[ Downloaded from vacres.pasteur.ac.ir on 2025-12-09 |

[ DOI: 10.29252/vacres.4.3.4.72 ]

Review Article

Transient expression of virus-like particles in plants: a promising
platform for rapid vaccine production

Mohammadzadeh S', Rahimi S Ebrahimi-Rad M?, Ofoghi H*, Ehsani P**

"Medical Biology Research Center, Kermanshah University of Medical Sciences, Kermanshah, Iran.
Molecular biology Department, Pasteur Institute of Iran, Pasteur Institute of Iran, Tehran, Iran.
®Biochemistry Department, Pasteur Institute of Iran, Pasteur Institute of Iran, Tehran, Iran.
*Department of Biotechnology , Iranian Research Organization of science and Technology, Tehran, Iran.

ABSTRACT

Transient expression is an efficient and fast system to express recombinant proteins which has been used in different
eukaryotic hosts such as mammalian and plant cells. Several applications of this system have so far been used which
expression of proteins of interest is one of them. Recently, plants have attracted attention for being used as hosts for
the production of recombinant pharmaceutical proteins such as antibodies and vaccines due to their lower price of
production, compared to the mammalian systems. Many studies have conducted on the rapid production of vaccine
candidate proteins either as a monomer or virus-like particles during epidemics of fast-spreading diseases such as
influenza. Virus-like particles have been expressed in prokaryotic and eukaryotic systems are demonstrated to be one
of the best antigen presenting systems which can carry antigens in a safe repetitive format on a particle to induce
immunity.. Here, we present recent advances in applying transient expression in plants that can be used to produce
naked or enveloped virus-like particles as vaccine candidate as well some clinical trial studies.
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INTRODUCTION

Infectious diseases are responsible for 16% of total deaths produced subunit vaccine against Newcastle disease of the
worldwide [1]. More than 30 million children are not poultry was approved by the US Department of Agriculture
immunized against preventable infectious diseases [1]; Center for Veterinary Biologics which could be industrialized
therefore, search for the production of inexpensive while [9] For many years, most of the recombinant proteins were
effective vaccines are ongoing with high priority. During the expressed in transgenic plants; however recently, transient
last decades, the invention of DNA-based technologies and expression has been demonstrated to overcome the limitations
discovery of plant expression systems have enhanced plant of stable expression systems and have brought new advantages
application as bioreactors for the production of heterologous to plants as expression systems hosts [10]. The objective of the
proteins. For instance, transgenic tobacco has been used for present study was to review transient expression system in
production of human serum albumin [2]. Plants have been used plants for production of vaccine candidate proteins and its
to express other therapeutic proteins at laboratory scale for application as a rapid system in vaccine production industry.
products such as blood components, growth factors, hormones, 1- Plant transient expression system; the pros and cons
cytokines, vaccines and antibodies [3-6]. Vaccines have been a The first attempts to produce recombinant proteins for
major part of pharmaceutical proteins produced in plants. More agricultural, pharmaceutical and environmental applications
than 20 out of 30 plant-produced antigens from pathogens of were based on transgenic plants [11]. The major purpose was to
protozoan, viral and bacterial origins have been shown to bear a genetically modified plant and scale up the production of
induce mucosal and systemic immune responses in laboratory the proteins of interest using agricultural systems. In order to
animals as well clinical trials, in either the monomer or the transfer the gene of interest, several techniques such as
virus like-particles forms [7-8]. In 2006, the first plant- engineered Agrobacteria, biolistic and electroporation have
been introduced which could target different plants, organs and
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contained antibiotic resistance gene for selection of the
transformed plant cells. The single transformed cell could grow
to a full plant through regeneration techniques [13]. However,
some implications of producing transgenic plants, such as
complexity of transforming process, time needed for
regeneration of transformed plant cell, low expression level and
environmental concerns have shifted the studies to alternative
approaches such as transient expression system [10].

The transient expression technique was first introduced to study
the regulatory elements including the promoters and the
terminators, as well as the ability of the plant cells to express
heterologous genes [14]. The first reported transient expression
was conducted by Horsch and Klee in 1986 for rapid assay of
agrobacterial opine genes expression in the leaves which had
been transformed by Agrobacterium tumefaciens. The leaf discs
were only tested for the transient expression, three days after
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the incubation and the plants were no further regenerated [15].
In the same year, transient expression of firefly gene in carrot
protoplast was carried out, using electroporation technique [14].
However, the rapid production process of the target protein
encouraged the researchers to ameliorate the technique for
research and further commercial applications [16].

In the transient expression system, DNA is introduced into the
plant cells by using either PEG (for protoplast), viruses or
Agrobacteria. As a result, the genetic material enters into the
plant cells and there is no need for gene insertion for the
expression, as it remains transcriptionally active for several
days [10]. The advantages of agrobacterial-mediated transient
expression systems are their high speed, high yield, low cost,
potential for producing toxic proteins, lack transgene release
into the nature, as well as ease of scalability and monitoring
during their biological manufacturing in plants [17] (Fig. 1).
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Fig. 1. Transient expression of target gene in tobacco leaves by Agro-infiltration. Recombinant Agrobacterium cell cultures transformed with the vector
containing gene of interest are prepared for transient assay. 1) Tobacco leaves are immersed in Agrobacterium cell suspensions and infiltration is carried out
by a continuous vacuum and for agroinjection by a needleless syringe the Agrobacteria are infiltrated into leaves. 2) The infiltrated leaves are incubated at
24°C under light-dark cycles for three days. 3, 4) Leaves are subjected to protein extraction and purification.

However, agrobacterial-mediated transient expression systems
have also some disadvantages. For instance, the presence of
bacterial debris such as Agrobacterium lipopolysaccharides,
though observed as non-pyrogenic, can be obtained in the final
product [18]. Agrobacterium host specificity results in low
levels of transformation in certain plant species, which can be
regarded as another limitation [19]. Nevertheless, a variety of
proteins have been produced using the transient expression
system, including antibodies, growth factors and vaccine
candidate proteins in two conformations of monomer and virus-
like particles [20-25]. In addition to the intrinsic characteristic
of the gene of interest, the other two elements that have impacts
on the transient expression of vaccine candidate proteins in the
plant are the host and the vector used which will be discussed
as follows.

a- The hosts used for transient expression

A variety of plant species, including spinach, lettuce, tobacco,
arabidopsis and medicinal plants have been used as the host for
the transient expression systems [26-27]. Among them,
Nicotiana (N.) has been the most frequently used plant, as it
produces high leaf biomass and its transformation and growth
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culture system are easy to handle [28]. N. benthamina, an
allopolyploid with 19 chromosomes of 3100 Mbp in size, is an
indigenous Australian regional cultivar [29-30]. Because of its
susceptibility to plant viruses and pathogens, it is the most
widely used host for virus-based expression vectors, expression
of viral as well as bacterial proteins, detection of viral-induced
gene silencing and transient protein expression experiments.
Moreover, it can be easily transformed genetically and
regenerated with high efficiency which can be optimized for
expression of heterologous genes [30].

Different techniques have been used for delivery of the
expression vectors to the cells, such as viruses, PEG, gene-gun,
agro-injection and agro-infiltration [31-33]. Furthermore, the
plants that are used for transient expression could be either in
the protoplast, the whole plant cell, the tissue culture sample,
the callus or the fresh leaves. Furthermore, the expression
vectors have been ameliorated for high yield and commercial
expression of heterologous proteins in recent years [34].

b-The vectors used in plant transient expression:

The transient expression vectors have been evolved and highly
adaptable regulatory elements of the plants and their pathogens
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have been used [35-36]. The early vectors of this system
contained Agrobacteria, plant or viral originated promoters and
terminators. These vectors were used to test the expression
constructs in protoplast transient expression system. The
protoplast was prepared following a cell wall enzymatic
digestion of the plant cell and transformation was carried out
using polyethylene glycol [37] or electroporation [38]. The
sterility of the process and difficulty in protoplast survival after
transformation were major difficulties in the application of
protoplasts as a transient expression system. The weak point of
the first vectors used in both transgenic and transient expression
systems was the low amount of expression; therefore, after
protoplasts, viruses were used for transient expression systems.
Several DNA and RNA viruses such as tobacco mosaic virus
(TMV; Fig. 4), potato virus X (PVX), cowpea mosaic virus
(CPMV) and alfalfa mosaic virus (AIMV) were among the most
used viruses. These vectors are composed of single and
multiple-expression cassettes for the production of simple or
multi-subunit proteins [10]. The major problem of using a
whole virus was the packaging limitation for integration of the
gene of interest that could cause the loss of transgene and
instability of the viral vector, as well as environmental concerns
about the release of modified virus. In addition, the production
process of the gene of interest takes 3-4 weeks [39]; which
limits the use of this technology for large scale production
purposes.

One of the highly utilized vectors in research and industry is
originated from Agrobacteria binary vectors. It is based on
Agrobacterium 120 kbp tumor inducing (Ti) plasmid. Binary
system is based on engineered Ti plasmid as a helper plasmid
which carries the virulence genes and a shuttle vector
containing transfer DNA (T-DNA; Fig. 2) which carries
expression cassette between left and right borders (LB, RB).
Following activation of Agrobacteria by phenolic compounds
such as acetosyringon and after vacuum infiltration or injection,
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Agrobacteria passes through the leaf barriers and allocates itself
near the plant cells to transfer T-DNA into the cells (Fig. 1).
Using the capacity of Agrobacteria to transfer long stretches of
DNA has provided the possibility of transferring the viral
genome by T-DNA. There are four versions of expression
vectors that are constructed for Agrobacteria mediated transient
expression:

In the first version vectors, some viral regions were present in
T-DNA in addition to the cloned genes such as the promoter.
The weak point of the first vectors such as PBI121 for transient
expression was the fact that the expression yield was very low
[40-42](Fig. 2B). The second version of transient expression
vectors were non-replicative viral-based vectors which applied
a set of regulatory elements of plant viruses in T-DNA around
the gene of interest in which non-essential viral functions were
eliminated [43-46] (Fig. 2C). In the non-replicative vectors, less
amount of the transcript is produced compared to the replicative
forms, as shown in Fig. 2A, C. The third version was replicative
vectors in which following agroinfiltration, these vectors
continue the get processed by replication in cytoplasm;
therefore, their copy number increases and produce high
amount of the transcript. As a result, the total count of
recombinant protein will increase geometrically [44] (Fig. 2A).
In the above systems, the expression begins 3 hours after DNA
delivery by Agrobacteria and peaks at 48 hours and the process
continues for 10 days. The major advantages of these systems
are their speed, high yield of proteins, low cost, scalability and
high control of both upstream and downstream processing and
lack of transgenic plant production [47-49]. The fourth version
which is another non-replicating vector is pEAQ
hypertranslational expression system, based on the RNA-2 of
cowpea mosaic virus (CPMV). The advantage of this version is
its high recombinant protein production, hence high
translational efficiency without the need for viral replication
[50] (Fig. 2D).
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Fig. 2. Destiny of T-DNA containing expression vector/cassette mediated by Agrobacterium; A) Transient expression of replicative vector located in T-DNA
produces several template for transcription and many mRNA. B) Stable expression following genome integrated T-DNA. C) Transient expression of non
replicative vector in T-DNA producing mRNA. D) pEAQ-HT system hypertranslational expression system. GOI: Gene of interest, Ti plasmid: Tumor
inducing plasmid, RB: Right border, LB: Left border, N: Plant nucleous, Ori: Agrobacteria origin of replication.
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Several antibodies, vaccine candidates and  other
pharmaceutical proteins have been produced in research
laboratories using agroinfiltration technique [10, 20, 51, 21].
Moreover, the optimized large scale version has been used for
fast and high concentration production of proteins at industrial
level by several companies [52-54]. Several vaccine candidate
proteins have been expressed via transient expression including,
Influenza virus-like particles, hepatitis B surface antigen and
Shigella IpaB. These candidate vaccine proteins have been
produced as subunit vaccines in two forms of soluble proteins
(SP) and virus-like particles (\VLP), which will be discussed in
more details as follows:

2-Vaccine candidates produced based on plant transient
expression systems

Subunit vaccines contain purified antigens of an organism that
elicit protective immunity. They could be toxoids, subcellular
fragments or surface antigens. Recombinant DNA technology

Table 1. Production of subunit and VLP vaccine using plant transient expression
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has been used to produce recombinant subunit vaccines in
different hosts [55]. The development of subunit vaccines using
genetic engineering has substituted whole pathogen vaccines in
most of the cases and has diminished their associated safety
risks [56]. In 2000, the expression of vaccine candidate proteins
in transgenic plant was patented for the first time
(US6034298A). Later, the need for a fast production system
during pandemics, supported rapid vaccine manufacturing
techniques, such as the plant transient system. Table 1 displays
examples of vaccine proteins, produced through plant transient
expression system for both monomer and virus like particles.
Transient expression strategies have been used to express both
soluble and self-assembling antigens in plants. They generally
increase the expression levels significantly higher than those
obtained through nuclear transformation [57]. There are several
advantages for each strategy that are reviewed below.

Vaccine format il e Components UTEIST T el Route/ immune response Ref
vaccine platform / yield
The wild-type dimer
E1E2 heterodimer/ (E1E2) or an E2 N- pEAQ -HT Oral / induction humoral Clarke 2017
HCV glycosylation mutant Lactuca sativa immune response in mice [58]
(E1E2ANG)
Flagelin STF2-4xM2e
fusion
(flagellin of S. PVX . . -
L O9% I . Intranasal / induction specific Mardanova
. typhimurium asTLR5 Nicotiana benthamiana - - '
M2e/ influenza ligand adjuvant fused to 1 mg/g FLW or 30% TSP ant_|b0¢es and protection 2015 [59]
: against infulanza challenge
four copies of the M2e
Monomer peptide of influenza A
(subunit) virus)
Pfs230_CO/malaria of Pfs230 fusion protein 300mg/g FLW blocking activity [60]
structural proteins . . pEAQ-HT . Veerapen,
(VPO, VP1 and VP3)/ The viral CE:lpSId precursor N. benthamiana Subcut@neous / stimulate t_hg 2018[61]
P1-2A without the 3C production of FMDV-specific
Foot-and-mouth rotease ~0.03 pg per gram of antibodies
disease P ' FLW
HA fror_n the H5 HA N. benthamiana Intranasal / protection against Major, 2015
Allndonesia/05/05 (H5 Hemagglutinin) the viral challenge [62]
(H5N1) 99 g
Viruse like ; ;
: TMV-based ICON Intranasal / induction
particle Na\rﬁgrz/v :—:Lt:;nan NaVCP expression vector significant mucosal and serum Math[%vg/]zom
~ 0.3 mg/g FLW antibody response

FLW- Fresh leaf weight, TSP-Total soluble protein

a- Monomer (soluble) subunit vaccine candidate

The first original article on this subject indicated the expression
of a structural protein, named VP1 of foot-and-mouth disease
that used a TMV-based vector and had a yield of almost 0.5-1
ug/g of fresh weight [64]. Progress in transient expression
techniques involved modular deconstructed expression systems,
codon optimization, targeting protein to particular subcellular
compartments, exploitation of silencing suppressors and finding
the optimal harvesting time [65-66]. Therefore, using TMV-
based vector and substituting the coat protein with tuberculosis
antigen, was able to increase the yield to 800 pg of the
recombinant antigen per gram of fresh leaf tissues [67]. The
ability of plant-derived subunit vaccines to induce immune
responses has been confirmed in other studies such as a recent
article in which oral delivery of a plant-made E1E2 dimers of
hepatitis C virus has been reported to induce a specific systemic
and mucosal humoral immune responses in mice, following an
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intramuscular priming [58]. In another study, a transiently-
expressed chimeric protein, consisting of flagellin and M2e
antigen from influenza A virus (flagellin-M2e) expressed in
Nicotiana benthamiana, using a self-replicating PVX based
viral vector, conferred high levels of MZ2e-specific serum
antibodies and protection against lethal challenges with
different strains of influenza virus in mice through intranasal
immunization [59]. In a recent study, subcutaneous injection of
tobacco-derived envelope (E) protein of Zika virus has been
shown to elicit potent neutralizing immune responses in mice
[68].

Such recombinant subunit vaccines that are based on
vaccination with a single viral protein or peptide have also
indicated some drawbacks, such as not being efficient to
present a native conformation which would be less
immunogenic than the whole pathogen. Consequently, their
administration often needs larger amount of antigens, more
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doses and co-delivery of adjuvants [69]. Therefore, they could
be costly to be used for extensive vaccination programs. This
issue is particularly important in terms of veterinary vaccines
where the cost of a vaccine must be evaluated regarding the
value of the vaccinated animal [69]. Despite all these problems,
Fraunhofer USA (http://www.fraunhofer.org/MolecularBiotech
nology), has demonstrated that transient expression of HA of
HIN1(HIN1; 2009 pandemic) influenza virus in monomer
form in N. benthamiana has been successful in phase I of the
clinical trials [70].

b- VLP as vaccine candidates

Inactivated or live-attenuated viruses are the most effective
vaccines to stimulate both cellular and humoral immune
responses; however, there are always concerns about reversion
of the live-attenuated vaccines to their pathogenic forms [71].
In VLP production system, the gene of interest coding for the
antigenic epitopes or peptides which may range in size from a
few amino acids up to more than 150 residues, will be fused to
the viral coat protein. Therefore, the viruses will present the
epitopes on their surfaces. The advantages of VLP strategy are
the ease of their purification and their enhanced
immunogenicity due to the peptide epitopes presented on their
surfaces.

The hosts to express VLPs may include plants, E. coli,
mammalian cells, yeast and bacuolaviruses [72-73]; however,
each host has its own limitations for high level production of
V/LPs.

The mammalian and insect cells are the preferred systems to
perform  appropriate  complex mammalian-type  post
translational modifications (PTMs) and folding. They also work
well for non-enveloped and enveloped VLPs. However, there
are also limitations associated with them, such as low yield,
high cost, difficult scalability and vulnerability to infection with
mammalian pathogens or contamination of the product with
enveloped baculovirus particles. Bacteria- and yeast-based VLP
expression systems are less expensive and have a simple scale-
up process; however, due to the lack of mammalian-like PTM

Virus like particles

no infectious genome
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for bacteria and high mannose modification in yeast host, some
recombinant proteins cannot get ideal results and
immunogenicity. Moreover, enhanced safety precautions are
required in these systems as well. On the other hand, transient
plant expression system could be attractive for its rapid
expression, high scalability, cost-effectiveness and lack of
mammalian pathogens, as well as its support for most protein
folding and eukaryotic PTM [74-75]. Furthermore, some
limitations such as low VLP expression in transgenic plants
could be resolved using transient expression and plant with
humanized glycosylation [76].

The assembly of VLPs is based on physico-chemical
characteristics of capsid proteins that could shape
compartments mimicing viruses; therefore, VLPs are designed
to mimic the original virus without infectious genomic material
of human viruses [75]. There are two frameworks for the VLPs:
First: The mammalian-originated VLPs: these VLPs should be
replication-deficient and non-infectious [69]. They have been
indicated to be effective vaccines to stimulate strong B- and T-
cell-mediated immune responses, not only as vaccines
themselves, but also as carriers for effective presentation of
foreign epitopes during immunization [51, 56] (Fig. 3).

Second: despite technical definitions, replicating plant virus
could also be considered as VLPs because of the non-infecting
properties present in the animal cells. Thus, for vaccine
purposes, a chimeric plant virus has been used as a nanoscale
carrier to display heterologous epitopes of animal pathogens
[77] (Fig. 4).VLPs have revealed to be a safe and effective
approach to induce neutralizing antibodies against their surface
proteins where the subunit soluble forms have failed to display
epitopes on a surface and stimulate antibody production [51].
There are several plant viruses that are used as a framework for
presenting antigens such as TMV, PVX and geminiviruses [51,
24, 69, 78, 73, 79]. In various studies, the adjuvant properties of
the plant virus have also been confirmed such as the one in
which the protective antigens on TMV was investigated for
immunization against tularemia infection [80].

1 Agrobactreria gene transfer

@& rusion Capsid —protein of interest

Fusion protein gene

LB L St RB Agrobactreria

TDNA

Fig. 3. Virus like particle production mediated by Agrobacterium expression system. The T-DNA carrying gene of interest fused to a viral coat protein.
Capsid intrinsic potential to assemble will produce non infectious virus like particles from expressed fusion protein.
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Fig. 4. Production of Tobacco Mosaic virus based Virus like particle: Following decapsidation, high amount of viral negative and positive RNA will be
produced. Later subgenomic mRNA will be translated into fusion protein composed of coat protein and protein of interest. The virus like particles will be

assembled into an infectious replicative virus carrying protein of interest.

3-Limitations of current VLP production platforms

The production of chimeric viral particles with efficient virion
assembly has been the objective of several studies. To achieve
this, certain methods have been based to limit the steric
hindrance of the modified coat protein by incorporation of the
linker peptides between the viral coat protein and the fused
peptide [81]. Furthermore, applying proteolytic site region,
suppressed stop codon, “ribosomal skip” of translation
sequences (such as 2A peptide of the foot-and-mouth disease
virus) between the heterologous peptide and the coat protein
have been used where the fused product is synthesized along
with the wild type coat protein [82]. Another problem for
enveloped VLP is budding through the cell membrane. To
overcome this problem, tobacco leaves producing Influenza
VLP could be treated with an enzyme to loosen the cell wall
and the budding which can also increase the purification yield
[83].

4- Plant-made virus-like particles as vaccine candidates:
Several virus-based vaccine candidates have been produced in
transgenic plants, expressing hepatitis B core antigen (HBCAQ)
and hepatitis B surface antigen (HBsAg). Moreover, the VLP
fused with human papilloma virus (HPV) L-1 has been
successfully expressed and assembled.

Depending on the vectors, the expression levels of VLPs could
be varied. For instance, deconstructed geminiviral vectors can
increase the yield of HBcAg VLPs in N. benthamana, 80 times
higher than PVX vectors. On the contrary, TMV-based
MagnICON vector shows 3 times higher yield for HBcAg VLP
than the geminiviral vector [56].

Despite all the efforts in research studies, rapid production of
VLP in plant was not practiced until 2009. Due to 2009 H1IN1
swine flu pandemic, the national need for rapid vaccine
manufacturing promoted US government to support production
of recombinant vaccines [84]; therefore, $40 million were
awarded from US Department of Defense to develop transient
expression of influenza vaccine in tobacco within 4 to 6 weeks,
instead of egg-based systems that takes 6 months to cover the
same amount [23]. Interestingly, in 2012, approximately 10
million doses of HIN1 vaccine could be produced in one month
by this technique. This vaccine candidate was tested in a mouse
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model and produced protective levels of neutralizing
antibodies. The result of animal trials indicated that two doses
of plant-produced influenza H5-VLPs could protect mice from
lethal virus challenges [24, 23]. The results of immunogenicity
of the vaccine in mice, promoted the plant-made influenza
vaccine process to further clinical trials [84].

5- Clinical trials of plant-produced virus-like particles
The safety and immunogenicity of plant-produced VLPs are
now evaluated in preclinical and clinical studies. Recently, the
systemic and mucosal immune responses for the Norwalk Virus
VLPs expressed transiently in N. benthamiana using a TMV
expression system have been demonstrated in preclinical
studies [72]. Influenza virus is one of the major threats to
human populations worldwide. Highly variable surface proteins
of hemagglutinin (HA) and neuraminidase (NA) are the
components of current vaccines. Each year, new strains emerge
that cause pandemics and the stocks of embryonated eggs could
not cover the vast needs for the vaccine production. The results
of research of last decades on plant transient expression system
has indicated that HA antigen could be assembled as a VLP
which can elicit protective immune responses in animal models.
The surprising successful results have promoted Medicago Inc.
(Canada) to develop a large scale production in three weeks;
thereby, following emerging of new influenza virus pandemics,
the VLP-based vaccine could be prepared in less than a month
[62]. Recently this company announced the start of final
clinical efficacy study for its plant-derived seasonal
quadrivalent influenza vaccine candidate
(ClinicalTrials.gov number, NCT03301051). Considering their
success in seasonal and pandemic plant-derived influenza
vaccines, the company has invested on production of new
vaccines, namely rabies, HPV and Norwalk vaccines
<http://medicago.com/pipeline-progress/>.

6- Biosafety of plant transiently produced vaccine
candidates

The administration of plant recombinant products in human and
animal therapy should be associated with adequate biosafety
and testing regulations that are established for all
biopharmaceutical products [10]. Since pathogenicity of plant
viral vectors has never been demonstrated for mammals, such
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vectors are considered safe for human and animal health;
therefore, edible transformed plant tissues may be used to
deliver vaccines at mucosal level to eliminate the use of
needles. This approach has the advantages of lowering the
related costs of the treatments and also would prevent the
transmission of blood-borne diseases that may happen through
needle injections. Moreover, the antigen can be protected from
degradation when encapsulated by plant material during the
passage through the intestine [85].

There are many parameters that affect immunization through
oral plant vaccines, such as the adjusted dose to prevent oral
tolerance for the vaccine while avoiding unexpected allergies
[86-88]. Endotoxins, polyphenols and alkaloids are compounds
that can be co-purified along with the product. Such
contaminants should be removed from the final product, using
conventional purification processes [89-90].

Although in some cases, plant-specific N-glycosylation is
considered an advantage as it functions as an intrinsic adjuvant
for the mucosal vaccines, there are some procedures to limit the
plant glycosylation including, site-directed mutations in
potential N-glycosylation sites, RNA interference, coexpressing
specific human glycosyltransferases, exploitation of specific
knockout transgenic lines that lacks complex glycosids
including xylose and fucose transferring enzymes, and adding
the ER retention signal for preventing protein transfer to Golgi
apparatus for further complex glycosylation [91]. In a recent
strategy, an in vivo enzymatic deglycosylation based on
transient co-expression of peptide-N-glycosidase F (PNGase F)
from Flavobacterium meningosepticum was applied with the
target of interest. This strategy has been successfully used for
producing a malaria vaccine candidate based on Pfs48/45
antigen and also an anthrax vaccine candidate using PA83
protective antigen in N. benthamiana. The resulted non-N-
glycosylated recombinant proteins have been shown to preserve
their native conformation and immunological properties [92-
93].

CONCLUSION

In conclusion, plant transient expression has demonstrated a
great potential to be used as a biofactory for production of
valuable pharmaceutical proteins such as vaccines. Recent
progress in clinical trials, in addition to the other advantages of
such expression system including time efficiency, production of
VLPs, high level of expression and cost-effectiveness, have
made plant expression system an appropriate candidate for
combating pandemic diseases such as influenza.
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