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Will plant-made biopharmaceuticals play a role in the fight against COVID-19?
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ABSTRACT
Given the dramatic impact of the COVID-19 pandemic, it is imperative to divulge all the available
technologies with the potential to fight against this virus. Plant biotechnology offers potential solutions
to this pandemic through the development of low-cost vaccines and antibodies useful for therapy,
prophylaxis, and diagnosis. The technology to produce plant-made biopharmaceuticals is already
established; two examples of these are: a therapeutic enzyme that has entered the market and the
influenza vaccines that are currently under clinical trials with encouraging results. Thus far, some
companies have started developing anti-COVID-19 antibodies and vaccines. In particular, plant-made
antibodies might be timely produced and approved for human use in the short term, while the
development of vaccines will take longer time (clinical evaluations could be concluded by the end of
2021); nonetheless, the candidates obtained will be valuable tools for future outbreaks. The key aspects
that will define the exploitation of this technology in the fight against COVID-19 are discussed.
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1. Introduction

The COVID-19 pandemic, caused by SARS-CoV-2 virus, is having
a dramatic impact on human lifestyle and on economic, social,
and global relations. At the end of March 2020 (three months
after its emergence), it has caused >800,000 cases with >40,000
deaths. When compared to the H1N1 pandemic, which has
a mortality rate of about 0.02%, COVID-19 has higher mortality
rate (~3%), as well as higher transmissibility (it spread to >200
countries, territories, or areas within a three-month period). This
situation demands accelerating the race to produce and validate
new vaccines, antibodies, and drugs. A special concern that will
be dimensioned in the coming months is the impact of this
pandemic in developing and low-income countries. Under the
context of this rapidly evolving situation, several efforts have
been announced around the world involving pharma companies
and public institutions to accelerate transmission blockade and
develop effective treatments and vaccines. Given the urgency to
develop vaccines, the International Coalition of Medicines
Regulatory Authorities has published a compilation of the first
global regulatory workshop on COVID-19 vaccine development;
in which the key points comprise the pre-clinical data require-
ments that include the risk of disease enhancement by the test
vaccine [1]. The latter aspect deserves special attention given the
precedents of candidate vaccines against SARS, in which such
phenomenon has been observed. This situation highlights the
need for rational vaccine design avoiding epitopes that trigger
those undesired immune responses [2]. The models developed
to evaluate SARS vaccine candidates will be a valuable starting
point for performing preclinical evaluations; comprising models
based on mice, ferrets, and monkeys [3].

In the case of the antibody-mediated therapy (passive
immunization), an interesting fact is the cross-reactivity of
anti-SARS-CoV-1 virus with SARS-CoV-2 virus, suggesting that
these already developed biologicals could enter the arena to
fight COVID-19 [4]. Therefore, the availability of monoclonal
antibodies against SARS-CoV-1 virus is a valuable arsenal to
study their potential for the treatment of COVID-19.

2. Molecular farming: a mature technology

Molecular farming is a biotechnology application that involves
the use of plant species as hosts for the production of highly
valuable recombinant proteins, which include antibodies, vac-
cines, hormones, and enzymes [5]. While the initial efforts in
the plant-based manufacturing arena, reported three decades
ago, suffered of low protein yields and a precarious proces-
sing, the plant genetic engineering approaches have been
refined and sophisticated expression platforms are currently
available, which allow obtaining protein yields up to 5 g of
protein per kg of plant leaves [6]. For instance, under cGMP
processes, N. benthamiana plants can be grown and subjected
to transient transformation, which triggers efficient expression
of the target protein [6]. Within few days, plant leaf biomass is
harvested and processed to purify the target biopharmaceu-
ticals. Injectable formulations are obtained in this type of
platforms, which can be easily scaled up [7,8]. Other platforms
are based on plant biomass propagation using bioreactors
with suspensions of cell cultures (e.g. carrot or rice cells) [9,10].

Moreover, the refinement of production processes has posi-
tively impacted the quality and fulfillment of the requirements
of regulatory agencies, e.g. compliance of the ICH guidelines
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[11,12]. In this sense the work done by some researchers has
achieved the implementation of processes prone to scale-up
according to the principles of the current Good Manufacturing
Practices (cGMP) for pharmaceuticals indicated by the US FDA.

Today, plant-made biopharmaceuticals have become
a reality. At least one product has entered the market, namely
taliglucerase alfa, a carrot-made enzyme obtained in bioreactors
that is prescribed as replacement therapy for Gaucher´s disease
[10]. Other products are close to be approved, for instance,
clinical trials are ongoing to evaluate influenza vaccines pro-
duced by Medicago Inc [13]. Moreover, Zmapp (a plant-made
monoclonal antibody cocktail) was placed in the spotlight during
the Ebola outbreak in 2014 since it was administered to two
patients on a compassionate basis to treat a few patients [14].
Although other antibodies have shown better performance, this
plant-made antibody cocktail has revealed the potential of the
technology in the fight against emerging diseases [15]. Today
glycoengineering approaches are available to yield specific anti-
body glycoforms, which will allow optimizing the functional
activity and safety of the target antibodies [16]. Moreover, func-
tional single chain antibodies are also produced in plant systems;
providing simpler molecules for viral neutralization [17]. Plant-
made antigens and antibodies can be also convenient tools for
diagnosis; providing low-cost proteins with preserved antigenic
determinants and specificity [18,19].

3. Expert opinion

Upon the extraordinary and unprecedented public health
crisis caused by COVID-19, a solid involvement and collabora-
tion across governments, societies, and businesses is urgently
required. Under this context and especially considering that
the pandemic is in the initial stage in developing and low-
income countries, governments and academic institutions
should turn attention to low-cost technologies for the

production of biopharmaceuticals against COVID-19. Given
that the processes for the production of plant-made vaccines,
therapeutic enzymes, and antibodies are already established,
a rapid progress in the generation of candidates is antici-
pated, which might comprise, immediately, the preexisting
anti-SARS-CoV-1 virus antibodies that could cross-react with
SARS-CoV-2 virus and vaccines based on VLPs assembled
with the S protein (currently considered the primary target
for virus neutralization) Figure 1.

At least two companies have announced the beginning of
the race for the development of plant-made vaccines and anti-
bodies against SARS-CoV-2 virus. After 21 days of having access
to the SARS-CoV-2 virus S protein sequence, the production of
VLPs in a transient expression system has been announced by
the company Medicago Inc. (www.medicago.com/en/pipeline/
), therefore a rapid progress is expected for this development.
This company has estimated to hold a production capacity of
10 million doses a month of VLPs-based vaccines, which is an
attractive production capacity. This number of doses could
allow, for instance, immunizing 10 million US adults who are
at severe risk of critical illness or death if infected with SARS-
CoV-2 virus. In addition, developing epitope-based vaccines is
advised to diminish the possibility of disease enhancement. iBio
Inc. also has a VLP vaccine in its pipeline (www.ibioinc.com/
pipeline). Other companies with the potential to enter this race
include Nomad (www.nomadbioscience.com/), Ventria (ventria.
com/), Greenovation Biopharmaceuticals (www.greenovation.
com/), protalix (ww.protalix.com), and Kentucky Bioprocessing
(www.kentuckybioprocessing.com). The academic institutions
will have with no doubt a key role in this field. In fact the
Infectious Disease Research Centre at Laval University has
joint efforts with Medicago to develop therapeutic antibodies.
Several Universities and Institutes from several countries includ-
ing the US, Germany, UK, South Africa, South Corea, Mexico,
and Thailand are working in the molecular farming field and

Figure 1. Developmental paths for the production of plant-made antibodies or vaccines against SARS-CoV-2 virus. Transient transformation approaches allow high
protein yields in the transformed plants, which are processed to purify the target biopharmaceutical and obtain injectable vaccines or monoclonal antibodies. Stable
genetic transformation technologies applied in edible plant species can render oral vaccine formulations (e.g. capsules or tables containing freeze-dried leaves),
which can be applied as boosting agents following a parenteral priming.
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investing efforts in the COVID-19 topic. Establishing partner-
ships with Institutes specialized in infectious diseases will lead
to a synergy.

The development of transgenic plants (stably transformed)
takes a long time (>3 months); therefore this approach is
unpractical to respond to pandemics. Nonetheless, transient
transformation approaches offer rapid methods (expression
within a week) for the efficient expression of the target anti-
gen or antibody; rendering injectable formulations. Despite
this, in my expert opinion, the development of stably trans-
formed plant species (especially those yielding edible bio-
mass) is still necessary to generate models of oral vaccines,
which could find their niche at the post-pandemic stage. It is
highly probable that the SARS-CoV-2 virus will become
a seasonal pathogen, which will generate the need for having
constant immunization programs. Therefore, having already
developed oral vaccine production platforms will be useful
to cope with such situation given that this approach is the
most practical to perform large vaccination campaigns at low
cost and under easy-to-implement logistics; moreover, they
could also be used as boosting agents that might complement
the parenteral priming performed with pure antigens. Under
this scheme, optimal immune profiles (in terms of not only
protecting the systemic compartment but the mucosal com-
partments) could be induced [20]. In fact, mucosal immuniza-
tion is considered of superior potential to protect the mucosal
compartments through the induction of secretory IgA
response that could neutralize the virus.

Sadly the projections on the impact of this pandemic in
developing countries can be devastating and this is just in the
initial scenarios. Therefore, it is urgent to implement low-cost
production platforms for biologicals to fight COVID-19 in those
scenarios. What will be the source of low-cost biologicals?
Governments and the current companies working on the
molecular farming field, e.g. Medicago and iBio, should form
alliances to benefit the most unprotected populations. In this
regard, plant-based manufacturing should be contemplated as
one alternative.

Although the most straightforward approach to produce
anti-SARS-CoV-2 virus biopharmaceuticals will rely on con-
ventional platforms (i.e. CHO cells and yeast), plant-made
biopharmaceuticals can be incorporated into the fight
against the SARS-CoV-2 virus. This will only occur if a timely
development is accomplished through a stretch cooperation
between companies, government agencies, and public insti-
tutions. In the case of vaccines, the developmental pipeline
will necessarily require extensive safety and efficacy evalua-
tions, which will take at least a year according to the estima-
tions from Medicago Inc. (www.medicago.com/en/pipeline/).
However, the experience gained in those evaluations will be
critical to fight against COVID-19 if it becomes a seasonal
pathogen and in the case of emergence of new Coronavirus
strains. In fact the FDA has established an Advanced
Technologies Team to stimulate discussion, divulgation, and
feedback among FDA staff and between them and prospec-
tive innovators/developers of advanced manufacturing tech-
nologies. This action is a hope to get more expedite
processes for the approval of biopharmaceuticals produced

under innovative platforms; especially for those against emer-
ging pathogens [21].

Since plant-made biopharmaceuticals have not been
adopted systematically around the world thus far, regulatory
agencies must increase their knowledge in this technology
and adapt their requirements. The approval of a plant-made
vaccine will perhaps be achieved for the case of COVID-19. Will
regulatory agencies display flexibility to validate and approve
anti- SARS-CoV-2 virus plant-made biopharmaceuticals (e.g. by
adapting/simplifying the regulatory requirements for this spe-
cific technology)? Will regulatory agencies accelerate the eva-
luation process of plant-made biopharmaceuticals against
SARS-CoV-2 virus? Will the existing clinical trials of plant-
made vaccines against influenza (with encouraging findings)
and the enzyme already approved make the approval pathway
smoother? Will the developing and low-income countries ulti-
mately benefit from the plant-based technologies in the fight
against COVID-19? The coming month will be critical to
answer these key questions.

The main features of plant-based platforms that include
low cost, scalability, and safety should be divulged to promote
their adoption by governments in association with spin-off
companies or private small companies seeking to crystalize
products to benefit the global health; especially in developing
and low-income countries that have limited resources to cope
with pandemics.
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