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Abstract

In vitro cultured plant cells, in particular the tobacco BY-2 cell, have demonstrated their potential to provide a promising
bioproduction platform for therapeutic proteins by integrating the merits of whole-plant cultivation systems with those of
microbial and mammalian cell cultures. Over the past three decades, substantial progress has been made in improving the
plant cell culture system, resulting in a few commercial success cases, such as taliglucerase alfa (Elelyso®), the first FDA-
approved recombinant pharmaceutical protein derived from plant cells. However, compared to the major expression hosts
(bacteria, yeast, and mammalian cells), plant cells are still largely underutilized, mainly due to low productivity and non-
human glycosylation. Modern molecular biology tools, in particular RNAi and the latest genome editing technology CRISPR/
Cas9, have been used to modulate the genome of plant cells to create new cell lines that exhibit desired “traits” for produc-
ing therapeutic proteins. This review highlights the recent advances in cellular engineering of plant cells towards improved
recombinant protein production, including creating cell lines with deficient protease levels or humanized glycosylation, and
considers potential development in the future.

Keywords Plant cell culture - Recombinant proteins - Cellular engineering - RNA interference - Genome editing -
Glycoengineering

Introduction

Recombinant pharmaceutical proteins obtained through
genetic engineering are increasingly being used in the treat-
ment of many diseases such as hepatitis, anemia, diabetes,
cancer, and even infectious diseases such as COVID-19 (by
vaccines and neutralizing antibodies). The global therapeutic
protein market was valued at about $93.14 billion in 2018
and is expected to grow to $172.87 billion in 2022, with an
annual growth rate (CAGR) of 16.7%. To date, more than
130 recombinant pharmaceuticals have been approved by
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the US Food and Drug Administration (FDA) for clinical
use, more than 200 are on the market worldwide, and many
more are in the clinical development pipeline (Santos et al.
2016; Pham 2018).

Prokaryotic and eukaryotic expression host systems,
including bacteria, yeast, insect and mammalian cells, are
widely used for the production of recombinant proteins.
However, there are limitations associated with these systems
in terms of cost, scalability, safety, and the quality/authen-
ticity of proteins. This makes it difficult to utilize them as
a comprehensive expression system for the expression of
a wide variety of proteins. Plants as hosts for a eukaryotic
expression system have emerged as a promising alternative
production platform for therapeutic proteins. “Molecular
farming” in plants proposes a superior method as compared
to other eukaryotic systems in terms of safety, scalability,
and cost (Xu et al. 2016). A plant-based production system
has also proven effective in mediating the post-translational
processing required for many complex proteins (Gecchele
et al. 2015; Schillberg et al. 2019). During the SARS-CoV-2
pandemic, plant molecular farming could potentially provide
a rapid and scalable supply of protein antigens (as vaccine
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candidates), antibodies and other therapeutic proteins (Lico
et al. 2020). Unlike other bioproduction systems, plant sys-
tems have diverse platforms, ranging from whole plants to
in vitro cell and tissue cultures, and using either transient
expression via viral or nonviral vectors or stable transforma-
tion with transgenes targeted to the nuclear or chloroplast
genome (Xu et al. 2016). Each platform has its own strengths
and weaknesses, which has been widely discussed in the past
(Xu et al. 2012, 2016; Schillberg and Finnern 2021), thus are
not elaborated in this review.

While field-cultivated plants share many of these features,
plant cell suspension culture provides the additional advan-
tage of growth supported by a low-cost medium and con-
trolled environment. These extra benefits help reduce costs
and avoid issues associated with pathogen, pesticide, and
herbicide contamination. Thus, cGMP (current Good Manu-
facturing Practice) can be readily implemented throughout
the production pipeline. A seminal breakthrough for the
commercialization of the plant cell culture platform was
achieved in 2012, when the plant cell-produced therapeutic
enzyme, taliglucerase alfa (Elelyso®), was approved by the
US FDA as an orphan drug for the treatment of Gaucher’s
disease (Tekoah et al. 2015). Despite this breakthrough,
there exist technical challenges which limit the widespread
commercial applications of this platform. These include
low productivity, non-human glycosylation, cell clump-
ing, and complex cell morphology, etc. (Fischer et al. 2013;
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Fig. 1 Schematic illustration of strategies used to enhance plant cell
culture productivity for bioproduction and commercialization. In
addition to the conventional strategies (optimization of gene expres-
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Fischer and Buyel 2020). Therefore, technical innovations
that drive the commercial scalability and sustainability of
plant cell culture are necessary for the broader adoption of
this platform.

In the past three decades, substantial progress has been
made to increase the productivity of plant cell culture sys-
tems (Fig. 1). This includes upstream strategies, such as
optimizing gene expression constructs and selecting highly
productive monoclonal cultures, and downstream strategies,
such as optimizing culture conditions (growth medium,
bioreactor design and operation) and developing more effi-
cient methods of protein extraction and purification (Xu
and Zhang 2014; Santos et al. 2016; Schillberg et al. 2019).
On the other hand, cellular engineering by which an intact
plant cell genome is modulated to create new cell lines that
exhibit desired “traits” has received increasing attention.
This has been further promoted by the newly developed
CRISPR (Clustered Regularly Interspaced Short Palindro-
mic Repeats)/Cas9 genome editing tool. Like the improve-
ments in bacterial and mammalian cell strains in recent years
to increase host’s productivity, cellular engineering of plant
cells has the potential to break the current limits of cell line
bioproduction to become a commercially competitive bio-
production platform. This review highlights recent advances
in cellular engineering of plant cells and considers possible
future developments for the improvement of therapeutic pro-
tein production.
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sion and process development), cellular engineering represents an
alternative approach that could potentially revolutionize the use of
plant cell culture as a bioproduction platform



Plant Cell Reports (2021) 40:1087-1099

1089

Plant cell culture as a bioproduction platform—
advantages and challenges

Advantages

Plant cell culture provides a promising alternative biopro-
duction platform for therapeutic proteins, since it integrates
the merits of whole-plant cultivation systems with those of
microbial and mammalian cell cultures (Xu et al. 2011).
Because plant cells are grown in sterile and controlled
environments, cell growth conditions can be precisely con-
trolled, and the culture system is readily adapted to existing
bioreactors. This allows for batch-to-batch product consist-
ency and a production process aligned with cGMP (Shih
and Doran 2009; Wilson and Roberts 2012). Furthermore,
recombinant proteins can be designed to secrete into culture
media, making downstream protein purification much more
affordable as compared to using whole plants. As such, the
decreased regulatory and environmental concerns of plant

Table 1 Recombinant proteins produced in tobacco BY-2 cell cultures

cell culture bioproduction system make it more appealing
to current biopharmaceutical producers than whole plant
system (Santos et al. 2016).

The most widely used plant cell line for recombinant
protein production is one which was derived from tobacco
(Nicotiana tabacum cv. Bright Yellow 2), termed BY-2 cell
(Kato et al. 1972). Isolated by Japanese scientists Kato and
coworkers in 1972, the BY-2 cell line has many appealing
characteristics: fast-growing (doubling time as short as
11 h), robust, and readily able to undergo Agrobacterium-
mediated transformation and cell cycle synchronization
(Hellwig et al. 2004; Xu et al. 2011). Due to its central role
in bioproduction and fundamental research, the BY-2 cell
line has been referred to as the “Chinese hamster ovary
(CHO)-cell in molecular farming” and the “HeLa cell in
the biology of higher plants”. A wide array of functional
proteins including antibodies, vaccines, enzymes, growth
factors, and cytokines have been successfully expressed
in BY-2 cells (Table 1). So far, most cellular engineering

Protein

Reference

Expression type

Protein targeting

Protein yield

Hepatitis B surface antigen Stable ER 226 ng/mg TSP Sojikul et al. (2003)
Human monoclonal antibody against Stable Apoplast 0.6% TSP Yano et al. (2004)
hepatitis B virus
Human interferon a2b Stable Apoplast 35 mg/L Xu et al. (2007)
Human o -I-iduronidase Stable Apoplast 10 mg/L Fu et al. (2009)
Human monoclonal anti-HIV antibody Stable Apoplast 8 mg/L Holland et al. (2010)
2G12
Human growth hormone Stable Apoplast 28 mg/L Xu et al. (2010)
Human serum albumin Stable Cytosol, Vacuole 11.88 mg/L Sun et al. (2011)
Human erythropoietin Stable ER, Apoplast N/A Pires et al. (2012)
Human monoclonal anti- vitronectin Stable Apoplast 20-107 mg/L Kirchhoff et al. (2012), Vasilev et al.
antibody M12 (2013), Raven et al. (2015)
Human interleukin-10-ELP (elastin-like ~ Stable ER 3.057% TSP Kaldis et al. (2013)
polypeptide)
Green fluorescent protein (GFP) Stable Apoplast 125 mg/L Zhang et al. (20164, b)
TNFa receptor (TNFR)-Fc fusion Stable ER N/A Almon et al. 2017), Ilan et al. (2017)
DNase I Stable Apoplast N/A Hanania et al. (2017)
GFP-hydrofobin (HFBI) Stable Apoplast 300-1100 mg/L. Reuter et al. (2014, 2016), Hakkinen et al.
(2018)
Human o1-antitrypsin Stable Apoplast 34.7 mg/L Zhang et al. (2019)
ORF8 from SARS-CoV-2 Stable (inducible) Apoplast 8.8 mg/L Imamura et al. (2021)
GFP Stable (inducible) Apoplast N/A Sadoch et al. (2021)
Human stem cell factor Stable Apoplast 2.5 mg/L Wang et al. (2021)
Viscumin Transient Apoplast 5.0 mg/kg cells Gengenbach et al. (2019)
DsRed (Discosoma sp. red fluorescent Transient Apoplast 70 mg/kg cells Rademacher et al. (2019)
protein)
Monoclonal antibody 2G12 47 mg/kg cells
Monoclonal antibody M12 175 mg/kg cells
GFP and DsRed Transient Apoplast ~700 mg/kg cells Poborilova et al. (2020)

N/A not available, TSP total soluble proteins
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studies that have been conducted with the BY-2 cell line
aimed to reduce the intracellular proteolytic activities and
eliminate the non-human glycosylation (to be discussed in
detail below). Besides the BY-2 cell line, other plant cell
lines used for bioproduction are those derived from edible
crop species, such as rice (Oriza sativa) (Huang et al. 2015),
alfalfa (Medicago sativa) (Khoudi et al. 1999), and carrot
(Daucus carota) (Park et al. 2020). Particularly, when cul-
tured plant cells are used for oral delivery of biologics, they
may be more readily accepted by the general public. Notably,
carrot cells have been used by the Israeli company Protalix
Biotherapeutics (http://www.protalix.com) to produce tali-
glucerase alfa (Elelyso®), the first plant cell-made biophar-
maceutical approved for the market.

Challenges to be overcome by cellular engineering

Despite all these advantages, there are major bottlenecks that
must be overcome before the plant cell culture platform can
compete with conventional bacterial and mammalian cell
systems. These include low production yields, non-human
glycosylation, proteolytic degradation, cell aggregation, and
culture heterogeneity, as well as difficulty with cryopreserva-
tion. Some of them, non-human glycosylation for example,
have already been addressed by the cellular engineering
strategy.

Low production yields A major limiting factor for broader
applications of the plant cell culture platform is the low
yields of recombinant proteins, typically ranging from 0.01
to 10 mg/L (Xu and Zhang 2014). This is partially due to
the low copy number of a gene of interest being integrated
into the plant cell genome. This is because plant cells lack
the “gene amplification” mechanism found in CHO cells
which enables the host cells to carry thousands of copies of
a gene of interest (Cacciatore et al. 2010). However, recent
advances in plant molecular biology have greatly improved
the bioproduction capacity of plant cells. An extremely high
yield of protein, up to 1.1 g/L hydrofobin (HFBI)-fused
green fluorescent protein (GFP), was recently achieved in
BY-2 cell culture. This represents the highest titer of recom-
binant protein ever reported for plant cell culture and a pro-
duction yield comparable to those generally achieved by
yeast and mammalian cell systems (Hakkinen et al. 2018).
The mechanism leading to this high rate of protein accu-
mulation remains unknown. It may result from the integra-
tion of the GFP-HFBI encoding genes in a transcriptionally
active spot of chromosomes (Hakkinen et al. 2018). Never-
theless, this has demonstrated the bioproduction potential of
plant cell culture. In fact, plant cells are now moving toward
parity with mammalian cells. The productivity of some
therapeutic proteins in BY-2 cells, such as the monoclonal
antibody M12 whose maximum yield exceeds 100 mg/L,
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has reached ~8 pg/cell/day (Schillberg et al. 2019), which
approached the typical rates of 20-40 pg/cell/day for CHO
cells (Havenith et al. 2014). This is promising, indicating
that it is possible to overcome the low protein productivity
by modulating genetic and epigenetic factors in plant cells.
So far, there are no reports aiming at increasing protein bio-
synthesis of plant cells through genome editing technology.

Non-human glycosylation: glycan structure has a major
role in the proper functioning of therapeutic proteins, but
there is a major difference in the plant and mammalian gly-
can structure. Glycoproteins produced by plant cells con-
tain N-linked glycans carrying two plant-specific residues
which are absent from mammalian cells-derived proteins:
B-1,2-xylose and core a-1,3-fucose. In contrast, mamma-
lian glycoproteins contain f-1,4-galactose and terminal
sialic acid residues that are absent in plants (Gomord et al.
2010; Kallolimath et al. 2016; Strasser 2016) (Fig. 2). The
immunogenicity and allergenicity of plant-specific N-gly-
cans have been a key concern in human therapy because
human serum contains active antibodies against plant-spe-
cific residues (Gomord et al. 2010). However, recent clinical
studies with plant cell-produced proteins, such as taligluc-
erase alfa, did not indicate that plant sugar residues cause
adverse effects in humans (Tekoah et al. 2015; Shaaltiel and
Tekoah 2016; Hanania et al. 2017). Nevertheless, extensive
research efforts have been made in recent years to modu-
late the plant-specific glycosylation machinery to human-
ize glycosylation. These include retaining the recombinant
proteins in the ER to produce generic high-mannose glycans,
adding inhibitors of enzymes involved in the glycosylation
pathway (e.g., kifunesine) directly to the culture media, and
engineering the plant cell genome through knocking down
or knocking out the enzymes responsible for adding the
plant-specific sugar residues (Yin et al. 2011; Bosch et al.
2013; Hanania et al. 2017; Sukenik et al. 2018; Macharoen
et al. 2020). On the other hand, exogenous genes encoding
B-1,4-galactosyltransferase or polysialyltransferases were
introduced into the plant genome to produce more human-
like glycans (Paccalet et al. 2007; Castilho and Steinkellner
2012; Kallolimath et al. 2016). In fact, most of the cellular
engineering studies reported to date aimed at eliminating
plant-specific glycosylation.

Cell aggregation and culture heterogeneity Unlike bacteria
and mammalian cells, plant cells tend to grow as aggregates
instead of single cells. Aggregation is promoted by extra-
cellular polysaccharides, such as pectin, and occurs when
daughter cells fail to separate after cell division (Santos
et al. 2016). In addition, the presence of plasmodesmata is
beneficial for plant cells growing in aggregates. Due to cell
aggregation, generating monoclonal elite transgenic cell
lines becomes very challenging. Generally, cell suspension
cultures are heterogeneous with varying sizes of cell aggre-
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Fig.2 Schematic illustration of the glycoengineering technologies
used on plant cells to humanize the plant N-glycan structures. The
complex type of plant glycans is represented here. The knocked-out

gates and assorted cell morphologies. Cell aggregation and
culture heterogeneity could also pose challenges to mixing
and mass transfer of oxygen and nutrients when scaling up
the cultures in bioreactors (Huang and McDonald 2009).
Cellular engineering may provide an essential tool to solve
this problem (cell aggregation).

Proteolytic degradation Post-translational —degradation
of heterologous proteins by endogenous proteases, either
along the secretion pathway or in the culture media, has
been regarded as one of the major factors leading to the low
protein production in plant cell culture (Pillay et al. 2014;
Lallemand et al. 2015; Mandal et al. 2016). Many plant cell
expressed proteins, such as plasminogen activators (Schier-
meyer et al. 2005), cytokines (Kwon et al. 2003), and mono-
clonal antibodies (Magy et al. 2014; Hehle et al. 2015) have
been shown to undergo proteolytic processing to varying
degrees. Several strategies, for example, targeting heterolo-
gous proteins to a sub-cellular compartment (e.g., ER), co-
expressing proteins with protease inhibitors, or simply alter-
ing the pH of the culture were recently applied to reduce
proteolytic degradation in plant cell culture (Huang et al.
2009; Jutras et al. 2019). Alternatively, down-regulating
the gene expression of certain proteases with RNA interfer-
ence (RNAi) and antisense RNA technologies could gen-
erate plant cell lines with reduced endogenous proteolytic
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or knocked-down cell lines can be further engineered (knocked in)
with genes encoding the human sialylation pathway to generate plant-
derived glycans that carry sialic acids

activities, which would increase the accumulation of recom-
binant proteins (Mandal et al. 2014; Duwadi et al. 2015).
While strategies leveraging the genome editing technology
to knock out the genes encoding key proteases may be more
effective at reducing post-translational protein degradation
in plant cells, no research has been reported so far demon-
strating its effectiveness.

Cryopreservation and cell banking Cryopreserving plant
cell lines for cell banking is incredibly important for
maintaining a consistent supply of well-defined, elite cell
lines for bioproduction. Cryopreservation is also neces-
sary to meet cGMP compliance (Schumacher et al. 2015).
However, cryopreserving plant cells, usually with liquid
nitrogen (— 196 °C) without damaging cells, is much more
difficult than cryopreserving animal cells. This is because
plant cells contain a large vacuole, housing a substantial
amount of cellular water (Schillberg et al. 2019). Submit-
ting these water-filled cells to the dramatically low tem-
perature of liquid nitrogen makes the plant cells prone to
injury from expansion. Although cryopreservation pro-
tocols have been established to treat the freeze/thawing
effects on various plant cell lines (Ogawa et al. 2008; Hak-
kinen et al. 2018), they are complex and often compro-
mise cell viability. Cellular engineering technologies may
provide a solution to this problem by developing a new
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type of plant cell line containing a more flexible cell wall
structure, such as cellulose-free cell wall, which will lead
to a great reduction in vacuole and the plant cells size.

In addition to the key challenges discussed above, other
important challenges encountered in plant cell culture
include somaclonal variation, gene silencing, elite cell
line selection, and bioreactor scale-up, etc. These will not
be discussed in detail in this review.

Molecular biology tools for cellular engineering

Modern advances in contemporary molecular biology have
provided efficient tools for cellular engineering which can
potentially help plant cell culture overcome some of the
obstacles it currently faces. These include technologies
that utilize RNAI or antisense RNA-mediated gene silenc-
ing to down regulate target gene expressions and genome
editing technologies, particularly CRISPR)/Cas9, to knock
out target genes within the plant cell genome.

RNAi and antisense RNA technologies

RNAI is a powerful post-transcriptional gene silencing pro-
cess which is initiated by a specialized RNase III enzyme,
Dicer, that cleaves a long double-stranded RNA (dsRNA)
or hairpin-structured RNA (hpRNA) into double-stranded,
small (~20 to 25 bp nucleotides), interfering RNAs (siR-
NAs) (Vaucheret 2015). The antisense strands of the siRNA
duplex are incorporated into an Argonaute (AGO) protein,
forming an RNA-induced silencing complex (RISC). The
antisense strands then guide the RISC complex to target
messenger RNAs (mRNA) in a sequence-specific manner
and cleave the mRNA through the action of induced AGO
protein, thereby inhibiting protein synthesis. With precise
selection of conserved target sequences, the RNAi technol-
ogy can effectively silence a specific gene or multiple mem-
bers of a gene family. So far, this RNAi technology has been
widely used in plant biotechnology to manage pests and dis-
eases caused by bacteria, fungi, and viruses (Li et al. 2015;
Yu et al. 2016) to improve crop yields (Younis et al. 2014)
and to generate plants with novel traits (Small 2007). How-
ever, this approach suffers from the fact that gene silencing
is rarely complete and might not be stable over a long period
of time (Mercx et al. 2016).

Compared to RNAi, antisense RNA is a relatively old
technology used to regulate gene expression (Oberemok
et al. 2018). This technology utilizes a single-stranded RNA
to directly bind the coding region of sense RNA, resulting
in direct inhibition of translation or mRNA destabilization.
With the recombinant DNA method, synthetic genes, encod-
ing antisense RNA molecules, can be introduced into organ-
isms to inhibit the target gene expression.

@ Springer

Genome editing technologies

Recent advances in genome editing technologies mediated
by sequence-specific nucleases led to a new era of genome
engineering, enabling effective, precise, and rapid modula-
tion of the plant genomes (Wada et al. 2020). In all of these
technologies, programmable endonucleases are utilized to
induce double strand breaks (DSB) in the target genomic
DNA. Mutations in the genome are then generated by the
cellular repair system. This is done through either error-
prone non-homologous end joining (NHEJ) or homology-
directed repair (HDR), which creates insertions, deletions,
and substitutions in the genome (El-Mounadi et al. 2020).
Three well-established genome editing platforms [zinc finger
nucleases (ZFNs), transcription activator-like effector nucle-
ases (TALENSs), and CRISPR/Cas9] are currently applied
to various organisms, including plants (Bortesi and Fischer
2015). Of which, the CRISPR/Cas9 technology represents
the most recent and exciting addition to the genome edit-
ing toolbox due to its simplicity, efficiency, specificity, and
cost-effectiveness (Wada et al. 2020). This technology is
based on the integration of a single guide RNA (sgRNA)
that aids the Cas9 endonuclease in creating DSBs in the
target genomic DNA, thus generating a null allele (gene
disruption). Because of the small size (~20 nucleotides) of
CRISPR RNA (crRNA) required for precise genome tar-
geting, multiple sgRNAs can be co-constructed with Cas9
on the same vector to achieve multiplex genome editing.
However, the application of CRSIPR/Cas9 is associated with
off-targeting that introduces unintended mutations at off-
target sites within the genome. This off-targeting issue has
been demonstrated in a number of reports in plants (Modrze-
jewski et al. 2020). In order to avoid off-target mutations
in plants, strategies include using high-precision CRISPR/
Cas nucleases, using CRISPR/Cas nuclease in the form of
ribonucleoproteins (RNPs), and carefully selecting target
sequences, etc. (Hahn and Nekrasov 2019).

CRISPR/Cas9 has been applied to a growing number
of plant species to improve yields and nutritional value,
or enhance stress tolerance (ElI-Mounadi et al. 2020). Nev-
ertheless, only a handful of studies have been reported so
far on the applications of this tool to plant suspension cells
(Table 2). The successful inactivation of a gene in BY-2 cells
was first demonstrated in 2016 by knocking out an exog-
enous gene encoding the red fluorescent protein (mCherry)
that was previously introduced into the BY-2 genome (Mercx
et al. 2016). CRISPR/Cas9-mediated targeted-mutagenesis
was also achieved in Arabidopsis thaliana and carrot sus-
pension cells by inactivating a reporter protein GFP gene
and the flavanone-3-hydroxylase gene, respectively (Klimek-
Chodacka et al. 2018; Permyakova et al. 2019).
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Cellular engineering of plant cells

Modulating the plant cell genome towards improved thera-
peutic protein production is an emerging research field
in which many exciting achievements have already been
made. Recent utilizations of these modern molecular
biology tools for cellular engineering of plant suspension
cells are summarized in Table 2. Currently, two groups of
genes, including those encoding proteases and glycosyl-
transferases, are the targets for cellular engineering. Stra-
tegically inactivating some of these genes could create
new plant cell lines with reduced proteolytic activities and
humanized glycosylation.

Creation of plant cell lines with reduced proteolytic
activities

In addressing the proteolytic degradation hurdle in plant cell
culture, some protease genes have been targeted for inac-
tivation. Plant genomes encode several hundred proteases,
which can be distinguished as serine, cysteine, aspartic and
metallo-types (four classes) based on the active site residues
for catalysis (Pillay et al. 2014; Rawlings et al. 2014, 2016).
Given the large number of protease genes and that different
products are susceptible to different protease classes, inacti-
vation of certain protease genes in the plant genome for the
prevention of product degradation turns out to be quite chal-
lenging (Mandal et al. 2016). However, the number of pro-
teases that are active in certain cell types, and specific com-
partments like the apoplast, is significantly lower (Delannoy
et al. 2008). This makes it feasible to inactivate only a small
number of protease genes to prevent the degradation of target
proteins accumulated in a specific compartment, such as the
extracellular space (culture media). This was demonstrated
in a recent study, in which four endogenous protease genes
(NtAP, NtCP, NtMMP1 and NtSP) encoding for proteases
from four catalytic classes (aspartic, cysteine, metallo and
serine proteases) of BY-2 cell were simultaneously silenced
by the antisense RNA technology. The established new BY-2
cell lines showed substantially reduced proteolytic activity
in the culture media (Mandal et al. 2014). Expression of a
full-length IgG1(x) antibody 2F5 with one of the cell lines
resulted in a fourfold higher accumulation of the intact anti-
body heavy chain as compared to the expression of the same
antibody in wild-type BY-2 cells (Mandal et al. 2014).
Protease-deficient cell lines were also created for rice
cells through the RNAI technology. Expression of recom-
binant proteins in rice cells driven by the rice a-amylase
3D promoter, which is activated under sucrose-starved con-
ditions, could generate high secreted protein yields up to
247 mg/L of al-antitrypsin (McDonald et al. 2005). How-
ever, this expression system suffers from the accumulation
of large amounts of a-amylase (43% of TSP) and proteases
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in culture media following the induction via sugar depletion.
While a-amylase complicates protein purification, secreted
proteases, with cysteine proteinase (CysP) being a major
class, degrade recombinant proteins. By using the RNAi
technology to silence both the a-amylase and CysP genes,
a protease-deficient rice cell line was created that showed
reduced expression of a-amylase and CysP by 94.8% and
95%, respectively. Expression of a pharmaceutical protein,
human granulocyte—macrophage colony-stimulating fac-
tor (hGM-CSF) in this cell line reached 288 mg/L, which
is 2.45-fold higher than that of transgenic line expressing
hGM-CSF only (115 mg/L) (Kim et al. 2013). However,
the utility of the antisense RNA and RNAIi technologies is
limited by the incompleteness of target protein depletion and
potential off-target effects (Liang et al. 2016). The CRISPR/
Cas9 genome editing tool has been successfully used in plant
suspension cells (Mercx et al. 2016; Ren et al. 2016; Hana-
nia et al. 2017). However, the use of this tool for protease
gene inactivation in plant cells has yet to be conducted and
reported on.

Creation of plant cell lines with humanized glycosylation

The plant-specific residues, p-1,2-xylose and core a-1,3-
fucose, are transferred to the developing glycan structure
by two resident Golgi enzymes: a-1,3-fucosyltransferase
(a-1,3-FucT) and B-1,2-xylosyltransferase (f-1,2-XylT).
In order to humanize the plant cell glycosylation, glyco-
engineered plant cell lines lacking the machinery to transfer
the plant-specific residues could be created by either utiliz-
ing RNAI or the CRISPR/Cas9 genome editing technology
(Fig. 2).

Glyco-engineering for humanizing glycosylation was first
achieved in whole plants. Strategies, including RNAi and
random mutagenesis (exposing to ethylmethanesulfonate),
were utilized to interfere with the expression of the a-1,3-
FucT and p-1,2-XylT genes in different plant species (Cox
et al. 2006; Castilho et al. 2011). Glycoengineering of plant
suspension cells was then demonstrated in both BY-2 and
rice cells by using the RNAI strategy to downregulate the
expression of the a-1,3-FucT and p-1,2-XylT genes (Shin
et al. 2011; Yin et al. 2011). In the engineered BY-2 cells,
the xylosylated and core fucosylated N-glycans isolated from
total soluble proteins were significantly reduced, though
not completely. In addition, the engineered cell lines were
stable, viable, and did not exhibit any obvious phenotypic
changes (Yin et al. 2011). Similarly, glyco-engineered rice
cells showed normal properties of cell division and prolif-
eration. The recombinant hGM-CSF that was secreted by
established rice cells contained significantly reduced core
a-1,3-fucosylated and/or p-1,2-xylosylated glycan structures
(Shin et al. 2011).
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Alternatively, targeted genome editing strategies were
applied to inactivate the a-1,3-FucT and p-1,2-XyIT genes
in plants. For example, TALEN-mediated genome editing
was used to knock out these glycotransferase genes in N.
benthamiana. This generated glycoengineered lines whose
N-glycans lacked p-1,2-xylose, but exhibited only a 40%
reduction in the core a-1,3-fucose levels as compared to
wild-type plants (Li et al. 2016). Complete knockout of the
a-1,3-FucT and f-1,2-XylT genes was achieved in BY-2 cells
a year later through utilization of the CRISPR/Cas9 technol-
ogy (Hanania et al. 2017). The BY-2 cell genome is known
to contain two $-1,2-XyIT genes and five a-1,3-FucT genes.
Thus, a total of 14 loci (seven genes and two alleles per
gene) were simultaneously mutated to eliminate the plant-
specific glycosylation in BY-2 cells. This also demonstrated
the great power of the CRISPR/Cas9 technology for mul-
tiplex gene editing in BY-2 cells. The knocked-out BY-2
cell lines, while exhibiting a typical BY-2 growing rate, did
not add the p(1,2)-xylose and/or a(1,3)-fucose to N-linked
glycans. Furthermore, recombinant DNasel expressed in the
knocked-out cell line was totally free from any xylose and
fucose residues (Hanania et al. 2017). Thus, these glycoengi-
neered BY-2 cells provide a valuable bioproduction platform
for therapeutic proteins with humanized glycosylation. In
addition, new glycoengineered rice cells and N. benthami-
ana plants whose f-1,2-XylT and a-1,3-FucT genes were
completely knocked out were recently created through the
use of the CRISPR/Cas9 technology (Jansing et al. 2019;
Jung et al. 2021).

In addition to eliminating plant-specific sugar moieties
through inactivation of certain Xyl and Fuc glycosyltrans-
ferase genes, the careful introduction of engineered multi-
gene vectors is also possible. This was demonstrated through
the introduction of an engineered multigene vector carrying
the human sialylation pathway to enable the controlled gen-
eration of protein sialylation in N. benthamiana (Kalloli-
math et al. 2016). However, there are no reports to date that
describe cellular engineering of plant suspension cells for
the synthesis of sialic acid structures. Nevertheless, all the
aforementioned ellular engineering studies are demonstra-
tive of the exceptional flexibility and capability of the plant
cell-based expression platform to engineer and produce com-
plex posttranslational protein modifications.

Future developments

Progress has been made to modulate the plant cell genome
for improved therapeutic protein production, particularly
the creation of plant cell lines with humanized glycosyla-
tion. However, the key technical challenge of the plant
cell culture system (low productivity) has yet to be fully
addressed. Although many molecular biology approaches,
like the optimization of expression vectors (promoters and

regulatory regions), have been utilized to achieve consider-
able increases in expression yields, a tenfold increase in pro-
ductivity is still required to attain a reasonable profit margin
and compete with the yeast and mammalian cell platforms.
This leaves much room for yield improvement—through cel-
lular engineering of current plant cell lines. However, clear
gene targets for modulation (that could lead to increased
productivity) are yet to be discovered in the plant genome.
Nevertheless, some other potential aspects of research could
be considered seriously. These include down regulating or
knocking out genes that are considered nonessential for the
propagation of plant cells in vitro, as well as engineering
exogenous machinery that will result in higher efficiency
transcription and translation of specifically designed gene
cassettes.

In contrast to whole plants growing in natural environ-
ments which must perform photosynthesis and resist various
abiotic and biotic stresses to survive, in vitro cultured plant
cells (like BY-2 cells) are supplied with optimized and sterile
culture conditions (medium composition, pH, temperature,
oxygenation, etc.) to support their rapid heterotrophic propa-
gation. It is not necessary for the plant cells to synthesize
some biomolecules in large quantities; for example, the pho-
tosynthetic enzyme ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco). Inactivation of the genes responsible
for the biosynthesis of these biomolecules (through RNAi
or genome editing tools) may enable the cultured cells to
devote more resources and energy to the synthesis of tar-
get proteins (Schillberg et al. 2019). To make this “top-
down” engineering strategy work as expected, the genes to
be modulated should not be essential to the viability and
propagation of the plant cells. Even so, the knocked-out cell
lines may still undergo some morphological changes; thus,
some adjustments of the culture conditions, particularly the
medium composition, may need be made accordingly. On
the other hand, engineering exogenous biosynthesis machin-
ery into the plant cell genome may be a more readily achiev-
able strategy to increase protein productivity. Research has
been conducted to try and introduce the bacterial T7 expres-
sion system into plant systems, including the T7 RNA poly-
merase gene (in the plant genome) and the T7 promoter (in
a gene cassette), but this was done to little avail (McBride
et al. 1994; Nguyen et al. 2004).

Alternatively, reducing posttranslational degradation
would also contribute to the improved accumulation of tar-
get proteins in plant cells. Following the success of creating
the protease-deficient BY-2 cell line through the antisense
RNA technology, the efficient CRISPR/Cas9 genome edit-
ing tool can be applied to completely inactivate some of
these protease genes. Because plant cells produce several
hundred proteases, knocking out all of these protease genes
is certainly impossible. Therefore, it is more practical to cre-
ate protease-deficient mutants by targeting a specific protein
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that is accumulated in a specific compartment (the apoplast,
for example). This strategy relies on prior knowledge of the
specific classes of proteases that are likely lead to the degra-
dation of the target protein. This can be worked out by using
protease inhibitors for different classes of proteases to probe
the target protein (Mandal et al. 2014) and then merging the
experimental results with in silico analyses of the genomic
information of plant cells.

In addition to low productivity, other intrinsic properties
that halt the use of plant cell culture as a vital bioproduction
platform include cell aggregation, presence of large vacu-
oles, and difficulty in cryopreservation, all of which may be
overcome through cellular engineering. These problems can
largely be attributed to the distinctive cell wall structure of
plant cells, which is absent from animal cells. The cell wall
is essential to the survival of the plants growing in their nat-
ural habitats, as it provides structure, support, and protection
for the cells. However, for undifferentiated plant cells (e.g.,
BY-2 cells) grown in vitro and in a contained environment,
an intact cell wall structure may not be a necessity. Creat-
ing cell wall-deficient plant cell lines (e.g., cellulose-free
cell lines) through utilization of genome editing tools may
prevent cell aggregation and reduce vacuole size, thereby
largely overcoming those problems. However, due to gene
redundancy and pleiotropic effects in higher plants, creat-
ing loss-of-function mutants by simply knocking out target
genes may not produce a discernable phenotype. Therefore,
concerted efforts in both genome editing experiments and
bioinformatics analyses are required to achieve this goal.

Conclusions

In the past thirty years, great progress has been made in
plant cell culture technology, and some commercial suc-
cess have been achieved. However, there are still technical
challenges to be overcome before this new bioproduction
platform is widely used in commercial applications. The
engineering of plant cells through RNAIi or genome editing
technology is still in early stage of development, however, it
shows great potential in dealing with some challenges. Most
notably, new glycoengineered cell lines were successfully
created to enable the production of glycoproteins devoid of
plant-specific glycoepitopes. The next phase of development
will be leveraging bioinformatics tools and genome editing
technologies to identify the key genes responsible for the
traits of interest, and to create next-generation of cell lines
that show high productivity while exhibiting desired traits,
such as small vacuole, homogeneous cell culture system and
easy cryopreservation. These traits are beneficial for bio-
process development and industrial-scale production.
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