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ABSTRACT

Globally, researchers are undertaking significant efforts to design and develop effective vaccines, ther-
apeutics, and antiviral drugs to curb the spread of coronavirus disease 2019 (COVID-19). Plants have been
used for the production of vaccines, monoclonal antibodies, immunomodulatory proteins, drugs, and
pharmaceuticals via molecular farming/transient expression system and are considered as bioreactors or
factories for their bulk production. These biological products are stable, safe, effective, easily available, and
affordable. Plant molecular farming could facilitate rapid production of biologics on an industrial scale,
and has the potential to fulfill emergency demands, such as in the present situation of the COVID-19
pandemic. This article aims to describe the methodology and basics of plant biopharming, in addition to
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its prospective applications for developing effective vaccines and antibodies to counter COVID-19.

Introduction

The coronavirus disease 2019 (COVID-19), caused by the
deadly severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has spread around the globe in a short time
period of 6 months. COVID-19 has caused major global health
concerns, generated widespread panic, resulted in economic
losses, and hampered the efforts undertaken to limit its
spread.' ™ SARS-CoV-2 has infected tens of millions of people
and caused the deaths of over one million. COVID-19 is the
deadliest pandemic since the 1918 Spanish flu pandemic which
killed nearly 50 million people.” At present, no vaccine is
available to curb the COVID-19 pandemic. A recently
approved antiviral drug, remdesivir is available with limited
supply; however, the drug is not affordable in developing
countries. Researchers across the globe are working constantly
and making extensive efforts to design and develop effective
vaccines, therapeutics, and drugs to halt the spread of SARS-
CoV-2 to help save the lives of millions. Few of the developed
vaccines and drugs are in different stages of clinical trials;
however, after their development, a substantial amount of
time will be needed for the bulk production to help fulfill the
requirements of countries around the globe.’ "

Apart from the major production platforms and technologies
used for manufacturing vaccines, drugs, and other biologics by
industries and pharmaceutical companies, plant-based produc-
tion platforms have emerged as an efficient system for bulk

production to keep up with the demands of the situation. Plant-
based technologies, used in traditional and modern medicine for
numerous diseases including infectious diseases, have the poten-
tial for developing safe, efficient, stable, and affordable prophylac-
tics, vaccines, and drugs.''”"? Initial attempts were made to
produce vaccines by expressing antibodies using tobacco
plants."* The world’s first plant-based vaccine was approved for
the Newcastle disease virus (NDV) by the United States
Department of Agriculture (USDA) for poultry. It was shown to
confer more than 90% protection in chicken, following the chal-
lenges faced with NDV.'” The only other plant-based product
licensed is the plant-made single-chain fragment variable mono-
clonal antibody (scFv mAb) used in the production of
a recombinant Hepatitis B virus (HBV) vaccine in Cuba.'®"”
Considering future prospects and demands, plant-based vaccines
have the potential to revolutionize the field of vaccinology. The
article highlights the development, production, and applications
of plant-based vaccines and antibodies to combat COVID-19.

Plants as factories for developing biological products

Plant-based vaccines for COVID-19 can be developed either by
expressing the antigenic component of SARS-CoV-2 for indu-
cing active immunity or expressing the antibody against the
virus to provide passive protection.'®'” Plant-based vaccines
are considered as third-generation vaccines. The production
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approach of a plant-based vaccine involves cloning the vaccine
candidate into a plant expression system, which is capable of
promoting the expression of the candidate gene in the plant,
which then produces the antigenic or protective protein. This
approach enables vaccine production by using plants as bioreac-
tors and growing them for multiple generations, thereby ensur-
ing continuous manufacturing and availability."® > Plant-based
systems may offer an efficient platform to produce and manu-
facture biological products on a large scale within a span of few
weeks, compared to a longer time span of months required for
cell culture-based approaches. Plants have been used for the
production of vaccines, antibodies, immunomodulatory pro-
teins, drugs, and pharmaceuticals and they are considered as
bioreactors or factories that could pave way for bulk production
of biological products in a timely manner.”'**

Plant expression systems are amendable, and can progress from
classical expression systems to transient expression systems to suit
the demands of bulk production of specific and effective biophar-
maceutical proteins to help circumvent the present crisis.”
Integration of genes of interest coding for a specific antigen,
which is characteristic of the disease of concern, into the genome
of plant tissue for vaccine production can be achieved by various
methods. These include conventional methods such as
Agrobacterium-mediated gene transfer and transformation via
genetically modified plant virus.'® The current advanced methods
exhibit increased efficiency than the older methods, and include
biolistics (nuclear transformation and chloroplast transforma-
tion), electroporation, agroinfiltration, sonication, and polyethy-
lene glycol treatment.'**® Microbial genes when incorporated into
the plant genome are transcribed into protein antigens of the target
pathogen without affecting the plant and without losing their
immunogenic property.”® The mechanisms involved in initiating
host immunity against the pathogen are the systemic and mucosal
immune responses.”” Some vaccines are produced by direct bom-
bardment or biolistic methods, such as the ones against cholera,
Lyme disease, anthrax, tetanus, plague, rotavirus, and canine
parvovirus®>”  Vaccines produced by indirect methods or
Agrobacterium-mediated gene transfer include the ones targeting
tuberculosis, dengue, avian flu, and Ebola viruses.?®

Several plant-based biological products have reached clinical
trials, with a few available commercially as medical devices and
pharmaceuticals for the treatment of chronic and infectious
diseases.”>** The primary benefits of plants for producing different
biological and pharmaceutical products using plant molecular
pharming include cost-effectiveness and scalability, as plants can
be commercially cultivated on a large scale.>* Plant-based vac-
cines could facilitate rapid production of biological products on an
industrial scale and thus have potential to fulfill emergency
demand, such as the current situation of the COVID-19
pandemic.”****! Production of plant-based vaccines is conveni-
ent, scientifically and technically sound, economical, does not
require cold storage and can be scaled up, and can help provide
effective, safe, and cheap vaccines.'®** Plant-derived biologics can
also have synergistic characteristics with other conventional pro-
phylactics and therapeutics.>

Plant-based vaccines and antibodies

Various plants such as tobacco, turnip, and potato, as well as
others, have been used for the production of vaccines.'” Human

interferon-a was the first recombinant plant-derived pharma-
ceutical proteins produced in turnip.** Later, human serum
albumin was produced in tobacco and potato for human use.>
Antibodies (scFv mAb) against hepatitis B virus were produced
in tobacco and have been approved for use in Cuba.'®*
Antibodies against Streptococcus mutans were also produced in
tobacco and have been approved in Europe.'! Plant-based mole-
cular farming has been exploited during earlier epidemics and
pandemics, such as the Influenza®" % pandemic, as well as the
ones that surfaced during the 215tcentury, such as HIV,**#
Zika," and Ebola.*” The first drug (ZMapp) used experimentally
against the Ebola virus was produced in the tobacco plant.
ZMapp is a drug cocktail of antibodies that conferred protection
against the Ebola virus.*’ Other plant-based pharmaceutical
products are insulin produced from transgenic safflower
(SemBioSys)** or potatoes,”® growth factor in transgenic
barley,* taliglucerase alfa (for the treatment of Gaucher’s dis-
ease) in transgenic carrot (ProtalixBio Therapeutics),*® avian
influenza vaccine in transgenic tobacco (Medicago), and Ebola
vaccine in transgenic tobacco (Mapp Biopharmaceutical).'®**®

Potato is being used for production of vaccines against
tetanus, diphtheria, hepatitis B, Norwalk virus, enteritis caused
by E. coli strain, mink enteritis, and rabbit hemorrhagic
virus.”**’ Rice is used for developing antibodies against
E. coli”® Tomatoes are being used for vaccine production
against SARS, Norwalk virus, Vibrio cholera, pneumonia, and
bubonic plagues.”’ Banana is used for expressing HBsAg.>>
Lettuce is used for vaccine production against E. coli-
associated enteritis, swine fever, and hepatitis B virus.”
Tobacco is used for vaccine production against Norwalk
virus, chicken infectious anemia, hepatitis B and coccidiosis
in addition to Newcastle disease virus.”* Alfalfa has been
explored for vaccine production against hog pest virus and
Echinococcus granulosus.*® Carrots are useful in producing
potential vaccines against HIV, E. coli, and Helicobacter
pylori®!

The present scenario of the COVID-19 pandemic also needs
to be considered as a challenge by researchers to exploit the
potential of plant-based platforms to help design and develop
effective vaccines, therapeutics, and drugs to counter COVID-
19, as well as address future pandemics.

Plant-based SARS-CoV-2 vaccines

It is essential to understand SARS-CoV-2’s interaction with the
host immune system in order to develop an effective vaccine
against COVID-19. The interaction appears to determine the
disease outcome, which can be mild, severe, or asymptomatic. In
severe cases, the interaction causes over-activation of the
immune system in response to potent virus-induced inflamma-
tory stimuli which leads to excessive inflammation-mediated
lung tissue injury and manifestation of acute respiratory distress
syndrome (ARDS).>*>°® A severe immune reaction in COVID-
19 patients can also lead to a cytokine storm, wherein an excess
of cytokines are released into circulation, leading to organ
damage®”® and severe manifestations.” Therefore, an ideal
COVID-19 vaccine should induce protective cell-mediated and
humoral immunity, without inducing excessive pathological
immune response.”* Development of SARS-CoV-2 subunit



vaccines that utilize individual proteins as antigens in a prime-
boost regimen along with an appropriate adjuvant, or as virus-
like particles (VLPs) with multiple viral antigens could be useful
against COVID-19.°>°**" SARS-CoV-2’s structural proteins
[spike (S), envelope (E), membrane (M) and nucleocapsid (N)]
have been found to induce neutralizing antibodies (NAb) and
cell-mediated (CD4"/CD8" T cell-based immunity) immune
responses.”” However, the N protein is incompatible, as it is
highly conserved among the CoV families. Antibodies against
N proteins are unable to render protective immunity, while
those against M and E proteins provide weak protection.”> The
S protein is a key target for developing effective vaccines, as the
virus uses the S protein for entry into the cells through angio-
tensin-converting enzyme 2 (ACE2) receptor binding. The
S protein is cleaved proteolytically into two subunits, namely
an S1 subunit (685 amino acids) and an S2 membrane-spanning
subunit (588 amino acids). The S2 subunit is highly conserved
(99%) among the CoVs. S1 reveals only 70% identity to other
human CoVs and the receptor-binding domain (RBD) constitu-
tes the differences in the virus entry and host cell tropism.**
Within the S protein, the RBD is the region that engages with
ACE2 receptor. The antigenic mapping of S protein using bioin-
formatics-based epitope prediction has identified key immuno-
genic proteins that can be expressed in the plants for the
production of a plant-based vaccine against SARS CoV-2.°>%
Antibodies produced against the RBD of the S protein have been
shown to neutralize SARS-CoV-2.°' The presence of NAbs after
SARS-CoV-2 infection is critical for virus clearance and protec-
tion after vaccination. A recent study showed that majority of the
infected patients developed high titers of SARS-CoV-2 S1 RBD-
specific IgG antibodies; however, only a small fraction (3 out of
26 patients) had antibodies that were able to block SARS-CoV-2
binding to hACE2 receptor.®’ The ability of an antigen to induce
NADbs is a key factor to be considered while developing plant-
based vaccines against SARS-CoV-2.*” SARS-CoV-2 vaccine
development strategies exploiting the S protein should also be
targeted to induce antibody-dependent cell-mediated cytotoxi-
city (ADCC) and cross-presentation for obtaining highly effec-
tive cell-mediated immune protection.*®

Plants have been used for producing subunit vaccine candi-
dates in the past, such as the ones produced for seasonal or
pandemic strains of influenza virus rapidly via transient expres-
sion in tobacco in the past.”” For the development of the SARS
vaccine, tomato plants have been explored.”® SARS-CoV nucleo-
capsid proteins have been expressed in tobacco plants and eval-
uated for immunogenicity for vaccine development.”’ Currently,
Kentucky BioProcessing company (Owensboro, KT, USA),
a subsidiary of British American Tobacco (BAT) is attempting
to develop a COVID-19 vaccine via SARS-CoV-2 protein sub-
unit expression in tobacco.”>”' The S1 protein sequence (com-
plete polypeptide) or the RBD may be the intended targets for
designing the vaccine. SARS-CoV and SARS-CoV-2 S1 proteins
are heavily glycosylated,”>”> with glycans having a mixture of
complex and high-mannose configurations, which facilitate the
expression of recombinant S1 and RBD with N-terminal signal
peptides so that the proteins are secreted to the
endomembrane.”* The structural differences of complex glycans
in humans and plants might affect the efficiency of a plant-based
COVID-19 vaccine. A COVID-19 vaccine is under development
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by British and American Tobacco Company (BAT) using new
and fast-growing tobacco plant technology.”> Some fungi such as
Saccharomyces cerevisiae have also been used for the develop-
ment of oral vaccines against COVID-19 that exploit the
S protein.”® Plants can be exploited for the production of virus-
like particles (VLPs), multiepitopic vaccines, immune com-
plexes, or elastin-like polypeptide fusions, potentially paving
the way for COVID-19 vaccine development.””

The bioengineering of VLPs as viral antigens for vaccines
renders several advantages, such as their proficient uptake by
antigen-presenting cells (APCs), activation of the adaptive
immune response, and induction of sturdy cellular and humoral
immunity.”® Plant molecular farming of VLPs is safer as the native
particles cannot replicate in humans, and bulk quantities can be
obtained.” Using tobacco plants, the VLP platform was exploited
by Medicago Inc. (Québec, Canada) to produce 10 million doses
of the HINT1 influenza vaccine in a month’s time.** Medicago has
initiated VLP-based plant vaccines for SARS-CoV-2.*" A VLP-
based COVID-19 vaccine is also being developed in tobacco
plants by iBio (Bryan, TX, USA).* Similarly, scientists at the
Queensland University of Technology evaluated the genome of
tobacco plant (Nicotiana benthamiana) and are using the genome
sequence of the plant for the development of a COVID-19
vaccine.*” University of California San Diego is also exploring
plant-based COVID-19 vaccine development by combining mole-
cular farming and advanced manufacturing strategies.** The virus
infects legumes; however, it does not infect humans, and is engi-
neered to simulate SARS-CoV-2 to induce an appropriate
immune response. It is believed to be stable without the need of
refrigeration.** A plant-based subunit (RBD-Fc + adjuvant) vac-
cine is being explored by Baiya Phytopharm/Chula Vaccine
Research Center for SARS-CoV-2 and is in the preclinical
stage.”> Antigen production in plants may help quickly fulfill the
massive requirements of the COVID-19 vaccine around the
world. In plants, the quantity of expression of the desired antigens
depends on the specific target tissue such as leaves or seeds, and
the promoter used for expressing the gene. Reports have shown
that one acre of chloroplast transgenic tobacco plants can produce
up to 360 million doses of anthrax vaccine antigens.*® Using the
peanut plant as a model, it has been estimated that one plant can
yield 15.6 g of protein in seeds and 750 mg of protein in leaf
biomass. If we consider 5 pg antigen in one dose of a vaccine, it is
possible to produce 468 million doses of vaccines from plants
cultivated in one acre using a seed-based expression system.*” An
overview on the production of plant-based vaccines to combat
COVID-19 is presented in Figure 1

Plant-based antibodies against SARS-CoV-2

Production of antibodies in plants is cheaper than that in
animal cell lines. Plants can produce fully functional antibodies
that can be used for therapeutic purposes in humans or
animals.'"> However, unconventional glycosylation is
a potential immunological issue with plant-derived MAbs.*®
Antibody production in plants can be scaled to an industrial
level by using plant suspension cell culture in fermenters or by
the cultivation of stably transformed transgenic plants.
Antibodies can be produced either in the entire plant or in
specific parts of the plants such as the seeds and tubers.*” The
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Figure 1. A pictorial representation on production of plant-based vaccines to
combat COVID-19.

production of antibodies in edible parts of the plant would
allow for a convenient method of passive immunization
through the oral route to confer protection against various
pathogens in the gastric mucosal surface.”® Antibodies such
as the anti-rabies monoclonal antibody and the anti-colorectal
cancer monoclonal antibody have been successfully produced
in the plant system.”"

Specific antibody-mediated passive immunization can confer
immediate protection against infection from highly contagious
pathogens such as SARS-CoV-2 and can be used prophylacti-
cally to prevent the disease in individuals at high-risk such as
healthcare professionals and the people who have been in con-
tact with a person who has tested positive for COVID-19. The
serum from convalescent COVID-19 patients containing anti-
bodies has been found to have therapeutic value in reducing the
severity of the disease, alleviating symptoms, and aiding rapid
recovery. However, nonspecific antibodies and other potential
pathogens present in donor serum limit its safety; hence, the
development of specific monoclonal antibodies in plants or
other viable systems is needed.”® The shortage of serum anti-
bodies from convalescent COVID-19 patients also leads to alter-
nate development efforts, including plant-based vaccines.

Administration of recombinant antibodies produced against
SARS-CoV-2 can help cure or slowdown the disease progression
and provide adequate time to the body for producing its own
antibodies against SARS-CoV-2.”*** Plants can be used for produ-
cing antibodies for use in passive immunotherapy and for produ-
cing antigens for active immunization. ZMapp, a cocktail of three
NAbs, was developed during the Ebola outbreak in West Africa by
Mapp Biopharmaceutical (San Diego, CA, USA) has proven to be
a life-saving measure against the Ebola outbreak."**>*> Cultivation
of transgenic plants on a commercial scale constitutes an econom-
ical solution for manufacturing of a product like ZMapp that
requires high doses, up to 10 mg of the antibody for every patient.
Plant-based molecular pharming has to be explored for the bulk
production of therapeutic antibodies such as tocilizumab for inhi-
biting the cytokine storm observed in SARS-CoV-2 infection.
Sarilumab/Kevzara and tocilizumab/Actemra, which have been
identified for their therapeutic properties in rheumatoid arthritis
due to their binding ability to the interleukin-6 receptor (IL-6 R),
are being repurposed to treat COVID-19 patients experiencing the
life-threatening cytokine storm.”®®’

Following oral administration of plant vaccines, the anti-
gens expressed in edible plant parts have to induce a strong
protective immune response. The antigen should not get
degraded and has to pass through the mucosal lining in the
gut. To ensure that the antigen uptake is sufficient to induce
protective immunity, vaccine antigens can be formulated
with immunomodulatory adjuvants. The adjuvants can help
link antigenic molecules to the immune system components
such as the M cells present in the intestinal lining for the
efficient uptake of the antigen, which present to the T cells
and B cells. Adjuvants such as V. cholerae toxin B subunit
(CTB) and E. coli heat labile enterotoxin B subunit (LTB) can
be used for passing the antigen to the M cells as they bind
directly to the GM1-ganglioside receptor molecules on the
M cells. Antigen fusion to these adjuvants ensure their deliv-
ery into the M cells to improve the immune response.”””®
Several other adjuvants such as oil-based emulsions, plant-
derived saponin, and biodegradable liposomes are also used
as adjuvants in vaccines.”

Conclusion and future perspectives

Use of plants as a transient expression system is a potential
platform to produce vaccines, antivirals, and drugs for counter-
ing various important and emerging deadly pathogens such as
SARS-CoV-2. Such pharmacological products can be produced
in a short time span of a few weeks by utilizing transient
expression in plants. Such products are more economical to
produce than those manufactured through traditional and
main production methodologies; however, preclinical and clin-
ical stages required for testing the practical efficacy of vaccines
and drugs need sufficient time before being commercialized.
Such pharmaceuticals need to be produced in accordance with
good manufacturing practice (GMP) that adds to the time
required and the cost associated with the final development.
Tobacco, legumes, or cereal plants have the ability to be grown
in different environmental conditions; hence, products such as
antibodies and antiviral drugs can be produced by employing
regional or local infrastructures, exploiting the widely used
distribution networks that are routinely used for food and
cereal seeds, in the absence of any cold chain. Plant-based
molecular pharming could aid in designing and developing
novel vaccines and drugs against emerging pathogens includ-
ing prospective measures to counter SARS-CoV-2. The
Pharma-Planta project evaluated the regulatory guidelines of
molecular farming for plant-made pharmaceuticals; such prin-
ciples may be made practical to aid the development of vac-
cines and drugs against COVID-19.

Efforts are being made by the molecular farming community
to develop plant-based vaccines and drugs against SARS-CoV-2.
They would subsequently need promotional avenues and
a pipeline for the translation of such biologicals into commercial
markets with necessary cooperation and collaboration of phar-
maceutical companies and industries after valid clinical trials
and bulk production. This would facilitate the fight against the
ongoing COVID-19 pandemic as well as pave the way to design
a model preparedness plan for strategies to respond rapidly and
in a targeted manner to handle future pandemics.



Transient expression systems for developing pharmacologi-
cal products against COVID-19 require transgenic crops to be
grown under containment. Reevaluation of genetically modi-
fied organism regulations is needed to ensure the smooth
development of beneficial biological products to help efficiently
tackle highly infectious pathogens and future pandemics.

Although third-generation vaccines have the potential to
revolutionize the field of vaccinology, there is a need to over-
come the challenges associated with third-generation vaccines
before clinical application. Third-generation vaccines are non-
infectious in nature, are capable of modulation, produce ade-
quate immune response, and have reached Phase III of clinical
trials, with a few candidates exhibiting successful clinical appli-
cation; however, none have been made available for human
consumption till date. The challenges that need to be addressed
in the future are antigen selection and plant host expression,
dosage consistency, and following GMP protocols for produc-
tion. Overcoming these limitations may enable the availability of
safe, effective, stable, and affordable plant-based vaccines in
future including the COVID-19 vaccine.
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