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Edible vaccine technology represents an alternative to fermentation based vaccine production system.
Transgenic plants are used for the production of plant derived specific vaccines with native
immunogenic properties stimulating both humoral and mucosal immune responses. Keeping in view
the practical need of new technology for production and delivery of inexpensive vaccines, especially in
developing world, plant derived edible vaccines is the best option in hand to combat infectious
diseases. Plant derived vaccine is easy to administer, cost effective, readily acceptable, have increased
safety, stability, versatility and efficacy. Several plant derived vaccines are under research, some are
under clinical trials for commercial use. Like most biotechnology products, the IP situation for edible

vaccines is complex as IP rights influence every stage of vaccine development.

Keywords: Transgenic plants, edible vaccines, chimeric viruses, bacterial diseases, viral diseases.

INTRODUCTION

Transgenic plants are the plants in which foreign genes
of desired characters have to be inserted. Transgenic
plant have been found to have many advantages like,
development of high yielding varieties of crop plants and
disease resistant, and are plants with improved tolerance
to biotic and abiotic stress (Ahmad et al., 2008; 2010a; b;
2011; Ahmad and Umar, 2011; Ahmad and Prasad,

2012a; b; Sarwat et al., 2012). Apart from the above,
transgenic plants have been employed for the production
of vaccines for the treatment of various infectious
diseases (Kant et al., 2011; Vianna et al., 2011; Yoshida
et al.,, 2011; Sharma and Sood, 2011; Twyman et al.,
2012). Infectious diseases are major cause of mortality
and morbidity worldwide (Goldblatt and Ramsay, 2003)
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and one-third of the deaths are caused by the infectious
agents. Vaccine is an immuno-biological substance, used
for specific protection against both infectious and non-
infectious diseases (reviewed by Ahmad et al., 2012;
Twyman et al., 2012). Vaccine is responsible for the stimu-
lation of protective antibody and other immune mecha-
nisms. The vaccines can be made from live or killed
inactivated organisms, extracted cellular fractions, toxoid
or combination of these. Recent preparations are sub-unit
vaccines and recombinant vaccines. The main limitation
with vaccines is their dependence on cold chain system,
which is used to store and transport the vaccine under
strict controlled conditions (Park, 2005). Other limitations
are risk of adverse reactions such as reactions inherent
to inoculation, reactions due to faulty techniques etc
(Goldblatt and Ramsay, 2003). Thus, for the implemen-
tation of a successful global vaccination strategy, a well
designed subunit oral vaccine system should satisfy the
following criteria (Chargelegue et al., 2005; Levine et al.,
2006; Nochi et al., 2007): (a) Produce sufficient quantities
of desired antigen; (b) preserve the expressed antigen for
a long time at room temperature; (c) induce protective
immunity; (d) be protected from enzymatic digestion in
the gastrointestinal tract.

Therefore, in the 1990s, an International campaign was
initiated to immunize all the world's children against six
devastating diseases. The target was to reach 80% of
infants and reduce the annual death toll from these
infections by roughly three million. Still, 20% of infants
are un-immunized by six vaccines against polio, measles,
diphtheria, pertusis, tetanus and tuberculosis. In many
developing countries, millions of children still die from
infectious diseases due to immunizations being non-
existent, unreliable or too costly (Ramsay et al., 1999).
None will be entirely safe until every child has routine
access to vaccines. Hence, there is an urgent need to
search for vaccines which are easy to administer, easy to
store, cost effective, easy to transport and possess
readily acceptable delivery system. Hence, there is a lot
of scope in developing plant derived vaccine (Streatfield
et al., 2001; Ahmad et al., 2012). Now the question arises
what is plant derived vaccine? Advances in transgenic
research have made use of crop plants to serve as
bioreactor for the production of recombinant molecules
(Raskin et al.,, 2002; Kant et al.,, 2011; Vianna et al.,
2011; Yoshida et al., 2011; Sharma and Sood, 2011).
This means that transgenic plants are used to express
antigen proteins induced by plant transgenic vectors and
to produce certain special vaccines with high anti-disease
ability (reviewed by Mei et al., 2006; Malabadi et al.,
2012) (Figure 1). Plant derived vaccines significantly
increase availability of vaccines in places where mainte-
nance of cold chain system is difficult (Webster et al.,
2002; Kant et al., 2011; Vianna et al., 2011; Yoshida et
al., 2011; Sharma and Sood, 2011; Twyman et al., 2012).
Important examples on the development of plant bio-
reactors are shown in Table 1.

The immunogenicity and safety of plant derived vaccines
was declared in phase | clinical studies (Tacket, 2009).
During the last decade, different types of efficient plant-
based expression systems have been studied and more
than 100 different types of recombinant proteins including
plant-derived vaccine antigens have been successfully
expressed in different types of plant tissues (Tiwari et al.,
2009; Rybicki, 2010; reviewed by Ahmad et al., 2012).
Positive effects of edible vaccines include decrease in
potential hazards such as toxic compounds, responses to
allergy and risk of attenuated strains reverting to pathogenic
strains associated with established production technologies
that use bacteria, yeast and mammalian cells (Pelosi et
al., 2012).

TRANSGENIC PLANTS FOR THE PRODUCTION OF
PLANT DERIVED VACCINES

Through recombinant DNA technology, different level of
antigen expression for each independent line has been
observed in plants (Karg and Kallio, 2009; Shih and
Doran, 2009; Wilken and Nikolov, 2012). In 1990 first
edible vaccine, surface protein A from Streptococcus
mutans was expressed in tobacco (Curtis and Cardineray,
1990). Plant derived vaccine in the form of seed or fruit
can be easily stored and transported from one place to
another without the worry of its degradation or damage. A
large amount of plant derived vaccine can be easily
produced by cultivation in fields with relatively few inputs.
Autoimmune disorders like Type | diabetes, multiple
sclerosis, rheumatoid arthritis etc., can also be suppressed
by using plant derived vaccines (Prakash, 1996).

Plants are selected which expresses highest level of
antigen and least number of adverse effects. Till date
various types of antigens are successfully expressed in
different plants (Mason and Arntzen, 1995; reviewed by
Ahmad et al., 2012). With the development of plant
genetic engineering, the expression system for transgenic
plants are no longer limited to model plants, but extended
to some orally or high protein content plants. Various
plant plateforms have been demonstrated for production
of recombinant proteins in plants, including leafy crops,
cereals and legume seeds, oil seeds, fruits, vegetables,
higher plant tissue and cell cultures, hydroponic systems,
algae and halobios (reviewed by Mei et al., 2006). Co-
expression of adjuvant along with antigen has also been
done in the same plant (Lal et al., 2007). The use of rice
storage protein gene promoters to express transgenes in
rice grain is well documented (Nicholson et al., 2005).

Furtado et al. (2008) compared use of storage protein
gene promoter and non-storage gene promoter with
regard to spatial and temporal control of expression from
barely, wheat and rice. Storage protein promoter from
barley and wheat directed the expression in endosperm
but not in embryo; expression was leaky, as it was
observed in seed maternal tissues, leaf and root tissues;
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Figure 1. Strategy for the production of candidate
vaccine antigen in plants

Table 1. Representative plant-based vaccines: under clinical development or in market.
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SIN Product Plant Host Expression Indication Rout_e_ . of  Product stage Reference
system administration  development
Potato Transgenic Diarrhea Oral Phase 1 Tacket et al. (2007)
. Tacket et al. (2009)
1 E. coli LT-B
col Maize kernels Transgenic Phase 1 Chikwamba et al.
(2003)
Potato
Iott))acco Tacket et al. (2000)
2 Norwalk virus 0 a,c co Transgenic Diarrhea Oral N A Santi et al. (2008)
(VLP’s) 7h L(2
Tomato fruit ong et al. (2005)
(Capsid protein)
Ki .
Potato ong et al. (2001)
HBsAg . Kumar et al. (2005)
Banana Hepatitis
. Kostrzak et al. (2009)
3 . Tobacco Transgenic B Oral Phase 1
IgG (hepatitis Gao et al. (2003);
B vi Cherry, tomato
virus) Tobacco
o]
Valdes et al. (2003)
Spinach
4 Rabies virus P Transient (viral Rabies Oral Phase 1 Modelska et al. (1998)
GP/NP vector) Roy et al. (2010)
Tobacco
Tobacco Cell )
Newcastle _ . Newcastle USDA Yusibov et al. (2011)
5 disease virus Suspension Transgenic disease Subcutaneous approved (not G6 L (2008
HN Potato marketed) omez et al. ( )
Personalized Nicofi T ient iral Non-
6 anti-idiotype icotiana ransient - (vira Hodgkin’s  Subcutaneous Phase 1 Yusibov et al. (2011)
benthamiana vectors)
scFVs lymphoma
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Personalized
7 anti-idiotype
dcFVs

H5N1
8 influenza HA
VLP

H5N1
9 influenza
HAI1

H1IN1
10 influenza
HAC1

11 L1
protein

capsid

Protective

12 antigen (PA)

13 S protein

14 MV-H protein

15 Spike protein

D2 peptide of
fibronectin-

16 binding
protein
(FnBP)

17 Intimin protein

FaeG of K88
18 fimbrial
antigen

19 Cryjl, Cry jll

20 VP1

Nicotiana
benthamiana

Nicotiana
benthamiana

Nicotiana
benthamiana

Nicotiana
benthamiana
Potato

Tobacco

Tobacco

Tobacco
Tomato
Tobacco

Tobacco
Lettuce

Maize

Cowpea

Tobacco

Tobacco

Rice

Alfalfa

Tobacco
chloroplasts

Transient
(magnICON

vectors)

Transient

(agrobacterial
binary vector)

Transient (launch
vector)

Transient (launch
vector)

Transient

Transient

(biolistic delivery
system)

Transient
Transient

Transgenic
(Microprojectiles)

Transient
Transient
Transient
NA
NA

NA

Transient

Transient

Transient

NA

NA

Non-
Hodgkin’s
lymphoma

H5N1
“avian”
influenza

H5N1
“avian”
influenza

H1IN1
“swine”
influenza

Human
Papilloma
virus

Anthrax

Anthrax

SARS

Measles
Virus

Swine
transmissi
ble
gastroente
ritis virus

Staphylo-
coccus
aureus

E. coli
0157:H7

Entero-
toxigenic
E. coli
(Strain
K88)

Japanese
Cedar
pollen
allergens

Foot and
Mouth
Disease
Virus

Subcutaneous

Intramuscular

Intramuscular

Intramuscular

Subcutaneous

Oral

Subcutaneous
Intramuscular

Subcutaneous
Subcutaneous
Oral
Oral
Oral

Intraperitoneal
intranasal

Oral

Intranasal
oral

Oral

Intraperitoneal

Oral

Parenterally
oral

Phase
(ongoing)

Phase
(ongoing)
Phase
(Health
Canada
approved)

Phase 1

Phase
(ongoing)
NA

NA

NA

NA

NA

NA
NA
NA

NA

NA

NA

NA

NA

NA

Yusibov et al. (2011)

Yusibov et al. (2011)

Yusibov et al. (2011)

Yusibov et al. (2011)

Biemelt et al. (2003)

Warzecha et al. (2003)
Kohl et al. (2006)

Aziz et al. (2002)
Koya et al. (2005)

Watson et al. (2004)

Pogrebnyak et al.
(2005)

Webster et al. (2002)
Webster et al. (2005)
Webster et al. (2005)

Lamphear et al. (2004)

Brennan et al. (1999)

Judge et al. (2004)

Huang et al. (2003)

Takagi et al. (2005)

Wigdorovitz et al.
(1999)

Li et al. (2006)
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Respirator
21 F protein Tomato NA y Syncytial Oral NA Sandhu et al. (2000)
Virus
Narrow Leaf Sunflower
22 SSA LuDi NA seed oral NA Smart et al. (2003)
upin .
albumin
23 B5 Tobacco NA nfluenza - na NA Shoji et al. (2008)
24 Erlc;t\éin fusion Tomato Transient Plague Oral NA Alvarez et al. (2006)
Tobacco Canine Parenteral route
25 2L.2I peptide NA . with Oral NA Molina et al. (2005)
Chloroplast Parvovirus b
ooster
Japanese Appaiahgari et al.
26 Err;\;g:gp(eE) -FE?CZ&CCO encephaliti (2009)
P S virus Wang et al. (2009)
27 ESAT-G Arabidopsis NA T_uberculo Oral NA Rigano et al. (2005)
antigen sis
VP6 Alfalfa Rotavirus Yuan and Saif (2002)
28 LRrvvp? Potato NA Oral NA Yu-Zhang et al. (2003)

whereas, rice promoters directed the endosperm-specific
expression in transgenic rice (Furtado et al., 2008).
Alfalfa (Medicago sativa) is considered as a good
bioreactor for production of recombinant proteins as it
contains high levels of protein content and low levels of
secondary metabolites (Dus Santos et al., 2002). Cereal
crops can be the most suitable candidate and can be
used to enhance the antigen concentration and help to
reduce oral dose as they have ample amount of soluble
protein in endosperm (Ahmad et al.,, 2012). Potato,
tomato and carrot have been successfully reported to
express vaccine candidates (Walmsley and Arntzen,
2000). Antigen genes encoding HBsAg, HIVgag and
Rabies Capsid Proteins have been successfully trans-
formed to tomato (Sala et al., 2003). High levels of
recombinant protein expression were observed in
proplastids of cultured carrot cells (Daniell et al., 2005).
Oral delivery of the therapeutic proteins via edible carrot
preserved the structural integrity of their target proteins
as no cooking is needed (Muller et al., 2003). Other
vegetable crops like lettuce (Lactuca sativa), celery
cabbage (Brassica rapa var. pekinensis), cauliflower
(Brassica oleracea var. botrytis) are under study for the
production of vaccines. The only problem in these
vegetables is low expression levels (Koprowski, 2005;
Tacket and Mason, 1999). The earliest fruit used for the
plant transgenic programme is banana (Musa acuminate)
(Mason et al., 2002).

According to Trivedi and Nath (2004) papaya (Carica
papaya) is another ideal plant species for vaccine
production. Apart from fruit, vegetable and cereal crops
scientists have used algae to produce metabolites and
heterologous proteins for pharmaceuticals applications
(Mayfield and Franklin, 2005). The species under study

are: Chlamydomonas reinhardii (Sun et al., 2003),
Phaeodactylum tricornutum (Zaslavskaia et al., 2000),
Amphidinium carterae, Symbiodinium microadriaticum
(ten Lohuis and Miller, 1998) and Cylindrotheca fusiformis
(Fischer et al., 1999). Exciting progress has been made
with the chloroplast based production of two particularly
important classes of pharmaceuticals, vaccines and anti-
bodies (Bock and Warzecha, 2010; Scotti et al., 2012).
Extraordinarily high expression levels and the prospects
of developing edible pharmaceuticals make transgenic
chloroplasts a promising platform for the production of
next-generation vaccines and antimicrobials (Waheed et
al., 2012). During the past few years, several vaccine
candidates have been produced successfully via plastid
transformation, which emphasizes that transplastomic
plants, as a second generation expression system, have
great potential to fill gaps in conventional production
platforms. A salient feature of plastids is that they combine
characteristics of prokaryotic and eukaryotic expression
systems, which is exemplified by the production of virus
like particles and of bacterial antigens (reviewed by Bock
and Warzecha, 2010). Successful expression of antigens
in plants was carried out for Escherichia coli, heat labile
enterotoxin B subunit (LT-B) in tobacco and potato (Hirst
and Holmgren, 1987), Rabies virus G protein in tomato
(Mc Garvery et al.,, 1995), Hepatitis B virus surface
antigen in tobacco and potato (Thanavala et al., 1995),
Norwalk virus capsid protein in tobacco and potato
(Mason et al., 1996) and cholera toxin B subunit (CT-B)
in potato (Arakawa, 1997).

Antigen expressed in plant or plant products can be
administered orally or by intramuscular or by intravenous
injection. Homogenized leaves, fruits or vegetables are
used through oral route. Purified antigen containing plant
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tissue can be delivered in a capsule or powder (pill) form.
Capsule may be suitable because capsule coating can be
modified in such a way that coating material dissolves in
particular area of stomach, and vaccine can be released
in a specific area of the body. Purified component can
also be used by intramuscular and intravenous admini-
stration. Oral administration of plant derived vaccine
induces both mucosal and systemic immunity. When
antigen is administered orally, it induces more mucosal
response than intramuscular or intravenous injections.
So, more importance has been given to those antigens,
which induce mucosal immune response to produce
secretory Ig A at mucosal surfaces. Mucosal immunity is
very effective in diarrhoeal diseases caused by rotavirus,
Norwalk virus, Vibrio cholerae, entero toxigenic E. coli
(ETEC) and also in respiratory diseases such as
pneumonia.

Second generation plant derived vaccines are known
as multi component vaccines, provides protection against
several pathogens. Both Enterotoxigenic Escherichia coli
(ETEC) heat-labile enterotoxin (LT-B) and the capsid
protein of Norwalk virus were successfully expressed in
plants and induced immune response against both E. coli
and Norwalk virus in mice (Huang et al., 2001).

ADVANTAGES OF
INJECTED VACCINES

EDIBLE VACCINES OVER

Edible vaccines have many advantages over the injected
vaccines like:

1. Edible vaccines are cost effective, have low risk of
contamination and no cost for transportation.
Pharmaceutical companies spend million dollars for the
production of vaccines and to preserve vaccines.
Transgenic plants does not need cold chain storages.

2. Pharmaceutical companies need the hitech machines
for the production of vaccines. In the case of edible
vaccines production we need soil rich land instead of
machines.

3. Long distance transportation is not required in the case
of edible vaccines.

4. The cost of materials needed for field grown plants is
lower compared to cell culture grown in bioreactors (Xu et
al., 2011).

5. Edible vaccines have a low cost for medical equipment
as well, because needles and syringes are not needed
for delivery (Streatfield, 2006; Xu et al., 2011).

6. Medical professionals are not needed for oral delivery
(Streatfield, 2006).

7. Transgenic plants have low contamination risks as
compared to injected vaccines

8. Needles and syringes are responsible for spreading of
second hand diseases (Nochi et al., 2007).

9. Oral delivery has efficiency to provoke a mucosal
immune response, which produces cell mediated

responses (Streatfield, 2006).

Edible vaccines have multi-component ability that is
possible due to the crossing of 2 plant lines (Lal et al.,
2007). These vaccines with multi-component abilities are
known as second generation edible vaccines as they
allow for several antigens to approach M cells (microfold
cells) simultaneously (Lal et al., 2007). The multi-
component edible vaccines can prevent multiple diseases
for example ETEC, chlorea and ratovirus (Lal et al.,
2007). Injected vaccines do not have this property, so
there are less effective than edible vaccines (Ramessar
et al., 2008a; b; Nagvi et al., 2011).

Chimeric viruses

Over-coat and epi-coat technology is used to produce
chimeric viruses. Over-coat technology provides
expression of entire protein, whereas epi-coat technology
permits the plant to produce only the foreign proteins
(http://www.geocities.com/plantvaccines/transgenicplants
.html). Plant viruses redesigned to carry the desired
genes and used to infect differently in different parts of
the plant. Alfalfa mosaic virus, CaMV (Cauliflower mosaic
virus), CpMV (Cow pea mosaic virus), TMV (Tobacco
mosaic virus), Tomato bushy stunt virus and Potato virus
are redesigned to express fragments of antigens on their
surface. There are reports that they produce plant based
chimeric virus such as foot and mouth disease virus; mint
enteritis virus. Fragment of gp41 surface protein of HIV
virus put into CpMV could evoke a strong neutralizing
antibody response in mice (Moffat, 1995; Wang et al.,
2012).

APPROACHES TO PRODUCE PLANT DERIVED
VACCINES

Plants serve as an important source to produce cost-
effective vaccine derivatives. Plant based production of
vaccine candidates can help to reduce the economic
burden on the developing countries and can be made
easily available to every individual. Various models to
produce vaccine candidates are described below.

Bacterial
Enterotoxigenic Escherichia coli (ETEC)

Enterotoxigenic Escherichia coli strains are a major
cause of enteric diseases in live stock and humans.
ETEC is attached to specific receptors on the surface of
enterocytes in the intestinal lumen by fimbriae. ETEC
produces a heat-stable enterotoxin (ST) which consists of
five B subunits and one A subunit. B subunit binds to
sugar residues of ganglioside Gm1 on the cells lining the



villi and crypts of the small intestine. Insertion of the B
subunit into the host cell membrane forms a hydrophilic
transmembrane channel through which the toxic A
subunit can pass into the cytoplasm (Roy et al., 2010).
Raw transgenic potato expressing LT-B were fed to 11
volunteers, out of which 10(91%) developed neutralizing
antibodies and 6(55%) of individuals also showed
mucosal response (Tacket et al., 1998). Different reports
are there on synthetic heat-labile enterotoxin (LT-B) gene
and their expression in plants such as potato, banana,
tobacco and tomato; and all were tested in mice (Mason
et al., 1998). Expression of E. coli fimbrial subunit protein
in transgenic plants can be used to vaccinate against
these diseases. Joensuu et al. (2006) evaluated
transgenic plants to produce Fae G protein and adhesion
of F4 fimbriae. Oakes et al. (2007) reported the edible
transgenic soyabean plant producing E. coli fimbrial
subunit proteins. Tacket (2009) discussed early human
studies of oral transgenic plant-derived vaccines against
enterotoxigenic Escherichia coli. Genetic combination of
gene coding for an LTB:ST protein in tobacco by
Agrobacterium  mediated transformation  displays
antigenic determinants from both LTB and ST. Presence
of mucosal and systemic humoral responses in mice
when dosed orally with transgenic tobacco leaves also
confirmed that plant-derived LTB:ST can lead to
immunogenicity development via oral route (Rosales-
Mendoza et al., 2011).

Vibrio cholera

Cholera is due to contaminated food or water which
triggers an acute intestinal infection by V. cholera (L6pez-
Gigosos et al., 2011). Enterotoxin such as cholera toxin
(CT) was expressed in tobacco plant (Arakawa et al.,
1998). Nochi et al. (2007), showed oral immunization with
transgenic rice encoding the cholera toxin B subunit
(CTB) which stimulates secretory Ig A, shows resistant to
gastrointestinal digestion. Karaman et al. (2012)
introduced synthetic gene encoding for CT-B by the
control of a y-zein promoter in maize seeds. CT-B levels
were checked via ganglioside dependent ELISA. Anti-
CTB IgG and anti-CTB IgA were found in the sera and
fecal samples of the orally immunized mice protected
against holotoxin challenge with CT.

Anthrax

Anthrax is a disease most commonly occur by inoculation
of B. anthracis through the skin of infected animals, their
products and inhalation of spores in dust or wool fibers.
Virulence factors is a toxin complex, which consists of
three proteins. The protective antigen (PA) binds the
complex receptors on the macrophage surface. After
proteolysis, oedema factor and lethal factor are released
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which after endocytosis, blocks the adenyl cyclase pathway
within the cell. The main effect of this toxin complex is to
increase vascular permeability, which leads to a shock.
Protective antigen was expressed in transgenic tobacco
chloroplasts by inserting the pag A gene into the chloroplast
genome. Cytotoxicity measurementsin macrophage lysis
assays showed that chloroplast-derived PAwas equal in
potency to PA produced in B. anthracis. Chloroplast-
derived protective antigen provides cleaner and safer
anthrax plant-derived-vaccine at a lower production cost
(Koya et al., 2005). Koya et al. (2005) published for the
first time the PA expression in plants from stable nuclear-
transgenic tobacco. Aziz et al. (2002) also reported the
expression of PA in leaves of stable nuclear-transgenic
tomato plants. Expression of PA in tobacco or tomato
was enhanced in combination with a second B. anthracis
protein, lethal factor (LF), and showing cytolytic activity
when applied to macrophage-like cell lines. Also, when
tomato leaf material was injected into mice, antisera
could be recovered with neutralizing activity to anthrax
lethal toxin (LT), which is a combination of PA and LF.

Porphyromonas gingivalis

Periodontal diseases are caused by oral anaerobic
bacterium Porphyromanas gingivalis. It is thought to be
initiated by the binding of P. gingivalis fimbrial protein to
saliva coated oral surfaces. Shin et al. (2009) has success-
fully transferred FIM A protein producing gene into potato
tuber tissues and produced native FIM A protein in edible
plant cells.

Viral
Norwalk virus

Calci viruses are a major cause of food and water
associated outbreaks of diarrhoea and vomiting, affecting
individuals of all age groups. A capsid protein of Norwalk
virus was expressed in transgenic tobacco and potato
plants. Potato tubers expressing Norwalk virus antigen
were fed to mice, it developed serum IgG specific for
Norwalk virus (Mason et al., 1996). According to Tacket
et al. (2000) volunteers fed with transgenic potato
expressing Norwalk virus antigen showed seroconversion.

Hepatitis B virus

It is estimated that 3 to 6% of the world population has
been infected with Hepatitis B virus (HBV) and there are
300 to 400 million carriers in the world. India alone has
over 40 million carriers. In the acute stage there are signs
of inflammation in the portal triads: the infiltrate is mainly
lymphocytic. Inthe liver parenchyma, single cells show
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ballooning and form acidophilic (councilman) bodies as
they die. In chronic hepatitis, damage extends out from
the portal tracts, giving the piecemeal necrosis appearance.
Some lobular inflammation is also seen. As the disease
progresses fibrosis develops and eventually, cirrhosis.
Hepatitis B virus replicates in the hepatocytes, reflected
in the detection of viral DNA and HBs Ag in the nucleus
and HBs Ag in the cytoplasm and at the hepatocyto-
membrane (Simmonds and Peutherer, 2003). Hepatitis B
virus is carried in the blood and blood derived bodily
fluids of infected persons and can be transferred through
contact with a carrier’s blood caused by unsafe injections
or transfusions, sexual contact and tattooing. Long term
protection against Hepatitis B virus is possible with
vaccine. HBs Ag was expressed in transgenic potato
plant and tested in mice for production of antibodies
(Richter et al., 2000).

Pniewski et al. (2011) has shown the production of
small surface antigen for HBV (S-HBsAQ) in genetically
modified glufosinate-resistant lettuce. They orally immu-
nised mice by using lyophilised form of plant material and
showed the presence of secretory IgA (S-IgA) and total
serum antibodies. Li et al. (2011) also demonstrated the
transformation of HBsAg (hepatitis B surface antigen)
gene in to tomato mediated by Agrobacterium tumifaciens.

Lou (2007) has experimentally expressed hepatitis B
virus large surface antigen in transgenic tomato plant.
Transgenic lettuce plant carrying recombinant hepatitis B
virus antigen HBs Ag was demonstrated in Brazil
(Marcondes and Hansen, 2008). Tacket (2009) has
discussed early human studies of oral transgenic plant-
derived vaccines against hepatitis B virus. A phase |
clinical trial with plant derived hepatitis B vaccine has
boosted antigen-specific serum antibodies titer (Tacket,
2009).

Measles

Millions of people live in areas where measles are
endemic and resources are scare. Measles are
transmitted from person to person by respiratory droplets.
Measles in an acute febrile illness, the onset is flu-like
with high fever, cough and conjunctivitis, red spots with a
bluish-white centre on the buccal mucosa called Koplik's
spots. Measles antigens expressed in plants have been
shown to be antigenic and immunogenic both after
invasive and oral vaccination (Marcondes and Hansen,
2008). Crude Quillaja saponin extracts stimulates measles’
virus specific immune responses in mice, following oral
immunization with plant based measles virus haema-
gglutinin protein (Pickering et al., 2006).

Webster et al. (2002) confirmed that the transgenic
tobacco plants-derived MV-H protein vaccine, which when,
modified to MV-H DNA vaccine, to prime-boost vaccination
strategy demonstrated the MV hemagglutinin protein
(MV-H) expression. Orally immunized mice with plant-

derived MV-H showed MV-specific IgG.

Japanese encephalitis

JE virus is a single stranded positive sense RNA virus
belonging to family flaviviridae transmitted through a
zoonotic cycle between mosquitoes, pigs and water birds.
It causes encephalitis all over the world especially in
Eastern and South-eastern Asia. JE affects some primary
organs like thalamus, corpus striatum, brainstem and
spinal cord. With the absence of specific antiviral therapy,
it is managed mainly by its symptom and by supportive
therapies along with preventive measurements (Misra
and Kalita, 2010). Transgenic rice expressing the envelope
protein of Japanese encephalitis virus (JEV), under control
of a dual cauliflower mosaic virus (CaMV 35s) promoter,
was generated. JEV specific neutralizing antibody was
detected in mice after immunization of mice with protein
extracts from transgenic rice plant by intraperitoneal or
oral immunization (Wang et al., 2009). Appaiahgari et al.
(2009) showed the expression of Japanese encephalitis
viral envelope protein (E) in transgenic tobacco can
produce immunogenic response in mammalian system.

Influenza virus H5N1

Shoji et al. (2009) described the production of hema-
gglutinin from A/Indonesia/05/05 strain of HS5N1 influenza
virus by transient expression in plants. The results indicate
that immunization of ferrets with plant-derived hema-
gglutinin elicited serum hemagglutinin-inhibiting antibodies
and protected the ferrets against challenge infection with
a homologous virus. Plant derived vaccine may be the
solution in the rapid, large scale production of influenza
vaccine in the face of pandemic.

Kalthoff et al. (2010) showed the expression of full-
length recombinant hemagglutinin (rHAQ) of H5N1 in
Nicotiana benthamiana with optimize expression levels.
Their results showed to provide an immunogenic protection
protect chicken against lethal challenge infection with
heterologous HPAIV H5N1 of 96% homology to rHAO by
plant-expressed hemagglutinin. Jul-Larsen et al. (2012)
demonstrated recombinant influenza haemagglutinin
antigen (HAC1) that was derived from the 2009 pandemic
H1N1 virus and expressed in tobacco plants. They showed
that the tobacco derived recombinant HAC1 antigen is a
promising vaccine candidate recognized by both B- and T
cells.

Shoji et al. (2011) showed the advantages provided by
the plant system for influenza vaccine antigen production
is their independence from pathogenic viruses, and cost
and time efficiency. They produced large-scale of
recombinant hemagglutinin proteins from
A/California/04/09 (H1IN1) and A/Indonesia/05/05 (H5N1)
strains of influenza virus in N. benthamiana plants, and



tested their immunogenicity (serum hemagglutination
inhibition and virus neutralizing antibodies), and safety in
animal models.

Madhun et al. (2011) produced influenza subunit antigen
in transient plant expression systems as an alternative. A
needle-free intranasal influenza vaccine is an attractive
approach to be followed. Plant-derived influenza H5N1
(A/Anhui/1/05) antigen, alone or formulated with bis-(3',
5%-cyclic dimeric guanosine monophosphate (c-di-GMP)
as adjuvant induces strong mucosal and systemic
humoral immune responses. Search for safe and
effective adjuvant to enhance H5N1 intranasal vaccine
with extracts of mushroom mycelia was found to be good
(Ichinolhe et al., 2010).

LIMITATIONS

Before the commercial production of plant derived
vaccines, there is urgent need to consider the following
points;

1. Searching for suitable plant which will give ideal
antigen expression.

2. ldentification of proper dosage (whether plant parts,
plant products, pill, intramuscular or intravenous injection
of purified antigen) can produce proper dose.

3. Verification of allergens in the plant and plant products.
4. Study the impact of plant derived vaccines on the
environment and human health.

5. Genetically altered crops producing plant derived
vaccine could get mixed with human food supply or
animal feed, causing potential threat to public health.

6. Cross pollination and their problems.

7. Effects on insects and soil microbes.

8. Regulation of plant derived vaccines in the form of
food, drug or agricultural product.

9. Cultivation of plant derived vaccines and their delivery
in capsule or pill form.

Risks of plant derived vaccines

Plant derived vaccines pose serious risks to the public if
they are not handled with care. Safety of transgenic
plants includes many aspects like ecology, agronomy and
molecular biology which focus on food and environmental
safety (Ahmad et al., 2012). Environmental issues and
biodiversity concern are raised because of the transgenic
seeds or plants that escape into the wild. Moreover, plant
derived vaccines cannot be distinguished from non-plant
derived vaccines of the same plant. Plant derived vaccine
tomato plant looks like a traditional tomato. There is
always a risk of mis-administration.

Although, plant derived vaccine technology can save
many lives in developing countries. At the same time,
there is an urgent need to address proper commercia-
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ization of plant derived vaccine technology and to prevent
misuse of technology because it possesses great risk on
environment and human health. Development of vaccine
into a stable seed form or production in leaf is mostly
favoured but its to spoilage to prevent loss/leaking out of
antigen into environment is to be checked. The amount of
plant which can be taken up as raw food is to be strictly
monitored as over dose may cause toxic/allergic
reactions. Most of the edible crops are destroyed by
attack of insects and hence their effect on vaccine
producing plant has to be evaluated. Even though plant
derived vaccines have shown promising results but
evaluation of their tolerance needs in-depth study
(Ahmad et al., 2012).

CONCLUSION AND FUTURE PERSPECTIVE

Edible plant derived vaccine may lead to a future of safer
and more effective immunization. They would overcome
some of the difficulties associated with traditional
vaccines like production, distribution and delivery and
they can be incorporated in to the immunization plans.
Edible vaccines have lot of advantages over injected
vaccines like, well established cultivation, low cost of
production, no need for “cold chain” delivery, rapid scale-
up, simple distribution by seeds, ease of genetic
manipulation, oral delivery and low health risks from
human pathogen and toxin contamination, etc. Significant
progress has been achieved in employing plants as
vaccine expression system, for example vegetables,
fruits, cereal crops, etc. Tobacco, tomato, maize, rice are
leading production plateforms for recombinant protein
production. The basic advantage of using plants as
vaccine production system is that plants being higher
eukaryotes provide opportunities for unlimited production,
the range and diversity of recombinant molecules namely
peptides, polypeptides and complex multimeric proteins
that cannot be made in microbial systems. Plant
production system provides a wider flexibility in designing
of new pharmaceutical proteins. Days are not too far
when we eat delicious vegetables, fruits etc, to prevent
ourselves from infectious diseases. Developing and
under-developed countries will be benefited more by this
edible vaccine production system because the methods
in production are reasonably affordable and the vaccine
products would be more openly accessible to the
population.

One of the most important bottlenecks in edible vaccine
technology is yield improvement, as this factor has a
major impact on economic feasibility. Different strategies
in hand which can lead to improved production of edible
vaccines include the development of novel promoters,
improvement in protein stability by protein engineering
approach, targeted expression of protein of interest and
last but not least the improvement in downstream process-
sing. The potential concern of edible vaccine technology
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is differential glycosylation of proteins in in vitro systems
or in non-native species. Strategies should be devised to
humanize the plant glycosylation machinery by inhibiting
glycosylation enzymes. The use of plastids as vaccine
production platform is quite promising to prevent
transgene escape through pollens or seed dispersal and
it needs an extensive research to improve expression
levels and prevention of proteolysis in plastids.

REFERENCES

Ahmad P, Jaleel CA, Salem MA, Nabi G, Sharma S (2010a). Roles of
Enzymatic and non-enzymatic antioxidants in plants during abiotic
stress Crit. Rev. Biotechnol. 30(3): 161-175.

Ahmad P, Nabi G, Jeleel CA, Umar S (2011). Free radical production,
oxidative damage and antioxidant defense mechanisms in plants
under abiotic stress, In: P. Ahmad, S. Umar (ed.) Oxidative stress:
Role of antioxidats in Plants. Studium Press Pvt. Ltd. New Delhi,
India.

Ahmad P, Prasad MNV (2012a). Environmental adaptations and stress
tolerance in plants in the era of climate change.
http://fémail.rediff.com/prism/@mail/http:/help.yahoo.com/l/inlyahoo/
mail/classic/context/context-07.htmlISpringer Science+Business
Media, LLC, New York

Ahmad P, Prasad MNV (2012b). Abiotic stress responses in Plants:
metabolism,productivity and sustainability.
http:/fémail.rediff.com/prism/@mail/http:/help.yahoo.com/l/in/lyahoo/
mail/classic/context/context-07.htmlISpringer Science+Business
Media, LLC, New York.

Ahmad P, Sarwat M, Sharma S (2008). Reactive oxygen species,
antioxidants and signaling in plants. J. Plant Biol. 51(3): 167-173.

Ahmad P, Umar S (2011). Oxidative stress: Role of antioxidants in
plants. Studium Press Pvt. Ltd. New Delhi, India

Ahmad P, Umar S, Sharma S (2010b). Mechanism of free radical
scavenging and role of phytohormones during abiotic stress in plants,
In: M Ashraf, M Ozturk, M.S.A. Ahmad (ed.) Plant adaptation and
phytoremediation. Springer Dordrecht Heidelberg, London, New
York.

Ahmad P, Ashraf M, Younis M, Hu X, Kumar A, Akram N A, Al-Qurainy
F (2012). Role of transgenic plants in agriculture and biopharming.
Biotechnol. Adv. 30(3): 524-540.

Alvarez ML, Pinyerd HL, Crisantes JD, Rigano MM, Pinkhasov J,
Walmsley AM, Mason HS, Cardineau GA (2005). Plant-made subunit
vaccine against pneumonic and bubonic plague is orally
immunogenic in mice. Vaccine 24: 2477-2490.

Appaiahgari MB, Abdin MZ, Bansal KC, Vrati S (2009). Expression of
Japanese encephalitis virus envelope protein in transgenic tobacco
plants.J. Virol. Meth. 162 (1-2): 22-29.

Arakawa T, Chong DKX, Langridge WHR (1998). Efficacy of a food
plant-based oral cholera toxin B subunit vaccine. Nat. Biotechnol. 16:
292-297.

Arakawa T, Chong DKX, Merritt JL, Langridge WHR (1997).
Expression of cholera toxin B subunit oligomers in transgenic potato
plants. Transgenic Res. 6(6): 403-413.

Aziz MAS, Singh P, Kumar A, Bhatnagar R (2002). Expression of
protective antigen in transgenic plants: a step towards edible vaccine
against anthrax. Biochem. Biophys. Res. Commun. 299: 345-351.

Bock R, Warzecha H (2010). Solar-powered factories for new vaccines
and antibiotics. Trend. Biotechnol. 28: 246-252.

Brennan FR, Bellaby T, Helliwell SM, Jones TD, Kamstrup S,

Dalsgaard K, Flock J, Hamilton WDO (1999). Chimeric plant virus
particles administered nasally or orally induce systemic and mucosal
immune responses in mice. J. Virol. 73(2): 930-938.
Chargelegue D, Drake PMW, Obregon P, Prada A, Fairweather N,
Ma JKC (2005). Highly immunogenic and protective recombinant
vaccine candidate expressed in transgenic plants. Infect. Immun. 73:
5915-5922.

Chikwamba RK, Scott MP, Mejia LB, Mason HS, Wang K (2003).
Localization of a bacterial protein in starch granules of transgenic

maize kernels. PNAS 100: 11127-11132.

Curtis RI, Cardineray CA (1990). World patent App WO 90/02484.

Daniell H, Kumar S, Dufourmantel N (2005). Breakthrough in
chloroplast genetic engineering of agronomically important crops.
Trend. Biotechnol. 23:238-245.

Dus-Santos MJ,Wigdorovitz A, Trono K, Rios RD, Franzone PM, Gil F,
Moreno J, Carrillo C, Escribano JM, Borca MV (2002). A novel
methodology to develop a foot and mouth disease virus (FMDV)
peptide-based vaccine in transgenic plants. Vaccine 20:1141-1147.

Fischer R, Liao YC, Hoffmann K, Schillberg S, Emans N (1999).
Molecular farming of recombinant antibodies in plants. Biol. Chem.
380:825-839.

Furtado A, Henry RJ, Takaiwa F (2008). Comparison of promoters in
transgenic rice. Plant Biotechnol. J. 6 (7): 679-693.

Gao Y, Ma Y, Li M, Cheng T, Li SW, Zhang J, Xia NS (2003). Oral
immunization of animals with transgenic cherry tomatillo expressing
HBsAg. World J. Gastroenterol. 9(5): 996-1002.

Goldblatt D, Ramsay M (2003). Immunization, In: D.A. Warrel, T.M.
Cox, J.D. Firth, Jr. E.J. Benz (ed.) Oxford text book of medicine fourth
edition. Oxford University Press.

Gomez E, Zoth SC, Asurmendi S, Rovere CV, Berinstein A (2009).
Expression of hemagglutinin-neuraminidase  glycoprotein  of
newcastle disease virus in agroinfiltrated Nicotiana
benthamiana plants. J. Biotechnol. 144(4): 337-340.

Hirst RT, Holmgren J (1987). Conformation of protein secreted across
bacterial outer Membranes: A study of enterotoxin translocation from
Vibrio cholerae. Proc. Nat. Acad. Sci. USA 84: 7418-7422.

Huang Y, Liang W, Pan A, Zhou Z, Huang C, Chen J, Zhang D (2003).
Production of FaeG, the major subunit of K88 fimbriae, in transgenic
tobacco plants and its immunogenicity in mice. Infect. Immun. 71(9):
5436-5439.

Huang Z, Dry |, Webster D, Strugnell R, Wesselingh S (2001). Plant-
derived measles virus hemagglutinin protein induces neutralizing
antibodies in mice. Vaccine 19: 2163-2171.

Ichinolhe T, Ainai A, Nakamura T, Akiyama Y, Maeyama J, Odagiri T,
Tashiro M, Takahashi H, Sawa H, Tamura S, Chiba J, Kurata T, Sata
T, Hasegawa H (2010). Induction of cross-protective immunity
against influenza A virus H5N1 by an intranasal vaccine with extracts
of mushroom mycelia. J. Med. Virol. 82 (1):128-137.

Joensuu JJ, Kotiaho M, Teeri TH, Valmu L, Nuutila AM, Oksman-
Caldentey KM, Niklander-Teeri V (2006). Glycosylated F4 (K88)
fimbrial adhesin FaeG expressed in barley endosperm induces
ETEC-neutralizing antibodies in mice. Transgenic Res. 15(4):359—
373.

Judge NA, Mason HS, O'Brien AD (2004). Plant cell-based intimin
vaccine given orally to mice primed with intimin reduces time
of Escherichia coli O157:H7 shedding in Feces. Infect. Immun.
72:168-175.

Jul-Larsen A, Madhun A, Brokstad K, Montomoli E, Yusibov V, Cox R
(2012). The human potential of a recombinant pandemic influenza
vaccine produced in tobacco plants. Hum. Vaccin. Immunother. 8(5):
653-661.

Kalthoff D, Giritch A, Geisler K, Bettmann U, Klimyuk V, Hehnen HR,
Gleba Y, Beer M (2010). Immunization with plant-expressed
hemagglutinin protects chickens from lethal highly pathogenic avian
influenza virus H5N1 challenge infection. J. Virol. 84(22): 12002—
12010.

Kant A, Reddy S, MM Shankraiah, Venkatesh JS, Nagesh C (2011).
Plant made pharmaceuticals (PMP’s)-A protein factory: A Overview.
Pharmacology online 1: 196-209.

Karaman S, Cunnick J, Wang K (2012). Expression of the cholera toxin
B subunit (CT-B) in maize seeds and a combined mucosal treatment
against cholera and traveler’s diarrhea. Plant Cell Rep. 31: 527-537.

Karg SR, Kallio PT (2009). The production of biopharmaceuticals in
plant systems. Biotechnol. Adv. 27:879-894.

Kohl T, Hitzeroth Il, Stewart D, Varsani A, Govan VA, Christensen ND,
Williamson AL, Rybicki P (2006). Plant-produced cottontail rabbit
Papilloma virus L1 protein protects against tumor challenge: a proof-
of-concept study. Clin. Vaccin. Immunol. 13(8): 845-853.

Kong Q, Richter L, Yang YF, Arntzen CJ, Mason HS, Thanavala Y
(2001). Oral immunization with hepatitis B surface antigen expressed
in transgenic plants. Proc. Natl. Acad. Sci. USA. 98: 11539-11544.


http://f6mail.rediff.com/prism/@mail/http:/help.yahoo.com/l/in/yahoo/mail/classic/context/context-07.htmlSpringer
http://f6mail.rediff.com/prism/@mail/http:/help.yahoo.com/l/in/yahoo/mail/classic/context/context-07.htmlSpringer
http://f6mail.rediff.com/prism/@mail/http:/help.yahoo.com/l/in/yahoo/mail/classic/context/context-07.htmlSpringer
http://f6mail.rediff.com/prism/@mail/http:/help.yahoo.com/l/in/yahoo/mail/classic/context/context-07.htmlSpringer
http://www.springerlink.com/content/?Author=DANIEL+K.X.+CHONG
http://www.springerlink.com/content/?Author=J.+LAWRENCE+MERRITT
http://www.springerlink.com/content/?Author=WILLIAM+H.R.+LANGRIDGE
http://www.springerlink.com/content/x56t414407203064/
http://www.springerlink.com/content/x56t414407203064/
http://www.springerlink.com/content/0962-8819/
http://www.springerlink.com/content/0962-8819/6/6/
http://www.ncbi.nlm.nih.gov/pubmed?term=Jul-Larsen%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22634440
http://www.ncbi.nlm.nih.gov/pubmed?term=Madhun%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22634440
http://www.ncbi.nlm.nih.gov/pubmed?term=Brokstad%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22634440
http://www.ncbi.nlm.nih.gov/pubmed?term=Montomoli%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22634440
http://www.ncbi.nlm.nih.gov/pubmed?term=Yusibov%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22634440
http://www.ncbi.nlm.nih.gov/pubmed?term=Cox%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22634440
http://www.ncbi.nlm.nih.gov/pubmed/22634440

Koprowski H (2005). Vaccines and sera through plant biotechnology.
Vaccine 23:1757-1763.

Kostrzak A, Gonzalez MC, Guetard D, Nagaraju DB, Hobson SW,
Tepfer D, Pniewski T, Sala M (2009). Oral administration of low
doses of plant based HBsAg induced antigen-specific IgAs and 1gGs
in mice, without increasing levels of regulatory T cells. Vaccine 27:
4798-4807.

Koya V, Moayeri M, Leppla SH, Daniell H (2005). Plant-based vaccine:

mice immunized with chloroplast-derived anthrax protective antigen

survive anthrax lethal toxin challenge. Infect. Immun. 73:8266—-8274.

Kumar GB, Ganapathi TR, Revathi CJ, Srinivas L, Bapat VA (2005).
Expression of hepatitis B surface antigen in transgenic banana
plants. Planta 222(3): 484—-493.

Lal P, Ramachandran VG, Goyal R, Sharma R (2007). Edible vaccines:
Current status and future. Ind. J. Med. Microbiol. 25: 93-102.

Lamphear BJ, Jilka JM, Kesl L, Welter M, Howard JA, Streatfield SJ
(2004). A corn-based delivery system for animal vaccines: an oral
transmissible gastroenteritis virus vaccine boosts lactogenic immunity
in swine. Vaccine 22(19): 2420-2424.

Levine MM (2006). Enteric infections and the vaccines to counter them:
Future directions. Vaccine 24:3865-3873.

Li T, Sun JK, Lu ZH, Liu Q (2011). Transformation of HBsAg (Hepatitis
B Surface Antigen) gene into tomato mediated by Agrobacterium
tumefaciens. Czech J. Genet. Plant Breed. 47(2): 69-77.

Li YU, Sun M, Liu J, Yang Z, Zhang Z, Shen G (2006). High expression
of foot-and-mouth disease virus structural protein VP1 in tobacco
chloroplasts. Plant Cell Rep. 25(4): 329-333.

Lopez-Gigosos RM, Plaza E, Diez-Diaz RM, Calvo MJ (2011).
Vaccination strategies to combat an infectious globe: Oral cholera
vaccines. J. Glob. Infect. Dis. 3(1): 56-62.

Lou XM, Yao QH, Zhang Z, Peng RH, Xiong AS, Wang HK (2007).
Expression of the human hepaptitis B virus large surface antigen
gene in transgenic tomato plant. Clin. Vaccin. Immunol. 14(4): 464-
469.

Madhun AS, Haaheim LR, Ngstbakken JK, Ebensen T, Chichester J,
Yusibov V, Guzman CA, Cox RJ (2011). Intranasal c-di-GMP-
adjuvanted plant-derived H5 influenza vaccine induces
multifunctional Thl CD4 (+) cells and strong mucosal and systemic
antibody responses in mice. Vaccine 29(31): 4973-82.

Malabadi RB, Meti NT, Mulgund GS, Nataraja K, Kumar SV (2012).
Recent advances in plant derived vaccine antigens against human
infectious diseases. Res. Pharm. 2(2): 8-19.

Marcondes J, Hansen E (2008). Transgenic lettuce seedlings carrying
hepatitis B virus antigen HBs Ag. Braz. J. Infect. Dis. 12(6): 469-471.
Mason HS, Arntzen CZ (1995). Transgenic plants as vaccine production

systems. Trend Biotechnol. 13: 388-392.

Mason HS, Ball JM, Shi JJ, Estes MK, Arntzen CJ (1996). Expression of
Norwalk virus capsid protein in transgenic tobacco and potato and its
oral immunogenicity in mice. Immunology 93(11): 5335-5340.

Mason HS, Hag TA, Clements JD, Arntzen CJ (1998). Edible vaccine
protects mice against Escherichia coli heat-labile enterotoxin (LT):
potatoes expressing a synthetic LT-B gene. Vaccine 16(13): 1336-
1343.

Mason HS, Warzecha H, Mor T, Arntzen CJ (2002). Edible plant
vaccines: applications for prophylactic and therapeutic molecular
medicine. Trends Mol. Med. 8:324-329.

Mayfield SP, Franklin SE (2005). Expression of human antibodies in
eukaryotic micro algae. Vaccine 23(15):1828-1832.

McGarvey PB, Hammond J, Dienelt MM, Hooper DC, Fu ZF,
Dietzschold B, Koprowski H, Michaels FH (1995). Expression of the
Rabies Virus lycoprotein in transgenic tomatoes. Bio/Technol. 13:
1484-1487.

Mei H, Tao S, Zu YG, An ZG (2006). Research advances on plant
vaccine. Acta Genet. Sin. 33(4): 285-293.

Misra UK, Kalita J (2010). Overview: Japanese encephalitis. Progress
Neurobiol. 91(2):108-120.

Modelska A, Dietzschold B, Sleysh N, Fu ZF, Steplewski K, Hooper
DC, Koprowski H, Yusibov V (1998). Immunization against rabies
with plant-derived antigen. PNAS 2481-2485.

Moffat AS (1995). Exploring transgenic plants as a new vaccine source.
Science 268: 658-660.

Molina A, Veramendi J, Hervas-Stubbs S (2005). Induction of

Kumar et al. 6157

neutralizing antibodies by a tobacco chloroplast-derived vaccine
based on a B cell epitope from canine parvovirus. Virol. 342(2): 266-
275.

Muller CP, Fack F, Damien B, Bouche FB (2003). Immunogenic
measles antigens expressed in plants: role as an edible vaccine for
adults. Vaccine 23:816-819.

Naqvi S, Ramessar K, Farré G, Sabalza M, Miralpeix B, Twyman RM,
Capell T, Zhu C, Christou P (2011) High-value products from
transgenic maize. Biotechnol. Adv. 29: 40-53.

Nicholson L, Gonzales-Menlendi P, van Dolleweerd C, Tuck H, Perrin
Y, Ma JKC, Fischer R, Christou P, Stoger E (2005). A recombinant
multimeric immunoglobulin expressed in rice shows assembly-
dependent subcellular localization in endosperm cells. Plant
Biotechnol. J. 3: 115-127.

Nochi T, Takagi H, Yuki Y, Yang L, Masumura T, Mejima M, Nakanishi
U, Matsumura A, Uozumi A, Hiroi T et al. (2007). Rice-based
mucosal vaccine as a global strategy for cold-chain and needle-free
vaccination. Proc. Natl. Acad. Sci. 104: 10986-10991.

Oakes JL, Garg R, Bost KL, Piller KJ (2007). Expression and
subcellular targeting of a model subunit vaccine in transgenic
soyabean. J. immunol. (Meeting Abstract Supplement) S32
178:41.13.

Park K (2005). Park’s Preventive Social Medicine. M/S Banarsidas
Bhanot pub. 95-100.

Pelosi A, Shepherd R, Walmsley AM (2012). Delivery of plant-made
vaccines and therapeutics. Biotechnol. Adv. 30(2):440-4488.

Pickering RJ, Smith SD, Strugnell RA, Wesselingh SL, Webster DE
(2006). Crude saponins improve the immune response to an oral
plant-made measles vaccine. Vaccine 24(2): 144-150.

Pniewski T, Kapusta J, Bociag P, Wojciechowicz J, Kostrzak A, Gdula
M, Fedorowicz-Stronska O, Woéjcik P, Otta H, Samardakiewicz S,
Wolko B, Ptucienniczak A (2011). Low-dose oral immunization with
lyophilized tissue of herbicide-resistant lettuce expressing hepatitis B
surface antigen for prototype plant-derived vaccine tablet formulation.
J. Appl. Genet. 52:125-136.

Pogrebnyak N, Golovkin M, Andrianov V, Spitsin S, Smirnov Y, Egolf
R, Koprowski H (2005). Severe acute respiratory syndrome (SARS) S
protein production in plants: Development of recombinant vaccine.
Proc. Natl. Acad. Sci. USA. 102(25): 9062—9067.

Prakash CS (1996) Edible vaccines and antibody producing plants.
Biotechnol. Dev. Monitor. 27: 11-13.

Ramessar K, Rademacher T, Sack M, Stadlmann J, Platis D, Stiegler
G, et al. (2008b). Cost-effective production of a vaginal protein
microbicide to prevent HIV transmission. Proc. Natl. Acad. Sci. USA.
105:3727-3732.

Ramessar K, Sabalza M, Capell T, Christou P (2008a). Maize plants: an
ideal production platform for effective and safe molecular pharming.
Plant Sci. 174:409-419.

Ramsay AJ, Kent SJ, Strugnell RA, Suhrbier A, Thomson SA,
Ramshaw |A (1999). Genetic vaccination strategies for enhanced
cellular, humoral and mucosal immunity. Immunol. Rev. 171: 27-44.

Raskin |, Ribnicky DM, Komarnytsky S, llic N, Poulev A, Borisjuk N,
Brinker A, Moreno DA, Ripoll C, Yakoby N, O’Neal JM, Cornwell T,
Pastor |, Fridlender B (2002). Plants and human health in the twenty-
fi rst century. Trend. Biotechnol. 20:522-531.

Richter LJ, Thanavala Y, Arntzen CJ, Mason HS (2000). Production of
hepatitis B surface antigen in transgenic plants for oral immunization.
Nat. Biotechnol. 18: 1167-1171.

Rigano MM, Dreitz S, Kipnis AP, 1zzo AA, Walmsley AM (2005). Oral
immunogenicity of a plant-made subunit tuberculosis vaccine.
Vaccine 24(5): 691-695.

Rosales-Mendoza S, Soria-Guerra RE, Moreno-Fierros L, Govea-
Alonso DO, Herrera-Diaz A, Korban SS, Alpuche-Solis AG (2011).
Immunogenicity of nuclear-encoded LTB:ST fusion protein
from Escherichia coli expressed in tobacco plants. Plant Cell
Rep. 30(6): 1145-1152.

Roy K, Bartels S, Qadri F, Fleckenstein JM (2010). Enterotoxigenic
Escherichia coli elicit immune responses to multiple surface proteins.
Infect. Immun. 78: 3027-3035.

Rybicki EP (2010) Plant-made vaccines for humans and animals. Plant
Biotechnol. J. 8(5): 620-637.

Sala F, Rigano MM, Barbante A, Basso B, Walmsley AM, Castiglione S



6158 Afr. J. Biotechnol.

(2003). Vaccine antigen production in transgenic plants: strategies,
gene constructs and perspectives. Vaccine 21:803-808.

Sandhu JS, Krasnyanski SF, Domier LL, Korban SS, Osadjan MD,
Buetow DE (2000). Oral immunization of mice with transgenic tomato
fruit expressing respiratory syncytial virus-F protein induces a
systemic immune response. Transgenic Res. 9: 127-35.

Santi L, Batchelor L, Huang Z, Hjelm B, Kilbourne J, Arntzen CJ,
Qiang Chen, Mason HS (2008). An efficient plant viral expression
system generating orally immunogenic Norwalk virus-like particles.
Vaccine 26(15): 1846-1854.

Sarwat M, Ahmad P, Nabi G, Hu X (2013). Ca®* signals: the versatile
decoders of environmental cues. Crit. Rev. Biotechnol. 33(1):97-109
Scotti N, Rigano MM, Cardi T (2012). Production of foreign proteins

using plastid transformation. Biotechnol. Adv. 30(2): 387-397.

Sharma M, Sood B (2011). A banana or a syringe: journey to edible
vaccines. World J. Microbiol. Biotechnol. 27(3): 471-477.

Shih SMH, Doran PM (2009). Foreign protein production using plant cell
and organ cultures: Advantages and limitations. Biotechnol. Adv. 27:
1036-1042.

Shin EA, Park YK, Lee KO, Langridge WH, Lee JY (2009). Synthesis
and assembly of Porphyromonas gingivalis fimbrial protein in potato
tissues. Mol. Biotechnol. 43(2): 138-147.

Shoji Y, Bi H, Musiychuk K, Rhee A, Horsey A et al. (2009). Plant-
derived hemagglutinin protects ferrets against challenge infection
with the A/lndonesia/05/05 strain of avian influenza. Vaccine 27(7):
1087-1092.

Shoji Y, Chichester J A, Jones M, Manceva S D, Damon E, Mett V,
Musiychuk K, Bi H, Farrance C, Shamloul M, Kushnir N, Sharma S,
Yusibov V (2011). Plant-based rapid production of recombinant
subunit hemagglutinin vaccines targeting HIN1 and H5N1 influenza.
Hum. Vaccin. 7 Suppl: 41-50.

Shoji Y, Chichester JA, Bi H, Musiychuk K, de la Rosa P, Goldschmidt
L, Horsey A, Ugulava N, Palmer GA, Mett V, Yusibov V (2008). Plant-
expressed HA as a seasonal influenza vaccine candidate. Vaccine
26(23): 2930- 2934.

Simmonds P, Peutherer JF (2003). Hepadnaviruses, In: D. Greenwood,
R.C.B. Slack, J.F. Peutherer (ed.) Medical microbiology sixteenth
edition. Churchill Living stone Elsevier Science Limited. pp. 438-447.

Smart V, Foster PS, Rothenberg ME, Higgins TJV, Hogan SP (2003). A
plant-based allergy vaccine suppresses experimental asthma via an
IFN-y and CD4'CD45RB™ T Cell-dependent mechanism. J.
Immunol. 171: 2116-2126.

Streatfield SJ (2006). Mucosal immunization using recombinant plant-
based oral vaccines. Methods 38: 150-157.

Streatfield SJ, Jilka JM, Hood EE, Turner DD, Baily MR, Mayor JM,
Woodard SL, Beifuss KK, Horn ME, Delaney DE, Tizard IR, Howard
JA (2001). Plant-based vaccines: unigue advantages. Vaccine 19:
2742-2748.

Sun M, Qian K, Su N, Chang H, LiuJ, Shen G (2003). Foot-and-
mouth disease virus VP1 protein fused with cholera toxin B subunit
expressed in Chlamydomonas reinhardtii chloroplast. Biotechnol.
Lett. 25 (13): 1087-1092.

Tacket CO (2007). Plant-based vaccines against diarrheal diseases.
Trans. Am. Clin. Climatol. Assoc. 118: 79-87.

Tacket CO (2009). Plant-based oral vaccines: Results of human trials.
Current Topics Microbiol. Immunol. 332: 103-117.

Tacket CO, Mason HS, Losonsky G, Clements JD, Levine MM, Arntzen
CJ (1998). Immunogenicity in humans of a recombinant bacterial-
antigen delivered in transgenic potato. Nat. Med. 4: 607-609.

Tacket CO, Mason HS, Losonsky G, Estes M K, Levine M M, Arntzen
CJ (2000). Human immune responses to a novel Norwalk Virus
vaccine delivered in transgenic potatoes. J. Infect. Disease. 182: 302-
305.

Tacket CO, Mason HS (1999). A review of oral vaccination with
transgenic vegetables. Microb. Infect. 1: 1-7.

Takagi H, Hiroi T, Yang L, Tada Y, Yuki Y, Takamura K, Ishimitsu R,
Kawauchi H, Kiyono H, Takaiwa F (2005) A rice-based edible
vaccine expressing multiple T cell epitopes induces oral tolerance for
inhibition of Th2-mediated IgE responses. Proc. Natl. Acad. Sci. USA
102(48): 17525-17530.

ten Lohuis MR, Miller DJ (1998). Genetic transformation of
dinoflagellates (Amphidinium and Symbiodinium): expression of GUS

in microalgae using heterologous promoter constructs. Plant J.
13:427-435.

Thanavala Y, Yang Y, Lyons P, Mason HS, Arntzen C (1995).
Immunogenicity of transgenic plant-derived hepatitis B surface
antigen. Proc. Nat. Acad. Sci. USA. 92: 3358-3361.

Tiwari S, Verma PC, Singh PK, Tuli R (2009). Plants as bioreactors for
the production of vaccine antigens. Biotechnol. Adv. 27(4): 449-467.
Trivedi PK, Nath P (2004). MaExpl, an ethylene-induced expansin from

ripening banana fruit. Plant Sci. 167: 1351-1358.

Twyman RM, Schillberg S, Fischer R (2012). The production of vaccines
and therapeutic antibodies in plants, In: A. Wang, S. Ma (ed.)
Molecular farming in plants: Recent advances and future prospects.
Springer Science+Business Media, New York. pp. 145-159.

Valdes R, Gémez L, Padilla S, Brito J, Reyes B, Alvarez T, Mendoza
O, Herrera O, Ferro W, Pujol M, Leal V, Linares M, Hevia Y, Garcia
C, Mila L, Garcia O, Sanchez R, Acosta A, Geada D, Paez R, Vega J
L, Borroto C (2003). Large-scale purification of an antibody directed
against hepatitis B surface antigen from transgenic tobacco plants.
Biochem. Biophy. Res. Commu. 308(1): 94-100.

Vianna GR, Cunha NB, Murad AM, Rech EL (2011). Soybeans as
bioreactors for biopharmaceuticals and industrial proteins. Gene. Mol.
Res. 10: 1733-1752.

Waheed MT, Gottschamel J, Hassan SW, Lossl AG (2012) Plant-
derived vaccines: An approach for affordable vaccines against
cervical cancer. Hum. Vaccin. Immunother. 8(3): 403-406.

Walmsley AM, Arntzen CJ (2000). Plants for delivery of edible vaccines.
Curr. Opin. Biotechnol. 11: 126-129.

Wang Y, Deng H, Zhang X, Xiao H, Jiang Y, Song Y, Fang L, Xiao S,
Zhen Y, Chen H (2009). Generation and immunogenicity of Japanese
encephalitis virus envelope protein expressed in transgenic rice.
Biochem. Biophys. Res. Commun. 380(2): 292-297.

Wang Y, Shen Q, Jiang Y, Song Y, Fang L, Xiao S, Chen H (2012).
Immunogenicity of foot-and-mouth disease virus structural
polyprotein P1 expressed in transgenic rice. J. Virol. Meth. 181(1):
12-17.

Warzecha H, Mason HS, Lane C, Tryggvesson A, Rybicki R, Williamson
A, Clements JD, Rose RC (2003). Oral immunogenicity of human
Papillomavirus-like particles expressed in potato. J. Virol. 77(16):
8702-8711.

Watson J, Koya V, Leppla SH, Daniell H (2004). Expression of Bacillus
anthracis protective antigen in transgenic chloroplasts of tobacco, a
non-food/feed crop. Vaccine 22: 4374-4384.

Webster DE, Cooney ML, Huang Z, Drew DR, Ramshaw IA, Dry IB,
Strugnell RA, Martin JL, Wesselingh SL (2002). Successful boosting
of a DNA measles immunization with an oral plant derived measles
virus vaccine. J. Virol. 76(15): 7910-7912.

Webster DE, Thomas MC, Huang Z, Wesselingh SL (2005). The
development of a plant based vaccine for measles. Vaccine 23:
1859-1865.

Wigdorovitz A, Carrillo C, Dus-Santos MJ, Sadir AM, Rios R, Franzione
P, Escribano JM, Borca MV (1999). Induction of a protective antibody
response to foot and mouth disease virus in mice following oral or
parenteral immunization with alfalfa transgenic plants expressing the
viral structural protein VP1. Virology 255: 347-353.

Wilken LR, Nikolov ZL (2012). Recovery and purification of plant-made
recombinant proteins. Biotechnol. Adv. 30(2): 419-433.

XulJ, Ge X, Dolan MC (2011). Towards high-yield production of
pharmaceutical proteins with plantcell suspension cultures.
Biotechnol. Adv. 29(3): 278-299.

Yoshida T, Kimura E, Koike S, Nojima J, Futai E, Sasagawa N,
Watanabe Y, Ishiura S (2011). Transgenic rice expressing amyloid 3-
peptide for oral immunization. Int. J. Biol. Sci. 7(3): 301-307.

Yuan L, Saif LJ (2002). Induction of mucosal immune responses and
protection against enteric viruses: rotavirus infection of gnotobiotic
pigs as a model. Vet. Immunol. Immunopathol. 87: 147-160.

Yusibov V, Streatfield S J, Kushnir N (2011). Clinical development of
plant-produced recombinant pharmaceuticals: Vaccines, antibodies
and beyond. Hum. Vaccin. 7(3):313-321.

Zaslavskaia LA, Lippmeier JC, Kroth PG, Grossman AR, Apt KE (2000)
Transformation of the diatom Phaeodactylum tricornutum
(Bacillariophyceae) with a variety of selectable marker and reporter
genes. J. Phycol. 36(2):379-386.


http://www.springerlink.com/content/?Author=Monika+Sharma
http://www.springerlink.com/content/?Author=Bhumika+Sood
http://www.springerlink.com/content/0959-3993/
http://www.springerlink.com/content/0959-3993/27/3/
http://www.pnas.org/search?author1=Takachika+Hiroi&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Ryotaro+Ishimitsu&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed?term=Waheed%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=22327500
http://www.ncbi.nlm.nih.gov/pubmed?term=Gottschamel%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22327500
http://www.ncbi.nlm.nih.gov/pubmed?term=Hassan%20SW%5BAuthor%5D&cauthor=true&cauthor_uid=22327500
http://www.ncbi.nlm.nih.gov/pubmed?term=L%C3%B6ssl%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=22327500
http://www.ncbi.nlm.nih.gov/pubmed/22327500
http://www.sciencedirect.com/science/journal/01660934
http://www.sciencedirect.com/science/journal/01660934/181/1
http://www.sciencedirect.com/science/journal/07349750/29/3

