieties [26].
The VP7 glycoprotein, located in the virus outer capsid, is the dominant
neutralization antigen in hyperimmune antiserum for serotype specificity and constitutes
30% of the virion protein [34]. The importance of glycosylation to the antigenicity of
VP7 was shown by the effect of a single amino acid change at amino acid 211, the
designated antigenic region C of simian rotavirus SA11 [35]. This region appears to be
the dominant antigenic site on SA11 VP7. Alteration of this site renders it inaccessible to
neutralizing antibodies by addition of a new carbohydrate side chain. Although various
structural and nonstructural rotavirus proteins have been reported to elicit a CTL response
in mice, the VP7 protein is a major target of rotavirus-specific CTLs. Previous reports
showed that antiserum raised against baculovirus-expressed VP7 neutralized SA11
rotavirus infectivity [25], while recombinant VP7 expressed in E. coli proved to be toxic
the bacteria [36]. Further, the premature form of membrane bound VP7 found in the ER
did not induce neutralizing antibody because it’s conformation was different from the
mature form of VP7 found in the assembled virus [37].
Based on the ELISA results, expression levels of 6.4 mg of CTB::VP7 fusion
protein per 100 g transformed potato tuber tissues will provide approximately 19.2 mg of
CTB::VP7 fusion protein in an average 300 g transformed potato tuber. Based on the
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standard oral dose of 1.0 mg per dose of CTB delivered to humans for protection against
cholera toxin [38-40], a single potato could provide several protective doses. The amount
of biologically active CTB::VP7 fusion protein in total soluble plant protein was
calculated based on the results of GM1-ELISA CTB binding experiments in which only
pentameric CTB is able to bind to the microtiter plate. While unbound monomeric
CTB::VP7 would not be included in this calculation, it could be expected to participate in
induction of the immune response following mucosal delivery and uptake by dendritic
cells, macrophages and B cells, and the resultant presentation of immunogenic CTB::VP7
peptides to Th lymphocytes in the GALT.
In a previous report, rotavirus VP7 antigen produced in transformed potato
induced secretory IgA in the intestinal contents of immunized mice as a first line of
defense against virus infection [24]. Further, it has been suggested that CTB may have an
adjuvant effect in mucosal subunit vaccines composed of plant-produced rotavirus
antigens [4].
In this study, we have generated transformed potato plants capable of synthesizing
detectable amounts of cholera toxin B subunit: :rotavirus outer capsid protein VP7 fusion
protein. The ability of plant-synthesized CTB::VP7 fusion protein to generate protective
humoral and cellular immune responses against rotavirus challenge will be the subject of
analysis in following animal immunization experiments.
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Figure 33. Plant expression vector pPCV701CTB::VP7. The genes
located within the T-DNA sequence flanked by the right and left T-DNA
borders (RB and LB) include: the CTB::VP7::SEKDEL ligand-antigen
fusion gene under the control of the mas P2 promoter; an NPT II
(neomycin phosphotransferase II) expression cassette for kanamycin
selection of transformed plants; a beta-lactamase gene for selection of
ampicillin resistance in E. coli and carbenicillin resistance in
A. tumefaciens. The g7pA polyadenylation signal is from gene 7 in the
A. tumefaciens TL-DNA; the OcspA polyadenylation signal is from the
A. tumefaciens octopine synthase gene; the pNOS promoter is from the
A. tumefaciens nopaline synthase gene; the g4pA polyadenylation signal
is from gene 4 in the Tl-DNA [41].
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Figure 34. Detection of the CTB::VP7 fusion gene in transformed
potato leaf tissues. Genomic DNA (500 ng) isolated from transformed
potato leaf tissues was used to demonstrate the presence of the CTB::VP7
fusion gene into plant chromosomal DNA by PCR analysis. PCR
amplification with primers (used for products of Lane 4, 5, and 6) specific
for the plasmid region excluding the T-DNA (immediately downstream of
the T-DNA right border) indicated that no Agrobacterium contamination
was present in the genomic DNA extracts. Lane M contains 1 kb plus
molecular weight markers (New England Biolabs Inc.); Lane NC is
untransformed plant genomic DNA used as a negative control; Lanes 1
and 4 are pPCV701CTB::VP7 template DNA used as a control for PCR;
Lanes 2 and 5 are genomic DNA from transformed plant #3; Lanes 3
and 6 are genomic DNA from transformed plant #5.
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Figure 35. Immunoblot detection of the CTB::VP7 fusion protein in
transformed potato tuber tissues. Extracts from auxin-induced tuber
tissues from transformed potato plants were analyzed by immunoblot for
expression of the CTB::VP7 fusion protein using anti-rotavirus antiserum
as the primary antibody. Lane 1, CTB::VP7 monomer (~42 kDa) (arrow)
from transformed potato plant (#3) tuber tissue extract boiled for 10 min;
Lane 2, CTB::VP7 monomer (arrow) from transformed potato plant (#5)
tuber tissue extract boiled for 10 min; Lane 3, tuber tissue extract from
untransformed potato plant; Lane 4, contains molecular weight markers
(Bio-Rad); Lane 5, CTB::VP7 pentamer (~210 kDa) (arrow) from tuber
tissue extract of unboiled transformed potato plant (#3) (100 pg soluble
protein per lane); Lane 6, CTB::VP7 pentamer (arrow) of the tuber tissue
extract from transformed potato plant (#5) (100 pg soluble protein per
lane).
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Figure 36. GM1-ELISA measurement of CTB::VP7 fusion protein
levels in transformed plant tuber tissues. Polyclonal anti-cholera toxin
antiserum was used as the primary antibody in the GM1 gangliosideELISA. Serial dilutions of total soluble protein from transformed and
untransformed plant tuber tissue extracts were measured in duplicate by
GM1-ELISA. The relative light units (RLU) obtained from each sample
were measured in a microtiter luminometer and the RLU value was
subtracted from the untransformed plant RLU value. The light unit values
were compared with commercially prepared cholera toxin B (CTB)
subunit standard curve to calculate the CTB::VP7 fusion protein expression
levels in the transformed potato plant tuber tissue extracts. The bars
represent the % of CTB::VP7 fusion protein as part of the total soluble
protein (TSP) in the transformed potato tuber tissue extract. Error bars
represent the standard deviation from the mean.
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Abstract

To increase the number of available epitopes in plant subunit vaccines for
enhancement of the immune response to rotavirus infection, a fusion gene encoding the
cholera toxin B subunit linked to a murine rotavirus enterotoxin 90 aa protein (CTBNSP490) was introduced into Solarium tuberosum cells by Agrobacterium tumefaciensmediated transformation. The CTB-NSP490 fusion gene was detected in the genomic
DNA of transformed plants by PCR analysis methods. Immunoblot analysis of
transformed tuber extracts showed that synthesis and assembly of the CTB-NSP490 fusion
protein into pentameric size oligomers was occurred in the plant cells. The binding of
CTB-NSP490 fusion protein pentamers to intestinal epithelial cell membrane receptors
was quantified by GMi-ganglioside enzyme-linked immunosorbent assay (Gmi-ELISA).
The ELISA results indicated that the CTB-NSP490 fusion protein was synthesized at
0.071 to 0.18% of total soluble tuber protein. Synthesis of CTB-NSP490 monomers and
their assembly into biologically active oligomers in transformed potato tubers
demonstrates the feasibility of using potato tubers as a production and delivery system for
enterocyte targeted rotavirus enterotoxin proteins of a size large enough to provide the
maximum number of pathogenic epitopes for stimulating the strongest possible mucosal
immune response.

Keywords: Solarium tuberosum, edible vaccine, enterotoxin, enteric disease,
mucosal immune response.
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Introduction
Throughout the last decade, genetically engineered plants have been used as
vehicles for production of edible vaccines for protection against a wide variety of human
infectious and autoimmune diseases, e.g., hepatitis B surface antigen (Mason et al., 1992;
Thanavala et ah, 1995), heat labile enterotoxic E. coli toxin B subunit (Haq et al., 1995;
Jacket et al., 1998), rotavirus nonstructural protein (NSP4) (Yu and Langridge, 1996)
and Type 1 diabetes (Arakawa et al., 1998; 1999). However, the protective efficacy of
these subunit vaccines may be reduced by the relatively low expression level of vaccine
antigens in genomically transformed plants (0.001-0.3% of total soluble protein; Yu et
al., 2000).
Bacterial A/B toxins have been used to stimulate uptake of plant synthesized
antigens into gut epidermal cells to increase the mucosal immune response (Arakawa et
al., 2001). Cholera toxin (CT), one of the most effective enterocyte targeting molecules,
is a typical representative of the heteromultimeric AB toxins produced by number of
bacterial pathogens. The CT molecule consists of one A subunit and five B subunits. The
toxin B subunit (CTB) oligomer is composed of five 11.5 kDa identical polypeptides that
assemble in the bacteria into a highly stable pentameric ring structure. The A subunit is a
28 kDa polypeptide composed of two domains (Ai and A2). The CTB was shown to
function as an effective carrier molecule for fused foreign proteins including mucosal
vaccine antigens and autoantigens (Sun et al., 1994; Weiner, 1994). The CTB pentamer
was shown to bind selectively to sugar-lipid Gmi ganglioside molecules embedded in the
plasma membrane of intestinal epithelial cells (enterocytes) and microfold (M) cells
(Dertzbaugh and Elson, 1993).
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Rotaviruses are the single most important cause of virus-based severe diarrheal
illness in infants and young children in industrialized and developing countries (Kapikian
and Chanock, 1996). Infection in infants and young children is often accompanied by
severe life-threatening diarrhea, most commonly following primary infection.
Rotaviruses account for 18 million cases of moderate or severe diarrheal disease and
900,000 deaths each year (Dodet et al., 1997) of which 600,000 are of young children,
mainly in developing countries.
Mammalian rotaviruses belong to the family Reoviridae (Jawetz et al., 1989) and
are spherical 70-nm particles first characterized in 1973 (Bishop et al., 1973). The virus
genome contains 11 segments of double-stranded RNA, each encoding a viral capsid or
nonstructural protein (Kapikian and Chanock, 1996). The identification of a rotavirus
nonstructural protein gene (NSP4) encoding a peptide of 175 amino acids, which
functions both as a viral enterotoxin and a factor involved in the acquisition of host cell
membrane during virus budding from cells provided a new approach for mucosal
immunization (Ball et al., 1996; Newton et al., 1997). Induction of antibodies to a 22-aa
immunodominant epitope of NSP4 was shown to produce humoral and cellular immune
responses in human subjects that provided protection from clinical disease without the
need for induction of antibodies to viral capsid or other structural proteins (Johansen et
al., 1999).
Synthesis and oligomeric assembly of the CTB-rotavirus enterotoxin NSP4 22-aa
immunodominant epitope fusion protein (CTB-NSP422) was previously detected in
transformed potato plants (Arakawa et al., 2001). Further, the NSP422 epitope generated
protective antibodies in orally immunized mice challenged with SA-11 rotavirus. In
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immunized mice, this CTB-rotavirus NSP422 fusion antigen generated detectable titers of
both humoral and secretory antibodies against NSP4. Following one booster feeding of
transformed tuber tissue, serum and intestinal antibody titers increased dramatically,
indicating the presence of protective B memory cells. Measurement of increased IL-2
and IFN-y cytokine levels in splenocytes from the NSP422-immunized mice suggested the
presence of a Thl helper cell response. The CTB-NSP422 mucosal vaccine provided a
significant reduction in diarrhea symptoms in simian rotavirus (SA-1 l)-challenged,
passively immunized mouse neonates although diarrhea symptoms were not completely
eliminated (Yu and Langridge, 2001). To enhance the protective efficacy of the rotavirus
NSP422 subunit vaccine, we have constructed a plant expression vector NSP49o encoding
a 90 aa rotavirus NSP4 protein excluding the membrane destabilizing domain and
potentially more linear and conformational NSP4 epitopes than found in the 22 aa
immunodominant epitope NSP422. Additional NSP4 epitopes could be expected to
stimulate B cell, T cell and CTL responses generating increased protection of immunized
mice against rotavirus infection. We explored the possibility that synthesis and assembly
of the large CTB-NSP490 fusion enterotoxin in plant tissues could generate toxicity in the
plant and in the immunized animals. Here, we demonstrate for the first time that the
CTB-NSPdgo fusion gene can be successfully transcribed and translated in plants to
produce a subunit mucosal vaccine in plants with immunogenicity greater than the NSP4
22 aa immunodominant domain.
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Materials and methods
Construction of plant expression vector pPCV701CTB-NSP49o.
A CTB-NSP4 fusion gene containing the NSP49o was constructed in E.coli. First,
the oligonucleotide S’primer (5’GCTCTAGAGCCACCATGATTA AATTAAAATTT
GGTG-3’) and 3’ primer (5’-CTGGAGCTCCGGGCCTGGGCCATTTGC-3were
synthesized in the Loma Linda University (LLU) DNA Core Facility and used for
amplification of the CTB-hinge (CTBh) fusion sequence from plasmid pRT42 containing
the ctxAB operon (provided by Dr. J. Mekalanos, Harvard Medical School, Boston, MA).
The oligonucleotide 5’ primer (5’-GCGAGCTCATGAAAGAGGCAGATAACT-3’) and
the 3’ primer (5’-GCAGATCTCATTGCTGCAGTCACTTC-S’) were synthesized in the
LLU Core Facility and used for amplification of the NSP49o from plasmid pCR2.1-NSP4
containing the simian virus SA 11 gene 10 encoding the full length NSP4i75 protein
(provided by Dr. M. Estes, Baylor School of medicine, Houston, TX). The
oligonucleotide sequence surrounding the translation initiation codon of the CTB gene
was converted to a preferred nucleotide context (ACCATGA) for efficient translation in
eukaryotic cells (Kozak, 1981). The 3’ primer for CTBh was designed to contain a
nucleotide sequence encoding the tetrapeptide hinge (Gly-Pro-Gly-Pro), with a glycine
codon less frequently used in plants (underlined) in an effort to slow ribosome
progression into the NSP4 mRNA to assist in proper folding of the CTB peptide moiety.
The Gly-Pro box is considered to function as a flexible hinge to allow molecular
movement between CTB and the conjugated peptide (Clements, 1990; Lipscombe et al.,
1991). Briefly, the PCR conditions included 30 cycles of PCR amplification (DNA strand
denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, and complementary strand

213

synthesis at 72 °C for 30 s). Following completion of the two PCR reactions, the PCR
products were digested with SacI and ligated for 2 h at 16 °C. One additional PCR
reaction was conducted to amplify the CTB-NSP490 fusion gene from ligated DNA using
the 5’ primer of CTB and the 3’ primer of NSP4. The amplified CTB-NSPdgo fusion gene
fragment was inserted into plant expression vector pPCVTOl :SEKDEL which contains a
DNA sequence encoding the ER retention signal (SEKDEL) under control of the mas P2
promoter (Velten et al., 1984). Plasmid DNA in the ligation mixture was transferred into
E. coli strain HB101 by electroporation (Arakawa et al., 1997) and ampicillin-resistant
colonies were isolated following overnight culture at 37 °C. To confirm the presence of
the correct CTB-NSPdgo fusion DNA sequence in transformed E. coli cells, plasmid DNA
was isolated from individual colonies of transformants and subjected to DNA sequence
analysis in a model 373A DNA Sequencer (Applied Biosystems, Inc., Foster City, CA)
with the forward primer (5’-ACCAATACA TTACACTAGCATCTG-3’) specific for the
mas P2 promoter region and the reverse primer (5’-GACTGAGTGCGATATTATGT
GTAATAC-3’) specific for the gene 7 poly(A) signal region. The plasmid containing the
correct DNA sequence was designated as pPCV701CTB-NSP49o. This plant expression
vector was transferred into Agrobacterium tumefaciens strain GV3101 pMP90RK by
electroporation (Arakawa et al., 1997).

Plant transformation.
Potato plants {S. tuberosum cv. Bintje) were grown in Magenta GA-7 culture
boxes (Sigma Chemical, Co., St. Louis, MO) on Murashige and Skoog (MS) basal
medium (Murashige and Skoog 1962) containing 3.0% sucrose and 0.2% Gelrite at 20°C
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in a light room under cool white fluorescent tubes (12 |j,E) set on a 16-h photoperiod
regime. Stem explants were excised from the plants with a sterile scalpel and immersed
in a culture dish containing an overnight culture suspension of A. tumefaciens (1 x 1010
cell/ml) harboring plasmid pPCV701CTB-NSP49o. The explants were incubated in the
bacterial suspension for 15 min, blotted on sterile filter paper, and transferred to MS basal
solid medium, pH 5.7, containing 0.4 pg/ml indole-3-acetic acid (IAA) and 2.0 pg/ml
benzyl adenine (BA). The stem explants were incubated for 2 d at 20 °C on MS basal
solid medium containing IAA and BA to permit T-DNA transfer into the plant genome.
For selection of transformed plant cells and for counter selection against continued
Agrobacterium growth, the explants were transferred to MS solid medium containing
kanamycin (100 pg/ml) and cefotaxime (300 pg/ml) antibiotics. Transformed plant cells
formed calli on the selective medium during continuous incubation for 2 to 3 weeks at 20
°C in a light room under cool white fluorescent tubes set at a 16-h photoperiod regime.
When the putative transformed calli grew to 5-10 mm in diameter (3-4 weeks), they were
transferred to MS basal solid medium containing 2.0 pg/ml BA and 0.1 pg/ml gibberellic
acid (GA3), 100 pg/ml kanamycin and 300 pg/ml cefotaxime for shoot induction. After
3-6 weeks, regenerated shoots were excised from the calli and transferred to MS basal
solid medium with antibiotics and without growth regulators to stimulate root formation.
After the putative transformed potato plantlets formed roots (3-6 weeks), they were
transferred to pots in the greenhouse and grown to maturity (2-3 months).
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Detection of the CTB-NSP490 fusion gene in transformed plants.
Genomic DNA was isolated from potato leaf tissues using a Dneasy Plant mini kit
(Qiagen, Valencia, CA). The concentration of genomic DNA was measured by
spectrophotometer (at 260 nm). The presence of the CTB-NSP49o fusion gene in
transformed potato genomic DNA (400 ng) was determined by PCR analysis using the 5’
primer of CTB and the 3’ primer of NSP4 with the same conditions for subcloning
described above.

Detection of CTB-NSP49o fusion protein in transformed potato tissues.
Transformed potato tuber tissues were analyzed by immunoblot analysis for the
presence of CTB-NSP490 fusion gene expression. Tuber tissues surface-sterilized with a
20% solution of commercial bleach containing 2-3 drops of Tween-80 were sliced, and
incubated for 5 d on MS basal solid medium containing 5.0 mg/ml 1-naphthaleneacetic
acid (NAA) and 6.0 mg/ml 2,4-dichlorophenoxyacetic acid (2,4-D) to activate the mas
promoters. The auxin treated tissues were homogenized by grinding in a mortar and
pestle at 4°C in extraction buffer (1:1 w/v) (200 mM Tris-Cl, pH 8.0, 100 mM NaCl, 400
mM sucrose, 10 mM EDTA, 14 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl
fluoride, 0.05% Tween-20). The tissue homogenate was centrifuged at 17,000 x g in a
Beckman GS-15R centrifuge for 15 min at 4 °C to remove insoluble cell debris. An
aliquot of supernatant containing 100 jag of total soluble protein, as determined by the
Bradford protein assay (Bio-Rad, Inc., Hercules, CA), was separated by 8-12% sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) at 100 volts for 1.5 to 2
h in Tris-glycine buffer (25 mM Tris-Cl, 250 mM glycine, pH 8.3, 0.1% SDS). The
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samples were either loaded directly on the gel or boiled for 5 min prior to electrophoresis
to degrade CTB-NSP490 oligomers into monomers. The separated protein bands were
transferred from the gel to approximately 80 cm2 size Immun-Lite membranes (Bio-Rad,
Inc., Hercules, CA) by electroblotting on a semi-dry blotter (Sigma Chemical, Co., St.
Louis, MO) for 90 min at 30 V and 70 mA. Nonspecific antibody binding was blocked
by incubation of the membrane in 25 ml of 5% non-fat dry milk in TBS buffer (20 mM
Tris-Cl, pH 7.5 and 500 mM NaCl) for 1 h with gentle agitation on a rotary shaker (40
rpm), followed by washing in TBS buffer for 5 min. Primary anti-NSP4 antibody was
made in rabbit with NSP49o protein expressed and purified from E. coli BL21 cells. The
membrane was incubated overnight at room temperature with gentle agitation in a
1:2,000 dilution of rabbit anti-NSP4 antiserum in TBST antibody dilution buffer (TBS
with 0.05% Tween-20 and 1% non-fat dry milk) followed by washing three times in
TBST washing buffer (TBS with 0.05% Tween-20). The membrane was then incubated
for 1 h at room temperature with gentle agitation in a 1:7,000 dilution of mouse anti
rabbit IgG conjugated with alkaline phosphatase (Sigma A-2556, St. Louis, MO) in
antibody dilution buffer. The membrane was washed three times in TBST buffer as
before, followed by incubation in 10 ml of BCIP/NBT alkaline phosphatase substrate
(Sigma B-5655, St. Louis, MO) for 15 min at room temperature with gentle agitation on a
rotary shaker.

Quantitation of CTB-NSP490 fusion protein in transformed potato tissues.
The level of active CTB fusion protein pentamers in transformed potato plants
and its affinity for GMi-ganglioside was evaluated in duplicate samples by quantitative
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chemiluminescent Gmi-ELISA. Known CTB-NSP490 protein synthesized in and purified
from E. coli BL21 cells was used to establish a standard curve. The microtiter plate was
coated with 100 pi per well of monosialoganglioside Gmi (3.0 pg/ml) (Sigma G-7641, St.
Louis, MO) dissolved in bicarbonate buffer (15 mM Na2C03, 35mM NaHC03), pH 9.6,
covered with Saran wrap and incubated at 4 °C overnight. The wells were blocked by
adding 200 pl/well of 1% bovine serum albumin (BSA) in PBS and incubated at 37 °C
for 2 h followed by washing three times with PBST (PBS containing 0.05% Tween-20).
The wells were loaded with 10-fold serial dilutions (100 pl/well) of a centrifuged plant
extract containing total soluble potato tuber proteins in PBS and incubated overnight at 4
°C. The plate was washed three times in PBST. The wells were loaded with 100 pl/well
of a 1:8,000 dilution of rabbit anti-NSP4 primary antibody and incubated for 2 h 37 °C,
followed by washing the wells three times with PBST. The plate was incubated with 100
pl/well of secondary antibody, a 1:20,000 dilution of alkaline phosphatase-conjugated
anti-rabbit IgG (Sigma A-2556, St. Louis, MO) for 2 h at 37 °C and washed three times
with 300 pl/well of PBST. The plate was finally incubated with 100 pi per well of LumiPhos® Plus Chromogenic Substrate (Lumigen, Inc., Southfield, MI) for 20 min at 37°C.
The enzyme-substrate reaction was measured in a Microlite ML3000 Microtiter® Plate
Luminometer (Dynatech Laboratories, Chantilly, VA).

Results
Detection of the CTB-NSP490 fusion gene in transformed potato plants.
Eight independently transformed kanamycin-resistant potato plants formed roots,
although more than 15 shoots regenerated from calli and were transferred to MS basal
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medium containing kanamycin (100 fig/ml). A 580 bp DNA fragment, including both
CTB and NSP490, was amplified from the genomic DNA of the transformed potato
plants. No DNA band corresponding to the CTB-NSPdgo fusion gene was detected in
untransformed potato genomic DNA (Fig. 38).

Immimoblot detection of plant synthesized CTB-NSP49o fusion protein.
The presence of CTB-NSP490 fusion protein was detected in transformed leaves
and tubers by immunoblot analysis conducted with anti-NSP4 antibody as the primary
antibody. The CTB-NSPdgo fusion protein monomer (~24 kDa) was detected in boiled
extracts of leaf tissue from all eight transformed potato plants (data not shown). No signal
was detected in extracts from untransformed plants. Four transgenic potatoes showing
high expression of CTB-NSP49o fusion protein were transferred to pots to obtain tubers.
CTB-NSP490 monomers (boiled) and assembled (unboiled) into oligomeric structures
resembling native pentamers (-120 kDa) were detected on immunoblots of transformed
potato tuber extracts (Fig. 39) and no band corresponding to CTB-NSP49o fusion protein
was detected in extracts from untransformed plants.

Quantification of CTB-NSP490 fusion protein in transformed potato plants.
The amount of biologically active oligomeric CTB-NSP49o fusion protein in
transformed tuber tissue extracts was measured as relative light units (RLU) by
chemiluminescent Gmi-ELISA methods. The amount of CTB-NSPdgo fusion protein in
the transformed tuber tissues was calculated based on the RLU detected in comparison
with the RLU generated by a bacterial CTB-NSPdgo fusion protein standard curve. The %
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of CTB-NSP490 recombinant protein as part of total soluble plant protein (TSP), was
measured by dividing the calculated amount of CTB-NSP490 by the amount of TSP
measured by available protein assay methods (BioRad, Inc, Hercules CA). Transgenic
plant #6 was found to contain the highest CTB-NSP490 expression level, equivalent to
approximately 0.18% of total soluble tuber protein. This value is roughly equivalent to
86-173 pg of CTB-NSP490 fusion protein in 3.0 g of transformed potato tuber tissues (the
average dose of plant tissue a 30 g mouse will eat in 0.5 h). Plant #7 was found to contain
the lowest amount of CTB-NSPTgo fusion protein equal to approximately 0.078% of TSP
(Fig. 40).

Discussion
The rotavirus NSP4 enterotoxin gene product has strong antigenic properties and
is responsible for a variety of rotavirus cytopathic effects in mammalian cells (Ball et al.,
1996; Hoshino et al., 1995; Tian et al., 1994). Expression of the NSP4 gene in insect
(Spodoptera frugiperda) cells by recombinant baculovirus showed that the polypeptide
induced a rise in the concentration of intracellular free calcium [Ca2+] (Tian et al., 1994)
in mammalian cells typical of viral enterotoxins (Newton et al., 1997). Full-length NSP4
protein showed membrane-destabilizing activity in E. coli which has a membrane
structure similar to that of the ER (Browne et al., 2000). While it was possible to
synthesize NSP4 molecules of small size (NSP422, NSPdgo) excluding the membrane
destabilization domain mE. coli, attempts to synthesize the full-length NSP4i75 in E. coli
failed possibly due to the toxic effects generated by the destabilizing domain. The mas P2
promoter that drives expression of the CTB-NSP49o gene in the plant, can be induced by
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exogenous IAA stimulation of tuber tissues. Although the promoter remains largely
inactive under conditions of normal plant growth, small amounts of the fusion protein
may be synthesized locally in the cambial and bud tissues in response to increases in
endogenous levels of auxin biosynthesis (Langridge et al., 1989). However, the presence
of small amounts of NSP490 protein synthesized in the plant in response to endogenous
auxin activation of the mas promoter did not appear to adversely affect morphology of
the transformed plants.
Assembly of CTB monomers into pentameric oligomers is essential for epithelial
cell membrane binding and CTB carrier functions in animals immunized with the CTBantigen fusion proteins. The results of both immunoblot analysis and Gmi-ELISA
receptor binding experiments demonstrate that CTB-NSP49o fusion proteins assemble
into biologically active pentameric structures in transformed tubers. Further, these results
show that increasing the length of the NSP4 fusion protein from 22 to 90 amino acids
does not significantly inhibit CTB fusion protein pentamerization in the plant cell
following auxin activation of the mas P2 promoter. Previous studies have shown that the
CTB signal peptide and the linkage of an ER retention signal to the C-terminus of the
fusion protein may help to sequester the fusion protein in the ER, facilitating CTB
pentamerization resulting in increased fusion protein expression levels in transformed
plants (Haq et al., 1995). Therefore, in addition to adding an ER retention signal to the Cterminus of the fusion protein, a flexible hinge peptide containing two glycine and proline
residues was introduced between the CTB and NSP4 moieties to reduce steric hindrance
and permit maximum intramolecular flexibility between the CTB and NSP4 protein
moieties. To facilitate assembly of the fusion protein monomers into pentamers, a glycine
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codon less frequently used in plants was included within the hinge peptide in order to
facilitate CTB subunit folding prior to initiation of NSP4 translation (Purvis et al. 1987).
Dosage of the small enterotoxin immunodominant epitope NSP422 required to
induce diarrhea in mice was found to be significantly higher than the effective dosage of
full length NSP4n5 (Ball et al. 1996). Thus, the 22 amino acids immunodominant peptide
may represent only a small portion of the available epitopes in the active toxin domain.
Further, it is possible that the NSP422 enterotoxin epitope may not be sufficiently large to
fold into its native conformation which could further decrease its antigenicity. Portions of
the toxin molecule in addition to the 22 amino acids NSP4 epitope may contain additional
antigenic regions essential for increased antigenicity or for the generation of
conformational epitopes which may increase toxicity or further enhance antigenicity.
These possibilities are reinforced by the observation that mice immunized with CTBNSP490 fusion protein purified from transformed E. coli generated higher serum IgG
titers than mice immunized with the CTB-NSP422 fusion protein (unpublished data).
Taken together these observations and results reinforce the possibility that NSP49Q
protein may contain additional linear and conformational epitopes absent in NSP422.
Thus, transformed potato plants expressing the CTB-NSP49Q fusion protein may generate
enhanced protection against rotavirus infection than earlier first generation plant-based
vaccines containing only the NSP422 epitope. Further, it has been recently shown that
fusion of CTB to the antigen ovalbumin can increase the adjuvanticity of CTB by more
than 10,000 fold (George-Chandy et al., 2001). The ability of the CTB-NSP490 fusion
protein to generate an increased protective immune response in mice will be the subject
of analysis in future animal oral immunization experiments.
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FIGURE 37. Plant expression vector pPCV701CTB-NSP49o. The genes
located within the T-DNA sequence flanked by the right and left T-DNA
border (RB and LB) include: the CTB-NSP49o-SEKDEL ligand-antigen
fusion gene under the control of the mas P2 promoter; an NPT II
(neomycin phosphotransferase II) expression cassette for kanamycin
selection of transformed plants; a beta-lactamase gene for detection of
ampicillin resistance in E. coli and carbenicillin resistance in
A. tumefaciens. The g7pA polyadenylation signal is from gene 7 in the
A. tumefaciens Tl-DNA; the OcspA polyadenylation signal is from the
A. tumefaciens octopine synthase gene; the Pnos promoter is from the
A. tumefaciens nopaline synthase gene; the g4pA polyadenylation signal
is from gene 4 in the Tl-DNA (Koncz et ah, 1986).
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FIGURE 38. Detection of the CTB-NSP490 fusion gene in transformed
potato plant leaf tissues. Genomic DNA (400 ng) isolated from
transformed potato plants was used to demonstrate insertion of the
CTB-NSPdgo fusion gene into plant chromosomal DNA by PCR analysis.
Lane M contains 1 kb plus molecular weight markers (New England
Biolabs); lane NC is untransformed plant genomic DNA used as a
negative control; lanes 1-8 are transformed plant genomic DNA from
individual transformed plants showing the presence of the 580-bp
CTB-NSPdgo fusion gene in the transformed plant genomic DNA.
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FIGURE 39. Immunoblot detection of CTB-NSP490 fusion protein in
transformed potato tuber tissues. Auxin-induced tuber tissue extracts
from transformed potato plants were analyzed for expression of the
CTB-NSP90 fusion protein (~24 kDa) with anti-NSP4 antiserum as the
primary antibody. Panel A shows immunoblot detection of CTB-NSPdgo
pentamer formation. Lane M contains molecular weight markers
(Bio-Rad); lane NC is the negative control extract of untransformed
potato plant tuber tissues (100 pg per lane); lanes 1, 3, 6, and 7 are
extracts of individual transformed plant tuber tissues (100 pg per lane);
lane PC, positive control is bacterial CTB-NSP49o fusion protein
(~27 kDa) purified from E. coli BL21 cells. Panel B shows immunoblot
detection of CTB-NSP490 monomer after boiling for 5 min. Arrow
indicates pentameric CTB fusion protein.
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FIGURE 40. CTB-NSP49o fusion protein levels in transformed potato
tissues. Anti-NSP4 antiserum was used as the primary antibody in a
Gmi-ELISA sandwich assay. Serial dilution of total soluble protein from
transformed potato plant tuber extracts was used directly for Gmi-ELISA
assay. The relative light units (RLU) obtained from the sample assay were
measured in comparison with a bacterial CTB-NSPdgo standard curve to
calculate CTB-NSP4 fusion protein expression levels in the transformed
tuber tissue extracts. The error bar represents the standard deviation from
the mean.
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CHAPTER NINE
CONCLUSIONS AND FUTURE PERSPECTIVES
Mucosal Subunit Vaccines
The mucosal immune system, as the primary line of defense, stimulated by the
recognition of the pathogen by epithelial cells, M-cells located on the follicle-associated
epithelium (FAE), and other lymphoid follicles (Mowat et al, 1997). Pathogens that
cross the gut epithelial barrier directly encounter dendritic cells (DCs) and macrpphages,
which accumulate in the intraepithelial pocket (Kelsel et al, 1996). Mucosal immune
responses result in the induction of serum and mucosal secretory IgA antibodies that
prevent the interaction of the pathogen with receptors on the mucosal cell surfaces. Oral
or nasal immunization is more effective at stimulating mucosal immune responses,
whereas parenteral vaccine delivery only rarely generates secretory IgA.
Recent advances in molecular biology and Biotechnology have facilitated the
production of subunit vaccines in which a pathogen can be generally coupled to an
adjuvant protein. While co-administration of an adjuvant with an antigen can
significantly increase the immunogenicity of the antigen. However, conjugation of the
adjuvant with the antigen can enhance the immunogenicity of the antigen more than
10,000 fold (George-Chandy et al., 2001). Enteric pathogen proteins can substantially
compensate for low antigen immunogenicity recognition.
Toxin B Subunits in Immune Modualtion
Adjuvanticity of the RTB and STB Subunits
The RTB lectin is a carbohydrate-binding protein with broad receptor binding
specificities. The protein can bind diverse sugar structures and mediate a variety of
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biological processes including cell-cell and host-pathogen interactions as well as
stimulating innate immune responses (Vijayan et al, 1999). When the rotavirus
nonstructural protein NSP49o was genetically linked to RTB, the NSP49o::RTB fusion
protein generated higher humoral and mucosal immune responses following oral
immunization than NSP49q alone. Mice co-immunized with recombinant RTB plus
NSP49o proteins or boiled recombinant NSP49o"RTB fusion protein showed higher antiNSP49o IgG antibody titers than the anti-NSP49o IgG antibody titers in mice immunized
with the antigen NSP490 protein. Based on these data, we suggest that RTB molecules act
as adjuvants stimulating the immunogenicity of NSP490 for induction of mucosal immune
responses. Adjuvants stimulate mucosal immunity by enhancing antigen uptake by a
variety of mechanisms. Induction of the mucosal immune response requires antigen
transport across epithelial membrane barriers to contact adjacent lymphoid cells for
stimulation of an immune response. The mechanism of RTB adjuvanticity may depend
on three known pathways that mediate antigen transport across epithelial cell barriers
(Neutra et al, 2001; Didierlaurent et al, 2002; Gebert et al, 1997). The first is
internalization of antigens via receptor-mediated endocytic uptake or diffusion across the
glycocalyx of epithelial cells, and entry of the ligand-antigen molecule into intracellular
degradative pathways that interact with antigen-presenting cells (APCs) such as B cells,
macrophages and dendritic cells (Kaiserlian et al, 1999; Blumberg et al, 1999). Second
is the epithelial M cell pathway that depends on the size and charge properties of the
antigen and the receptor molecules present on the cell surface. M cells located on the
follicle-associated epithelium (FAE) are highly modified to transcytose foreign materials
(soluble macromolecules, particles, or microorganisms) from the lumen to APCs in
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organized lymphoid tissues within the mucosa (Rosen et al, 1981; Frey et al, 1996;
Gebert et al, 1995). Antigens transported across the FAE by M cells are captured by
immature dendritic cells (DCs) (Hopkins et al, 2000). Furthermore, Although it has not
been defined which epitopes IgA antibodies bind and whether these are restricted to M
cells, it was shown that IgA antibodies found on the apical membrane of M cells bind
specific antigens to the M cell surface and facilitate uptake of pathogens that have
previously induced a humoral immune response, resulting in an enhanced immune
response (Weltzin et al, 1989; Pappo et«/., 1988; Gehrke et al, 1990). Lastly, there is a
specific dendritic cell pathway. Immature DCs have been shown to migrate between
epithelial cells, opening tight junctions that seal adjacent epithelial intestinal cells.
Antigens are captured through Toll-like receptors on their dendrites (Rescigno et al,
2001). Once DCs have taken up an antigen or a microorganism, they migrate into the gutassociated lymphoid tissues and process the antigens for MHC presentation to T helper
cells (Huang et al, 2000).
In the intestinal mucosa and other mucosal sites of immunized mice, recombinant
RTB, NSPdgo, and boiled NSP49o”RTB fusion proteins may be transported across
epithelial barriers by a combination of the enterocyte, M cell, and/or the dendritic cell
pathway. Alternatively, RTB ligand molecules could stimulate mucosal immune
responses as immunomodulators to increase linked rotavirus antigen NSP490
immunogenicity through pathogen associated molecular patterns (PAMPs) located on
RTB peptide fragments that are capable of binding to specific Toll-like receptors (TLRs)
located on the surface of dendritic cells (DCs), B cells and macrophages (Kaisho et al,
2002; Medzhitov et al, 2002). The TLRs initiate a signaling pathway through a Toll/IL-
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1-receptor (TIR)-domain-containing adaptor (MyD88) that leads to activation of NF-kB
transcription factors and MAP kinase signalling molecule families that individually
activate B and T cells by presenting processed antigen fragments for subsequent T helper
cell processing (Hidemi T, 2003; Medzhitov R, 2001). In DCs, TLR signaling triggers
DC maturation and upregulates MHC and costimulatory molecules and expression of
pro-inflammatory cytokines such as TNF-a, IL-1 and IL-6 resulting in priming of naive T
helper cells to initiate acquired/adaptive immune responses (Medzhitov et al, 2002).
Following mucosal immunization, the IgG and IgA antibody titration data presented here
indicates that the adjuvant effect of RTB provides enhancement of humoral immune
responses. Higher levels of anti-NSP49o IgG antibody titers detected in mice immunized
with recombinant NSP49o::RTB fusion protein in comparison with mice co-inoculated
with recombinant RTB plus NSP490 protein or heat denatured recombinant NSP49o::RTB
fusion protein are likely based on RTB adjuvanticity generated by co-delivery of
pathogen associated molecular patterns (PAMPs) that stimulate Toll-like receptor
mediated immune responses in dendritic cells, macrophages and B cells in addition to the
immunostimulatory capacity of RTB as a carrier molecule delivering the NSPdgo antigen
peptide by ligand mediated endocytic uptake to mucosal epithelial and M cells. The
pentameric toxin B subunits (CTB or LTB) were shown to be rather weak mucosal
adjuvants. However, similar to RTB, the adjuvanticity of CTB and LTB was greatly
enhanced when the ligand was coupled with an antigen. (Georgy-Chandy et al, 2001).
While the mechanism for enhanced immunogenicity of antigens physically linked to the
toxin B subunit is not presently understood, our experimental results suggest that
copresentation of ligand and antigen to the same APC is essential for maximum
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immunostimulation which may involve ligated activation of signal transduction pathways
essential for presentation of antigen/peptide to T helper cells (Yu and Langridge, 2001).
Similarly, the shiga toxin B subunit (STB) isolated from Shigella dysenteriae type
I was used to confirm that pentameric ligands function similarly as adjuvants for
enhancement of antigen presentation to stimulate humoral immune responses e.g., for
delivery of the rotavirus NSP4 antigen to target cells (enterocytes and M cells) in the gutassociated lymphoid tissues. The STB protein was selected based on its structural
similarity to the cholera toxin B subunit (Gill et al, 1976; O’Brien et al, 1987). In earlier
experiments, the cholera toxin B subunit-rotavirus fusion protein was shown to deliver
five virus antigen molecules to GM1 ganglioside receptors on gut epithelial cells for each
pentameric CTB molecule (Yu et al, 2001; Arakawa et al, 1998). Similar to cholera
toxin, STB subunit was genetically linked to a rotavirus immunodominant antigen
(NSP4) for STB mediated delivery of the virus antigen molecules through gut epithelial
cells (M cells) to antigen presenting cells located in lymphnodes (peyer’s patches) of the
mucosal immune system. STB::NSP49o fusion protein generated higher humoral and
mucosal immune responses following oral immunization than NSP490 alone. These data
suggested immunostimulatory sequences present in the STB subunit served as
immunomodulators to further enhance the mucosal immune response to the antigen,
similar to the adjuvant assigned to the cholera toxin B subunit (CTB) shown to stimulate
humoral and cellular immune responses to rotavirus infection (Yu et al, 2001).
The Thl vs Th2 Lymphocyte Response
Murine CD4+ helper T cells interact with APCs presenting antigens on MHC
receptor by secreting cytokines that stimulate effector B cells and cytotoxic T cells
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(CTL). T helper cells have been subdivided into Thl and Th2 subtypes based on the
pattern of cytokines they secrete (Mosmann and Coffman, 1989). The Thl helper cells
secrete IFN-y and IL-2 whereas Th2 helper cells produce IL-4, IL-5,11-6, IL-10 and IL13 (Kjerrulf et al, 1998). Several Th2 cytokines have been shown to be important in
generating IgA responses and may be preferentially expressed in mucosal follicles such
as Peyer’s patches (Lehman et al, 1988; Lycke et al, 1983). In mice, the IgG2a isotype
antibody response is generally Thl dependent, whereas IgGl isotype and IgE antibody
responses are frequently Th2 dependent. The mechanisms by which dendritic cells
present a given antigen triggers a Thl or Th2 lymphocyte dominated response are related
to the cytokines secreted by APCs and the activation of costimulatory and NF-kB factors,
but at present unclear (Kuby 4th ed., 2000).
Based on IgG2a/IgGl antibody isotype determination related to Th cell activation,
we determined that a Thl helper cell immune response was stimulated in mice orally
immunized with NSP49q::RTB or STB::NSP49o fusion proteins. Furthermore, ELISA
measurement of IFN-y and IL-4 cytokines secreted from splenocytes isolated from
immunized mice confirmed that NSP49o::RTB or STB::NSP49o fusion proteins indicate
stimulation of a strong Thl cell mediated immune response. In contrast, previous reports
showed that RTB fusion protein with green fluorescent protein (GFP) favors a Th2
lymphocyte immune response (Medina-Bolivar et al, 2003). Further, a fusion protein of
STB with a tumor peptide elicits a cytotoxic T lymphocyte response and targets dendritic
cells (DCs) to generate MHC class I-restricted presentation of peptides derived from
exogenous antigens (Haicheur et al, 2000). The disparity between our experimental
results and previously reported studies may be explained by the following. The
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biochemical properties of the individual antigens coupled to the RTB or STB subunit
may exert a profound influence on the type of immune response generated. Our lab and
others have shown in previous studies that a Th2 cell response is induced by CTB fusion
with either self antigens such as insulin, glutamic acid decarboxylase (GAD), myelin
basic protein (MBP) and with unrelated antigens from nonpathogenic sources such as
ovalbumin (OVA), or bovine gamma globulin (BCG) (Arakawa et al, 1998; Khoury et
al, 1990; Melamed et al, 1993; Miller et al, 1991). Alternatively, bacterial or viral
antigens such as inactivated respiratory syncytical virus and tetanus toxoid fragment C
delivered with CT as an adjuvant induce specifically Thl cell responses (Yu et al, 2001).
When rotavirus NSPTqo antigen proteins were added to spleen cell cultures, we detected a
significant increase in the expression level of IFN-y, which indicated induction of a Thl
cell response (Yu et al, 2001). Thus, it was not entirely unexpected to detect a dominant
Thl immune response in mice immunized with NSP49o::RTB or STB::NSP49o fusion
proteins.
Protection against Rotavirus Infection in Passively Immunized Mouse Pups
Following SA-11 rotavirus challenge, diarrhea symptoms in suckling neonates
from mouse dams immunized with NSP490::RTB or STB::NSP490 fusion protein were
reduced in both severity and duration in comparison with pups bom from unimmunized
dams. Results of the passive immunization experiment indicated that mice orally
immunized with NSP49q::RTB or STB::NSP49o fusion protein generated protective titers
of anti-NSP49o semm and secretory antibodies that were passively delivered to the pups
through the maternal circulation prior to parturition and from the mother’s milk following
birth. Thus, anti-NSP49o IgG and IgA antibodies provided protection against onset as well
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as reduction in the duration of diarrhea symptoms in pups from mucosally immunized
mothers following heterologous SA-11 rotavirus challenge. In an earlier study, maternal
antibody-rotavirus complexes were found to stimulate the juvenile immune system more
than antibody-antigen complexes generated by the pups in response to virus infection
(Zinkemagel R, 2003). Thus, maternal antibody-rotavirus antigen complexes may more
effectively prime the juvenile immune response providing a greater immune response to
rotavirus infection in passively immunized juvenile mice.
Transgenic Plants as Vaccine Production and Delivery Systems
An increasing number of investigators have shown that production of antigenic
proteins from viral and bacterial pathogens in crop plants is feasible. Antigen proteins
synthesized in plants elicit humoral and cellular immune responses and even protect
against pathogen challenge via oral and/or parenteral administration (Dalsgard et al.,
1997; Hag et al, 1995; Modelska et al, 1998). In this study, to determine the feasibility
of producing mucosal rotavirus subunit vaccine in crop plants, we expressed the two
rotavirus antigens NSP4 (internal) and VP7 (external) linked with the monomeric ligand
RTB or the pentameric ligand CTB in transgenic potato plants. The production of
detectable amounts of biologically active fusion proteins in transgenic potato tuber
tissues demonstrates the feasibility of edible plants as production and delivery systems
for generating ligand-rotavirus antigen fusion proteins capable of stimulating mucosal
humoral immune responses against acute rotavirus gastroenteritis.
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Impact of Enteric Toxin B Subunits on Enhancement
of the Mucosal Immune Response
The success of vaccine delivery via the oral route demonstrated by oral vaccines
against polio, cholera and typhoid fever, and recent developments in methods of
transcutaneous or intranasal vaccination and the recent development of edible plant
vaccines offer obvious practical advantages over parenteral vaccine administration which
necessitates the presence of trained personnel and has significant disadvantages
connected with injury and disease transmission associated with needle-injection. Mucosal
immunization with replicating organisms may be the most effective means of inducing
mucosal immune responses. However, many microbial agents are not amenable to deliver
and replicate in the intestinal mucosa or cause reactogenicity or intussusception
(rotavirus) after oral administration. New techniques and tools of molecular biology and
genetics have lead to development of subunit vaccines to overcome limitations associated
with mucosal administration of conventional vaccines. Bacterial AB toxins are under
development as adjuvants for enhancement of immunogenicity of subunit vaccines.
While the toxin A subunits are strongly immunogenic, their potential toxicity precludes
their use as adjuvants. Recently, the more weakly immunogenic toxin B subunit (CTB)
was conjugated to ovalbumin (OVA) and increased mucosal antibody responses more
than 10,000-fold compared to free OVA antigen (George-Chandy et al, 2001). Based on
this result, it is suggested that AB toxin B subunits could be very useful as adjuvants for
enhancing the immunogenicity of linked antigens. Based on our results, it is clear that
monomeric toxin B subunit lectins (RTB) as well as alternative pentameric toxin B
subunits (STB) can be used as adjuvants to replace or enhance CTB ligand-antigen fusion
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protein subunit vaccines. Stimulated by the World Health Organization’s request for a
simple vaccine for protection against severe enteric pathogens, it would be of great value
to produce multi-component vaccines in which toxin B subunit lectins can be coupled
with multiple antigens against an individual or several infectious agents for simultaneous
delivery. The development of multi-component vaccines that can target multiple antigens
to a variety of gut receptors is a novel concept, which holds promise for enhancement of
the protective efficacy of mucosal subunit vaccines. Furthermore, vaccines composed of
a single or several antigen proteins will be able to confer a greater degree of immunity
against a single pathogen. A more ideal vaccine could be one that is able to induce
antibody production against an individual bacterial or viral pathogen structural protein in
addition to the enterotoxins they secrete. Thus, it would be valuable to design a multi
valent vaccine linking the toxin B subunit with several antigens against a single disease.
In addition, to engineer more effective mucosal subunit vaccines, it will be important to
further elucidate the immunological mechanisms by which toxin B subunit enhances the
immunogenicity of the linked antigen.
For development of mucosal vaccines, plant-produced vaccines will attract the
attention of the pharmaceutical industry for reasons of safety and economy. Proteins
isolated from plant tissues are free of animal pathogenic contaminants, and plant
pathogens are not infectious in humans. Further, plants do not generate similar metabolic
products that can copurify with the transgene product of interest. Most important, plant
cells, like other eukaryotic cells, can perform post-translational modifications, e.g.,
glycosylation and phosphorylation essential for the biological activity of proteins of
animal origin (MaGarvey et al, 1995). Alternatively, some basic questions must be
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addressed before plant vaccines will assume a dominant role in mucosal vaccine. One of
the obstacles facing the development of an effective plant-produced vaccine remains the
low level of accumulation of biologically active foreign antigens in plant tissues.
Manipulation of antigen encoding genes at both transcriptional and translational levels
may increase the expression levels of recombinant protein in transgenic plants. Such
strategies include addition of transcriptional and translational enhancer sequences,
addition of leader peptides, addition of ER retention signals (Schouten et al, 1996),
application of constitutively expressed promoters of seed storage protein genes,
adjustment of the codon usage to favor plant gene expression, and removal of RNA splice
sequences and intron sequences (Ma et al, 1999; Tsafir et al, 1998). However, there may
be limitations to how much foreign protein can be expressed or accumulated in plant
cells. Another possible solution to accumulate plant-produced antigen protein might be
the addition of a plant secretion signal to the antigen protein. Recombinant proteins
produced by the plant will be continuously secreted into the liquid culture media. Simple
purification steps may harvest large amounts of recombinant proteins accumulated in
liquid media. Important to note that post-translational modification in plants is similar to
that found in animal cells, small but critical changes may occur. Alternative solutions to
increase production of antigen proteins in transgenic plants include antigen production in
chloroplasts (Daniel et al., 2002) as well as improvement of targeting efficiency of
antigen molecules to the gut-associated lymphoid tissues (GALT) that could considerably
reduce the dosage of plant-produced antigen protein necessary for successful mucosal
immunization (Arakawa e et al, 1998). Therefore, the identification of toxin B subunits
that target a variety of receptors for use as a combination of adjuvants could further
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enhance the immunogenicity of specific pathogen antigens. To accomplish the goal such
as enhancement of adjuvant immunostimulation, addition of PAMPs, linkage of ligand to
antigen (N or C-terminus), linkage of adjuvant to several immunodominant antigens to
enhance immunogenicity and co-delivery of adjuvant-antigens, and further study of
adjuvant structure and function must be further emphasized. In addition, the issue of
biological safety must also be addressed. Regulations for use of transgenic plant tissues
for vaccine purposes must be established before human clinical trials can be initiated.
Finally, the environmental impact of growing transgenic plants under field conditions
must be determined to settle possible issues of public safety. Lastly, considerable
research and education of the public concerning applications of plant-produced mucosal
vaccines still needs to be accomplished.
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