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Denosumab, an anti-receptor activator of nuclear factor-kappa B ligand antibody (anti-
RANKL), is a fully human monoclonal antibody (mAb) available for the treatment of 
osteoporosis. In the present study, an anti-RANKL mAb was transiently expressed using 
the geminiviral expression system in Nicotiana benthamiana, and the functional activity 
of the plant-produced mAb was determined. The highest expression level of the plant-
produced mAb was found at 8 days post-infiltration, and it was estimated to be 0.5 mg/g 
leaf fresh weight. The recombinant mAb from the plant crude extracts was purified by 
using Protein A affinity column chromatography. The plant-produced mAb demonstrated 
good in vitro affinity binding with human RANKL, as determined by RANKL-ELISA binding. 
The function of the plant-produced mAb was evaluated in vitro. CD14-positive cells 
isolated from human peripheral blood mononuclear cells (PBMCs) were cultured in vitro 
in the presence of human RANKL and macrophage-colony-stimulating factor (M-CSF) to 
stimulate osteoclastogenesis. The results demonstrated that plant-produced mAb could 
significantly decrease the number of osteoclasts compared to commercial denosumab. 
These results demonstrated that the plant-produced mAb has the potential to inhibit 
osteoclast differentiation and that it could be considered for osteoporosis treatment.

Keywords: receptor activator of nuclear factor kappa-B ligand, plant-produced monoclonal antibody, 
Nicotiana benthamiana, transient expression, osteoclastogenesis, denosumab

INTRODUCTION

Osteoporosis is a common skeletal disease caused by an imbalance in the bone remodeling 
process (or bone metabolism; Lewiecki, 2010b; Cosman et al., 2014). This disease can be characterized 
by low bone mineral density (BMD) and microarchitectural deterioration, leading to an increase in 
the risk of fracture (NIH Consensus Development Panel on Osteoporosis Prevention and Therapy, 2001). 
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Bone remodeling is an essential process that balances bone 
formation and bone resorption. In brief, osteoclast cells continuously 
resorb older and damaged bone, while osteoblast cells reconstruct 
new bone (Hadjidakis and Androulakis, 2006) to maintain a 
healthy skeleton by preventing microfractures (Sözen et al., 2017). 
During osteoporosis, the bone resorption rate is greater than 
the bone formation rate, which increases the risk of osteoporosis-
related fractures.

As shown in Figure  1A, the main factors regulating the 
mechanism of bone resorption are receptor activator of nuclear 
factor kappa B ligand (RANKL) and macrophage-colony-
stimulating factor (M-CSF), which are presented by osteoblasts. 
M-CSF activates the osteoclast precursors. RANKL binds to 

the receptor activator of nuclear factor kappa-B (RANK) on 
the cell surface of osteoclast precursors to stimulate active 
osteoclasts and increases the bone resorption rate (Ono et  al., 
2020). During the bone remodeling process, osteoprotegerin 
(OPG) acts as an antagonist of RANKL and is provided by 
osteoblasts. An imbalance in the RANKL/OPG ratio can cause 
osteoporosis and metabolic bone diseases.

Currently, there are many treatment agents that are commonly 
used to decrease osteoclast differentiation, osteoclastic bone 
resorption and the risk of osteoporotic fracture (Lewiecki, 2010a; 
Zaheer et  al., 2015; Tu et al., 2018). For instance, estrogen 
replacement therapy (ERT) is commonly used for postmenopausal 
osteoporosis (Wu et  al., 2012). Strontium ranelate (SR) has also 

A

B

FIGURE 1 | Bone remodeling process (A) Osteoclastic bone resorption pathway. Osteoblasts express receptor activator of nuclear factor-κB ligand (RANKL), and 
RANKL binds to the RANK receptor on the osteoclast precursor surface, inducing active osteoclasts. Osteoprotegerin (OPG) plays an important role in inhibiting the 
interaction of RANKL and RANK receptors to reduce osteoclast differentiation. (B) Mechanism of anti-RANKL mAb. The levels of osteoclast differentiation and 
activity were decreased via an anti-RANKL mAb, preventing the interaction between the RANKL and RANK receptors. Granulocyte-macrophage-colony-forming cell 
(GM-CFU), macrophage-colony-stimulating factor (M-CSF), and colony-stimulating factor-1 receptor (c-fms).
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been reported as a drug that can reduce the risk of fracture 
(Clarke, 2020). Moreover, the most widely used antiresorptive 
agent in osteoporosis treatment is bisphosphonates, which can 
stimulate the apoptosis of osteoclast cells to inhibit bone resorption, 
but the drug is poorly absorbed and can cause gastrointestinal 
(GI) side effects and osteonecrosis of the jaw (ONJ) on long-
term consumption (Domotor et  al., 2020). Currently, one of 
the biological agents for osteoporosis treatment is denosumab 
or anti-RANKL monoclonal antibody (mAb). This mAb was 
approved by the US FDA for treatment of postmenopausal 
osteoporosis with a high fracture risk, and it can reduce the 
risk of spine, hip, and nonvertebral fractures (Green, 2010; Deeks, 
2018). These mAbs are an alternative for patients who have 
upper GI problems, and they can prevent upper GI injury from 
bisphosphonates. Moreover, they are suitable for patients with 
impaired renal function (Anastasilakis et  al., 2018).

Denosumab is a fully human monoclonal antibody that has 
an approximate molecular weight of 147  kDa. It binds with 
high affinity to the RANKL, similar to OPG, to prevent the 
interaction between RANKL and RANK and decrease the rate 
of bone resorption (Makras et  al., 2015; Faienza et  al., 2018; 
Figure  1B). Recently, denosumab was produced from Chinese 
hamster ovary (CHO) cells. Although mammalian cells show 
beneficial effects in recombinant therapeutic protein production, 
such as producing properly folded and posttranslationally 
modified proteins (PTMs; Khan, 2013), this process has a high 
production cost, a complicated technology, limited scalability, 
and the possibility of contaminating the product with human 
and animal pathogens (Yin et al., 2007; Leuzinger et al., 2013).

There are many protein expression systems available, such as 
mammalian cells, yeast, and bacteria, to produce recombinant 
therapeutic proteins. There are some drawbacks to each system. 
For instance, the bacterial expression system is a commonly used 
platform for producing recombinant proteins. The major drawback 
associated with the prokaryotic system is the lack of appropriate 
PTMs that may result in incorrect protein folding (Balamurugan 
et  al., 2006). In contrast, mammalian cells have many beneficial 
aspects, but the production cost is high (Yin et al., 2007; Leuzinger 
et  al., 2013). For yeast systems, there are many advantages, such 
as a rapid growth rate, the requirement for a simple growth 
medium, and the ability to perform PTMs. However, this system 
has some limitations, such as hyperglycosylation and complicated 
downstream processes (Gomes et al., 2016). For insect cell systems, 
there is a possibility of contamination with mammalian viruses, 
and also, proteases in the host cell might cause protein degradation 
(Hejnaes and Ransohoff, 2018).

To overcome these limitations, a plant-based production 
system is an alternative platform for recombinant therapeutic 
protein production. Plant expression platforms have several 
advantages over traditional expression platforms. For instance, 
plants present a lower production cost, an excellent scale-up 
capacity, and the lack of the chance of contaminating the product 
with human or animal pathogens (Pogue et al., 2010; Phoolcharoen 
et  al., 2011; Xu et  al., 2011; Chen et  al., 2013; Leuzinger et  al., 
2013; D’aoust et  al., 2017; Rattanapisit et  al., 2017, 2020; 
Shanmugaraj et  al., 2020a). Moreover, plants have the ability 
to perform PTMs, such as glycosylation, disulfide bond formation, 

phosphorylation, or proteolytic processing. PTMs play important 
roles in protein folding, conformational stability, and activity 
(Xu et  al., 2011; Uversky, 2013; Zhang et  al., 2017).

Because of its many advantages over other expression systems, 
the plant expression system could be  an alternative platform 
that is suitable for producing recombinant proteins for therapeutic 
purposes. Therefore, this study aimed to transiently express 
anti-RANKL mAb in Nicotiana benthamiana. The production 
time of the plant-produced mAb was optimized to obtain the 
highest expression level. Moreover, the functional activity of 
the plant-produced mAb was also examined. The results indicate 
that the plant-produced mAb has the potential to bind with 
high affinity to human RANKL, and it can inhibit the 
differentiation and proliferation of osteoclasts.

MATERIALS AND METHODS

Construction of a Plant Expression Vector 
for Producing Anti-RANKL mAb
The amino acid sequences of the heavy chain (HC) and light 
chain (LC) of anti-RANKL (DrugBank accession number: 
DB06643; Supplementary Figure S1) were codon-optimized for 
N. benthamiana, and the gene sequences were synthesized (Bioneer, 
South Korea). The signal peptide (MGWSCIILFLVATATGVHS) 
was added to the amino terminus (N-terminus), and SEKDEL 
was added to the carboxyl terminus (C-terminus) of both the 
HC and LC. The synthesized gene was digested with XbaI and 
SacI restriction enzymes (New England Biolabs, United Kingdom), 
and the digested products were gel-extracted and purified. In 
this study, a geminiviral expression vector (pBYR2eK2 Md; 
pBYK-2e; Chen et  al., 2011) was used as an expression vector 
that was kindly provided by Prof. Hugh S. Mason, Arizona 
State University, United  States. The gel-extracted product was 
then ligated into pBYK-2e by using T4 DNA ligase (New England 
Biolabs, United  Kingdom), as shown in Figure  2A. The 
recombinant vector was further transformed into Escherichia 
coli strain DH10B by heat shock (Froger and Hall, 2007) and 
then transformed into Agrobacterium tumefaciens strain GV3101 
via electroporation. Agrobacterium clones were confirmed by 
PCR using gene-specific forward and reverse primers. The PCR 
cycling conditions were as follows: an initial denaturation at 
94°C for 2  min, followed by 35  cycles of 94°C for 30  s, 55°C 
for 30  s, and 72°C for 30–60  s, and a final extension at 72°C 
for 5 min. Taq DNA polymerase (Vivantis Technologies, Malaysia) 
was used for amplification, and the PCR products were separated 
on 1% agarose gel. Positive Agrobacterium clones were used for 
further experiments.

Transient Expression of Anti-RANKL mAb 
in N. benthamiana
Agrobacterium tumefaciens harboring the plant expression vector 
containing either HC or LC was cultured on selective Luria–
Bertani (LB) medium containing 50 μg/ml rifampicin, gentamicin, 
and kanamycin and then incubated at 28°C overnight with 
continuous shaking at 200  rpm. After incubation, the bacterial 
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suspension was centrifuged at 4,000 g for 10  min, and the 
pellet was resuspended in infiltration buffer [10  mM 
2-N-morpholino-ethanesulfonic acid (MES) and 10 mM MgSO4, 
pH 5.5] to obtain a final optical density (OD600) of 0.4. Then, 
an Agrobacterium suspension containing HC and LC was mixed 
equally and co-infiltrated into 6- to 8-week-old wild-type N. 
benthamiana by syringe infiltration and incubated at 28°C with 
a 16-h light/8-h dark cycle. The infiltrated leaves were harvested 
at 2, 4, 6, 8, and 10  days post-infiltration (dpi), and ELISA 
was performed for protein quantification. The large-scale 
production of mAb was performed by using vacuum infiltration.

Anti-RANKL mAb Extraction and 
Expression-Level Quantification
The infiltrated leaves were harvested at the appropriate dpi 
and extracted with 1x phosphate-buffered saline (PBS; 137 mM 
NaCl, 2.68 mM KCl, 10.1 mM Na2HPO4, and 1.76 mM KH2PO4, 
pH 7.4). The plant crude extract was centrifuged at 26,000  g 
for 40  min at 4°C to remove the cell debris. Sandwich ELISA 
was performed to quantify the plant-produced mAb expression 
level. Briefly, 96-well ELISA plates (Greiner Bio One GmbH, 
Austria) were coated with 50  μl anti-human IgG-Fc fragment-
specific (Abcam, United  Kingdom) prepared at 1:1,000  in 1x 

PBS (pH 7.4) and incubated overnight. Then, the plates were 
washed with 1x PBST (1xPBS containing 0.05% Tween-20) 
three times and blocked with 200  μl 5% skim milk in 1x 
PBS. After washing three times with 1x PBST, the plate was 
coated with commercial denosumab (AMGEN, United  States) 
or plant-produced mAb at varying dilutions in 1x PBS and 
incubated at 37°C for 2 h. Each sample was loaded in triplicate 
wells of an ELISA plate. Then, the plate was washed three 
times with 1x PBST followed by HRP-conjugated anti-human 
kappa antibody (Southern Biotech, United States) with a dilution 
of 1:1,000  in 1x PBS and incubated for 1  h at 37°C. Then, 
the plate was washed three times with 1x PBST and developed 
by adding SureBlue™ TMB 1-Component Microwell Peroxidase 
Substrate (Promega, United  States). To stop the reaction, 1  M 
H2SO4 was added, and the absorbance was measured using a 
microplate reader at an optical density of 450  nm (OD450).

Purification of Anti-RANKL mAb
The crude extract from the infiltrated leaves was clarified by 
centrifugation, and the supernatant was filtered through a 0.45-
micron filter (Millipore Sigma, United  States) before loading 
into a Protein A affinity chromatography column. Amintra® 
Protein A Resin (Expedeon, United Kingdom) was packed into 

A

B

FIGURE 2 | (A) Schematic representation of the geminiviral expression vector. P35S, Cauliflower mosaic virus (CaMV) 35S promoter; TMVΩ 5'-UTR, tobacco 
mosaic virus Ω 5' untranslated region; anti-RANKL mAb gene, anti-receptor activator of nuclear factor Kappa-B ligand monoclonal antibody; HC and LC, heavy and 
light chains of the antibody; SP, signal peptide; SEKDEL, C-terminal endoplasmic reticulum (ER) retention signal peptide; Ext3' FL, 3' full length of the tobacco 
extension gene; C2/C1, C1 and C2 gene of Bean Yellow Dwarf virus (BeYDV) for replication initiation protein (Rep) and RepA; p19, p19 gene from Tomato Bushy 
Stunt Virus (TBSV); LIR, long intergenic region of BeYDV genome; SIR, short intergenic region of BeYDV genome; LB and RB, left and right borders of the 
Agrobacterium. (B) Schematic and structural elements of heavy chain (HC), light chain (LC), and assembled plant-produced anti-RANKL mAb.
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the column and equilibrated with 1x PBS (pH 7.4). After 
equilibration, the filtered crude extract was loaded on the 
column, and the column was further washed with 1x PBS 
(pH 7.4). The protein was eluted with elution buffer (0.1  M 
glycine, pH 2.7) and neutralized with 1.5  M Tris-HCl (pH 
8.8). Then, the purified protein was separated by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE), followed 
by either staining with Coomassie Brilliant Blue (AppliChem, 
Germany) or carrying out western blotting.

SDS–PAGE and Western Blotting
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and 
western blotting were performed to determine the purity of 
the plant-produced mAb. Commercial denosumab (AMGEN, 
United States) was used as a positive control. The samples were 
analyzed under reducing and nonreducing conditions. For 
nonreducing conditions, loading buffer [125  mM Tris-HCl pH 
6.8, 12% (w/v) SDS, 10% (v/v) glycerol, and 0.001% (w/v) 
bromophenol blue] was added, and the sample was denatured 
at 95°C for 5  min. The denatured samples were separated on 
6–10% polyacrylamide gels. For reducing conditions, the sample 
was mixed with a loading buffer containing 22% 
β-mercaptoethanol, denatured at 95°C for 5  min, and then 
separated on 15% polyacrylamide gels. The polyacrylamide gels 
were stained with Coomassie Brilliant Blue (AppliChem, 
Germany), and the bands were visualized. For western blot 
analysis, the separated protein in the polyacrylamide gel was 
transferred to a nitrocellulose membrane (Bio-Rad, United States). 
The membrane was blocked with 5% skim milk in 1x PBS 
(pH 7.4) and then incubated either with HRP-conjugated anti-
human gamma antibody (The Binding Site, United  Kingdom) 
or with HRP-conjugated anti-human kappa antibody (Southern 
Biotech, United  States) at a 1:5,000 dilution in 3% skim milk 
prepared in 1x PBS (pH 7.4). After incubation, the membrane 
was washed three times with 1x PBST, and the membrane was 
developed with Amersham ECL prime western blotting detection 
reagent (GE Healthcare, United  Kingdom).

N-Glycan Analysis of the Plant-Produced 
mAb
The purified plant-produced mAb was separated on 15% 
polyacrylamide gels under reducing conditions and stained 
with Coomassie Brilliant Blue (AppliChem, Germany), and the 
bands were visualized. The HC was excised from the gel, 
S-alkylated, and digested with trypsin. The tryptic glycopeptides 
were analyzed by using liquid chromatography–electrospray 
ionization–mass spectrometry (LC–ESI–MS) as described 
previously in a study by Strasser et  al. (2008).

Antibody Structure Characterization
Structure characterizations were performed using CD and NMR 
spectroscopic techniques. For CD spectroscopy, plant-produced 
mAb (10  μM) was dissolved in PBS buffer (pH 7.4). The CD 
spectra were recorded at room temperature using a quartz 
cell with a 1  mm optical path length on a J-720  W CD 
spectropolarimeter (JASCO, Tokyo, Japan). For NMR 

spectroscopy, NMR samples (100  μM) of plant-produced mAb 
were dissolved in a PBS buffer (pH 7.4) containing 10% v/v 
D2O. NMR spectra were recorded on a Varian Unity INOVA 
600 spectrometer (Varian, Palo Alto, CA, United  States).

Binding Efficiency of Plant-Produced mAb 
to Human RANKL Protein
To investigate the binding activity of plant-produced mAb, a 
96-well ELISA plate (Greiner Bio One GmbH, Austria) was 
coated with 3  μg/ml human RANKL protein (ProSpec-Tany 
TechnoGene Ltd., Israel) and incubated at 37°C for 4  h. Then, 
the plate was blocked with 200  μl of 5% skim milk (BD, 
Franklin Lakes, NJ, United  States) in 1x PBS at 37°C for 2  h 
and washed three times with 1x PBST. Serial dilutions of plant-
produced mAb, commercial denosumab (as a positive control), 
and human IgG1 kappa isotype antibody (Abcam, 
United  Kingdom) were added to triplicate wells and incubated 
at 37°C for 2  h. After washing three times with 1x PBST, the 
plate was coated with HRP-conjugated anti-human gamma 
antibody (The Binding Site, United  Kingdom) in 1x PBS at 
1:1,000 and incubated at 37°C for 1  h. Then, the plate was 
developed by adding SureBlue™ TMB 1-Component Microwell 
Peroxidase Substrate (Promega, the United  States), and the 
reaction was stopped by 1  M H2SO4. Then, the absorbance 
was measured using a microplate reader at an optical density 
of 450  nm (OD450).

Functional Evaluation of the  
Plant-Produced mAb
Isolation of CD14+ Monocytes
Human peripheral blood mononuclear cells (PBMCs) were 
isolated from buffy coats obtained from The Thai Red Cross 
Institute. Briefly, the buffy coats were diluted with equal amounts 
of Dulbecco’s phosphate-buffered saline (DPBS) containing 2% 
fetal bovine serum (FBS; Thermo Fisher Scientific, United States). 
The diluted buffy coats were gently overlaid onto Ficoll-Paque 
PLUS (GE Healthcare, United  Kingdom) and centrifuged at 
400 g for 30 min without braking. After centrifugation, PBMCs 
at the interface between the plasma and the Ficoll-Paque PLUS 
were collected and washed with ice-cold DPBS containing 2% 
FBS. CD14+ monocytes were isolated from the PBMCs by 
incubation with MACS CD14+ microbeads (Miltenyi Biotec, 
Germany) for 15  min at 4°C. The cells were washed with 
buffer (DPBS containing 0.5% BSA and 2  mM EDTA) and 
passed through a MACS cell separator. The CD14+ monocytes 
were collected for further experiments.

Induction of Osteoclast and Inhibition
To induce osteoclasts, CD14+ monocytes were seeded at a 
density of 1  ×  106 cells/well in 24-well plates and cultured in 
1  ml of α-minimal essential medium (α-MEM; Thermo Fisher 
Scientific, United  States) containing 50  ng/ml M-CSF and 
100 ng/ml human RANKL protein (ProSpec-Tany TechnoGene 
Ltd., Israel). The inhibitory experiments were performed by 
the addition of either plant-produced mAb or commercial  
denosumab (AMGEN, United  States) to obtain a final 
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A

B

FIGURE 3 | Transient expression of anti-RANKL mAb in Nicotiana benthamiana leaves. (A) Phenotype of leaves on days 2, 4, 6, 8, and 10 after agroinfiltration. 
(1) N. benthamiana leaves were co-infiltrated with Agrobacterium tumefaciens harboring pBYK-2e-anti-RANKL HC + LC and (2) A. tumefaciens without an 
expression vector. (B) Infiltrated leaves were harvested on days 2, 4, 6, 8, and 10 from three individual plants each day post-infiltration and quantified by ELISA. 
The data are shown as the mean ± standard deviation (SD) of triplicate.

concentration of 500 ng/ml. The anti-SARS-CoV mAb CR3022 
(500  ng/ml; Rattanapisit et  al., 2020) was used as a control. 
Fifty percent of the medium was replaced every 3  days with 
fresh medium containing 50  ng/ml M-CSF, 100  ng/ml human 
RANKL protein, and 500  ng/ml each of plant-produced mAb, 
denosumab, or CR3022 mAb, and the cultures were then 
maintained for 15  days. The experiment was performed 
in triplicate.

Tartrate-Resistant Acid Phosphatase Staining
Tartrate-resistant acid phosphatase staining (TRAP) was carried 
out using a commercial kit (Takara Bio, Japan). TRAP-positive 
multinucleated cells containing more than three nuclei were 
identified as osteoclasts and were counted under a microscope. 
Four fields were randomly selected, and pictures were taken 
by using Axio Observer Z1 and ZEN pro (ZEISS International, 
Oberkochen, Germany).

Statistical Analysis
The data are presented as the mean ± SEM. To assess the 
statistical significance of the differences, an unpaired two-sample 
t-test was performed, with values of p  ≤  0.0001 considered 
statistically significant.

RESULTS

Transient Expression of Anti-RANKL mAb 
in N. benthamiana Leaves
To produce an anti-RANKL mAb, the nucleotide sequences of 
the HC and LC were modified with N. benthamiana-optimized 
codons. The genes were cloned into a geminiviral expression 
vector (pBYR2eK2 Md; pBYK-2e) using XbaI and SacI restriction 
sites and subsequently electroporated into A. tumefaciens strain 
GV3101. Wild-type N. benthamiana leaves were co-infiltrated 
with A. tumefaciens harboring pBYK-2e-anti-RANKL HC and 
LC to produce assembled antibodies, including 2HC and 2 LC 
(Figure  2B). After agroinfiltration, strong leaf necrosis was 
observed, which was related to days post-infiltration (dpi; 
Figure  3A). The plant-produced mAb was expressed at the 
highest level at 8 dpi, up to 0.5 mg/g leaf fresh weight (Figure 3B).

Purification of Anti-RANKL mAb From 
N. benthamiana Leaves
The plants were vacuum-infiltrated, and then the infiltrated leaves 
were harvested at the appropriate time point. The plant-produced 
mAb was purified from the plant crude extract using Protein A 
affinity column chromatography. SDS–PAGE and western blotting 
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were performed to verify the purified plant-produced mAb. The 
SDS–PAGE gel was stained with Coomassie Brilliant Blue stain 
to visualize the separated protein bands. Western blotting was 
performed with anti-human gamma-HRP and anti-human 
kappa-HRP antibodies. For nonreducing conditions, the assembled 
antibody was confirmed to be in a tetrameric form with a molecular 
size of approximately 150 kDa, similar to the commercial denosumab 
(Figures  4A–C, Lanes 1 and 2).

Thus, the HC and LC of anti-RANKL mAb can be produced 
in N. benthamiana leaves. In reducing conditions, the protein 
bands were detected at molecular sizes of approximately 50 
and 25  kDa, which correspond to the HC and LC of the 
antibody, similar to the commercial denosumab (Figures 4D–F, 
Lanes 1 and 2). No protein band was observed in the wild-
type control leaf extract as expected [Figures 4A–F, Lane (−)]. 
These results indicated that the co-infiltration of genes encoding 
HC and LC produced the assembled anti-RANKL mAb in 
N. benthamiana leaves.

N-Glycan Analysis of Plant-Produced mAb
Liquid chromatography–electrospray ionization–mass spectrometry 
was performed for the analysis of the glycopeptides from the 
plant-produced mAb. The results indicated that the mAb displays 

mainly oligomannosidic N-glycans (Man5-Man9) and small 
amounts of complex-type and truncated N-glycans (e.g., GnGnXF), 
as shown in Figure  5.

Antibody Structure Characterization
The secondary and tertiary structures of the plant-produced 
mAb were examined by using CD and NMR spectroscopy 
techniques. CD spectrum analysis indicated a negative absorbance 
at 218  nm, which represents the typical β-sheet structure. In 
1H-NMR spectroscopy, since the signals of up-field methyl 
and dispersed aromatic protons were observed, the tertiary 
structures were retained. Consequently, the plant-produced mAb 
has a β-sheet-rich structure similar to the immunoglobulin-fold 
(Figure  6).

Binding Properties of Plant-Produced mAb 
to Human RANKL
Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL)-
ELISA binding analysis was performed to examine the specific 
binding between the plant-produced mAb and human RANKL. 
Serial dilutions of purified plant-produced mAb, standard human 
IgG1 (as a negative control), and commercial denosumab (as 

A B C

D E F

FIGURE 4 | Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) of purified plant-produced anti-RANKL mAb under nonreducing conditions 
and reducing conditions. Crude extracts from the infiltrated leaves were purified by a Protein A affinity chromatography column. The purified product was analyzed 
by SDS–PAGE staining with Coomassie Blue (A,D). For western blot analysis, the separated proteins in the polyacrylamide gel were transferred to a nitrocellulose 
membrane, and the membrane was detected with either HRP-conjugated anti-human gamma chain antibody (B,E) or anti-human kappa chain antibody (C,F). Lane 
M, Protein ladder; Lane (−), Wild-type crude extract; Lane 1, Commercial denosumab; Lane 2, Purified plant-produced anti-RANKL mAb.
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FIGURE 5 | Liquid chromatography–electrospray ionization–mass spectrometry (LC–ESI–MS) of tryptic glycopeptides from anti-RANKL monoclonal antibody (mAb) 
produced in wild-type N. benthamiana plants (see www.proglycan.com for a detailed explanation of the glycan structure abbreviations.)

A B

FIGURE 6 | (A) Far-UV CD spectrum of plant-produced anti-RANKL mAb at 25°C. (B) 1H NMR spectrum of plant-produced anti-RANKL mAb at pH 7.5 and 25°C.

a positive control) were incubated with captured human RANKL 
in a 96-well plate. Commercial denosumab and plant-produced 
mAb presented signals when detected with anti-human 
gamma-HRP. These results demonstrated that both the commercial 
denosumab and the plant-produced mAb had the potential to 
bind to human RANKL, while human IgG1 did not show 
binding properties (Figure  7).

In vitro Functional Analysis
To examine the effect of plant-produced mAb on 
osteoclastogenesis, CD14+ monocytes were cultured with essential 

factors, including M-CSF (50  ng/ml) and human RANKL 
protein (ProSpec-Tany TechnoGene Ltd., Israel; 100  ng/ml). 
As shown in Figure 8A, CD14+ cells differentiated into osteoclasts 
as judged by their multinucleated appearance and positive 
staining of TRAP. The addition of both plant-produced mAb 
and commercial denosumab significantly reduced osteoclast 
differentiation at a dose of 500  ng/ml (p  ≤  0.0001) compared 
with the control condition of adding M-CSF and RANKL. 
Comparable effects of both antibodies were found. In contrast, 
the addition of the plant-produced mAb CR3022 did not affect 
osteoclast formation (Figure  8B).
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DISCUSSION

Currently, the majority of therapeutic proteins, including vaccines, 
antibodies, and biologics, are produced from mammalian and 
microbial platforms. However, there are some drawbacks of 
these technology platforms, such as a lack of PTMs, high 
production cost, and scalability limitations. Recently, plants 
have been considered as bioreactors that can overcome this 
problem because they can efficiently produce large volumes 
of recombinant proteins, can perform PTMs, and can increase 
production cost-effectiveness (Uversky, 2013; Tusé et  al., 2014; 
Chen and Davis, 2016; Chen, 2018; Shanmugaraj and 
Phoolcharoen, 2021).

There are many plant-produced proteins that are at different 
stages in clinical trials, and a few have been approved by 
the FDA. For instance, alpha-galactosidase-A (moss-aGal) has 

been used for Fabry disease (phase 1; Veen et  al., 2020), 
HIV-neutralizing human mAb 2G12 (phase 1; Tremouillaux-
Guiller et al., 2020), HA VLP influenza vaccine (phase 2; Pillet 
et al., 2019), anti-Ebola IgG cocktail (ZMApp) for the treatment 
of Ebola infection (phase 2/3; Davey et  al., 2016) and 
glucocerebrosidase enzyme (ELELYSO) for Gaucher’s disease 
(Fox, 2012). N. benthamiana is the preferred plant system for 
recombinant protein expression. This plant is genetically well 
known and easily manipulated, is a nonfood/nonfeed crop, 
and produces high biomass (Xu et  al., 2012).

In this study, an anti-RANKL mAb was produced in 
N. benthamiana and its biological activity was investigated. 
The results showed that the mAb can be transiently expressed 
in N. benthamiana by using a geminiviral replicon vector. 
The geminiviral expression system was modified from the 
genome structure of the bean yellow dwarf virus to improve 

FIGURE 7 | Binding properties of plant-produced anti-RANKL mAb to human RANKL. ELISA was used to investigate the specific binding. The purified plant-
produced mAb, standard human immunoglobulin G (IgG)1 (as a negative control), and commercial denosumab (as a positive control) were added to the plates 
coated with commercial human RANKL. The binding activity of antibody was detected with HRP-conjugated anti-human gamma chain antibody. The data are 
shown as the mean ± SD of triplicates.

A B

FIGURE 8 | Plant-produced anti-RANKL mAb suppresses osteoclast differentiation. CD14+ monocytes were cultured under different conditions for 15 days 
following (1) control, (2) M-CSF and RANKL, (3) 500 ng/ml plant-produced anti-RANKL mAb, (4) 500 ng/ml commercial denosumab, and (5) 500 ng/ml plant-
produced mAb CR3022. (A) Representative images of TRAP staining. (B) Quantification of TRAP+ osteoclasts is shown as the mean and SEM of triplicate 
∗∗∗∗p ≤ 0.0001.
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the protein expression level (Chen et  al., 2011). Previous 
studies have shown that many recombinant proteins can 
be  transiently expressed from geminiviral replicon systems. 
For instance, enterotoxin B and the Ebola immune complex 
(EIC; including additional antigens or mAbs produced by 
using a geminiviral vector) were successfully expressed in 
N. benthamiana by using a geminiviral vector (Hefferon and 
Fan, 2004; Phoolcharoen et  al., 2011). Rattanapisit et  al. 
(2017) reported that the geminiviral expression system could 
be  used to produce human osteopontin and showed the 
potential of recombinant osteopontin to induce periodontal 
ligament differentiation. Recently, the receptor-binding domain 
(RBD) of SARS-CoV-2 and the anti-SARS-CoV mAbs, CR3022, 
H4, and B38, were rapidly produced in N. benthamiana 
during the COVID-19 pandemic (Rattanapisit et  al., 2020; 
Shanmugaraj et  al., 2020b).

The nucleotide sequences of the anti-RANKL mAb were 
optimized with N. benthamiana codon usage to enhance 
recombinant protein expression, and the Ser-Glu-Lys-Asp-
Glu-Leu (SEKDEL) sequences were added to the C-terminus 
to retain the plant-produced mAb in the endoplasmic reticulum 
(ER). The ER could ensure its proper folding and the assembly 
structure of antibodies with correct disulfide bond formation 
and glycosylation (Kleizen and Braakman, 2004; Braakman 
and Bulleid, 2011; Aebi, 2013). Furthermore, the expression 
level of the antibody was improved by adding SEKDEL to 
the amino acid sequence (Petruccelli et  al., 2006) because 
the ER compartment is appropriate for protein retention 
due to a lack of proteases that can degrade the 
recombinant protein.

As shown in the results, the plant-produced mAb was 
expressed with the highest expression level of up to 0.5  mg/g 
fresh weight at 8 dpi (Figure  3B). Previously, some studies 
demonstrated that the production time of recombinant protein 
in plants was different and dependent on many factors, 
including the protein expression system and the specific protein 
molecules. Sheludko et al. (2007) indicated that the maximum 
rGFP expression level in plants obtained from the CaMV 
35S promoter system with co-expression of TBSV P19 at 
3  dpi remained constant until 8  dpi. Furthermore, transient 
expression of the recombinant EIC in N. benthamiana using 
a geminiviral vector was found to attain a maximum level 
at 4  dpi (Phoolcharoen et  al., 2011).

In this study, N-glycan analysis of the mAb produced from 
wild-type N. benthamiana showed that it mainly had 
oligomannosidic N-glycans and minor amounts of complex-
type N-glycans (Figure  5). The oligomannosidic structures are 
derived from limited processing of the N-glycans due to the 
retention of the mAb in the ER. The minor amounts of processed 
complex N-glycans are likely caused by incomplete retention 
and overload of the KDEL-mediated Golgi-to-ER retrieval 
pathway. The commercial denosumab produced in CHO cells 
displays complex N-glycans with a core α1,6-fucose that are 
typically found on secreted recombinant mAbs produced in 
mammalian cells. The N-glycan processing pathway in the 
Golgi apparatus differs between plants and mammals, which 
results in the presence of different N-glycan modifications on 

secreted recombinant glycoproteins (Gomord et al., 2004; Saint-
Jore-Dupas et  al., 2007; Schähs et  al., 2007; Strasser, 2016; 
Montero-Morales and Steinkellner, 2018; Schoberer and Strasser, 
2018). β1,2-Xylose of the conserved core complex N-glycan is 
not present in mammalian N-glycans. In addition, plant N-glycans 
also attach plant-specific α1,3-fucose residues to the complex 
core N-glycan instead of the core α1,6-fucose found in mammals. 
It is well established that the absence of the core α1,6-fucose 
reduces the affinity of the Fc domain of mAbs to bind to 
distinct Fc receptors that modulate the immune response (Wang 
and Ravetch, 2019). According to Stelter et  al. (2020), a 
recombinant mAb with plant-specific N-glycans displayed reduced 
binding to Fcγ receptors, indicating that the plant-specific core 
α1,3-fucose has a similar effect. To prevent the attachment of 
these plant-specific complex N-glycan modifications, the plant-
produced anti-RANKL mAb was designed to be  retained 
in the ER.

In this study, we  did not investigate the role of different 
N-glycans in the function of plant-produced anti-RANKL mAb. 
However, the proof-of-concept study shows that the plant-produced 
anti-RANKL mAb with primarily oligomannosidic N-glycans 
has comparable bioactivity to the commercial denosumab produced 
in a mammalian cell. In future studies, the role of different 
N-glycan modifications on osteoclast inhibition will be investigated 
using well-established glycoengineering approaches (Montero-
Morales and Steinkellner, 2018; Schoberer and Strasser, 2018; 
Stelter et  al., 2020).

A previous study showed that commercial denosumab 
provided the ability to bind specifically to human RANKL 
but not murine RANKL, human TRAIL, or other human 
TNF family members. In this study, a RANKL-ELISA binding 
assay, conducted according to Kostenuik et  al. (2009), was 
performed to investigate the in vitro binding of the plant-
produced mAb in comparison with commercial denosumab. 
The results showed that plant-produced anti-RANKL mAb 
demonstrated good binding potential to human RANKL, while 
the commercial antibody presented a higher binding signal 
and the standard human IgG1 (as a negative control) did 
not show any binding signal (Figure  7). As shown in 
Supplementary Figure S1, the anti-RANKL mAb amino acid 
sequences obtained from DrugBank (accession number: 
DB06643) were different from the commercialized antibody 
in the patent (Robblee et  al., 2017). Therefore, the difference 
in amino acid sequences might have an impact on its 
binding affinity.

The bioactivity of plant-produced mAb on osteoclast 
inhibition was investigated. Human PBMCs were isolated 
and induced to differentiate into osteoclasts by M-CSF and 
RANKL. The cultures were treated with each plant-produced 
mAb, commercial denosumab, and mAb CR3022 (negative 
control). Our results indicated that plant-produced mAb and 
commercial denosumab both had the potential to inhibit 
osteoclast differentiation at the same concentration when 
tested on the CD14+ cells in vitro, whereas no inhibition 
potential was shown with mAb CR3022 (Figures 8A,B). This 
result was consistent with an earlier study that demonstrated 
that commercial denosumab could inhibit osteoclast 
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differentiation in vitro at concentrations up to 3  nM 
(approximately 500  ng/ml; Kostenuik et  al., 2009).

In summary, the results showed that plant-based expression 
systems can rapidly produce an assembled anti-RANKL 
mAb in N. benthamiana. The optimal production period 
was 8 dpi, with the highest expression level reaching 0.5 mg/g 
leaf fresh weight. There was good binding efficacy between 
plant-produced mAb and human RANKL. The functional 
in vitro study demonstrated that the plant-produced mAb 
reduced osteoclast differentiation. Therefore, these results 
may support the concept of a cost-effective and rapid 
production platform for anti-RANKL mAb and other 
biopharmaceutical products. However, an in vivo study should 
be  performed to further confirm the efficacy and safety of 
the plant-produced mAb.
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