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Abstract

Plant based vaccine production has emerged as a very feasible alternative for the biopharmaceutical
industry in recent times since plants prove to be very competent and cost-effective system for
generating therapeutic products. Precisely, plant-based production systems are focussed on the field of
glycoengineering as it leads to development and production of diverse therapeutic molecules like
antibodies or vaccines. These monoclonal antibodies will be really vital for developing disease
resistance in humans and animals against existing or continuously evolving disease-causing agents
like bacteria, fungi or viruses. This review provides an overview of the recent work done in the area
of plant based vaccines, particularly plantibodies, by highlighting selected case studies and provides
an overview of the possible applications, advantages and limitations of plantibodies. Interestingly,
many plantibodies have been developed, while only some plantibodies have undergone clinical trials
and very few have been approved for worldwide usage. There are many research possibilities to be
explored and great number of plantibodies need to be developed in order to combat the healthcare
problems prevalent worldwide. In this context, further improvisation of technologies are required so
that maximum number of the plantibodies with specific advantages can be easily assessed and

accepted for use, all across the world.
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Introduction

Animals and plants are afflicted by numerous diseases across the globe. There areseveral
causative agents of dreadful diseases and development of disease resistance among organisms
has remained one of the major challenging areas of research since the past five decades.The
discovery of antibodies and understanding of their mode of action gave rise to a new avenue
of research [1]. The invention of hybridoma technology by Kohler and Milstein in 1975
further led to the possibilities of development of antibodies having specificity and definite

properties [1].
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Monoclonal antibodies in conjunction with drugs or toxins emerged as major
components for therapeutic use in clinical medicine and were reported to serve as inhibitors
of protein function. The advent of gene technology immensely eased the process of antibody
engineering, allowing production of antibodies with desired functional properties [1]. Further,
the need for antibody productionhavinggood yield and in cost effective manner, triggered
researchers to explore various systems which could be used for antibody production. Initially,
the production of antibodies was attempted successfully in yeast, myeloma cells lines and
later in plant systems as well [1]. In recent times, the concept of development of human and
animal vaccines from plant system has brought a major shift in research endeavours
worldwide [2].

Historical Perspective

Initially, Hiatt et al., (1989) reported the production of antibodies in plant system. In this
study, genes for heavy and light chains of immunoglobulins were cloned in plant expression
vector containing 35S constitutive promoter and transformation of recombinant constructs
was done in tobacco plants [3]. The transformants expressing either of the chains were
crossed in order to obtain plants which had expression of both the immunoglobulin chains.
Accumulation of functional immunoglobulins was reported in selected tobacco progenies,
however, details about their assembly and in situ localization was not stated. Further, During
et al. in 1990, demonstrated the production of antibodies in tobacco plants, [4] and also
examined the correct assembly and in situ localization of these antibodies using anti-idiotypic
antibodies [1, 4]. In this study, recombinant construct contained both the light and heavy
chains of immunoglobulins in addition to B-amylase leader peptide coding sequence under
the regulation of pNOS promoter [1]. The site of accumulation of assembled antibodies was
found to be in endoplasmic reticulum and also in chloroplasts [1,4]. From the preliminary
studies, it was deciphered that critical optimization was required in case of antibody
production in plants [1]. It was also inferred that molecular chaperones may play vital role in
assembly of immunoglobulins in plants [1]. The recombinant antibodies expressed in suitable

expression vector and produced in plants were named as “plantibodies” [5].
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Different approaches for plantibody production

There are various factors like function of promoter, signal peptide, C terminal peptide and
their effect on plant tissues which could affect antibody production in plants [6].The
conventional method of plantibody production involves transformation and transient
expression of selected genes in plant system. The transformed cell is allowed to multiply and
proliferate for mass production of antibodies in fields [7;8]. Moreover, plant tissue culture
emerges as a more cost-effective approach for plantibody production. The differentiated plant
cells are grown in bioreactors and foreign proteins are harvested from biomass or liquid
cultures [7, 8].Another method to obtain desired antibody combination is via breeding
practices. For selective accumulation of plantibodies, it is preferable for the antibodies to be
targeted to specific cellular compartment via tagging with small peptide sequence to ensure
protection of antibodies from proteases. In transgenic approach, plantibody production can be
targeted via leaf based or seed based approach [9, 8]. The latter approach is more
advantageous since seeds contain lesser amount of proteases than leaves and thus
plantibodies stored in seeds have better stability due to lower probability of protein
degradation [7,8].

The process of antibody purification is critical since endotoxins and mycotoxins,
phenolics or any other source of contamination need to be removed from the antibodies. This
process involves different techniques namely filtration (ultra/dia) and/ or chromatography.
After purification, the antibodies can be assessed for purity, quality and quantity by
radioimmunoassay or enzyme linked immuno sorbent assay or Western blotting techniques
[7].

Schematic presentation of plantibody production is shown in Figure 1.
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Figure 1 schematic representation of plantibody production in plants

Applications of Plantibodies

Several therapeutic applications of plantibodies have been highlighted so far. Plantibodies
can be useful for treating bacterial infections in humans. Interestingly, CaroRx and human
intrinsic factor, are a few success stories of plant-based biopharmaceuticals being acceptable
in healthcare sector of Europe [10]. CaroRx is the world’s first clinically tested plantibody. It
binds to Streptococcus mutansand doesn’t allow bacteria to bind to human teeth surface,
thereby preventing dental caries. It is recommended for topical application on teeth. In
addition, plantibodies produced against different human diseases can be used for
immunization programs. Plantibodies are being attempted to be used for immunomodulation,
cancer therapies and other therapeutic usage [7,11]. In fact, over the years, tireless efforts are
being made to develop potent plantibodies, to assess their efficacy against the dreaded
disease, cancer [11]. In addition, plantibodies have been developed to combat several plant
diseases caused by different viruses (ACMV, TMV, CMV etc.), fungus (Fusarium

oxysporum) and bacteria etc [12].
Recent Case Studies: Evidences of Plantibodies developed for disease control

Several breakthroughs have been made in the past few decades and improved efficacy of
plantibodies against various diseases have been evidenced till now [13, 14,15].In many cases,
pathogen specific antibodies have been produced in transgenic plants in order to mediate

disease control [16, 17]. Notably, the expression of at least 32 different therapeutic
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antibodies, viz monoclonal I1gG or IgM have been attempted in plant systems with variable
success rates [14].

Advancement in plant biotechnological methods ensured enhanced stability of
recombinant proteins in plants [18]. In a particular study, transgenic plants expressing light
and heavy chains of neutralizing anti-human immunodeficiency virus type 1 monoclonal
antibody, 2F5 in conjunction with elastin-like peptides were found to be improve plantibody
stability and also led to simpler process of recovery [19]. Earlier, production of antibodies
was more preferable in animal systems, but the advent of plantibodies paved way for a more
suitable alternative. Further, a recombinant antibody 2G12, expressed in maize endosperm
against HIV-1, was found to effectively neutralize it in animal models [20]. Transgenic
tobacco plants expressing various versions of anti-HIV-1 antibody, 2G12, associated with
elastin-like peptides were reported to have similar kinetic binding parameters as 2G12
antibody produced In Chinese hamster ovary (CHO) cells and it’s HIV neutralization were
comparable or even better than the antibodies produced in CHO cells [21]. Further, elastin-
like peptides attached to anti-human tumour necrosis factor (TNF) single domain antibodies,
produced in transgenic tobacco were found to be very beneficial for prevention of lethal
septic shock, when tested in humanized TNF mice [22]. Importantly, elastin-like peptide
conjugated hemagglutinins, produced in transgenic tobacco, served as potent a plantibody
against swine flu virus (H5N1), when tested in mice [23]. In due course of time, it was also
demonstrated that haploid technology for plant derived proteins could lead to speedy and
effective accumulation of functional antibodies in transgenic tobacco lines [24]. Fusion
proteins have been reported to be beneficial for improved plantibody production and in a
specific case study, enhanced accumulation and easy purification of hemagglutinin was found
when fused with elastin-like polypeptide and hydrophobin under the control of constitutive
CaMV 35S promoter in tobacco [25].
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Figure 2 diagrammatic presentation of plantibody production for Ebola virus immunized in mice and
CaroRxTM used for tooth infection through S.mutans.
rheumatoid arthritis, Anti-aCCRS5 and Anti-HIV gp120 against HIV have been produced via

transgenic approach in different plant hosts viz. duckweed, Nicotiana benthamiana and
maize, respectively and were reported to be in pre-clinical phase [26]. In addition, Anti-
Streptococcus surface antigen 1I/11 and Anti-HBsAg scFV antibodies against dental caries and
hepatitis B, respectively were produced in transgenic tobacco and have been approved so far
[26].

Enterohemorrhagic Escherichia coliconsists of a virulence factor namely, Shiga toxin
1 (Stx1). Recent research demonstrated that hybrid 1gG/IgA, expressed in transgenic
Arabidopsis, has therapeutic value and can neutralize the Shiga toxin and thus can be used for

immunotherapy against Stx-1 related food poisoning [27].

Ricin is a well-known toxin and agent of bioterrorism in USA. Considerable work has
been done to develop somepotent plantibodies which can be used astoxin neutralizing
monoclonal antibodies. Among the developed plantibodies, c-PB10 emerged as the most

useful therapeutic agent and was successfully tested in mice model [28]. Recently, based on
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in-vitro and in-vivo analysis, it was reported that anti-fimbrial protein fimbrillin (anti-FimA)
monoclonal antibody, produced in rice cell suspension, can be useful against periodontal
diseases caused by PorphyromonasgingivalisFimA [29].In recent times, efforts are being
made to develop plantibodies against Ebola virus, which has affected huge number of African
population [30]. Substantial work is also in progress in order to develop plantibodies against
several infectious diseases namely, anthrax, respiratory syncytial virus, West Nile
encephalitis, herpes simplex virus and botulism [31] Diagrammatic presentation of ebola
vaccine production and S.mutans in plants for plantibody production is shown in Figure 2.

Advantages and limitations of plantibodies

The possibility of recombinant antibody production exists in yeast, protozoa, fungi, insect
cells, animals as well as plants [32]. Among all these organisms, plants serve as one of the
best systems as they act as efficient bioreactors for production of antibodies. They are easy to
grow and depend on renewable sources of energy like light, water and soil. The complete
process of plantibody generation is cost effective and quite fast. There is a great diversity of
plants which can be explored in order to select a suitable plant host for plantibody production
based on our needs. The improvised technological expertise gives an advantage to us in order
to develop further efficient methods for plantibody production. Most importantly, plants are
inherently and environmentally safe as animal or human pathogens do not infect plants, so it
is a very feasible system for plantibody production [33]. Currently, the thought of developing
new generation green bionanomaterials from antibody-based supramolecular structures or
scaffolds is also being propagated, keeping in view the rapid technological advancements
[33].

However, there are some major limitationswhich act as hindrances inproduction of
antibodies [34]. One factor is maintaining the quality and quantity of antibody being
produced in plants. The efficiency of large scale antibody production depends on choice of
plant system, which will further govern the possibility of improvement in scale-up, effective
ways of downstream processing and storage [34]. In addition, there are chances of
degradation of recombinant antibodies which are produced in plants. This situation can
partially be tackled by using protein stabilizers along with proteinase inhibitors, but the
challenge of in planta proteolysis may not be ruled out completely [34]. It has been revealed

that physiological state of plants could also affect integrity of antibodies being produced.
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The process of antibody purification is costly and involved huge investments in
biopharmaceutical industry. The appropriate choice of plants and the sites of antibody
production (for example, seeds of tobacco and corn) can determine how efficiently the
plantibody can be purified and used in large scale [34].

The contrasting glycosylation patterns of antibodies produced in animals and plants
can invoke different immune response in either system. Thereby, variable glycosylation
patterns remain as major challenge towards establishment of disease resistance in health care
sector, specifically concerning humans [34, 35]. In an attempt to humanize the plant glycans,
Bakker et al. (2001) did stable expression of human B-1, 4 galactosyltransferase in tobacco
plants. Crossing of these transgenic plants with another set of plants, harbouring a murine
antibody resulted in plants expressing plantibody having partially galactosylated N-glycans
[36]. It has been understood that plant-specific glycosylation patters are very critical in
context of plantibody production. Since, several therapeutic glycoproteins have been targeted
for production in plant systems as alternative to mammalian cell lines, researchers have
focused to develop better understanding about N and O-linked glycosylation in plants and
how plant-specific glycosylation can be optimized for improvement in production of
therapeutic glycoproteins in biopharmaceutical industry [37]. The most fascinating
advancement in plant-based systems in context of glycosylation has been the development of

plant systems which lack core xylose and fucose transferase activity[10].

Overall, advancements in regulatory issues related to production of plantibodies in

pharmaceutical industry needs to be made [34].

Conclusions and Future Perspectives

Transgenic plants have proven to be the most prominent platform for production of
therapeutics and edible vaccines. Not only tobacco but corn, moss and soybeans have been
used for therapy for multiple diseases. Low production cost along with high safety in plant
systems has paved the way for the mass scale production of pharmaceutical productions.
Moreover, mass production in bioreactors has proven to be beneficial by reducing the high
expenses of plantibody production. Not, only in diagnostics, plantibody use should be
explored in the field of veterinary medicine, immunotherapeutic, improved livestock and
other areas. The glycosylation pathways of plantibodies and mammalian proteins are well
defined and their processing is underway [38].For intravenous applications of plantibodies,

extensive research is carried for the benefit of medicinal world. The biological activity of
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plantibodies, homogeneity and authenticity is being improvised. The challenge still remains
for the implementation of mass production under GMP (good manufacturing practices) where
uncertain regulatory affairs constraints the implementation of plantibodies. However, this can
be overcome by small scale production of developed antibody-based therapeutics [39].

Acknowledgments

The authors hereby acknowledge the Bioengineering and the Bioscience Department of
Lovely Professional University for providing an opportunity to write the review paper.

Disclosure statement
There is no conflict of interest by the authors.

References

[1] A. Schots, De. Boer, J. Schouten, A. Roosien, J.F. Zilverentant et al. “Plantibodies’: a
flexible approach to design resistance against pathogens.”Neth. J. PIl. Path.vol.98, pp. 183-
191, 1992.

[2] E.P.Rybicki.“Plant-made vaccines for humans and animals.”Plant Biotechnol. J. vol,8, pp.
620-37, 2010.

[3] A. Hiatt, R. Cafferkey, K. Bowdish.“Production of antibodies in transgenic
plants.”Nature,vol,342, pp. 76-78, 1989.

[4] K. During, S.Hippe, F.Kreuzaler and J. “Shell. Synthesis and self-assembly of a
functional monoclonal antibody in transgenic Nicotiana tabacum.” Plant Mol. Biol.vol,15,
pp. 281-293, 1990.

[5] H. Daniell, S.J. Streatfield, K.Wycoff. “Medical molecular farming: production of
antibodies, biopharmaceuticals and edible vaccines in plants.” Trends Plant Sci, vol, 6, pp.
219-226, 2001.

[6] J. Zeng, Y. Fu, X. Yu, X. Jiang, &H. Huang.“Research advances in genetic engineering of
plantibodies.”Chinese Sci. Bull. vol, 44,pp. 390-397, 1999.

[7] P. Jain, P. Pandey, D. Jain, P. Dwivedi.“PLANTIBODY: AN OVERVIEW.” Vol, 1, pp.
87-94, 2011.

[8] P. Shakya, V. Sharma, A. Nayak, J. Jogi, V. Gupta, A. Rai and S.Bordoloi.“Plantibodies
as biopharmaceuticals: A review.” vol, 7, pp. 2072-2074, 2018.

[9] E. Stoger, R. Fischer, M. Moloney, J.K.C. Ma. “Plant Molecular Pharming for the
Treatment of Chronic and Infectious Diseases.” Annual Review of Plant Biology, vol, 65(1),
pp.743-768, 2014.

[10] G. Walsh. “Biopharmaceutical benchmarks 2010”. Nature Biotechnology, vol, 28(9), pp.
917-924, 2010.

[11] G. Moussavou, K. Ko, J.H. Lee, Y.K. Choo. “Production of Monoclonal Antibodies in
Plants for Cancer Immunotherapy.” BioMed Research International, pp. 1-9, 2015.

Page |2365 Copyright © 2019Authors



THINK INDIA JOURNAL ISSN: 0971-1260

Vol-22-Issue-17-September-2019

[12] M.R. Safarnejad, G.S.Jouzani, M. Tabatabaie, R.M. Twyman, S. Schillberg, “Antibody-
mediated resistance against plant pathogens.” Biotechnology Advances, vol, 29(6), pp. 961—
971, 2011.

[13] A.K. Sharma, M.K. Sharma. “Plants as bioreactors: Recent developments and emerging
opportunities.” Biotechnology Advances, vol, 27(6), pp. 811-832, 20009.

[14] D.Muynck, B.C. Navarre, M. Boutry. “Production of antibodies in plants: status after
twenty years.” Plant Biotechnology Journal, vol, 8(5), pp. 529-563, 2010.

[15] O. Obembe, J.O. Popoola, S.Leelavathi, S.V. Reddy. “Advances in plant molecular
farming.” Biotechnology Advances, vol, 29(2), pp. 210-222, 2011.

[16] S. Zimmermann, N.Emans, R. Fischer, S. Schillberg. “Plantibody-based disease
resistance in plants. “In: S. Tuzun, E. Bent, editors. “Multigenic and induced systemic
resistance in plants.” Berlin, Germany: Springer; pp. 456—76, 2006.

[17] D.M. Floss, U. “Conrad. Expression of Complete Antibodies in Transgenic Plants.”
In: Kontermann R., Dibel S. (eds) Antibody Engineering. Springer, Berlin, Heidelberg,
2010.

[18] S.R. Karg, P.T. Kallio. “The production of biopharmaceuticals in plant systems.”
Biotechnology Advances, vol, 27(6), pp. 879-89, 2009.

[19] D.M. Floss, M. Sack, J.Stadlmann, T. Rademacher, J.Scheller, E. Stoger, R. Fischer,
U. Conrad.“Biochemical and functional characterization of anti-HIV antibody-ELP fusion
proteins from transgenic plants.” Plant Biotechnol J, vol, 6, pp. 379-391, 2008.

[20] T. Rademacher, M. Sack, E.Arcalis, J.Stadlmann, S. Balzer, F. Altmann, H.Quendler,
G.Stiegler, R.Kunert, R. Fischer, E.Stoger.“Recombinant antibody 2G12 produced in maize
endosperm efficiently neutralizes HIV-1 and contains predominantly single-GIcCNAc N-
gycans.” Plant Biotechnol. J. vol, 6, pp. 189-201, 2008.

[21] D.M. Floss, M. Sack, E. Arcalis, J.Stadlmann, H.Quendler, T. Rademacher, E.Stoger,
J. Scheller, R. Fischer, U. Conrad. “Influence of elastin-like peptide fusions on the quantity
and quality of a tobacco-derived human immunodeficiency virus-neutralizing antibody.”
Plant Biotechnol J, vol, 7, pp. 899-913, 2009a.

[22] u. Conrad, I.Plagmann, S.Malchow, M. Sack, D.M. Floss,
A.A.Kruglov,J.Scheller.“ELPylated anti-human TNF therapeutic single-domain antibodies
for prevention of lethal septic shock.” Plant Biotechnology Journal, vol, 9(1), pp. 22-31,
2010.

[23] H.T. Phan, J. Pohl, D.M. Floss, F.Rabenstein, J.Veits, B.T. Le, U. Conrad, U.“ELPylated
haemagglutinins produced in tobacco plants induce potentially neutralizing antibodies against
H5N1 viruses in mice.” Plant Biotechnology Journal, vol, 11(5), pp. 582-593. 2013.

[24] D.M. Floss, J.U.Kumlehn, 1. Conrad,Saalbach. “Haploid technology allows for the
efficient and rapid generation of homozygous antibody-accumulating transgenic tobacco
plants.” Plant Biotechnol J, vol, 7, pp. 1-9, 2009b.

[25] H.T. Phan, B. Hause, G.Hause, E. Arcalis, Stoger E, et al. “Influence of Elastin-Like
Polypeptide and Hydrophobin on Recombinant Hemagglutinin Accumulations in Transgenic
Tobacco Plants.”PL0oS ONE,vol, 9(6): €99347, 2014.

Page |2366 Copyright © 2019Authors



THINK INDIA JOURNAL ISSN: 0971-1260

Vol-22-Issue-17-September-2019

[26] V.Yusibov, J. Stephen, Streatfield & Natasha Kushnir (2011) “Clinical development of
plant-produced recombinant pharmaceuticals: Vaccines, antibodies and beyond,” Human
Vaccines, vol, 7(3), pp. 313-321, 2011.

[27] K. Nakanishi, S. Narimatsu, S. Ichikawa, Y.Tobisawa, K.Kurohane K et al. “Production
of Hybrid-1gG/IgA Plantibodies with Neutralizing Activity against Shiga Toxin 1.”PL0S
ONE, vol, 8(11), 2013.

[28] E.K.Sully, K.J. Whaley, N.Bohorova, O.Bohorov, C. Goodman, D.H. Kim, N.J. Mantis.
“Chimeric Plantibody Passively Protects Mice against Aerosolized Ricin Challenge.” Clinical
and Vaccine Immunology, vol, 21(5), pp. 777-782, 2014.

[29] Y.S. Choi, J.H. Moon, T.G. Kim, J.Y.Lee.“Potent in vitro and in vivo activity of
plantibody specific for PorphyromonasgingivalisFimA,” Clin. Vaccine. Immunol. vol, 23,pp.
346-352, 2016.

[30] D.O. Oluwayelu, A.I. Adebiyi.“Plantibodies in human and animal health: a review.” Afri
Health Sci, vol, 16(2), pp. 640-645, 2016.

[31] V. Yusibov. N.Kushnir, S.J. Streatfield. “Antibody Production in Plants and Green
Algae. Annual Review of Plant Biology.”vol, 67(1), pp. 669-701, 2016.

[32] A. Frenzel, M. Hust, T. Schirmann. “Expression of recombinant antibodies. Front
Immuno, vol, 217, 2013.

[33] G. Edgue, R.M. Twyman, V.Beiss, R. Fischer, M. Sack. “Antibodies from plants for
bionanomaterials.” Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology,
vol, 9(6), 2017.

[34] Stoger, E., Sack, M., Fischer, R. & Christou, P. Plantibodies: applications, advantages
and bottlenecks. Curr. Opin. Biotechnol. vol, 13,pp. 161-166, 2002.

[35] Y. Durocher, M. Butler. “Expression systems for therapeutic glycoprotein production.”
Current Opinion in Biotechnology. vol, 20(6), pp. 700-707, 2009.

[36] H. Bakker, M.Bardor, J.W. Molthoff, V. Gomord, I. Elbers, L.H. Stevens, W. Jordi ,A.
Lommen, L. Faye, P. Lerouge.“Galactose-extended glycans of antibodies produced by
transgenic plants.”Proc Natl Acad Sci USA. vol,98, pp. 2899-2904, 2001.

[37] V. Gomord, A. Fitchette, L. Menu-Bouaouiche, C. Saint-Jore-Dupas, C. Plasson,
D. Michaud, L. Faye, L. “Plant-specific glycosylation patterns in the context of therapeutic
protein production.” Plant Biotechnol. J. vol, 8, pp. 564— 587, 2010.

[38] H. Lai, M. Engle, A. Fuchs, T. Keller, S. Johnson, S. Gorlatov. “Monoclonal antibody
produced in plants efficiently treats West Nile virus infection in mice.” PNAS. vol,107(6),
pp.2419-2424, 2010.

[39]A.K. Sharma, D. Jani, C. Raghunath, A.K. Tyagi. “Transgenic plants as
bioreactors.” Indian J Biotechnol. vol, 3, pp. 274-290, 2004.

Page |2367 Copyright © 2019Authors



