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Abstract: The emerging human coronavirus infections in the 21st century remain a major public
health crisis causing worldwide impact and challenging the global health care system. The virus is
circulating in several zoonotic hosts and continuously evolving, causing occasional outbreaks due
to spill-over events occurring between animals and humans. Hence, the development of effective
vaccines or therapeutic interventions is the current global priority in order to reduce disease severity,
frequent outbreaks, and to prevent future infections. Vaccine development for newly emerging
pathogens takes a long time, which hinders rapid immunization programs. The concept of plant-
based pharmaceuticals can be readily applied to meet the recombinant protein demand by means of
transient expression. Plants are evolved as an expression platform, and they bring a combination of
unique interests in terms of rapid scalability, flexibility, and economy for industrial-scale production
of effective vaccines, diagnostic reagents, and other biopharmaceuticals. Plants offer safe biologics to
fulfill emergency demands, especially during pandemic situations or outbreaks caused by emerging
strains. This review highlights the features of a plant expression platform for producing recombinant
biopharmaceuticals to combat coronavirus infections with emphasis on COVID-19 vaccine and
biologics development.

Keywords: biopharmaceuticals; coronavirus; COVID-19; molecular farming; plant expression; re-
combinant proteins; SARS-CoV-2

1. Introduction

The emergence of pathogenic human coronavirus-associated diseases has been re-
ported in the 21st century, with severe acute respiratory syndrome coronavirus (SARS-CoV)
in 2003 and Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012. These
viruses spread rapidly among humans worldwide, and the development of life-threatening
respiratory infections caused morbidity and death in hospitalized patients, with 10% and
35% overall mortality rates, respectively [1,2]. Currently, we are witnessing the third deadly
human coronavirus outbreak, which started with the reporting of the unknown pneumonia
cases in Wuhan, China, in December 2019. The pneumonia infection was later named
coronavirus disease 2019 (COVID-19) and was confirmed to be caused by novel coronavirus
2019 (2019-nCoV), or severe acute respiratory syndrome coronavirus (SARS-CoV-2) [3].
COVID-19 has been declared as pandemic due to its rapid human-to-human transmission
around the globe in a short time period. Coronaviruses have caused three major outbreaks
within two decades [4]. These alarming events show that a new coronavirus or virus variant
may emerge in the near future as well. Frequent virus outbreaks cause international crisis
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and enormous negative impacts on public health and global economy, affecting human
lifestyles and causing financial instability [5]. The development of therapeutic interven-
tions, including effective vaccines, antibodies, diagnostic reagents, or other therapeutic
proteins, is urgently needed to control the ongoing pandemic and also to avoid or prepare
for any future coronavirus outbreak/pandemic [6-8].

Currently, few vaccines or therapeutic proteins are approved to prevent COVID-19,
and many are in different stages of clinical trials. Vaccine testing requires a substantial
amount of time and large quantities of drug product in order to accomplish its clinical
potency [9]. Plant biopharming offers several benefits in recombinant biopharmaceutical
production in terms of safety, scalability, and affordability, in comparison to traditional
bacterial and mammalian expression platforms [10,11]. Plants are advantageous and
can overcome the challenges associated with biopharmaceutical production, especially
during an epidemic or pandemic situation, by acting as a rapid, efficient system for bulk
manufacturing, thereby fulfilling the demand for biopharmaceuticals to treat infectious
disease around the globe. Additionally, recombinant proteins, including vaccine candidates
and monoclonal antibodies against infectious diseases, especially for Ebola, HIV, and
influenza, have been produced in plants, purified, and are currently in preclinical/clinical
applications [12-16]. Hence, plants are a fascinating platform for producing biologics or
therapeutic proteins during disease outbreaks [17].

In this review, we have briefly discussed emerging coronavirus infections and high-
lighted the possibilities of using a plant-based expression system in therapeutic protein
production. Further, the current status of plant-derived vaccines and immunotherapeutics
against coronavirus, with emphasis on SARS-CoV-2, has been provided.

2. Coronaviruses

Coronaviruses (CoVs) are enveloped viruses containing positive sense single-stranded
RNA responsible for a wide range of respiratory, gastrointestinal, renal, and neurological
disorders in birds, mammals, and humans [18]. CoVs belong to the order Nidovirales in the
Coronaviridae family consisting of four genera: Alphacoronavirus (e-CoVs), Betacoronavirus
(B-CoVs), which mainly infect mammals, and Gammacoronavirus (y-CoVs), and Deltacoron-
avirus (5-CoVs), which infect birds [19,20]. The name of coronavirus originated from the
Latin word corona, which derives from its phenotypic characteristic crown-like appearance
under the electron microscope [21]. The complete genome of CoVs typically range from
27.3 kb to 31.3 kb, consisting of 6-11 functional open reading frames encoding for structural
and non-structural proteins, and other multiple accessory proteins.

Currently there are seven types of coronaviruses known to cause infections in hu-
mans, including human coronavirus 229E (HCoV-229E), HCoV-OC43, HCoV-NL63, and
HCoV-HKUL. These viruses typically cause mild clinical symptoms and a self-limiting
upper respiratory tract infection and may cause severe symptoms in immunodeficient
patients [22-24]. The recent three 3-CoV outbreaks, SARS-CoV, MERS-CoV, and SARS-
CoV-2, are highly pathogenic zoonotic viruses that pose a serious health threat to humans.
The human population witnessed the highly infectious diseases caused by these CoVs, such
as severe acute respiratory syndrome (SARS) during 2002-2004, Middle East respiratory
syndrome (MERS) in 2012, and most recently COVID-19 at the end of 2019 [24]. The
disease was characterized with mild to severe symptoms, occasionally leading to severe
respiratory syndrome, organ failure, and mortality [21,25,26]. The characteristic features of
the three human pathogenic coronaviruses SARS-CoV, MERS-CoV, and SARS-CoV-2 are
summarized in Table 1.
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Table 1. Comparative analysis of biological features of SARS, MERS, and COVID-19 (As of 13 August 2021).

Disease SARS MERS COVID-19
Epidemiology
First reported case February, 2003 June, 2012 December, 2019
Country of diagnosis China Saudi Arabia China

Initial name

Novel coronavirus

Human coronavirus-Erasmus
Medical Center (HCoV-EMC)

2019 novel coronavirus
(2019-nCoV)

Disease SARS MERS COVID-19
Current status Disappeared Active Active (Ongoing)
Pandemic status No No Yes

Highly affected countries

China, Hong Kong, Taiwan,
Singapore, Canada

Saudi Arabia, United Arab
Emirates, South Korea

USA, India, Brazil, Russia, France

Total number of cases

8096 confirmed cases (24 July

2574 confirmed cases (11 March

203,944,144 confirmed cases (12

2015) 2021) August 2021)
Number of countries affected 29 27 >200
Fatality rate ~10% ~35% ~2.2
Genome organization
Order Nidovirales Nidovirales Nidovirales
Family Coronaviridae Coronaviridae Coronaviridae
Sub-family Orthocoronavirinae Orthocoronavirinae Orthocoronavirinae
Genus Betacoronavirus Betacoronavirus Betacoronavirus
Sub-genus Sarbecovirus Merbecovirus Sarbecovirus
Lineage B C B
Genome type ssRNA (+) ssRNA (+) ssRNA (+)
Genome size 29.7 kb 30.1 kb 29.9 kb

Structural proteins

Spike protein (S), Membrane
protein (M), Nucleocapsid protein
(N), Envelope protein (E)

Spike protein (S), Membrane
protein (M), Nucleocapsid protein

’

Envelope protein (E)

Spike protein (S), Membrane
protein (M), Nucleocapsid protein

’

Envelope protein (E)

Natural host

Bats

Bats

Bats

Intermittent host

Palm civet cats

Dromedary camels

Pangolins

Viral protein that binds to
receptor

Spike protein, especially
receptor-binding motif (RBM)

Spike protein, especially
receptor-binding motif (RBM)

Spike protein, especially
receptor-binding motif (RBM)

Functional receptor

Human angiotensin-converting
enzyme 2 (ACE2)

Human dipeptidyl peptidase 4
(DPP4 or CD26)

Human angiotensin-converting
enzyme 2 (ACE2)

Receptor localized organ

Lung, intestine, kidneys, heart,
liver, and testicles

Brain, heart, lung, kidney, spleen,
intestine, and liver

Lungs, intestines, kidneys, heart,
liver, and testicles

Virus variants

N/A

N/A

Alpha, Beta, Delta, Gamma, Lota,
Kappa, Eta, Lambda

Symptoms

Flu-like Symptoms

Fever, myalgia, headache, malaise,
dyspnea, chills, and rigors

Fever and cough, chills, rigor,
rhinorrhea, myalgia, and fatigue

Fever, chills, coughing,
breathlessness, fatigue, muscle
ache, headache, sore throat,
congestion, running nose, loss of
smell, and loss of taste

Severe Symptoms

Hypoxemia, severe respiratory
illness, low white blood cell
counts, and low platelet counts

Acute respiratory distress
syndrome (ARDS), septic shock,
multi organ failures, and
respiratory failure

Common complications
consisting of pneumonia, acute
respiratory syndrome, liver injury,
myocarditis, acute kidney injury,
neurological complication,
cardiopulmonary failure, acute
cerebrovascular disease, and
shock
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Table 1. Cont.

Disease SARS MERS COVID-19
Epidemiology
Gastrointestinal Symptoms N/A Nausea, Vomltlpg, cha}‘rhea, and Nausea, vomiting, diarrhea
abdominal pain
Asymptomatic No Yes Yes
Latency Period 2-7 days after viral exposure but 5-12 days after viral exposure 2-12 days after viral exposure

may be as long as 10 days

Mode of transmission

Human-to-human Human-to-human Human-to-human

Diagnosis and treatment

Diagnostic procedure

Molecular tests by RT-PCR; other =~ Molecular tests by RT-PCR; other
laboratory and radiographic laboratory and radiographic

Molecular tests by RT-PCR; other
laboratory and radiographic

findings findings findings
Number of vaccines in clinical 2 3 110
phase
21 vaccines approved by at least
Approved vaccines N/A N/A one country.

7 vaccines approved for use by
WHO

N/A: not available.

SARS-CoV and SARS-CoV-2 share the similarity in the use of angiotensin-converting
enzyme 2 (ACE2) receptor for its infection [6]. SARS-CoV starts infecting the target cells
by interaction with the receptor-binding domain (RBD) located in the S1 subunit of spike
proteins (S) and cellular receptors resulting in the pre-fusion and viral entry. The ACE2
receptor is an important proinflammatory molecule expressing in the cells particularly
in lungs, intestines, kidneys, and liver [27,28]. SARS-CoV-2 RBD is able to bind to ACE2
receptor with greater efficiency rates of 10-20-fold higher than the affinity of SARS-CoV
RBD and ACE2 interaction [29].

The dipeptidyl peptidase 4 (DPP4), which is also known as CD26, is a specific cellular
receptor for MERS-CoV [6]. The MERS-CoV RBD domain of S protein attaches to the DPP4
receptor on the cell surface, resulting in cleavage of S protein into S1 and S2 subunit by
host proteases mediating the fusion of viral and cellular membrane, eventually releasing
the viral genomic material into the host cell [30,31]. In addition, non-human primates, bats,
camels, and humans are susceptible to MERS-CoV, whereas hamsters, ferrets, and mouse
are not susceptible for the infection despite the presence of DPP4 [32]. DPP4 is type-II
transmembrane protein presented in dimeric form on the cell surface. It is expressed on
the epithelial cells in human tissues, including lung, kidney, small intestine, liver, and
prostate [33].

3. Therapeutic Interventions and Vaccine Development

Therapeutic monoclonal antibodies (mAbs) have been applied for the treatment of
several human diseases and have become a dominant class of pharmaceutical products
developed in recent years [34]. Currently, many therapeutic mAbs have been approved
by the Food and Drug Administration (FDA) and successfully used in clinical application
for treating human diseases including cancers, autoimmune diseases, metabolic and in-
fectious diseases [6,35-38]. The use of mAbs overcomes the drawbacks associated with
other types of passive immunizations, particularly serum immunotherapy or intravenous
immunoglobulin, in terms of specificity, safety due to low risk of human pathogen contam-
ination, functionality, and purity [6,37]. Palivizumab was the first monoclonal antibody
for infectious disease approved by the FDA in 1998 for treating the serious lung disease
caused by respiratory syncytial virus in infants [39]. Since the first approval of mAb in
1998, several mAbs have been developed for infectious disease treatments. Recently, thera-
peutic mAbs having the potential to treat coronavirus infection have been identified. The
CoV-specific mAbs targeting S or RBD demonstrate anti-viral efficacy and significantly
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reduce viral load by interfering the binding of RBD with its cellular receptor [38,40,41]. In
addition, S-specific mAbs inhibit the viral-cellular membrane fusion in the post-fusion step,
thereby blocking viral entry and infection [42]. Hence, the development of either CoV S or
RBD-specific neutralizing antibodies could be an effective way for passive immune pro-
phylaxis. Several mAbs having therapeutic potential are reported for SARS-CoV [40,43,44],
MERS-CoV [43,45,46], and even for SARS-CoV-2 [47-55].

Nevertheless, vaccination is the most effective strategy for prevention of infectious
diseases in terms of inducing long-term specific immunity, reducing severity and mortality.
S protein is considered a major antigenic determinant containing the neutralizing epitopes
and hence it is considered a major target for vaccine design. Specifically, the S-specific
antibodies identified from recovered SARS and MERS patients showed long-lasting and im-
munodominant activities against viral infection [56,57]. Moreover, studies have shown that
the S protein induced potent humoral and cellular immune responses in pre-clinical animal
models [58-61]. Hence, S protein is considered an ideal target for vaccine development.

Different vaccine platforms have been exploited for SARS-CoV and MERS-CoV vac-
cine development which are either in pre-clinical development or clinical evaluations,
including live-attenuated, inactivated, viral RNA, viral DNA, viral vector, and recombi-
nant protein-based vaccines. Several vaccines targeting MERS-CoV S protein, especially
RBD domain, were developed and tested in animal studies, including adenovirus vector,
DNA, and protein subunit vaccines. GLS-5300, an S protein DNA-based vaccine, showed
benefit in MERS-CoV protection, inducing potent neutralizing antibodies in macaques [62],
and it was applied for clinical evaluation. The GLS-5300 vaccine efficiently induced
immune responses up to 85% with two shots of vaccination in participants with no seri-
ous adverse effects [63]. Similarly, recombinant MERS-CoV RBD-based subunit vaccines
enhance the immunogenicity profile in terms of eliciting potent neutralizing antibody
and cellular immunity against MERS-CoV in animal models, cross-neutralizing human
and camel MERS-CoV strains with long-lasting immunity for 6 months [64]. Recently
COVID-19 vaccines were developed in different platforms and approved for emergency
use including: CoronaVac (known as PiCoVacc), a whole-inactivated SARS-CoV-2 vac-
cine developed by Beijing-based Sinovac Biotech company [65]; inactivated SARS-CoV-2
vaccine, BBV152 (Bharat Biotech) [66]; mRNA-1273 (Massachusetts-based biotechnology
company Moderna) [67]; BNT162b2 (BioNTech/Pfizer) [68]; ChAdOx1 nCoV-19 (AZD1222),
a non-replicating SARS-CoV-2 viral-vectored vaccine developed by AstraZeneca [69]; and
NVX-CoV2373, an S protein-based vaccine candidate developed by Novavax [70].

4. Plant Molecular Farming

Recombinant therapeutic proteins derived from biological sources, including mam-
malian cells, microorganisms, suspension cultures, or genetically modified organisms by
employing biotechnological processes, are widely used in clinical applications, especially
for the treatment and prevention of human or veterinary infections. Since the development
of human insulin by using recombinant DNA technology in E. coli in 1982, the recom-
binant therapeutic protein production field has significantly grown and gained major
attention [71]. The process of utilization of plants as an expression system to produce
highly valuable recombinant therapeutic proteins is referred to as plant molecular farming
(PMF). The concept of PMF was initially documented back in 1986 when recombinant
growth hormone was produced in tobacco and sunflower plants [72]. After two decades,
Elelyso (taliglucerase alfa) developed by Protalix Biotherapeutics, Israel, was approved by
the U.S. FDA in 2012 [73]. Elelyso is a recombinant form of human (3-glucocerebrosidase
produced from carrot suspension cells. Plants have unique attractive features for protein
production, including cost-effectiveness, and safety due to low risk of pathogen or toxin
contamination, and are capable of performing efficient post-translational modifications
essential for protein structure and functionality [10,11]. The recombinant proteins can
be produced in plants via stable expression, transient expression, and plant cell-based
expression (Table 2; Figure 1).
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Figure 1. Schematic representation of available plant-based production technologies (stable, transient,
and suspension cultures) for the production of recombinant vaccines and biologics [74].

Table 2. Available expression strategies for the production of biopharmaceutical proteins in plants.

Expression Strategy

Advantages

Disadvantages

Examples

Stable expression

Scalability
Can apply in different plant crops
Transgenic seeds can be stored for
a long time

Time-consuming, tedious, and
labor intensive
Incorporation of transgene in
plant genome and variability in
transgene expression
Risk of gene silencing/position
effect
Transgene contamination
Random gene integration

Anti-HIV 2G12 IgG in transgenic
tobacco [75]
Anti-rabies E559 IgG in in transgenic
tobacco [76]

Transient expression

Gene of interest does not integrate
with plant genome
Ease of manipulation
Simple technology, rapid
expression
High yield
Efficient and timesaving process
Can utilize for rapid recombinant
protein production during
emergency situations

Protein yield may not be
consistent and varies among
individual plants
Chances of endotoxin
contamination from Agrobacterium
origin

Anti-Ebola antibody cocktail in
tobacco [36] Influenza virus
(H5N1)-based VLP vaccine in
tobacco [77]
Anti-RANKL mAb in tobacco [78]

Suspension cells

Sterile production environment
Chemically defined media lacking
animal components
Compatible with regulatory
guidelines
Simple downstream processing
Scalability

Complexity in large-scale
production
Genetic instability and reduced
productivity over long time
periods
High cost of cultivation

Glucocerebrosidase enzyme in carrot
cells [73]

Human 3-1,4-galactosyltransferase in
BY-2 tobacco cell lines [79]
Alpha-galactosidase-A (Fabrazyme) in
tobacco cell lines [80]
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Plant transient expression is gaining interest recently due to its flexibility and rapid-
ity in producing large quantities of recombinant biopharmaceutical proteins, including
diagnostic reagents, vaccine candidates, or monoclonal antibodies to meet the demands
during disease crisis or pandemic situations [81,82]. The transient expression system is
widely used for production of recombinant proteins in different plant species such as L.
sativa [83,84], A. thaliana [85,86], N. tabacum [87,88], and N. benthamiana [58,89-92]. Of note,
N. benthamiana is the preferable platform for transient expression. Typically, 4-6-week-
old grown plants are being used for transient expression by recombinant Agrobacterium
tumefaciens-harboring expression cassette or viral expression vector such as tobacco mosaic
virus, cowpea mosaic virus, potato virus, alfalfa mosaic virus, and plum pox virus [93].
Transient expression provides various advantages compared to other plant expression
systems in terms of ease, speed, low cost, and high yield of recombinant proteins [94].
Genes of interest will be highly expressed in infiltrated plants within 3—4 days after infiltra-
tion into the plant cells [95-97]. For recombinant vaccine production, this strategy allows
efficient production of various self-assembling viral antigens with high expression levels.
The VP1 protein of foot-and-mouth disease virus was produced by using a TMV-based
transient expression vector allowing the yield of approximately 0.5-1 pug/g leaf weight [98].
Similarly, hepatitis B core antigen (HBcAg) [14] and Norwalk virus (NV)-derived virus-like
particles (VLPs) [99] produced using the MagnICON-based transient expression system in
N. benthamiana plants have showed high yields of the recombinant proteins of up to 2.38
and 0.86 mg/g fresh weight (FW), respectively. Additionally, Ebola GP-based immune com-
plex was expressed in N. benthamiana using a geminiviral-based transient expression vector.
The maximum expression level of the antigen was obtained 4 days after agroinfiltration
with the yield of approximately 50 pg antigen/g leaf mass [100]. Further, the functionality
of plant-produced antigens can be confirmed by their immunogenicity profiles judged
by eliciting both humoral and cell-mediated immune responses and protection from viral
infection in in vivo experiments.

5. Plant-Based Vaccines

For almost three decades, plant expression systems have been exploited for the produc-
tion of recombinant therapeutic proteins for several applications [10,101,102]. Plants have
been explored for production of recombinant therapeutic proteins, especially protein-based
subunit vaccines and monoclonal antibodies, to combat emerging or re-emerging diseases
including COVID-19 [103]. Several proof-of-concept studies have explored the possibility
of plant expression systems for the production of vaccines targeting different respiratory
diseases including SARS, influenza, tuberculosis, and anthrax [15,104,105]. A plant-based
vaccine against SARS utilized the stable expression of S protein (S1) in tomato and low-
nicotine tobacco plants. Animal pre-clinical studies showed that the plant-derived vaccine
induced an antibody response in mice [106]. Another study reported the immunogenicity
of recombinant SARS-CoV N protein produced transiently in N. benthamiana. The tobacco
produced recombinant N protein significantly induced humoral immune response after the
third parental injection [107]. Further, Medicago Inc. developed the VLPs vaccine against
influenza using plant-based expression technology. Influenza hemagglutinin antigens were
transiently expressed in N. benthamiana leaves and assembled into VLPs without the viral
RNA [108]. The quadrivalent seasonal influenza vaccine, which has recently completed
phase III clinical evaluation, was found to be safe and immunogenic in terms of induction
of humoral and T cell-mediated responses against respiratory infections caused by the
influenza virus in adults [109,110]. The insights gained from previous studies can help to
design and develop an effective plant-based vaccine against SARS-CoV-2, a respiratory
pathogen [111]. Since the SARS-CoV-2 virus sequence was made publicly available in early
2020, significant efforts have been made by the plant molecular farming community to
develop recombinant vaccines against SARS-CoV-2 (Table 3).
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Table 3. List of vaccine candidates against SARS-CoV/CoV-2 produced in plants (As of 13 August 2021).

Formulation and

Vaccine Antigen Plant Host Route Immunogenicity Status Reference
Stable Significantly increased
SARS-CoV S1 protein expression in . GI with 2-week titers of S.ARS.-COV-SPECIfIC Pre-clinical study [106]
intervals for 3 doses antibodies after
tomato . e .
immunization in mice
Formulated with Able to induce humoral
y . Transient expression Freund’s adjuvant immunity as well as
SARS Co\i;zicrlleocap sid in and IP with at 2-week SARS-CoV-2 Pre-clinical study [107]
P N. benthamiana intervals for four cytokine-producing cells in
doses mice
. Transient expression
SARS-CoV SLOEP fusion in N/A N/A Research [112]
P N. benthamiana
. Transient expression
Recombinant SARS-CoVN in N/A N/A Research [113]
P N. benthamiana
. Transient expression
RecomblﬁanjoieAirI?S-CoV-Z in N/A N/A Research [114]
P N. benthamiana
. Transient expression
Recombinant SARS—COV—2 in N/A N/A Research [114]
RBD protein .
N. benthamiana
KBP-201 COVID-19 vaccine: . . Formulated with Able to induce positive Phase I/1I
SARS-CoV-2 RBD-based Transient expression . i L .
. . CpG adjuvant and SARS-CoV-2-specific ClinicalTrials.gov
vaccine developed by in o . o - Iy [115]
. . . IM injection on day 1 immunity in pre-clinical Identifier:
Kentucky BioProcessing, N. benthamiana and 22 trials NCT04473690
Inc. (Owensboro, KY, USA)
IBIO-200 vaccine: Transient expression Aigrentl(;ns(:lgs l(a)fszgicrifilc
SARS-CoV-2 VLP-based P IM injection on day 1 . Tesponss -
. o in neutralizing antibody Pre-clinical study [116]
vaccine developed by iBio, . and 21 - :
N. benthamiana against SARS-CoV-2 in
Inc. (Bryan, TX, USA) .
mice
IBIO-201 vaccine: . Able to stimulate specific
. . . Formulated with .
SARS-CoV-2 Spike-based Transient expression . ™ . 3 immune responses and
. . . LicKM™™ adjuvant - A -
sub-unit vaccine developed in s neutralizing activities Pre-clinical study [116]
. . and IM injection on . .
by iBio, Inc. (Bryan, TX, N. benthamiana dav 1and 21 against SARS-CoV-2 in
USA) y mice more than IBIO-200
IBIO-202 vaccine:
SARS-CoV-2 nucleocapsid ~ Transient expression Able to induce robust,
protein-based sub-unit in N/A antigen-specific, memory T Pre-clinical study [117]
vaccine developed by iBio, N. benthamiana cell response
Inc. (Bryan, TX, USA)
SARS._COV_Z VLP-based . . Able to induce antibody Phase II/111
vaccine developed by Transient expression C . . . -
- . . IM injection given 21  responses in the volunteers ClinicalTrials.gov
Medicago Inc. (Quebec City, in ith P ifier: [118]
QC, Canada, Canada) N. benthamiana days apart with two doses o Identifier:
! ! ’ immunization NCT04636697
Able to induce
Baiya SARS-CoV-2 Vax 1 . . Formulated with antigen-specific IgG and
. - Transient expression . .
subunit vaccine developed . alum adjuvant and neutralizing responses as .
in Pre-clinical study [58]

by Baiya Phytopharm Co.,
Ltd. (Bangkok, Thailand)

N. benthamiana

IM injection on day 1
and 21

well as cellular immunity in
mice and non-human
primates

N/A: not available; GI: gastric intubation; IM: intramuscular immunization.

Medicago, a Canadian biopharmaceutical company based in Quebec City, has been in-
volved in the development and production of a plant-based vaccine to thwart the COVID-19
infection [119]. The technology employed for vaccine manufacturing includes the synthesis
of VLPs in plant cells by transient expression. VLPs without genetic material mimic the
native virus structure, thus enabling the body’s immune system to induce a robust immune
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response. The same technology has been utilized for the production of a VLP vaccine
candidate against influenza, which demonstrated immunogenicity and efficacy in trials.
The COVID-19 VLP (Co-VLP) developed at Medicago uses full-length spike protein from
SARS-CoV-2 viral genome that trimerize and assemble into VLP inside plant cells. The
plant synthesized Co-VLPs were formulated with two adjuvants: CpG 1018: Dynavax,
and AS03: GSK, and their safety, immunogenicity, and protection was evaluated in non-
human primates. It was found that the vaccine candidates adjuvanted with AS03 elicited
a more potent immune response than the CpG 1018-adjuvanted formulations. Further,
no adverse reactions related to vaccine-associated enhanced disease were observed. This
candidate vaccine was evaluated in the phase I clinical studies in healthy humans carried
out on 180 healthy individuals in the 18-55 years age group. Two doses of three different
strengths: 3.75 ug, 7.5 pug, and 15 ug, adjuvanted independently with AS03 and CpG 1018,
were administered to the individuals at 21 days apart, and the safety, immunogenicity,
and efficacy was assessed after 42 days. A robust immune response was observed with
ten-fold higher titers in the groups administered with Co-VLP adjuvanted with AS03 in
addition to spike protein-specific interferon-y and interleukin-4 cellular responses. Based
on these results from phase I clinical trials and nonclinical trials, the study is being further
progressed globally, covering Canada, USA, and other countries, and is currently in a phase
III trial administering CoVLP+AS03 at a dose level of 3.75 ng [120,121].

Kentucky BioProcessing (KBP) based in Owensboro, Kentucky, is also competing
to commercialize its innovative fast-growing plant-based COVID-19 vaccine KBP-201,
which utilizes N. benthamiana as an expression host [119]. KBP-201 adjuvanted with CpG
oligonucleotide is currently in phase I/1I clinical trials in United States, with the study
designed to test 180 healthy volunteers from two age ranges: 18—-49 years and 50-70 years,
with low and high doses of vaccine (ClinicalTrials.gov Identifier: NCT04473690).

iBio, located in Bryan, Texas, is developing plant-based candidate vaccines IBIO-200,
a VLP-based vaccine, IBIO-201, a SARS-CoV-2 spike-based subunit vaccine combined
with LicKM™ booster molecule, and IBIO-202, a subunit vaccine candidate targeting the
nucleocapsid protein of SARS-CoV-2. Their manufacturing process focused on coupling
their FastPharming and LicKM technologies using VLPs and subunit vaccine platforms
to produce the COVID-19 vaccine [119]. The emergence of mutated coronavirus strains
has raised concerns and diverted their focus to developing a second-generation vaccine
(IBIO-202) with broader protection that uses the highly conserved regions of SARS-CoV-2
nucleocapsid protein containing immunogenic epitopes with the intention that the newer
variants may be less prone to escape vaccine protection [122-125]. Currently, the IBIO-201
vaccine manufactured in tobacco plants has completed preclinical studies with no adverse
effects at low and high doses in mice, whereas the preclinical trial of IBIO-202 has been
completed in July 2021 [116,117].

Baiya Phytopharm, a start-up company in Thailand, is using the BaiyaPharming™
protein expression platform to develop a subunit-based vaccine against SARS-CoV-2 in N.
benthamiana. Six vaccine candidates were tested for their efficacy and based on the results
one candidate was chosen (Baiya SARS-CoV-2 Vax 1), which showed better immunogenicity
in mice and monkeys. Further safety and efficacy studies were carried out with the intention
of starting the phase I clinical trials from September 2021 (ClinicalTrials.gov Identifier:
NCT04953078) [126].

6. Plant-Derived Antibodies and Diagnostic Reagents

In addition to vaccine antigens, the production of mAbs in plants is well known,
and hence the plants can also be employed for the rapid production of mAbs to fight
against viral infection. Plants are capable of producing fully assembled functional mAbs
for human and veterinary applications. Antibody-mediated passive immunization can
confer immediate protection against infection caused by contagious pathogens. Antibodies
against several infectious agents have been successfully produced in plants. A humanized
mADb against West Nile virus was produced using MagnlCON technology to accumulate
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high levels of protein and showed protective efficacy in animal challenge experiments [127].
The anti-HIV 2G12 mAb was produced up to 325 ug/g FW when expressed in tobacco
plants by using a CPMV based vector [128]. Plant-produced chimeric D5 antibody against
Enterovirus 71 was expressed with highest expression level on day 6 post-agroinfiltration
with the yield of 50 pg/g FW and exhibited the protective efficacy in mice challenge
studies [90]. In parallel, a geminiviral expression vector used for producing anti-human
PD1 antibody by co-infiltration of heavy chain and light chain in N. benthamiana yielded up
to 140 ug of mAb/g FW and its functional /biological activities were confirmed in in vitro
studies [91]. Of note, Mapp Biopharmaceutical Inc. (San Diego, MO, USA) has developed a
plant-derived mAb cocktail, named ZMapp, which combines three chimeric mAbs, ¢13C6,
c2G4, and ¢4G7, and was produced by transient expression in tobacco plants, in order to be
used as a passive immunotherapy for Ebola-infected patients [13].

Recently, anti-SARS-CoV/CoV-2 mAbs were also expressed as a proof-of-concept
to show the efficiency of plant expression systems in the production of CoV mAbs for
passive immunotherapy. Our group has reported the production of human anti-SARS-
CoV-2 mAbs B38 and H4 in N. benthamiana using geminiviral vector. The transient co-
expression of light and heavy chain genes of antibodies in plant leaves accumulates 4
to 35 pug of mAb/g FW. Both plant-produced mAbs retained antigen binding specificity
and exhibited neutralizing activity against SARS-CoV-2 in vitro [47]. Diego-Martin and
colleagues reported the expression of six anti-SARS-CoV-2 antibodies in N. benthamiana
with the expression level ranging from 73 to 192 pg/g FW [114]. Furthermore, SARS-CoV-2
antigens expressed in plants have also been utilized as diagnostic reagents to develop
rapid test kits for SARS-CoV-2 infection (Table 4). A group in South Africa demonstrated
that the recombinant plant-produced S1 and RBD of SARS-CoV-2 enable the detection
of SARS-CoV-2-specific antibodies in patient sera who had tested positive by PCR [129].
Baiya rapid COVID-19 IgM/IgG test kit based on a lateral-flow immunoassay strip was
developed by Baiya Phytopharm in Thailand using recombinant RBD of SARS-CoV-2
produced from plants. A total of 51 confirmed COVID-19 serum samples were tested
using the strip, and the sensitivity and specificity of the kit was reported to be 94.1% and
98%, respectively [130]. The list of mAbs and diagnostic reagents produced in plants are
outlined in Table 4.

Table 4. List of plant-produced mAbs and diagnostic reagents developed for the treatment and diagnosis of coronavirus
infection (As of 13 August 2021).

Product

Expression/Plant Host Attractive Features Status Reference

Plant-produced mAbs

Specific binding to RBD domain on

Anti-SARS-CoV-2 B38 and H4 mAb Transient expression in 51 subunit of SARS-CoV-2 and Research [47]
N. benthamiana exhibited neutralizing activity
against viral infection in vitro
Transient expression in Specific binding to RBD domain on
Anti-SARS-CoV CR3022 mAb SIENt EXpression 1 S1 subunit of SARS-CoV and Research [81]
N. benthamiana
SARS-CoV-2
. Transient expression in Specific binding to RBD domain on )
Anti-SARS-CoV-2 sybody3 VHH-Fc IgG1 N. benthamiana S1 subunit of SARS-CoV-2 Research [114]
. Transient expression in Specific binding to RBD domain on )
Anti-SARS-CoV-2 sybody17 VHH-Fc IgG1 N. benthamiana S1 subunit of SARS-CoV-2 Research [114]
Anti-SARS-CoV/CoV-2 nanobody72 Transient expression in Specific binding to RBD domain on Research [114]
VHH-Fc IgG1 N. benthamiana S1 subunit of SARS-CoV-2
Anti-SARS-CoV nucleocapsid (N) Transient expression in Specific binding to N protein of Research [114]
CR3009-scFv N. benthamiana SARS-CoV and SARS-CoV-2
Anti-SARS-CoV nucleocapsid (N) Transient expression in Specific binding to N protein of Research [114]
CR3018-scFv N. benthamiana SARS-CoV and SARS-CoV-2

Other therapeutic protein
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Table 4. Cont.

Product Expression/Plant Host Attractive Features Status Reference
ACE2-Fc fusion protein developed by Transient expression in Blocking and neutralizing RBD
Baiya Phytopharm Co., Ltd. (Bangkok, N. ben thsmiana domain on S1 subunit of Research [89]
Thailand) ’ SARS-CoV-2
ACE2-Fc fusion protein developed by Transient expression in ACE2-Fc blocks SARS-CoV-2 virus Research [131]
iBio, Inc. (Bryan, TX, USA) N. benthamiana from infecting Vero E6 cells -
Research and diagnostics reagents
SARS-CoV-2 RBD-based ELISA test kit Transient expression in Used in ELISA for the detection of
developed by Diamante, Italian biotech pre: serum antibody in COVID-19 Production [132]
N. benthamiana .
company convalescent patients
Baiya rapid COVID-19 IgM/IgG test kit Transient expression in Used as lateral-flow immunoassay
developed by Baiya Phytopharm Co., Ltd. N. ben thSmiana strip reagents for the detection of Production [130]
(Bangkok, Thailand) ’ IgM/1gG antibodies in human sera
Recombinant SARS-CoV-2 nucleocapsid
protein developed by Leaf Expression Transient expression in Used as an antigen diagnostic Production [133]

System
(Norwich, UK)

N. benthamiana reagent

N/A: not available.

7. Prospective View

Significant progress has been made in the development of plant-derived COVID-19
vaccines by applying the existing knowledge and proof-of-concept evidence on other
plant-derived candidates. SARS-CoV-2 vaccine candidates expressed in plants have been
reported with promising results. In a recent report, a fusion protein comprised of a se-
quence of RBD of SARS-CoV-2 and Fc region of immunoglobulin has been fused and
expressed in N. benthamiana plants by transient expression. The plant-derived RBD-Fc
fusion protein was reported to induce broad humoral and cellular responses when intra-
muscularly injected in mice and cynomolgus macaques. The importance of adjuvants in
enhancing the immune response of plant-derived subunit vaccines against SARS-CoV-2
was also demonstrated [58,134]. Such subunit vaccine strategies can be considered fur-
ther for safety and efficacy studies. In particular, glycosylation plays a significant role in
antigenic properties of vaccine antigens. Although plants can perform post-translational
modifications somewhat similar to human and mammalian cells, the difference in glycosy-
lation patterns in plant-derived proteins can be overcome by glycoengineering in plants to
obtain humanized proteins [135], which would serve as a tool to develop SARS-CoV-2 vac-
cines in plants. Plant-derived vaccines might serve as a cost-effective platform to produce
COVID-19 vaccines, which in turn reduces the vaccination costs and feasibility to attain
large-scale immunization programs. The assessment of SARS-CoV-2 VLP and subunit
vaccines produced in plants may substantially contribute to advancing the field further,
however, it is important to explore the possibilities of developing a plant-vaccine to induce
broad immunoprotection against emerging SARS-CoV-2 variants as well.

In conclusion, researchers across the world are making significant efforts by utilizing
all the available platforms to develop an effective, safe vaccine to control COVID-19. With
the advent of transient production technology, the plant expression system is considered
as a viable approach, and it has also been gaining interest among the pharmaceutical
companies in recent years for recombinant biopharmaceutical production, due to its ability
to produce large doses of vaccine antigens or therapeutic proteins in a short time. While
several scientific teams in the plant molecular farming community are working on the
development of plant-derived vaccines, one must accept the fact that the regulatory path-
way for approval of new vaccines is complex and time-consuming, and the advantages of
the plant expression platform can be realized only after overcoming regulatory hurdles.
Harmonizing the regulatory procedures for plant-derived products (plant-specific regula-
tion), both at national and international levels, is essential for reducing the timeframe of
plant biologics from bench to market. Further, the plant-derived products must meet the



Pathogens 2021, 10, 1051

12 of 18

quality standards and all applicable stringent current Good Manufacturing Practice guide-
lines devised for biological products. Currently, few plant-produced vaccine candidates
against SARS-CoV-2 have reached preclinical and clinical trials. Although the progress
of commercialization of plant-derived vaccines has been slow, the promising results in
clinical trials of plant-derived influenza and COVID-19 vaccine in recent years encourage
the confidence that we can expect the commercialization of plant-derived vaccine in this
upcoming decade.
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