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Abstract

Production of recombinant proteins has increased significantly due to the ever-increasing demand in research laboratories, medical fields, and agriculture. Despite a variety
of recombinant protein expression systems and gene engineering procedures exist owever, there is a limitation in achieving sufficient quantities of active, properly folded
recombinant proteins. The selection of an appropriate expression system for the production of recombinant proteins should generally be chosen based on the biochemical
and biological properties of the desired proteins to be produced. Plant expression platforms offer commercially inexpensive, safe, and fast scale-up properties for the pro-
duction of recombinant proteins compared to traditional mammalian cell expression systems. However, the absence of some mammalian posttranslational modifications
(PTMs) and aberrant N-glycosylation limit the use of these production systems. Therefore, molecular engineering of plant secretory pathways has provided an opportunity
to develop next-generation pharmaceuticals with targeted biological functions. In this mini-review, we discuss the approaches that are needed for the production of func-
tional recombinant proteins such as vaccines, antibodies, enzymes for medical, agricultural, and industrial applications.
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Introduction

Plant-based production system is an alternative expression platform
that is potentially safe, scalable and reduces the production cost
of targeted recombinant proteins compared to mammalian cell
expression systems [1]. The plant-based expression systems
have eukaryotic post-translational modifications machinery that
affects the biological properties of the proteins. As is known, the
majority of proteins undergo post-translational modifications,
which is most important for functional activity, immunogenicity,
protein-protein interaction, transport, stability, and also solubility
of proteins [2]. In addition, if target proteins, such as malaria
antigens, for example, Pfs48/45, Pfs25 and Pfs230 proteins of
Plasmodium falciparum, also antigens of a wide range of bacteria
do not carry N-linked glycans in their native glycan form, these
proteins can be abnormally glycosylated in any eukaryotic system,
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thus, impairing the native folding and biological activity [3-6].

Recent observations demonstrated that low-yield and improper
folding of proteins may be associated with specific processes,
(such as glycosylation) in the plant secretory pathway [7]. In this
mini-review, we evaluate the importance of flexible approaches
and potential engineering pathways, which are important to
improve the production of complex recombinant pharmaceuticals.

Approaches For The Production Of Functionally Active
Recombinant Proteins In Plants

N-glycan Processing in Endoplasmic Reticulum (ER) of the
plants

Despite the many advantages of using plant-based expression
systems, there are some limitations such as specific proteases that
lead to degradation of functionally active proteins [8]. Strategies
such as targeting recombinant proteins to organelles, engineering
the protein sequence to remove sensitive regions and co-expression
of various protease inhibitors (PIs) can protect recombinant
proteins from degradation [9].
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Retention of complex proteins with multiple disulfide bridges, to
the ER (endoplasmic reticulum), would be more appropriate for
synthesizing correctly folded proteins. The storage of therapeutic
proteins in the ER prevents immunogenic glycans from being
added to plant-made pharmaceuticals (PMPs) [10]. Retention of
the proteins in ER lumen is based on the addition of H / KDEL
sequences to the C-terminal end of the protein [11]. ER-resident
proteins contain high 6-9 mannose type N-glycans (Man6-Man9)
that are structurally same in plants, yeast and mammals [12, 13],
but complex N-type glycans contain different structural features
in plants and mammals [14]. However, non-immunogenic high-
mannose-type N-glycans have a briefin-vivo half-life, therefore, the
use of these glycans in passive immunotherapy can be turned into
an advantage [ 15, 16]. Mannose-6-phosphate (M6P) modifications,
which are very important for the storage of lysosomal proteins are
absent in plants. In this line, the M6P elaboration pathway has
been engineered in plant [17] that enabld the production of safe
and affordable recombinant mucopolysaccharidosis for enzyme
replacement therapy [18, 19].

Approaches for Humanizing Plant N-glycosylation Pathways

Therapeutic proteins generally need at least proteolytic cleavage
and glycosylation for their bioactivity, stability, and solubility,
[20]. As plants become a viable alternative system for animal
and microbial cell factories for the production of therapeutic
proteins, they require rearrangements to obtain glycans that are
not immunogenic for human health [12]. Many plant-made
pharmaceuticals (PMPs) such as antibodies, vaccine antigens, and
hormones are glycoproteins. Glycosylation is the attachment of
glycans to the peptide backbone of the protein by covalent bonds.
N-linked glycosylation can affect the proper folding, stability,
resistance to proteolysis, transport of proteins [21, 22].

The attachment of al, 3-fucose and B1, 2-xylose to N-glycan core
(GnGn) is one of the most important N-glycan formations in plants.
These structures typical plant glycoform and present almost all
analyzed plants [23]. The human glycoproteins do not carry these
two residues and they can be very immunogenic for human health.
So, the initial step in glycoengineering approaches in plants will
be to eliminate these residues from glycans. Gene silencing (sense
and antisense RNAi), genome editing, and knockout strategies
were successfully applied to species Nicotiana benthamiana (N.
benthamiana) [24], Nicotiana tabacum (N. tabacum) BY2 cells
[25], Physcomitrella patens (P. patens) [26], Lemna minor (L.
minor) [27] which are often used for the production of recombinant
proteins. Additionally, recently, the plant-specific al, 3-fucose, and
B1, 2-xylose glycan residues have been completely removed with
the CRISPR-Cas9-engineered N. benthamiana plant [28]. Also,
it was demonstrated that a-fucosylated content rituximab and
trastuzumab antibodies displayed importantly increased antibody-
dependent-cell-cytotoxicity (ADCC) in-vivo contrasted to their
fucosylated equivalents [29-31].

The formation of truncated N-glycans (paucimannosidic) produced
by removing terminal GIctNAc (MMXF) residues from the core
N-glycan is another limitation in plant-based expression systems.
This structure is formed by the terminal cleavage of GlcNAc
residues by hydrolases, b-N-acetylhexosaminidases (HEXO) [32].
Vacuolar glycoproteins and some extracellular plant glycoproteins
contain Paucimannosidic N-glycans [14, 33]. In some cases, these
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truncated structures are useful for certain therapeutic applications,
such as the use of recombinant human glucocerebrosidase
produced by the carrot cell used in enzyme replacement therapies
[18]. Also in most therapeutic applications, these structures are
negatively impacting proteins functions [34]. Gene silencing
and knockout strategies can eliminate hexosaminidase enzyme
expressions, prevent GIcNAc hydrolysis from GnGn structures
and and increase the expenditure of complex GlcNAc-terminator
N-glycan of paucimannosidic structures [35].

In addition, elongation of the outer chain of N-glycans and Lewis
A structures [23] extending from o 1,3-galactose (Gal) and o
1,4-fucose (Fuc) residues to the GlcNAc terminal [23, 36, 37]
were detected in plants. Although Lewis A structures are found in
human tissues, these structures negatively affect the activity and
antigenicity of recombinant glycoproteins. Parsons et al. (2012),
successfully demonstrated the production of erythropoietin
lacking the Lewis A epitope by knockouts the al,3-galactose and
al,4-fucose enzymes in Physcomitrella patens [38].

Another important strategy is GlycoDelete, which depends
on the elimination of key N-acetyltgucosaminyltransferasel
(GanTI) enzyme activity, which converts Man5 structures into
complex N-glycans. The GlycoDelete strategy shortens the
N-glycosylation (Golgi) pathway in mammalian cells. Using this
strategy, recombinant proteins are produced by small, sialylated
trisaccharide N-glycans.[40]. This strategy can be advantageous
for the production of monoclonal antibodies and growth factors
[39].

In plant cells N-glycosylation site such as Asn-X-Cys [41] can
be used which is another alternative of Oligosaccharyltransferase
(OST) but it has not been described for endogenous plant proteins
[42]. In the ER lumen, pre-assembled oligosaccharides transfers
to asparagine residues of protein N-glycans which catalyzes
Oligosaccharyltransferase (OST) [41].

Approaches for the Increasing Plant Glycosylation Capacities:-
Genomic Insertions

Although the formation of GnGn structures in mammals and
plants is the same, plants cannot provide additional variations in
N-glycans. Bakker et al. (2001), reported that plant expressing
human B-(1,4)-galactosyltransferase with a plant expressing
the heavy and light chains of a mouse antibody results in the
expression of a plantibody that exhibits partially galactosylated
N-glycans (30%), which is approximately as abundant as when the
same antibody is produced by hybridoma cell [43, 44].

The absence of sialic acid modifications limits the use of a plant
transient expression system for the production of important
mammalian derived pharmaceuticals and therapeutic enzymes. t
was demonstrated that addition of negatively charged sialic acid
groups on N-glycans can increase cell signaling, stability [45] and
clearance rate of proteins [46]. Thus, it is very important to develop
approaches to produce sialylated N-glycans in plants which result
humanized N-glycan compositions of mammalian proteins and
enzymes. To address this need, the production of sialic acid and
human-type N-glycans was achieved by the expression of transient
stable or suitable enzymes in the N. benthamiana plant [8, 47].
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O-linked Glycosylation

The second major glycosylation type is O-linked glycosylation.
Despite N-glycan engineering there is little attention was
paid to plant O-linked glycan engineering. In mammalians,
O-glycosylation is mucin-type, which O-glycans commonly
attach N-acetylgalactosamine (GalNAc) to threonine or serine
residues [48]. The knockout strategy was applied in P. patens to
eliminate the specific O-glycans [49]. In N. benthamiana plants
gene engineering is more challenging but, recent investigations
in gene engineering allow eliminating O-glycans from the plant
secretory pathway [50].

Another approach in plant-glycoengineering is the synthesis
of Lewis-X epitopes (Lex) in N. benthamiana plants with the
overexpression of specific glycosyltransferases [51]. Due to the
stimulation of antigen-specific immune responses Lex-containing
structures [52], the plant produced Lex epitopes may be found as a
probable host for the production of vaccines [51].

In-vivo Deglycosylation Strategy

Plant expression system has many advantages over other expression
systems. However, plant expression systems may not be suitable
for proteins that do not carry N-linked glycans in their native
glycan form. The in-vivo deglycosylation strategy of proteins
with deglycosylation enzymes is considered an important strategy
for the production of recombinant proteins by natural glycan
formation in plants. [4, 5, 53]. The addition of glycan groups to the
protein chain can strongly alter the biological behavior of proteins
[54], can mask important epitopes of proteins, leading to incorrect
folding of the proteins [4, 5]. Recently, Mamedov et al., (2012),
developed an in vivo deglycosylation of plant-made recombinant
proteins, by co-expressing with bacterial deglycosylation enzymes
PNGaseF [4-6] and EndoH (Endo-B-N-acetylglucosaminidase)
[53] using plant transient expression systems in N. benthamiana
plants. The results have demonstrated that PNGaseF in-vivo
deglycosylated proteins are highly immunogenic and appear to be
more stable than their glycosylated counterparts [4-6]. It should
be noted that PNGaseF removes N-glycans from glycoproteins,
causing amino acid changes in the expressed proteins due to the
deamidation reaction [53]. On the other hand, EndoH catalyze the
bond between the two acetylglucosamine residues of the N-linked
oligosaccharides while preserving the native protein structure
without amino acid changes in the produced proteins [53].
Moreover, EndoH in-vivo deglycosylated proteins have superior
properties compared to PNGaseF counterparts and glycosylated
form of the same protein [54, 55]. For example, EndoH in-vivo
deglycosylated form of Protective antigen (PA) of Bacillius
anthracis was a more stable, active and highly immunogenic
compared to its PNGaseF deglycosylated counterpart [54, 55].

Protein Processing

Most therapeutic proteins usually require proteolytic cleavage
for their activation and other functions. Human furin is a very
important enzyme for activating a wide range of proteins including
cell surface receptor proteins, blood clotting factors, growth
factors, hormones, and their receptors [56].

Tyrosine sulfation is of the mammalian cell PTMs and widely
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defines neutralizing antibodies targeting the HIV envelope
glycoproteins [57]. There is only a report for tyrosine sulfation
engineering in a plant-based expression system [58]. Additionally,
y-carboxylation is one of the important PTMs that affect the activity
of coagulation factors. In theory, y-carboxylase can be express in
plant secretory pathways requiring additional PTMs. Mamedov et
al., (2019a), demonstrated the transiently co-expression of blood-
clotting factor IX was in N. benthamiana [54].

Conclusion

Plant expression systems are a promising platform for safe and
cost-effective production of valuable recombinant proteins for
medical, agricultural and industrial applications. However, plant
expression system has limits for the expression of certain proteins.
Recently, important progresses have been developed in the
production of PMPs. The elimination of undesirable glycosylation
enzymes improved the biological activity of therapeutic proteins
like antibodies. Increasing expression of transferases enabled the
production of desired complex N- and O-glycans. Also, the findings
of the functions on polySia in neurological and immunological
[59] settings, lead the new ways application of these strategies in
medical areas. Additionally, new strategies like CRISPR/Cas9,
leading to the development of plant and cell lines without fucose
and xylose residues [60]. With the in-vivo deglycosylation strategy
highly important vaccines candidates have been produced [4, 5,
54]. Taken all together the glyco-engineering strategies, -combined
with plant-based expression systems provide the production of
safe, functionally active and affordable pharmaceuticals. In this
mini-review, we discussed possible important approaches for the
successful production of valuable recombinant proteins in plant-
based expression systems. Over the years, flexible approaches
will continuously evolve as techniques for the production of
recombinant proteins evolve.
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