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Abstract

Emerging infectious diseases have vigorously devastated the global economy and health sector; cost-effective plant-based
vaccines (PBV) can be the potential solution to withstand the current health economic crisis. The prominent role of tobacco
as an efficient expression system for PBV has been well-established for decades, through this review we highlight the impor-
tance of tobacco-based vaccines (TBV) against evolving infectious diseases in humans. Studies focusing on the use of TBV
for human infectious diseases were searched in PubMed, Google Scholar, and science direct from 1995 to 2021 using the
keywords Tobacco-based vaccines OR transgenic tobacco OR Nicotiana benthamiana vaccines AND Infectious diseases or
communicable diseases. We carried out a critical review of the articles and studies that fulfilled the eligibility criteria and
were included in this review. Of 976 studies identified, only 63 studies fulfilling the eligibility criteria were included, which
focused on either the in vitro, in vivo, or clinical studies on TBV for human infectious diseases. Around 43 in vitro stud-
ies of 23 different infectious pathogens expressed in tobacco-based systems were identified and 23 in vivo analysis studies
were recognized to check the immunogenicity of vaccine candidates while only 10 of these were subjected to clinical trials.
Viral infectious pathogens were studied more than bacterial pathogens. From our review, it was evident that TBV can be an
effective health strategy to combat the emerging viral infectious diseases which are very difficult to manage with the current
health facilities. The timely administration of cost-effective TBV can prevent the outburst of viral infections, thereby can
protect the global healthcare system to a greater extent.
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SARS-CoV SARS Covid-19

C4V3 polypeptide  C4 peptide fused to the N terminus of
V3 loop

HCMV Human cytomegalovirus

SARS Severe acute respiratory syndrome

PTGS Post-transcriptional gene silencing

PVX Potato virus X

Cp Coat protein

ELISA Enzyme linked Immunosorbent assay

ppHSHA-I Purified plant-derived H5
Hemaggluttinin-1

FCA Freund’s complete adjuvant

Bm ALT-2 Brugia malayi Abundant Larval
Transcript-2

BAT British American tobacco

PBS Phosphate buffer saline

RCT Randomized controlled trial

HIV Human immunodeficiency virus

Introduction

Vaccines are biological preparations that improve our immu-
nity by stimulating the antibodies production in humans and
animals. Its development played a crucial role in combating
the largest crisis in the healthcare system caused by infec-
tious diseases [1-3]. Edward Jenner developed the first vac-
cine for smallpox infection in 1796 [4]. Hait initiated the
research on the plant-based vaccine (PBV) and late in the
1980s vaccine research focusing on edible vaccines began,
laying the foundation for a new era of PBV which lies in the
concept of converting edible food into potential vaccines
[1, 3]. Despite this success of vaccine therapies, the emerg-
ing new infectious diseases especially the current pandemic
COVID-19 have proven the glaring gaps in vaccine produc-
tion capacities globally, which highlights the importance
of massive expansion of vaccine research. The challenges
faced by conventional vaccine production strategies can be
overcome to a certain extent by the introduction of PBV.
Research over the two decades has proven that plants can be
engineered to act as bioreactors (Biopharming) offering an
attractive and affordable platform for vaccine production eg:
Chimeric human growth hormone produced via transgenic
sunflower and tobacco by Barta in 1986 [5]. The escalat-
ing cost of vaccines is considered a challenging factor for
conducting vaccination campaigns in developing countries.
A published report by Kate et al. highlights the exponential
increase in the total vaccination cost from $1.37 in 2001
(for 6 diseases) to $38 in 2011 (for 11 diseases) this might
be due to the expensive and complex production techniques
involving equipment like fermenters and bioreactors which
can be replaced by providing the basic need of light, water

@ Springer

and greenhouse to yield larger quantities of safe and cost-
effective PBV [1, 4, 6, 7].

Tobacco—Precursor in Transgenic Research

The tobacco plant is a robust perennial, erect glandular-
pubescent herb, indigenous to America, with over 70 species
with varying biological activities. Nicotiana benthamiana
contains chief chemical constituents such as Nicotine, nor-
nicotine, anabasine, myosmine, anatabine, nitrate, sorbitol,
nicotinic acid, nicotelline, nicotianine [8]. The detrimental
use of tobacco has been renowned to all, considered as the
leading cause of life-threatening diseases such as cancer,
emphysema, and heart diseases which is of global con-
cern for centuries. According to WHO more than 8 million
people a year around the world were dying because of the
tobacco misuse, of which more than 7 million due to direct
tobacco use and 1,2 million due to passive smoking [8§—10].
As per the records, the history of tobacco begins in 1492
when Christopher Columbus discovered an herb used by
American Indians treating illness with herb leaves, which
was unnoticed till then. After 1536, the sacred role of spir-
itual, emotional, mental, and physical uses was studied by
several experts globally and the plant were taken to various
countries across the world. Most Indigenous nations have
their own stories regarding the introduction and cultiva-
tion of tobacco in their home country [8]. Tobacco produc-
tion accounts for approximately 0.25% of cultivated land
in India. In 1885, tobacco leaves took their position in the
British Pharmacopoeia; later they got removed from medical
practice historically. Several investigations highlighted the
enormous healing property of tobacco such as antispasmod-
ics, diuretics, antiemetics, expectorants, sedatives, and in
rheumatic swellings, anesthetics, antiglaucoma activity, anti-
oxidant, antibacterial, antiviral, antimicrobial, anthelmintic,
anticonvulsants, and for antifungal activities of which the
use for psychiatric and neurological disorders are quite com-
mendable since decades [8, 11] In 1990 Arntzen and col-
leagues implemented the idea of the edible vaccine using 's'
gene of hepatitis B virus (HBV) against hepatitis B antigen
and Streptococcus mutants surface protein antigen A (0.02%
recombinant protein) was obtained from total soluble leaf
proteins of transgenic tobacco [12, 13].

In recent years adapting plants as expression systems of
various biologics like vaccines, monoclonal antibodies, bio-
similars, and biopolymers paved a greater opportunity to
benefit human health especially for the rapid response to dis-
ease outbreaks [12—-14]. Studies suggest that the beginners
of plant-based biologics production were from stably trans-
formed crop plants such as rice, maize, barley, safflower,
later in the following decades of large varieties of plant
kingdom including microalgae, rice moss, sundews, pitcher
plants, lettuce, melon, barley, tomato, carrot, tobacco, corn,
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wheat, soybean and sunflower has been explored, within
a short period it got extended to edible vaccines research
among them tobacco shows tremendous results and consid-
ered it as ideal plant model in transgenic research [5, 15].
Tobacco leaves and seeds are considered as a living fac-
tory for molecular farming, since they act as an excellent
vehicle for the mass production of very complex molecules
and recombinant protein [12—14]. The comparison of PBV
with the conventional vaccine production is given in Table 1.
The present systematic review was performed to assess the
relevance of tobacco-based vaccines in fighting the human
infectious diseases.

Expression Systems of Tobacco-Based Vaccines

The basic principle behind the TBV production involves
the incorporation of transgene into the plant cells (tobacco
leaves) through nuclear or plastid integration. The antigen
of interest was integrated with the vector and later it is trans-
ferred to the expression system. Based on the location/ site
where the transgene is inserted into the plant cell it can be
stable or permanent transformation system, transient trans-
formation system [1, 4].

Stable Expression System

The foreign gene is integrated into the cell's genome, either
in the nucleus or the chloroplast, resulting in the permanent
transformation of a genetic cell line that can be propagated
through vegetative or sexual reproduction methods [13].
Nuclear transformation and chloroplast transformation
are two types of antigen expression in transgenic plants.
In nuclear transformation, genes are integrated into the
plant cell nucleus via nonhomologous integration and the
expressed proteins undergo eukaryotic post-translational
modifications but with minimal accumulation of recom-
binant proteins which can be stored in various organelles
like cytoplasm, nucleus, chloroplast, mitochondria depend-
ing upon the signalling of fused peptides [1, 16]. Differ-
ent transformation methods such as electroporation, micro
projection, particle bombardment, glass beads, polyethylene
glycol and Agrobacterium mediated can be used of which
Agrobacterium mediated is widely used since it provides
an opportunity for multicomponent vaccine production [1,
13, 17].

In chloroplast transformation or plastid transforma-
tion, genes are directly injected into the tobacco chloro-
plast through homologous recombination which offers the
safety, flexibility and potential to produce significant level
of recombinant proteins with minimal prokaryotic post-
translational processing [16—18]. Chloroplast transformation
is widely used and has several advantages such as reduced
chance of gene escape, coordinated expression of genes

with the aid of single promoter, transgene containment with
increased biosafety, whereas its inability to perform the gly-
cosylation can led to stunted growth and male sterility in
host plant as a result of polytropic effect which can affect the
manufacture of pharmaceutical such as monoclonal antibod-
ies, degradation of proteins and efficacy of vaccines [16—18].

Transient Expression System

Transient expression is used widely for the recombinant
proteins production which includes the expression of for-
eign gene without being integrated into the genome. The
genetic material is delivered into the cell by the viral vectors
reports higher frequency of occurrence without the require-
ment of whole plant regeneration. Despite the need of tech-
nical support in whole process and difficulties in initiation,
it is considered as an efficient system for the producing high
yield of desired proteins within a short period of time [13,
16, 17]. Techniques like magnifection, alteration of virus
codon usage and incorporation of eukaryotic introns and
agrobacterium-mediated transfer can maximize efficacy of
transient expression and improves the yield [16].

Methods of Gene Transfer
Direct Gene Delivery Method

This is the simplest method involving the direct integration
of selected RNA or DNA into plant cell, which is coated
with tungsten or gold which acts as a micro carrier. The
coated DNA will penetrate into the cell with the aid of gene
gum and under high pressure of helium gas. Biolistic method
also known as micro-projectile bombardment or gene gun
method is the most popular method, where the transfer of
foreign DNA into variety of plant host cell is possible, even
though it can damage the tissue cell and is a costly process
[1,4].

Indirect Gene Delivery

An ideal method for gene delivery where the genes are
delivered through vector mediated gene delivery and pro-
teins are produced in chosen plant cells infected using plant
bacteria (Agrobacterium species) or plant virus. The gram
— ive Agrobacterium is most widely since it provides stable
integration of the antigen and transfer their genes (T-DNA)
into the nucleus of plant by naturally infecting them. Based
upon the plasmid they carry it is divided into two Ti-plasmid
tumour-inducing plasmid and Ri-plasmid root-inducing plas-
mid that is Agrobacterium tumefacians and Agrobacterium
rhizogenes, respectively [1, 4].

Another method is through the genetically engineered
plant virus which act as a vector to generate the chimeric
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gene for viral coat protein. Within limited time high levels
of desired peptides or proteins are expressed through viral
replication activity and by altering the viral capsid proteins
vaccine epitopes can be synthesised. Before vaccination the
product obtained is purified from infected plant and simul-
taneously another plant is reinfected with recombinant virus
for maintaining the continuity of vaccine production [1].

Production Process Involved in Tobacco-Based
Vaccines

The production of TBV involves various steps as follows:

1. Selection of antigens from pathogenic organism: The
initial step in the production of TBV involves the identi-
fication and selection of immune protective antigen with
the aid of assays such as phage display technology from
pathogens. Genomics, bioinformatics and proteomics
tools are used for the designing of immunogen and the
transgene encoding the antigen whereas recombinant
DNA technology was used for the synthesis [19].

2. Selection of plant expression vector: Based on the
antigen of interest the specific expression vectors were
selected, which are the plant virus having positive sense
of RNA genomes [20]. Seed-specific promoters will aid
in the selective expression of antigen protein in particu-
lar tissue or organ. Usually, the viral genetic sequence is
placed into a plasmid which they clone and introduced
into Agrobacterium tumefaciens, a bacterial vector that
can transfer genetic material to plants only [14]. Tobacco
mosaic virus (TMV), plum pox virus (PPV) potato virus
X (PVX), alfalfa mosaic virus (A1MV) cowpea mosaic
virus (CPMV) are the most commonly used vectors [19,
21].

3. Selection of plants: The selection of plants, depends
upon on its compatibility of transformation, in-vitro
regeneration, expression strategy, biomass yield, life-
cycle, containment, production cost. Nicotiana bentha-
miana and N. tabacum were considered to be ideal ful-
filling all these parameters and used extensively for the
transgenic production [19]. Open-field cultivation or
closed indoor cultivation involving either green house,
bioreactor, vertical farming or hydroponics is preferred
for the production of plant biomass. Plants are grown up
to 4-6 weeks in suitable environment and healthy plants
are subjected for the transformation later [5, 22].

4. Plant transformation: Stable and Transient transforma-
tion methods are mainly involved in the transformation
of plants with antigen containing recombinant vector.
This transformation occurs with the aid of either the
direct or indirect gene delivery method, along with vac-
cum infiltration technique. Eg: Nicotiana benthamiana,
plant’s leaves were dipped upside down and submerged

in bacterial solution of the modified Agrobacterium, and
vacuum compresses the leaves to expel air from the plant
cells. Agrobacterium transfers the multiple copies of the
GOI (Gene of interest) into the leaf tissue when vacuum
is broken [14, 23]. Later it is removed from the suspen-
sion transferred to the incubation room in greenhouse
for 5-7 days period, where the cellular activity begins
results in the generation of numerous recombinant pro-
teins [1, 5, 24].

Regeneration of plants: Plants are incubated for
6-12 days from transformed cell under the suitable con-
ditions such as plant growth regulators, culture condition
like light, temperature, presence of selective agent. Two
pathways such as somatic embryogenesis and organo-
genesis are mainly involved in plant regeneration, but
in transient expression these steps are evaded since the
whole plant is involved and DNA or transgene is not
stably integrated, it’s expressed temporarily in the host
[19]. Depending upon the protein production, expres-
sion method and optimal plant maturation harvesting
is done. In case of tobacco leaves are harvested, usu-
ally by 33-55 days the manufactured protein embed-
ded into VLPs floats between the cell wall and plasma
membrane [14, 23]. Later, they are subjected to homog-
enization and purification where the products are recov-
ered by combination of filtration and chromatography
techniques [5, 24].

Isolation, Characterisation and evaluation of immu-
nogen or plant vaccine: The purification and isolation
of expressed recombinant proteins or VLPs is a chal-
lenging process which can be performed by density
gradient centrifugation techniques such as isopycnic
centrifugation based upon the buoyant density of VLPs
or rate -zonal centrifugation techniques based upon the
size and sedimentation coefficient of VLPs. Iodixanol
or sucrose is used in density gradient centrifugation,
some VLPs get purified in iodixanol. Gel electropho-
resis, electron microscopy analysis is performed in the
post purification stage. The quantification of antigen or
foreign in plant is evaluated using western blot assays
and ELISA. Preclinical animal studies are performed for
evaluating the immunogenicity of obtained TBV, where
splenocyte proliferation assays and ELISA are used for
estimation of the antibody levels and proliferation of
specific immune cells [25]. Those vaccine candidates
who proven the immunoprotected potential in preclinical
studies are eligible for the clinical trials in human [5].
The production process of tobacco-based pharmaceuti-
cals is illustrated in Fig. 1.
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Regulatory Considerations

During the process of PBV development, regulatory con-
sideration act as a critical component for product approval,
foremost it is mandatory to follow the guidelines espe-
cially the good manufacturing practices (GMP) and good
laboratory Practices (GLP) issued by the regulatory agen-
cies [24, 26]. Many health organisations, including the
World Health Organization and International Council
of harmonization (ICH) involving regions of the United
States, Europe and Japan plays a vital role in the devel-
oping and implementing, monitoring various regulatory
strategies for the manufacturing and distribution of safe,
effective, and high-quality biopharmaceuticals for better
public health outcomes [24, 27, 28]

According to the regulations of FDA in 2017 suggest
that any tobacco-based drugs or devices will get approval
only after fulfilling the MRTP (modified-risk tobacco
products) authorization with the evidence of therapeutic
indications claims of new product as well as the details
about the product reducing the harm [29]. In terms of
molecular farming strict rules and GMPs are implemented
by specific country’s regulatory boards such as USDA-
APHIS in the USA and ECCC in Canada mainly focusing
to avoid the environmental hazards associated with the
cultivation [30]. Moreover, the slight variations in regu-
latory consideration guidelines are evident in different
countries.

Methodology

For this systematic review, all eligible studies on the use of
TBYV for human infectious diseases published from 1995
up to October 2021 were systematically searched through
electronic databases; Google Scholar, PubMed, Scopus, and
Science direct using the keywords as follows: Tobacco-based
vaccines OR transgenic tobacco OR Nicotiana benthamiana
vaccines AND Infectious diseases OR communicable dis-
eases. The studies published in the English language were
considered. In addition, for identifying further pertinent arti-
cles using references from retrieved studies a manual search
was conducted.

Eligibility Criteria

In this systematic review, only those studies which satisfy
the inclusion criteria were included:

(1) The full-text publication written in the English lan-
guage

(i1) Studies focusing on the use of transgenic tobacco/
TBV for human infectious diseases

(iii) Both clinical and preclinical studies (in vitro and
in vivo) evaluating the effect vaccine candidate
expressed in transgenic tobacco

Exclusion criteria:

(1) Studies focusing on the usage of transgenic tobacco/
tobacco-based vaccines for animal infectious dis-
eases

(i) Studies exploring the use of transgenic tobacco for
the expression of other biologicals such monoclonal
antibodies, biosimilars, and biopolymers

(iii) Studies focusing on the usage of transgenic tobacco
involving the recombinant proteins expression for
non-infectious human diseases such as autoimmune
disease, lifestyle disease

(iv) Studies with insufficient data or not able to extract
the information such as articles without full texts,
duplicate articles, abstract, reviews, republished data,
comments, editorials, and conference papers.

Article Screening and Data Extraction

All the abstracts and titles were screened for eligibility and
those articles which fulfilled the inclusion criteria were sub-
jected to full-text article review. The screening step focused
solely on whether the article found any keywords searching
related to tobacco-based vaccines for infectious diseases
was performed by two investigators, disagreements were
solved by discussion based on the eligibility criteria, later
the included studies were subjected to full-text screening.
After identifying the eligible studies, to enhance the critical
appraisal and accuracy the following data were collected and
documented in the standardized data collection form. The
details include Title, first author name, the country where
the study was conducted, year, journal details type of pub-
lication. Moreover, the critical analysis is based on the type
of study including preclinical or clinical, animal or human
infection, involving other biologicals, comparison studies.
After the full-text review of the eligible studies, the studies
were categorized into three tables representing the details
about the in vitro, in vivo, and clinical studies information
of TBV used for various human infectious diseases.

Results and Discussion
In the initial literature search in the databases, a total of
976 studies were found. Of which around 763 studies were

excluded in the initial screening itself of which 209 review
articles, 206 book chapters, 71 conference abstracts, 216
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others like mini-reviews, short communications, patent
reports, editorials, comments, discussions, etc., 55 dupli-
cates, and 6 other language publications. About 213 arti-
cles were subjected for full-text reviewing in which only
63 articles were eligible for the current systematic review.
We recognized about 74 TBV studies focusing on animal
infectious diseases, adding hope to the veterinary soci-
ety to limit the outburst of the epidemic, also about 55
studies focusing on the expression of several biologicals
other than vaccines which can be used in the management
of non-infectious diseases were identified. The detailed
reasons for the exclusion of studies are given in the flow
diagram represented in Fig. 2.

In this systematic review, the TBV studies were cat-
egorized into three: In vitro and in vivo (preclinical stud-
ies), and clinical studies focused on TBV against human
infectious diseases. Most of the preclinical studies were
conducted in the USA (17), followed by Korea (6), China
(5), India (5), and the UK (4).

In Vitro Studies

The basic principle behind the in vitro production of TBV
involves the integration of the transgene into the plant cells
through nuclear or plastid integration, before the transforma-
tion to expression system (stable or transient systems) the
target sequence of the selected antigen is integrated with the
viral vector [1, 4]. Around 43 In vitro studies of 23 differ-
ent infectious pathogens were recognized of which 15 viral
infections were studied more, than 6 bacterial infections
which highlights the scope of TBV in managing the emerg-
ing viral infectious disease where the proper pharmacologi-
cal management is not well-established.

HIV (6), HPV (5), M. tuberculosis (4), and dengue virus
(4) were the most studied infectious pathogens, maybe
because of the high prevalence of diseases and easy avail-
ability of suitable plant expression systems [31-37].

Agrobacterium tumicfaciens mediated transient expres-
sion is considered as the most suitable platform due to its
potential to accumulate significant level of recombinant

™
Records removed before screening:(n=763)
Duplicate records removed (n =55)
Identificati Records identified from databases: Records marked as ineligible such as review articles, book
entification (n=976) chapters, conference abstract, short communications
(n=702)
Records removed other language (n =6)
” |
)
. Records excluded: (n=11)
Refords screened: > Insufficient information (n=11)
(n=213)
: Studies excluded (n = 139)
Sereening TBV for animal diseases (n =74)
Studies assessed for eligibility: —» Transgenic tobacco-based other biologicals and other
(n=202) plant expression systems (n =55)
Comparison studies with other expression systems (n=10)
-
Records included in review:
Included (n=63)

Fig.2 The study selection process flow diagram
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proteins, ease in handling technique which offers the transfer
of larger segments of a gene with minimal rearrangement.
Except the diseases like HIV, Tuberculosis, Cholera, Teta-
nus, EBV and Gastroenteritis around 22 different in-vitro
studies used this platform. The diseases involving the high
virulence pathogens like HIV and Tuberculosis tobacco
chloroplast expression system is used due to the less chance
of gene escape with transgene containment. Moreover,
higher yield of proteins with more immunogenic properties
was obtained eg: Study by Gonzalez et al. involving HIV
p24 capsid protein (4—40% TSP) and Varsani et al. involving
HPV-16 L1 capsid protein (24% TSP) [37-39]. In major-
ity of studies, the confirmation of the transgene incorpora-
tion into the genome was assessed using southern blotting.
The DNA and RNA were isolated and subjected to various
analysis for the detection of proteins like western blotting
and immunoassays like ELISA for the quantification of pro-
teins. Finally, the active molecules like VLPs are purified
and subjected to microscopic and other specific analytical
parameters.

Since different types of pathogens were studied and dif-
ferent expression systems were used could not make an
extensive summary out of it instead the details about the in-
vitro studies including the details of the infectious pathogen
or strain of interest, expression system involved, amount of
total soluble protein, and its major findings are represented
in Table 2.

In Vivo Studies

In vivo studies were performed to assess the immunogenic-
ity profile of vaccine candidates in various animal species.
Western blotting and ELISA were conducted to analyse the
immunogenicity profiles and the majority of the studies
reported that after immunization using the disease-specific
vaccine candidates against infectious diseases in animal
models exhibit high immunogenicity profile by inducing
neutralizing antibodies within a short period of time. The
most suitable animal species to study the antigenicity prop-
erty was found to be BALB/c mice of 8-week-old and the
frequently used route of administration were subcutaneous,
intraperitoneal, and oral routes.

In vivo analysis, shows that HPV antigenic proteins
immunogenicity was evaluated more compared to the other
infectious species. Even though there exist 43 different
in vitro studies discussed, only about 23 in vivo studies
of 15 different vaccine candidates were identified. These
sudden drop-down in vivo studies might be due to the low
output of yield during in vitro studies analysis, expenses,
and difficulty in conducting in multiple animal models
moreover its undesirable antigenicity report of proteins
derived. In vivo studies assessing the immunogenicity
of different tobacco-based vaccine candidates shows the

details about the dose of vaccine candidate or protein used,
the animal involved with the route of administration, and
their major reports about the immunogenicity against the
specific infectious pathogen are represented in Table 3.

To date, out of the 15 viral pathogens studied except rota-
virus, norovirus, Japanese encephalitis, and human cytomeg-
alovirus (HCMV) all other TBV candidates were subjected
to the in vivo analysis, but only 10 are under various phases
of clinical trials to fight against emerging infectious diseases.
The clinical trials were conducted in US and Canada. The
eligibility for clinical trial might be based upon the pos-
sibility of better yield from the tobacco-based expression
system in in vitro studies and high immunogenicity profiles
of in vivo studies.

Poliovirus

Poliomyelitis is a viral disease at the brim of eradication
with vaccines. Recently the use of subunit vaccines is hin-
dered due to the property of pathogenic state revert and
circulating vaccine-derived poliovirus transmission e.g.:
The live-attenuated vaccine by the Sabin vaccine Institute
was withdrawn from the market by WHO [40]. This can be
overcome by the use of plant-made VLPs which are more
stable, Daniell et al. prove that lettuce-derived oral booster
vaccines free from viruses and cold chain provide long-term
immunity against all three serotypes o poliovirus [41] simi-
larly Bolafios-Martinez et al. in 2020 [42] report that the
transgenic tobacco-made polio capsid proteins VP1, VP2,
VP3, and VP4 show strong systemic and mucosal immu-
nity with an increased level of neutralization titer among the
immunized animals [42].

Human Papillomavirus (HPV)

HPV-associated cervical cancer is a highly prevalent sexu-
ally transmitted infection which can be prevented by the use
of vaccines by GlaxoSmithKline’s Cervarix and Merck’s
Gardasil which are efficacious but very costly [43, 44]. This
can be resolved by the use of cost-effective tobacco-based
chimeric VLPs. Even though several transgenic tobacco-
based systems in vitro studies were conducted only 3 in vivo
studies analyzed the immunogenicity of HpV16-L1 and LTB
in mice, of which Hongli et al. and Millan et al. report strong
systemic and mucosal immune responses administered
through mucosal and intraperitoneal routes, respectively,
whereas Biemelt et al. report that 40 ng of CsCI-purified
VLPs doesn’t show stronger immune response [31, 39].
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Table 3 (continued)

&

Reference
[107]

Both in Western blot and ELISA analysis

Female BALB/c mice 6 to 8 week-old,

Vaccine candidate/ protein used with dose Route of administration and Animal used Immunogenicity findings

From tobacco roots, 50 mg of powdered

Severe acute respiratory syndrome

S1No Disease

21

Springer

SARS-CoV-specific IgG was detected

Parenteral

Fed obtained is reconstituted in saline

(SARS)

and administered by gastric intubation

[106]

The presence of antibodies of the sub-

Soluble plant extract obtained from fresh Female BALB/c mice 6 to 8 week-old

22

classes IgG1 and IgG2a in mice sera
following immunization with the rN

Intraperitoneal

tobacco leaves 500 mg or 10 pg of the
purified sN protein from E. coli per

protein-specific IgG suggests successful

dose, emulsified with Freund’s adjuvant

B-cell maturation and differentiation in
mice after immunization with the rN

protein-specific IgG. During the immu-
nization, the expression of IFN- and

IL-10 was up-regulated in splenocytes

at different times

[105]

Immunized mice show significant anti-

Female BALB/c mice 5-week-old,

Intranasal

Partially purified NaVCP VLPs (25 pg)

Norovirus

23

body responses in mucosa and serum

day 0 and 21

Measles

Measles is an systemic infectious viral disease caused by the
negative sense RNA paramyxovirus of the genus Morbil-
livirus [43]. Several plant-based systems were explored for
obtaining the PBV for measles, of which tobacco was the
beginner. In 2001 Huang et al. investigated the immunogenic
property of immunodominant recombinant measles virus
hemagglutinin (MVH) protein and found to be immunogenic
in mice [45]. After the administration of DNA vaccine and
tobacco leaves derived antigen oral boosters significant sys-
temic and mucosal immune response was observed [46].

Dengue Virus

Dengue is a tropical endemic disease caused by mosqui-
toes Aedes aegypti and Aedes albopictus exhibiting one of
four serotypes of dengue virus (DENV-1 to DENV-4) [47].
Usually disease prevention is practiced by proper vector
control methods recently a tetravalent live-attenuated vac-
cine (Dengvaxia) is found to be an effective and on market
now [48]. Studies proven that tobacco, lettuce, rice, potato
are hopeful platform for dengue antibody and vaccine pro-
duction among them the tobacco produces higher yield of
recombinant proteins such as non-structural protein 1 (NS1)
and envelope protein domain III (cEDIII) the former from
DENV-2 has high sensitivity and lower specificity [33].
Both are found to be immunogenic in mice and in order to
enhance the oral tolerance, cEDIII was fused to CTB which
reports higher affinity for GM1 Ganglioside [33, 49, 50].

Influenza

Influenza is a highly spreadable viral infection caused by a
single-stranded RNA virus belongs to orthomyxovirus fam-
ily transmitted by sneezing and coughing. Globally, various
strains of influenza had caused a different outburst of dis-
ease with variable intensities. Three types (Type A, B, C) of
influenza virus can affect human of which B is commonly
affecting children [43, 44]. The antigenic drift caused by
the genetic mutation will alter the strains of the virus and so
the existing vaccines as well as treatment strategy will not
be effective, so the development of new vaccines is vital for
the prevention of the sudden outbursts. Studies proven that
tobacco-based systems made significant contributions as a
cost-effective platform of vaccine and antibody generators
against the various strains of influenza in different outburst
[44]. The in-vitro studies with transient expression results
in the very high yield viral HS and H1 proteins as well as
ppHSHA-I, followed by the in vivo analysis in mice and
ferrets proves high immunogenicity [51, 52].

The effectiveness of the vaccine was evaluated based on
the findings in the hemagglutination-inhibition and virus
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microneutralization antibody titers. The first clinical study
for influenza-based TBV was conducted in 2010 for evalu-
ating the safety, immunogenicity and tolerability of the H5
VLP Influenza vaccine two successive doses at 21 days sepa-
rately in 255 healthy adults. Three dose levels such as 20 pg,
30 pg and 45 pg combined Alhydrogel 1%, or 45 pug without
Alhydrogel were administered. HI antibody titers are used
for evaluating the immunogenicity but the study results were
not published [53]. Later, Landry et al. conducted a preclini-
cal and clinical development study on hemagglutinin (HA)
protein VLPs of H5N1 influenza is capable of exhibiting
cross-reactive antibodies in ferrets.

Phase I safety, reactogenicity and immunogenicity study
of different strains of influenza vaccine was conducted at
different time period, includes the study by Landry et al.
involving 48 healthy adults who received alum-adjuvanted
HS5 VLP vaccine 2 doses-5, 10 or 20 pg or placebo (alum)
21 days apart [54]. Chichester et al. performed a study in 100
healthy adults of 18—49-year-old administered two HAI-05
vaccines of 3 dose-escalating levels (15, 45 and 90 pg) adju-
vanted with or without (90 pg) Alhydrogel® through intra-
muscularly 3 weeks apart [55]. In 2014, Cummings et al.
conducted a dose-escalation study of HAC1, recombinant
hemagglutinin-based subunit influenza vaccine of pandemic
A/California/04/2009 (HIN1) strain, with and without Alhy-
drogel (15 pg, 45 pg and 90 pg) in 80 subjects were allotted
into six vaccine study groups [56]. All these study shows
promising dose-dependent immunogenicity results that
exhibit inhibition of hemagglutination and microneutraliza-
tion antibody titers exhibit low humoral immune responses,
while 90 pg unadjuvanted group elicit the highest responses
which are safe, and well-tolerated with maximum serocon-
version rates [54-56].

To combat the strain of A/Indonesia/05/2005 H5N1 influ-
enza, hemagglutinin-based VLP H5N1 vaccine was devel-
oped and Pillet et al. conducted a Phase II dose-ranging RCT
for evaluating the cell-mediated immune (CMI) and humoral
responses with and without alum and GLA-SE adjuvants.
Two intramuscular doses of VLP along with Alhydrogel® or
with a glucopyranosyl lipid adjuvant-stable emulsion (GLA-
SE) were administered 21 days apart in 390 subjects. The
hemagglutinination inhibition (HI) response was observed,
low doses (3.75 or 7.5 pg HSVLP) of GLA-SE-adjuvanted
vaccines report the HI inhibition whereas Alhydrogel adju-
vanted vaccines 3 doses (10, 15 and 20 pg) fail to show
the inhibition. All vaccinated groups especially groups with
low dose GLA-SE adjuvanted HSVLP show better immune
response, all exhibit polyfunctional and cross-reactive HA-
specific CD4* T cell response [57].

Ward et al. evaluated the lot-to-lot consistency Quad-
rivalent VLP Influenza Vaccine through Phase III RCT.
This study includes 1200 healthy adults of 18-49 years
and received 3 consecutive lots of 0.5 mL QVLP (30 pg

HA/strain) injection and observed for 21 days after vac-
cination for local and systemic reactions as well as blood
was collected during pre- and post-immunization to ana-
lyse hemagglutination-inhibition (HI) antibodies which
supports the early finding of safety and immunogenicity
of QVLP [58, 59].

Wang et al. investigated the immunogenicity and safety
of a non-adjuvanted influenza vaccine (IIV4) quadriva-
lent inactivated subunit. About 320 participants were
registered, divided into four age groups, and two groups
were given two doses of IM injection on days 0 and 28. In
6-35 months old toddlers, both the full dose subunit non-
adjuvanted I1V4 split-virion (FD-subunit NAIIV4) and the
half-dose (HD-subunit NAIIV4) were studied. In 3 years,
cohorts, split-virion NAIIV4 active control group reported
greater ADR. After vaccination, FD-subunit NAIIV4 has
similar seroprotection and safety to the active control split-
virion NAIIV4 as well as the half dosage in the 6-35-
month toddlers' group. The results of this study show
that the effective and safe FD-subunit NAIIV4 provides
protection against circulating influenza viruses during the
2018-2019 flu season [60].

Human Immunodeficiency Virus

Acquired immunodeficiency syndrome (AIDS) is a mount-
ing fatal infectious diseases caused by the HIV retrovi-
rus directly affecting the immune system (CD4 +T cells,
macrophages and dendritic cells). The prevalence of this
global infectious diseases is uprising but still researchers
are working to find a proper cure of this disease, currently
the antiretroviral therapy (HAART) can limit the viral
load alone. The economically poor regions of the world
like eastern and southern Africa were affected more where
this multiple drug regimen HAART therapy can be unaf-
fordable and precautionary measures are not maintained
well [61, 62]. To tackle the current scenario, numerous
plant-based expression systems are found to be a compat-
ible for the expression of HIV proteins as a potential vac-
cine candidate especially from soyabean seeds [44]. Out
of the various in-vitro analysis conducted using chloro-
plast expression system high expression level of p24 cap-
sid protein with the negative regulatory protein Nef of is
obtained [38]. The multi- HIV protein obtained from both
HIV envelope proteins gp120 and gp41 shows high immu-
nogenic property in tested mice [63]. Even though numer-
ous in-vitro expression studies were sucessful, but only
very few preclinical studies were conducted which shows
promising results.

@ Springer



Molecular Biotechnology

Hepatitis C and Hepatitis B Virus

Hepatitis is an inflammation of the liver associated with
either 5 core hepatitis viruses A to E, of which hepatitis B
virus is small, double-stranded DNA virus belong to fam-
ily Hepadnaviridae [43]. The prevalence of various types
of hepatitis will vary in different region of the world, as
per 2019 report of CDC, globally around 296 million and
58 million people are living with hepatitis B and C, respec-
tively [121]. Studies proves that Hepatitis A and hepatitis
B can be well managed using the vaccination, but vaccine
research is still limiting in case of hepatitis C, D and E [64].
The beginning of PBV production starts in 1990, against
the HBV surface antigen (HBsAg) in transgenic tobacco
later various subunit vaccines core antigens HCV (HCcAg)
and HBV (HBcAg) as well as antibodies against HBsAg
were expressed in different plants [12, 65-67]. Most of the
preclinical studies shows significant HBsAg-specific anti-
bodies and AntiCTB serum antibody and anti-HVR1 serum
antibody in tested mice [66, 67]. Even though phase 1 clini-
cal trials conducted to assess the immunogenicity profile
in humans through the oral route involving the transgenic
potato and lettuce expressing HBsAg was sucessful, latter
phases of clinical trial are hindered, but still the research in
transgenic tobacco is under pipeline [44, 68].

Rabies Virus

Rabies is an infection transmitted by lyssaviruses through
animal bites which can be managed very well by the timely
administration of the post-exposure prophylaxis vaccination
of recombinant immunoglobulin (RIG) around the wound
in human and pre exposure prophylaxis in suspected ani-
mal species [69]. The expenses with the production cost of
these animal cell culture vaccine is a challenge for the health
economy of developing countries, which can be overcome
by the use of plant-based rabies virus vaccines. The anti-
rabies monoclonal antibodies E559 and 62-71-3, a rabies
glycoprotein fusion to the ricin toxin B chain (rgp-rtxB),
rabies-specific single-chain antibodies and fusion proteins,
and the rabies virus surface glycoprotein and nucleoprotein
are the proteins expressed in transgenic spinach, tobacco,
maize [68, 69]. The efficacy of rabies virus glycoprotein
derived from tobacco were found to be effective in mice
shows cross-protection with significant neutralizing antibody
[70-72]

Rotavirus
Rotavirus belong to the Reoviridae family, is transmitted
through the fecal-oral route affecting the epithelium of small

intestine and causing diarrhoea. Rotavirus vaccine is admin-
istered at infancy and provides 70-80% protection against
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gastroenteritis [43]. Parenteral non- replicating rotavirus
VLP (Ro-VLP) vaccine consists of rotavirus G1 genotype
surface proteins VP7, VP6 and VP2 and helper proteins
NSP4 is obtained by transient expression of N. benthamiana.
During the preclinical study the rats immunized with 2 doses
of VLPs with aluminium hydroxide shows significant level
of neutralising antibodies [68, 73]. Later, Kurokawa et al. in
conducted the clinical trial among two population cohorts,
where in cohort I involving 10 Australian adults received a
single IM injection of either one intensifying dose levels of
Ro-VLP (7 pg or 21 pg) or placebo whereas cohort II of 10
South African’s received a single injection of 21 pg dose
or placebo. Similarly in toddlers and infant’s cohort group
received placebo or one injection each from 2 doses (7 pg
or 21 pg) and 3 doses (2.5 pg, 7 pg or 21 pg of Ro-VLP
vaccine, respectively, 28 days apart. This study reports that
Ro-VLP vaccine was well-tolerated irrespective to the doses
levels it elicits homotypic immune response in infants (IgG
and neutralizing antibody responses against anti-G1P [42]
rotavirus indicating that can be a promising vaccine against
rotavirus [74].

Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV-2)

SARS-CoV-2 is encapsulated single-strand positive sense
RNA virus belongs to large family coronavirus which are
highly contagious causative agent of the pandemic ‘corona-
virus disease 2019’ (COVID-19) characterised by the acute
respiratory disease. Despite the fact that various strains of
coronavirus SARS-CoV 2012 (Middle East respiratory syn-
drome-associated coronavirus, MERS-CoV) have infected
people worldwide over the last 20 years, the current pan-
demic outbreak caused by SARS-CoV-2 had broken the
global economy and healthcare system [75, 44]. From 2005
onwards, the SARS-CoV spike (S) protein was expressed in
different plant system, but technologies was not well-estab-
lished to make it to large scale [44].

Currently, the emergence of various SARS-CoV-2 vari-
ants and the high transmission rate highlight the need for
immediate cost-effective approaches to preventing the mas-
sive spread, of which vaccination is regarded as an effec-
tive tool in managing the current health crisis (Mahmood
et al. 2020); [60]. To meet the high demand for vaccines,
the vaccine industry must undergo revolutionary changes.
In response, rapid global efforts have resulted in an unprec-
edented number of vaccine candidates entering clinical tri-
als beginning in 2020 [60]. Although recombinant DNA
technology-based production has dominated among vaccine
development systems, in order to meet the global population
demand for vaccines, low-cost, high-output production sys-
tems are required, which was met by plant-based vaccines.
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Two plant-based COVID-19 vaccine candidates, corona-
virus virus-like particle (CoVLP) and by Medicago and Ken-
tucky Bioprocessing (KBP)-201 by Kentucky BioProcessing
Inc. are currently under clinical trials [58—60]. Medicago, a
Canadian-based biopharmaceutical company considered the
pioneer in plant-based research against various infectious
diseases, as per its report’s states that PBV covers protection
against a larger population through the readily available in
the market during the sudden outburst of the pandemic. Eg:
After getting the genetic sequence production of the swine
flu vaccine took only 19 days while conventional vaccine
requires 6 months for the arrival in the market [76-78].
Based on the production principles used for the generation of
plant-based influenza VLPs currently Medicago is focused
on the development of the VLP-based SARS-CoV-2 vac-
cine through the insertion of the SARS-CoV-2 spike protein
gene sequence into Agrobacterium trailed by the infection of
Nicotiana benthamiana plants [79, 120]

Medicago conducted the Phase I Randomized controlled
trial (RCT) of CoVLP shows promising safety and immu-
nogenicity results in adults after the administration of two
doses at 21 days apart (3.75 pg, 7.5 pg, and 15 pg), alone
or adjuvanted with AS03 or CpG1018. High safety and effi-
cacy were reported in Compared to convalescent patients’
plasma adjuvanted CoVLP vaccine shows 10 times more
neutralizing antibody responses [53, 80]. Thus, for improv-
ing immune response Medicago starts partnering with Glax-
oSmithKline (GSK) to incorporate vaccine adjuvant even
with lower doses of vaccines. This is now under the final
phase of clinical trials and is soon expected to hit the global
markets [15, 76].

Kentucky BioProcessing Inc. (KBP) is a member of the
British American Tobacco (BAT) Group popular for the
production of various tobacco-based biologicals located in
Kentucky, United States [76]. (KBP)-201 is the TBV under
clinical trial produced by A. tumefaciens agroinfiltration
technique to enable the production of the SARS-CoV-2 pro-
tein subunits [119]. The highly glycosylated S1 polypeptide
and these glycans help to produce the whole S1 and recep-
tor binding domain with signal peptides to secrete proteins
at their N-termini. BAT had proven its ability to produce
10 million influenzas vaccine doses in a month, using that
same strategy they claim the potential of producing 1-3 mil-
lion Covid19 doses per week [79]. In the preclinical trials,
this vaccine candidate (BAT 2020) which is stable at room
temperature even within a single dose shows an efficient
immune response. After the promising results of Phase I tri-
als, it had entered the Phase II trials with adjuvant and high
dose of KBP-COVID-19 awaiting the US FDA approval for
marketing [119].

Malaria

Malaria is a protozoal infectious disease caused by the
bite of female Anopheles mosquito belong to plasmodium.
Sometimes this infection can be life-threatening associated
with severe anaemia, metabolic acidosis and multi-organ
failure [81]. Malaria drug therapy has been found to be both
expensive and susceptible to resistance. Furthermore, it has
been found to be effective in combination form, which may
increase the economic burden of the patient [69, 81]. Stud-
ies have proven that vector control method and vaccination
therapy can be effective tools for the prevention but the pro-
duction of economical vaccine that covers multiple para-
site strains and stages is challenging. Various P. falciparum
and P. vivax surface proteins such as Pfs25, Pf38, Pfs230,
PfGAP50, MSP19, MSP142 and AMALI are expressed in
different plant systems such as arabidopsis, lettuce, tobacco
and rice of which the high yield of Pfs25-CP VLPS obtained
by the transient expression in tobacco leaves using TMV-
based hybrid vector [82]. Later the immunogenicity study in
the BALB/c mice reports significant IgG response as well as
transmission-blocking activity even after 5-6 months after
immunization [82]. In a study by Semiromi et al. emphasis
the chloroplast -derived vaccine antigens property of dual
immunity against malaria and cholera when (CTBAMA and
CTB-MSP1) were fused together along with high yield by
plastid transformation than the nuclear transformation that
is up to 600 and 400-fold from tobacco and lettuce, respec-
tively [83].

A Phase I dose-escalation study of Pfs25 VLP as a vac-
cine blocking the transmission against malaria was con-
ducted by Chichester et al. in which the tolerability, safety,
immunogenicity and reactogenicity of the Pfs25 VLP-
FhCMB vaccine combined with Alhydrogel® adjuvant in
50 mM sodium phosphate aqueous solution containing total
protein of 400 ug/mL was administrated IM at doses of 2,
10, 30 and 100 pg. About 44 healthy adults have partici-
pated in the study demonstrated acceptable safety and good
antibody responses for doses greater than 30 ug but weak
transmission reducing activity (TRA) with can be resolved
by the altering the adjuvant formulation [84].

Details clinical trial status of vaccine candidate, company
involved with the clinical trial registry identifier is given in
Table 4.

Conclusion

Tobacco has been identified as a promising expression
system for PBV production due to its compatibility, large-
scale production at low-cost, and ability to limit the spread
of infectious diseases in animals; however, extensive clini-
cal trials have been hampered due to challenging safety
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Table 4 Example of Tobacco plant-derived vaccines for human infectious diseases under clinical trial

SINo: Disease Product name & Clinical trial status Sponsor & CT registry Identifier Reference
1 SARS-CoV-2 SARS-CoV-2 spike glycoprotein (VLP)  Medicago Inc. Quebec, Canada [58, 59]
Phase I1I (2021) NCT05040789
2 KBP-201 Kentucky Bioprocessing, USA [119, 60]
Phase I (2020) NCT04473690
3 Rotavirus Ro-VLP vaccine Mitsubishi Tanabe Pharma Corporation, [74]
Phase I completed (2019) Japan
NCTO03507738
4 Malaria Vaccine Pfs25 VLP Fraunhofer, Center for Molecular Bio- [84, 82]
Plasmodium falciparum technology, USA
Phase I (2017) NCT02013687
5 Indonesia/05/2005 (H5N1) strain HAI-05 Influenza vaccine Fraunhofer, Center for Molecular Bio- [55]
Phase 1 (2011) technology, Plymouth, USA
NCTO01250795
6 HINI Flu HACI1 Vaccine Fraunhofer, Center for Molecular Bio- [56]
Phase I (2014) technology, USA
Walter Reed Army Institute of Research
(WRAIR)
Defence Advanced Research Projects
Agency
NCT01177202
7 H5N1 influenza A subtype infection H5 VLP+GLA-SE Vaccine Medicago Inc. Quebec, Canada [57]
Phase II Completed (2014) Syneos Health
McGill University Health Centre Mon-
treal, QC
NCT01991561
8 Seasonal influenza virus Influenza Quadrivalent VLP Vaccine Medicago Inc. Quebec, Canada [58, 59, 80]
Phase III (2020) NCT03321968
9 Avian H5N1 influenza H5 VLP vaccine with or without Alhy-  Medicago Inc. Quebec, Canada [54-56]
drogel Syneos Health
Phase I (2010) NCT01244867
NCTO00984945

10 Pandemic Influenza (HIN1) 2009

Adjuvanted influenza HIN1 split-virion

University of Bergen, Norway Hauke- [118]

vaccine land University Hospital
Phase I (2019) NCT01003288
and regulatory constraints. The unexpected pandemic out- Declarations

break demonstrated the devastating impact of infectious
diseases on our global economy, owing to a lack of proper
treatment modalities, an increase in medication costs, and
an increased burden of antibiotic resistance. Our review
shows that timely administration of low-cost TBV can be
an effective health strategy for combating emerging viral
infectious diseases that are difficult to manage due to a
lack of disease-specific antiviral therapy.
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