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A banana or a syringe: journey to edible vaccines
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Abstract Constant emergence of diseases, along with the

expanding size of world population creates demands for

newer vaccines which can meet the challenges that con-

ventional vaccines have not been able to overcome. The

application of transgenic plants in the production of phar-

maceuticals has led to the new approach of plant-based,

orally-delivered vaccines. In recent years a number of

recombinant vaccine antigens have been expressed in dif-

ferent plant tissues. The review highlights the generation of

edible vaccines, their mode of action and their clinical

application in various human diseases. Though the road

ahead seems promising, there are several constraints which

restrict the success and public acceptability of these vac-

cines. These include problems of choice of plants, storage,

delivery, dosage, safety, public perception, quality control

and licensing.

Keywords Vaccination � Genetically modified plants �
Edible vaccines � Immune response � Clinical trials

Introduction

Search for an easier and affordable means of immunization

has led researchers to the idea of using fruit and vegetable

plants as factories for synthesizing vaccines known as

‘‘edible vaccines’’. Invented by Charles J. Arntzen

(Biodesign institute, Arizona State University) these sub-

unit vaccines are made up of antigens that can be grown in

genetically modified plants and delivered through the edi-

ble parts of the plant (Arntzen 1997). They do not contain

the genes responsible for pathogenesis, making them safe

as they can generate an immune response in the body

without causing disease. Edible vaccines are likely to

overcome the hurdles posed by traditional vaccines, as they

can be delivered without needles, do not require refriger-

ation and can be made, less expensively, right in the area in

which they will be delivered.

Transgenic plants and edible vaccines

The concept of modifying food crops to achieve better

health is nothing new. For centuries, food crops have been

altered through selective breeding (Goodman et al. 1987).

A selected gene from a related or a completely different

species can be transferred to another to achieve better

characteristics like improved nutritional quality, insect

resistance, herbicide resistance, disease resistance or salt

tolerance. Ever since the transformation of the tobacco

plant (Horsch et al. 1984), efficient methods for genetic

transformation and optimizing expression of foreign genes

in plants have been explored.

Many pharmacologically relevant proteins have been

produced in a diverse range of crops e.g. human growth

hormone in transgenic tobacco (Barta et al. 1986), antibody

expressed in tobacco (Hiatt et al. 1992), milk proteins

(Chong et al. 1997), human serum albumin in tobacco

(Daniell 2003), many industrial enzymes (Hood et al.

2003), and new protein polymers with both medical and

industrial uses (Ruggiero et al. 2000). The use of transgenic

plants for the large-scale production of heterologous
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proteins is gaining worldwide recognition, and could be a

take-off point for the cost-effective production of vaccine

proteins also (Mishra et al. 2008).

Plants for vaccine production

Plants used for oral vaccine production should produce

edible parts that can be consumed uncooked since vaccine

antigens are heat sensitive. Moreover it should be rich in

protein because vaccine protein will only be a small per-

centage (0.01–2.0%) of the total protein content of a plant.

It should grow widely, be capable of being transformed by

genetic engineering and should not produce toxic products

(Prakash 1996). Different plants like tobacco, banana,

potato, tomato, lettuce, rice and papaya have been used for

the production of edible vaccines (Table 1) for preventing

a number of human diseases like diarrhea, cholera, anthrax,

measles etc. (Mishra et al. 2008).

Generation of transgenic plants is species dependent and

takes 3–9 months. Foreign DNA integrates randomly into

the plant genome, resulting in a different gene expression

level for each independent line, so that 50–100 plants are

transformed together at a time. Transformed cells and

whole plants expressing the desired product are selected

using the antibiotic resistance genes. The plant expressing

the highest levels of antigen and least number of adverse

effects is selected. Each antigen so expressed in plants is

tested for its proper assembly and verified by animal

studies, Western blot; and quantified by enzyme-linked

immunosorbent assay (Haq et al. 1995).

Creating edible vaccines

The concept of edible vaccines got impetus after Arntzen

and co-workers expressed hepatitis B surface antigen in

tobacco (Mason et al. 1992). These vaccines are prepared by

introducing the desired gene into plants and inducing these

genetically modified plants to manufacture the encoded

protein. Among the different epitopes, protective ones can

be selected for vaccine development. Some methods for the

preparation of edible vaccines are as follows.

Using Ti plasmid

Agrobacterim tumefaciens known as the ‘natural genetic

engineer’ is a widely used vector for carrying out transfor-

mation in plants. This soil bacterium possesses a circular Ti

(tumor inducing) plasmid (200 Kb) that contains genes for

synthesis of cytokinin, auxin and phytohormones. The

bacterium transfers T-DNA of its plasmid into the plant

genome upon infection, and forms a mass of cells known as

crown gall at the wound site. The plasmid is disarmed by T
a
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deleting the genes for auxin and cytokinin synthesis so that

there is no tumor (gall) formation upon transformation. T-

DNA carrying the transgene is integrated into the plant

genome at random sites (Gustavo et al. 1998). Another soil

bacterium, Agrobacterium rhizogenes carrying the Ri (root

inducing) plasmid (Gustavo et al. 1998), can also be used for

transformation of the phenotype of plant cells.

Using chimeric viruses

Plant viruses including cowpea mosaic virus (CPMV),

alfalfa mosaic virus (ALMV), tobacco mosaic virus (TMV)

and cauliflower mosaic virus (CaMV) can be used to

express fragments of antigenic epitopes on their surface

with the help of overcoat and epicoat technology

(Walmsley and Arntzen 2000). CPMV has been genetically

modified to express multiple epitopes like HIV-1 and

human rhinovirus 14 (Porta et al. 1994); foot and mouth

disease virus (Usha et al. 1993); canine parvovirus and

fungal epitopes from Plasmodium falciparum on its sur-

face. These viruses are used as vectors for transformation

of plants for vaccine production.

Other methods like biolistics method, electroporation

and lipofection can also be adopted for the gene transfer.

Generation of immune response

Edible vaccines are taken orally, so they mimic the process

of natural infection and stimulate both mucosal and systemic

immune responses in the body (Koo et al. 1999), which is a

big advantage as compared to traditional vaccines.

As plant parts are fed directly, the antigen is protected

from attack by the enzymes, gastric and intestinal secre-

tions due to bio-encapsulation. The plant cell wall breaks in

the intestine to release the antigens. The M cells of the

Peyer patches and gut-associated lymphoid tissue (GALT)

take up the antigens first (Lal et al. 2007). M cells pass the

antigen to macrophages and other antigen-presenting cells

for display to the helper T cells. Th cells stimulate B cells

to make and release antibodies (IgG, IgE, IgA and memory

responses) that neutralize the antigen in a way similar to

conventional vaccines.

Advantages of edible vaccines

Preparation of either injectible or oral vaccine (like polio

vaccine), on an industrial scale is an expensive process and

requires specially-built manufacturing facilities, cold chain

storages, medical personnel and sterile injections. One of

the key goals of the edible vaccine pioneers is to reduce

immunization expenses.

Edible vaccines are safer, as they possess antigenic

subunits only and are devoid of the pathogenic epitopes.

They can induce both systemic and mucosal immunity.

Their scale-up requires planting more acreage of value-

added plants only (Korban et al. 2002) and processing in

the form of juice, powder or sauce, is less complicated and

cost effective.

Vaccines synthesized in mammalian cells can be con-

taminated with pathogenic organisms but plant based

vaccines are not, as plant viruses do not infect humans (Lal

et al. 2007). Feasibility in oral administration as compared

to injections and enhanced compliance with children are

other advantages of edible vaccines. Moreover, needles

used in conventional vaccination also cause environmental

contamination and carry the risk of spreading second-hand

diseases (Yu 2008).

Edible vaccines can be integrated with other vaccine

approaches or multiple antigens may be delivered for

improved efficacy. The ‘‘multi-component’’ ability is pos-

sible by crossing two plant lines harboring different anti-

gens. These ‘‘second-generation’’ vaccines allow several

antigens to approach M cells simultaneously, e.g. a triva-

lent vaccine against cholera, ETEC (enterotoxigenic

E. coli) and rotavirus, elicits a significant immune response

to all three antigens (Yu and Langridge 2001).

Clinical applications

A large number of clinical trials have been carried out to

validate the potential of edible vaccines for the prevention

of various human diseases (Table 2).

Other therapeutic potentials

In addition to being used as vaccines, transgenic plants have

additional therapeutic applications. Transgenic soybeans

produce a tumor-reactive monoclonal antibody called BR-

96 which can be used as a drug carrier to treat breast, colon,

ovarian and lung cancers (Moffat 1995). An engineered

contraceptive developed in tobacco mosaic virus contains

Zona pellucida ZB3 protein, which covers the unfertilized

eggs preventing fertilization (Prakash 1996). A vaccine

against Alzheimer’s disease using a beta amyloid gene

inserted into the tomato genome could induce a strong

immune response in mice (Youm et al. 2008).

The green vaccines

Plant chloroplasts are now being used for the production of

green vaccine (Verma and Daniell 2007). Chloroplast

expression has advantages of hyperexpression of protein,

efficient oral delivery and transgene containment via
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maternal inheritance. To date, 23 vaccine antigens against

16 different bacterial, viral and protozoan antigens have

been expressed in chloroplasts (Davoodi-Semiromi et al.

2009) which include, cholera (Daniell et al. 2001), anthrax

(Koya et al. 2005), plague (Arlen et al. 2008), HIV antigens

p24 (Zhou et al. 2008), Rotavirus (Birch-Machin et al.

2004), amoebiasis (Chebolu and Daniell 2007) and malaria

(Davoodi-Semiromi et al. 2010).

Obstacles on the way

The concept of edible vaccines looks attractive, but

implementation can be a little difficult. There are many

issues that need to be addressed for developing a plant-

based vaccine i.e. antigen selection, efficacy in systems,

choice of plants, delivery, dosage, safety, public perception

and quality control and licensing (Lal et al. 2007). Antigen

selection involves safety concerns of whether or not

selected antigens are compatible enough with the selected

plant type to be expressed. Dosage is determined by a

patient’s weight, age, the fruit or plant size and the ripeness

of the fruit or plant (Yu 2008). One tomato or banana is

never the same size as another, so significant differences in

protein content might occur. This could lead to the risk of

underdosing leading to lesser production of antibodies or

overdosing leading to tolerance. Consistency of dosage

from fruit to fruit, plant to plant, and generation to gener-

ation is thus a matter of concern (Tripurani et al. 2003).

Shelf life of the plant crops is very crucial. Since these

fruits are being used as vectors for the vaccines in question,

they have to be properly stored to avoid infection or disease

through spoilage (Richter and Kipp 1999). Another con-

cern could be of transgene escape and identification of

‘‘vaccine’’ fruit versus a normal fruit to avoid the misad-

ministration of the vaccine (Tripurani et al. 2003).

Methods employed for increasing the antigenic protein

content in transgenic plants by stunted growth of plants and

reduction of fruit formation may introduce excess mRNA

which may cause gene silencing in the plant genome (Lal

et al. 2007). Moreover, there could be an allergic reaction

or other side effects like cytokine-induced sickness, central

nervous system toxicity or autoimmune diseases on con-

sumption of plant-based vaccines.

Regulatory concerns

The public perception as well as ecological and environ-

mental risks of edible vaccines are the considerations for

their acceptance (Lal et al. 2007).

It is still not clear if edible vaccines would be regulated

under food, drugs or agricultural products, and what

vaccine component would be licensed, the antigen or the

genetically modified fruit or the seeds that contain the

transgene. They would be subjected to a very close scrutiny

by the regulatory bodies to make sure that they never enter

the food supply, which means that they would need to be

grown in containment because cross-pollination may result

in the modified crops unknowingly making their way into

our normal food supply (Lal et al. 2007). Moreover, results

must show that the edible vaccines are as effective and safe

as the injectable vaccines, to gain FDA approval.

Future prospects

Edible vaccines may not be available as of now, but

researchers from fields as diverse as agronomy and bio-

technology make it possible to believe that the image of the

child being vaccinated as she eats a banana (Arntzen 1997)

is not far fetched. Future research and work on edible

vaccines would determine if these vaccines will be able to

meet the WHO standards of quality i.e. purity, potency,

safety, and efficiency (Sala et al. 2003).

The massive increase in global area utilized in culti-

vating transgenic crops suggests the acceptance of trans-

genic crops in most developing countries (Lal et al. 2007).

If these vaccines become a reality, vaccination for most

diseases would be possible worldwide.

Conclusion

The economic and technical payback offered by edible

vaccines makes them ideal substitutes for conventional

vaccines. Vaccine crops, though still not in commercial

production would soon become a reality if significant

challenges can be overcome. The scientific community

hopes that with today’s technology, the techniques of

production will likely be conquered to make plant derived

vaccines more efficient and dependable. Above all, social

acceptance of this technology would govern the commer-

cial achievability of this vaccine.
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