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Abstract
Antibodies are important products of the immune system to protect human lives against

viruses, bacteria, parasites, cancers, diseases and disorders. Since the beginning of 1980s,

therapeutic, research and diagnostic antibodies are produced from various tissue and bacterial

cells, but with the introduction of plants in the monoclonal antibody production significantly

changed the cancer and disease immunotherapy era. Plants offer superior benefits, compared

to mammalians cells to filamentous yeast, because plants are cheap, globally accessible, safe,

diverse, scalable, fast growing, sustainable, allows post-translational modifications, and not

restricted with genome size. With the growing interest and options in molecular biopharming

field, pharmaceutical plant-derived antibodies are produced and tested in human clinical trials

for their efficiency, safety and effectiveness. In this review, plants and species for antibody
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production has been highlighted with a significance given to tobacco species such as

Nicotiana tabacum and Nicotiana benthamiana. The current plantibody expression systems

have been discussed and most importantly Agrobacterium tumefaciens mediated plant

transformation system has been reviewed. Then, tobacco-derived promising therapeutic

monoclonal antibodies in human clinical trials in viral infections and human cancers are

investigated. Lastly, the challenges in molecular farming field for therapeutic monoclonal

antibodies discussed and future perspectives concluded for this exciting field.

Keywords: Agrobacterium tumefaciens, Recombinant Antibody, Plantibody, expression

systems, transfection, transformation

Introduction

An antibody (Ab) is a biologically active glycoprotein mainly produced by the adaptive

immune system in mammalians. The Ab is also called an immunoglobulin (Ig) which

classified into five subcategories: IgG, IgM, IgA, IgE and IgD. They all have a specific Fc

functioning region and Fab binding region to target antigens with high affinity and specificity

leading to physical or biological clearance of pathogens via blocking the activity of their

antigens [1, 2]. In the current era, these super functional proteins used in the research, tissue

reengineering, disease diagnosis and treatment, and drug delivery [3].

Globally, most therapeutic recombinant proteins produced in Escherichia coli

fermentations, Chinese Hamster Ovary, Pichia pastoris, murine myeloma cells or

Saccharomyces cerevisiae. In 1982, with the former expression system, human insulin was

produced [4, 5, 6]. According to recent Malaysian study, in 1989 plants have been introduced

for the production of therapeutic recombinant proteins [7] and in 2012 United States Food and

Drug Administration approved the first plant-derived therapeutic recombinant protein,

Elelyso (Taliglucerase alfa) for the Type 1 Gaucher disease treatment [8]. Currently,

therapeutic recombinant proteins, i.e. monoclonal antibodies (mAbs), are produced from

various heterogeneous expression systems including both gram-negative and gram-positive

bacteria, insects, protozoa, mammalian cells, yeast, plants, whole animal, and filamentous

fungi [3, 4, 9, 10].
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Mammalian cells are expensive to produce with limited genome size, time-consuming,

low product yield, challenging to grow and facing with safety concerns. Likewise, insects and

bacterial cells are similar to mammalian cells, but bacterial cells also lack post-translational

modifications. Due to these drawbacks, researchers focused on the production of therapeutic

mAbs from plants in the recent years as plants offering better advantages such as relatively

cheap to produce antibodies, with a high product yield, highly safe, allowing post-

translational modifications, efficient, sustainable, and not limited with genome size [1, 4, 7, 10-13].

In this study, the real significance of plant produced therapeutic antibodies reviewed.

Initially, currently used essential transient plants and production species outlined with their

benefits for therapeutic mAbs production. Next, current techniques used in the production of

therapeutic mAbs in plants discussed with their advantages and disadvantages. Then,

currently produced therapeutic mAbs from plants and those in trials examined. Lastly, the

challenges in molecular farming field for therapeutic mAbs discussed and future perspectives

concluded for this exciting field.

Plants and Production Species

In the recent years, with the developing technology and genetic engineering, plant

scientists and bioengineers focused on producing therapeutic recombinant antibodies from

plants, primarily focused on tobacco [3, 4, 14]. Due to plants offer superior and fascinating

features including a high level of stability, full availability and acceptance, cheap for

infrastructure, natural growth conditions, fast production times, low risk of pathogen

contamination, endotoxin-free, no ethical issues, more viable, well-documented and well-

understood manufacturing systems (Figure 1) [1, 4, 10, 13, 15-19].
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Figure 1: The simple diagram of plant cell and general advantages of plants for

recombinant antibody production

There are thousands of plant species in the world, but particular species used in the

production of antibodies. In molecular farming, these species divided into four distinct

categories: tobacco, legumes, fruits and vegetables, and cereals (Figure 2) [4, 10]. Tobacco is

the most frequently employed species for antibody production due to high leaf biomass yield,

fast growth, low cross-contamination risk, and massive seed production potential (Figure 2).

However, it includes phenols, nicotine and toxic alkaloids which are dangerous to human

health, and also tobacco products are N-linked glycosylated which affects the quality by

making the products unstable and susceptible to deteriorate early [4, 10].

Moreover, legumes such as soybean, pea, alfalfa are one of the most accessible resources

which eliminate the nitrogen need in fertilization, fixes atmospheric nitrogen, decreases the

cultivation expenses, have a tendency to produce homogenous N-glycans and have high

protein content in their seeds, e.g. peas (Figure 2). Conversely, the only limitation for this

plant system is that it does not produce large leaf biomass yield [20, 21]. On the other hand,
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fruits and vegetables including banana, tomato, lettuce, and potato offer minimal processing,

high biomass yield, stable at ambient temperature while not losing their efficacy, and oral

delivery (Figure 2) but face with difficulties in terms of dosing and quality [7, 22-24]. Compared

with these vegetables, Chinese cabbage produces the highest total soluble protein in its leaf

biomass, as stated in the Korean study [10].

Figure 2: The different plant production species and their specific benefits.

Furthermore, cereals, e.g. maize, wheat, rice, are also one of the vital plant systems in the

recombinant antibody production due to benefits they offer including their dry intercellular

environment, consisting of protein storage vesicles, decreased protease activity, and reduced

rate of non-enzymatic hydrolysis [20]. By giving an example, maize has the highest biomass

yield [10] and dry cereals, e.g. rice and wheat, have excellent protein stability and content, and

more specifically, rice lowers transgene transfer risk by its self-fertilizing feature [4, 23].

In molecular farming, it is well-known that both leaves and seeds are appropriate for

recombinant antibody production, which also offer numerous benefits and drawbacks. For

example, leaves have an active and complicated metabolism leading to elevated protease
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activity, whereas seeds have lower water storage thus provides stable and efficient protein

accumulation but requires extra energy to grind [20-21, 25]. The recent Korean study has been

extensively reviewed the recombinant antibody production in leaves e.g. tobacco and seeds

e.g. rice (Table 1), the two most common employed plant expression systems [10].

Table 1: The characteristic comparison between two most commonly utilized plant expression

systems, leaves and seeds.

Features Leaves Seeds

Industrial /

Mechanical

 Easy and simple transformation

capability

 Medium protein expression and

invention from leaf stem tissues

 Glycosylation with nuclear and

chloroplast transformations thus

decreasing flexibility of protein

expression

 Moderately easy and simple

transformation capability

 High protein expression and stable

storage in grains

 Glycosylation leads to great flexibility

in protein expression

Manufactural

 Reasonable Germplasm base

 Simple purification however tough

and more derivatives with tissue-

based generation

 Excellent Germplasm base

 Easy purification if endosperm is

targeted

 Restricted derivatives with grain

Regulation /

Management

o Hard seed manufacturing

o Decrease distribution by seed via

chloroplast transformation method

o Minimal 0.25 miles isolation distance

o Seed latency in the soil <24 months

o Interference required for crop

persistence

o Principally self-fertilises

o Simply low separation needs

o Requires control, mitigate and monitor

of the presence of weedy red rice

o Seed latency in the soil <24 months

o Interference required for crop

persistence

Environment  Specific protein dependant  Specific protein dependant

Food/Feed

 Non-food/feed crop

 No established food safety

 Risk is specific protein dependant

 Principally a food chop

 Not orally toxic

 Risk is specific protein dependant
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Expression Systems

There is a wide range of plant expression technologies that have developed and available

to produce recombinant antibody production from plant systems but mainly divided into two

major categories: transient or stable expression (Figure 3) [10]. The transient expression

system is the most commonly preferred platform for the expression of recombinant mAbs, in

which sub-divided into three systems: plant virus-based, expression vector-based and hybrid

(Figure 3) [5]. Moreover, the stable plant expression system is based on stable genetic

transformation either via biological or physical methods in which sub-divided into two

systems: nuclear transformation which further sub-divided as the expression in leaves, and in

seeds, and chloroplast transformation (Figure 3) [4]

Figure 3: Expression systems for recombinant plantibody

The nuclear expression system is a pure and most utilized stable expression platform of

plantibody production, which incorporate transgenes into the nuclear genomes via

transcription and translation in the nucleus and cytoplasm, respectively. With this platform, a

foreign antigen presented into the plant via either Agrobacterium tumefaciens facilitated

system, or biolistic gene gun facilitated system used to stimulate antibody secretion. However,

this basic nuclear transformation system faces some challenges, including low expression
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levels, gene silencing, laborious genetic manipulation process, and risk of transgene

contamination [4]. Moreover, the subtypes of this expression system have covered in Table 1,

with their characteristic features, including technical and productive feasibilities, containment,

environment and feed impacts.

Furthermore, the chloroplast expression platform introduces a transgene into the

chloroplast genome via particle gun, and this is why it is often called particle bombardment,

which is more beneficial compared to nuclear expression system. The main advantages of

chloroplast transformation technique include easy manipulation, low risk of gene transfer loss,

high level of expression, environment-friendly, resistant to gene silencing, excellent yields

because of the presence of multiple chloroplasts in each cell. However, chloroplast

expression platform is more difficult because of the double membrane barrier, and lack of

glycosylation pathway thus limits the plantibody production [22].

Over the past years, with the improvement and development in transient expression

platforms lead to recognition and application into the commercial production of recombinant

therapeutic antibodies. Overall, these expression systems have some beneficial features,

including being fast, inexpensive, easy manipulation, and high yield of antibodies. There are

three major transient expression systems: plant-virus based, expression vector-based and

hybrid vector-based [5]. Although transient expression systems superior to stable expression

platforms, there are some limitations, including limited scalability, and high-risk of gene

transfer into the environment [4].

In-plant virus-based technology, the gene of interest is injected into viral replication

components, followed by episomal amplification and translation in the cytosol, using RNA

plant viruses, e.g. Tobacco mosaic virus (TMV), Potato virus X (PVX), and Cowpea mosaic

virus (CPMV). The advantages of this platform are efficient and faster recombinant

therapeutic mAb expression, high yield of mAbs, systemic spread, and assembly of chimeric

virus particles [26]. For example, in 2008 TMV-based vector has been used in phase I clinical

trials for the patient-specific idiotype vaccine production for B-cell non-Hodgkin’s

Lymphoma therapy, which documented as safe and successful to induce tumour-specific

immune responses [27, 28].
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The second transient expression strategy is a vector-based platform, also known as

Agrobacterium-mediated genetic transformation (Figure 4), is the most commonly utilized

simple, powerful, rapid and effective method for mAb production with excellent yields [29].

This method employs agroinfiltration technique to induce transient gene expression, which

uses vacuum infiltration of recombinant Agrobacterium tumefaciens suspension into the leafy

plant tissue, which then expression of transgenes from the uninterrupted transfer DNA (T-

DNA), of tumour-inducing (Ti) plasmid. This expression platform allows producing

milligram amount of recombinant mAb within days compared to other expression platforms
[5].

Another transient expression platform depends on hybrid vectors, which combine the T-

DNA components and virus replication elements. This new hybrid platform employs

deconstructed virus strategies acquired from coat protein removed non-competing virus

strains, and also Agrobacterium as a transport mechanism for the complete delivery of the

resultant viral vectors to the whole plant. This hybrid strategy provides excellent expression

levels with huge yield, low expenses, super quick production, and low biosafety issues. For

example, German and American companies feature deconstructed TMV genome and

Agrobacterium tumefaciens, which infected plant cells promote cell to cell distribution and

the amplification of the transcription, magnICON and iBioLaunch systems, respectively [30].
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Figure 4: Simplified diagram of Agrobacterium tumefaciens and plant cell with schematic

demonstration of transfection and transformation of a plant cell by Agrobacterium tumefaciens. (1)

Phenolic compounds, e.g. acetosyringone, with both VirA (membrane receptor histidine kinase) and

VirG (response regulator) signalling systems induce the virulence genes on Ti-plasmid of T-DNA. (2)

Then, VirG phosphorylation takes place and (3) stimulation of the virulence gene operons (amino acid

derivatives consumed as nitrogen and energy by the bacteria). (4) VirD1/VirD2 complex attaches to

short 25 base pair imperfect repeats of T-DNA and (5) VirD2 remains covalently attached to the

single-stranded DNA and then transferred to plant cell via bacterial type IV secretion system (T4SS).

(6) In the meantime, via T4SS separate secretion of VirE2 takes place. (7) Upon entering to plant cell,
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VirD2 attaches to the plasma membrane and produces pores via translocation of T-DNA into the

cytosol (8) while VirE2 is still attached to the T-DNA. Subsequently, with both VirD2 and VirE2

nuclear localization signals, the nucleoprotein complex is moved into the nucleus. (9) Once the single-

stranded DNA enters the nucleus, it is then converted into the double-stranded DNA to integrate into

the plant genome. Then, produced transcripts are processed and transported into the cytosol for the

translation.

Produced Plantibodies: Clinical Trials

Since Early 1990s, therapeutic, research and diagnostic plantibodies are produced by

numerous expression systems from various of plant species [3]. However, Agrobacterium

tumefaciens mediated plant transformation system is most popular expression system in the

therapeutic mAbs and the most common plant group for plantibody expression is tobacco

(Nicotiana tabacum and Nicotiana benthamiana) in the modern world [3, 31]. There have been

many powerful and promising therapeutic mAbs in human clinical trials to investigate their

effectivity on various diseases and infections caused by viruses, human carcinomas and

human health [4]. Due to successful outcomes of these plantibodies in the molecular pharming,

there has been a sharp interest and continuous manufacturing, research and clinical trial

applications for wide range of produced plantibodies [5]. The diverse application of tobacco

derived therapeutic antibodies are summarised in Table 2.

Table 2: Plant-derived therapeutic and research recombinant antibodies

Antibody
Plant

Source

Biological

Target Application References

scFv Tobacco
Botulinum Toxin

Type-A

Anti-Botulinum toxin-A therapy

for Botulism and paralysis
[32]

scFv Tobacco*
SMMC7721 and

HepG2 cell lines
Hepatocellular cancer therapy [33]

IgG Tobacco** HIV HIV therapy [34]

IgG1 Tobacco* & ** HIV HIV therapy [31]

Secretory

IgA P2G12 Tobacco** HIV HIV therapy [35, 36]

IgG Tobacco** Ebola Virus Ebola Virus disease treatment [37-39]
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scFv-IgG Tobacco** West Nile Virus Anti-West Nile viral treatment [40]

IgG1 Tobacco**
Respiratory

Syncytial virus
Respiratory Syncytial virus therapy [41]

IgG2a Tobacco*
Tumour antigen

GA733-2
Colorectal cancer treatment [42]

IgG2a Tobacco*
Tumour antigen

Lewis Y

Breast and colorectal cancer

treatment [43]

Secretory

IgA Tobacco
Streptococcus

mutans

Prevention of bacterial tooth

decays [44]

scFv Tobacco*
Carcinoembryonic

antigen
Treatment of colon carcinoma [45]

IgG1 Tobacco* Rabies virus
Antiviral treatment for rabies

infection
[46]

IgG2b Tobacco** Rabies virus
Antiviral treatment for rabies

infection
[47]

IgG Tobacco* Rabies virus
Antiviral treatment for rabies

infection
[48]

HIV, Human immunodeficiency virus; scFv, single-chain Fragment variable.

* Nicotiana tabacum

** Nicotiana benthamiana

Challenges, Perspectives and Future Directions

Even though plants offer superior advantages for the production of therapeutic mAb

compared to animals, plants also have some drawbacks making including moderately long

cultivation periods [17], and lack of human N-glycosylation [10]. In recent years, to overcome

the glycosylation barrier between mammalian and plants, researchers focused on different

strategies to express plantibodies with mammalian-like glycosylation patterns. Initially,

endoplasmic reticulum-associated N-glycosylation results in oligomannose-type N-glycans,

which is identical with the mammalian glycosylation. Secondly, downregulation of  -1,2-

xylosyltransferase and  -1,3-fucosyltransferase via RNA interference causes reduction of

xylosylated and core-fucosylated N-glycans, making them similar to mammalian

glycosylation patterns [3].
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Each of the expression platforms has benefits and limitations compared to each other, and

these challenges faced by plant expression systems that must overcome before choosing the

most appropriate expression strategy for plantibody production. These are;

i. protein size and stability,

ii. correct folding and solubility,

iii. post-translational modifications, e.g. glycosylation,

iv. risk and safety concerns,

v. genetic engineering,

vi. transgene contamination into the environment,

vii. maximum yield and cost of processing,

viii. regulatory approval requirement, and

ix. optimum growth rate and conditions [4].

More importantly, when it comes to Agroinfiltration based transient expression system,

although it is superior to other mentioned expression systems, it requires specific conditions

and supplies. Such as, this platform needs two selected plasmids, one as a helper plasmid and

another as a binary T-DNA plasmid. Also, the addition of 2mM magnesium ion (Mg2+) is

needed, and an incubation temperature should be lower than 28°C to prevent damage to the

helper plasmid. Additionally, phenolic compounds at pH 5.6 are required to induce virulence

genes. Removal of excess liquid and gas exchange is necessary for the infiltrated leaves.

Lastly, post infiltration temperature should be maintained between 19-23°C for 3-6 days to

allow complete translation [1].

Conclusion

In conclusion, this study reviewed the therapeutic recombinant antibody production from

tobacco species including Nicotiana tabacum and Nicotiana benthamiana. Plants offer great

benefits for recombinant antibody production such as highly scalable, intrinsically safe,

globally accessible, low production costs, diverse species, and quick turnaround time.

Compared to legumes, cereals, fruits and vegetables, tobacco species more beneficial due to

higher biomass yield, massive seed production and rapid growth. Agrobacterium tumefaciens

mediated plant transformation system is mostly chosen platform in therapeutic mAb
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production from tobacco species. Experts in plant biology, biotechnology, genetic

engineering well-understood the characteristics and employment pathways of the plant

expression platforms for the recombinant mAb production, and their limitations and

challenges were also well-understood and well-documented. Therefore, in the coming years,

it is expected that large companies will employ these systems and plant species to produce

therapeutic recombinant antibodies for human disease and disorder treatment. More

importantly, expectations are to see a large number of therapeutic plantibodies in clinical

trials, with the effective overcoming the challenges of expression systems.
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