
RESEARCH ARTICLE

Neutralizing activity of anti-respiratory syncytial virus monoclonal antibody 
produced in Nicotiana benthamiana
Nuttapat Pisuttinusarta,b, Kaewta Rattanapisitc, Chanya Srisaowakarnd, Arunee Thitithanyanontd, Richard Strassere, 
Balamurugan Shanmugarajc,f, and Waranyoo Phoolcharoen a,b

aDepartment of Pharmacognosy and Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Chulalongkorn University, Bangkok, Thailand; 
bCenter of Excellence in Plant-Produced Pharmaceuticals, Chulalongkorn University, Bangkok, Thailand; cDepartment of Research and Development, 
Baiya Phytopharm Co., Ltd., Bangkok, Thailand; dDepartment of Microbiology, Faculty of Science, Mahidol University, Bangkok, Thailand; 
eDepartment of Applied Genetics and Cell Biology, University of Natural Resources and Life Sciences, Vienna, Austria; fDepartment of Biotechnology, 
Bharathiar University, Coimbatore, India

ABSTRACT
Respiratory syncytial virus (RSV) is a highly contagious virus that affects the lungs and respiratory passages of 
many vulnerable people. It is a leading cause of lower respiratory tract infections and clinical complications, 
particularly among infants and elderly. It can develop into serious complications such as pneumonia and 
bronchiolitis. The development of RSV vaccine or immunoprophylaxis remains highly active and a global health 
priority. Currently, GSK’s Arexvy™ vaccine is approved for the prevention of lower respiratory tract disease in older 
adults (>60 years). Palivizumab and currently nirsevimab are the approved monoclonal antibodies (mAbs) for RSV 
prevention in high-risk patients. Many studies are ongoing to develop additional therapeutic antibodies for 
preventing RSV infections among newborns and other susceptible groups. Recently, additional antibodies have 
been discovered and shown greater potential for development as therapeutic alternatives to palivizumab and 
nirsevimab. Plant expression platforms have proven successful in producing recombinant proteins, including 
antibodies, offering a potential cost-effective alternative to mammalian expression platforms. Hence in this study, 
an attempt was made to use a plant expression platform to produce two anti-RSV fusion (F) mAbs 5C4 and 
CR9501. The heavy-chain and light-chain sequences of both these antibodies were transiently expressed in 
Nicotiana benthamiana plants using a geminiviral vector and then purified using single-step protein A affinity 
column chromatography. Both these plant-produced mAbs showed specific binding to the RSV fusion protein 
and demonstrate effective viral neutralization activity in vitro. These preliminary findings suggest that plant- 
produced anti-RSV mAbs are able to neutralize RSV in vitro.
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Introduction

Respiratory syncytial virus (RSV) is a contagious virus that can 
spread from person to person through aerosols and causes 
lower respiratory tract infections (LTRI) in infants, children, 
and elders. In some cases, infection leads to pneumonia and 
bronchiolitis that requires hospitalization. In the United States, 
RSV leads to the hospitalization of approximately 57,000 chil-
dren under 5 years of age,1,2 and 100–500 deaths are reported 
to be due to RSV infection per year.3 Approximately 
177,000 persons above the age of 65 require hospitalization 
and approximately 14,000 per year die due to RSV.4 Though 
there is no official report documenting the number of deaths 
from RSV in Thailand, hospitalizations for RSV numbered 
about 20,000 cases from 2015 to 20205 and 70% of those 
cases developed pneumonia.1

RSV belongs to Pneumoviridae family, Orthopneumovirus 
genus.6 Its genome is negative-sense single-stranded RNA. 
RSV is classified into two major antigenic subgroups, A and 
B based on antigenic and genomic differences.7 The two major 

glycoproteins of RSV are the fusion glycoprotein (F protein) 
and attachment glycoprotein (G protein) which are displayed 
on the surface of the virion. The primary function of G and 
F proteins is mediating the attachment between the virus and 
the host cell and fusion of the virion envelope with the cell 
membrane to initiate infection. The F protein is more highly 
conserved than the G protein between two subtypes.8

The trimeric F protein contains six antigenic sites which are 
classified as sites I, II, III, IV, Ø, and V. Antigenic sites I, II, III, 
and IV are present on both the pre- and post-fusion F protein 
conformations, whereas antigenic sites Ø and V are only pre-
sent on the pre-fusion conformation.9–12 A study conducted by 
Hause et al.13 found that antigenic site IV is highly conserved 
in over 1000 clinical isolates.13 Additionally, Mas et al.14 found 
that antigenic sites III and IV are the most conserved regions 
of the F protein.14

The U.S. Food and Drug Administration (FDA) recent 
authorization of Arexvy™, the first RSV vaccine, marks an 
important step forward in the fight against RSV-induced 
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LTRI. This vaccine was approved for those aged 60 and above, 
and it has a remarkable success rate of up to 82.6% in prevent-
ing RSV-related LTRI. Arexvy™ is effective against both RSV 
A and B subtypes. In instances of RSV-related LTRI, it has 
effectiveness rates of 84.6% and 80.9% against RSV A and 
B subtypes, respectively. Furthermore, it has effectiveness 
rates for RSV-related acute respiratory illness of 71.9% and 
70.6% against the subtypes A and B. These findings highlight 
the vaccine’s ability to successfully tackle both RSV subtypes, 
reducing the burden of RSV-related diseases.15

While Arexvy™ is a useful preventative measure for those 
aged 60 and above, passive vaccination can also be an option 
for infants and children aged 8–19 months infected with RSV. 
Palivizumab, an anti-RSV monoclonal antibody (mAb), was 
approved by the U.S. FDA for use prophylactically to reduce 
morbidity in a high-risk population of infants and children. 
Palivizumab binds to RSV-F at antigenic site II. Clinical trials 
demonstrated reductions in hospitalization of 45–55% com-
pared to placebo.16 Nirsevimab is a recently approved mono-
clonal antibody used to prevent RSV infection in infants. Like 
palivizumab, nirsevimab provides passive immunity against 
RSV by targeting the F protein and neutralizing the ability of 
RSV to infect cells. Nirsevimab binds to RSV-F at antigenic site 
Ø and it is 50-fold more potent than palivizumab in vitro and 
ninefold more potent in vivo at equivalent concentrations. This 
increased potency is not only due to its binding to a prefusion- 
specific epitope but also to the engineering of three-point 
mutations on the heavy chain. These mutations enhance sta-
bility and circulation, resulting in a threefold increase in its 
half life.17,18 Nirsevimab is administered as an injection once 
per RSV season and demonstrated 74.5% effectiveness against 
LTRI caused by RSV compared to placebo.17,19 Many research 
groups have developed the monoclonal antibodies that have 
greater potency than palivizumab. Monoclonal antibodies 
such as 5C4 binds to antigenic site Ø20 and CR9501 binds to 
antigenic site V.21 As these antibodies specifically target the 
prefusion form of the F protein, they exhibit greater potency 
than palivizumab22 and have been developed for clinical use.

Generally, mammalian cell expression platforms are used to 
produce therapeutic proteins including monoclonal antibodies. 
However, protein production in mammalian cells requires spe-
cialized equipment and facilities that contribute to the cost of the 
antibody product. Since 2014, plant expression systems have been 
considered as a cost-effective alternative for the production of 
therapeutic proteins. Plants have several advantages over tradi-
tional protein production systems. Whole plants can be grown in 
large quantities quickly and economically, resulting in a scalable 
manufacturing system. Plants can also perform post-translational 
modifications of proteins, such as glycosylation, which are impor-
tant for protein function and stability. Additional benefits of plant 
transient expression platforms include faster production times, 
and lower downstream processing costs.23–26

Plant expression platforms have demonstrated remarkable 
success in the production of a diverse range of monoclonal anti-
bodies, including those targeting significant diseases such as den-
gue fever,27 Ebola virus,28 and SARS-CoV-229,30 by the adoption 
of transient expression. Transient expression is faster and simpler 
than generating transgenic plants and avoids the need for inte-
grating foreign DNA into the host genome. This approach 

overcomes the limitations associated with stable expression such 
as low expression, gene silencing, position effects, and tissue 
specificity.31,32 In the recent decade, plants have been successfully 
used to efficiently produce therapeutic antibodies, significantly 
advancing the field of biopharmaceuticals.33,34

Since 2020, there has been a growing interest in using plants 
as a platform for producing recombinant proteins for various 
purposes, including biopharmaceuticals, vaccines, and indus-
trial enzymes. Recombinant proteins such as immunoglobulin, 
growth factors, cytokines, enzymes, diagnostic reagents, and 
vaccines have been produced by plants and are proven to be 
safe and effective in functional studies.35–39 In this study, two 
anti-RSV monoclonal antibodies (5C4 and CR9501), which 
specifically bind to the pre-fusion conformation (sites Ø and 
V respectively) of the F protein and exhibit the highest neu-
tralizing potency compared to the other sites,40 were selected 
for the production in Nicotiana benthamiana and functional 
studies of their product mAbs.

Materials and methods

Vector construction

Protein sequences encoding the heavy chain (HC) and light 
chain (LC) of 5C4 and CR9501 were obtained from protein 
data bank (PDB) accession numbers 5W24 and 6OE4, respec-
tively. The murine 5C4 chimeric mAb and human CR9501 
mAb heavy and light variable sequences were codon opti-
mized. The sequences encoding variable heavy and variable 
light chain regions were fused to the constant regions of the 
human heavy and human light chains, respectively. For the 
HC, the human IgG1 (gamma heavy chain) constant region 
(GenBank accession number: AAX09634.1) was linked to the 
C-terminus of the variable region. For the light chain (LC), the 
human IgG1 (kappa light chain) constant region (GenBank 
accession number: AAD29610.1) was linked to the C-terminus 
of the variable region. The barley alpha-amylase signal peptide 
(SP2) was added to the N-terminus, and SEKDEL was added to 
the C-terminus of both HC and LC genes and cloned into 
a geminiviral plant expression vector (pBYR2eK2Md; 
pBYR2e) as shown in Figure 1. Restriction sites XbaI, 
BmtI for HC and XbaI, Aflll for LC were added in the variable 
sequence for cloning, BmtI, SacI for HC and AflII, SacI for LC 
were added in the constant sequence (Figure 1). The recombi-
nant vectors were further confirmed by DNA sequencing 
before transforming into Agrobacterium tumefaciens GV3101 
via electroporation and expressed in Nicotiana benthamiana.

Transient expression of mAbs in N. benthamiana

Agrobacterium tumefaciens GV3101 harboring either HC or 
LC expression vector were cultured in Luria – Bertani (LB) 
medium containing 50 µg/ml rifampicin, gentamicin, and 
kanamycin at 28°C with continuous shaking at 200 rpm, over-
night. The Agrobacterium culture was diluted in infiltration 
buffer [10 mM MES and 10 mM MgSO4, pH 5.5] to yield 
a final optical density (OD600) of 0.2. The diluted 
Agrobacterium suspension containing HC and LC was mixed 
equally before infiltrating into the 6- to 8-week-old wild-type 
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plants (N. benthamiana) by vacuum infiltration. Infiltrated 
leaves were harvested on day 4 after infiltration.

mAbs extraction and purification

Infiltrated leaves were homogenized with phosphate-buffered 
saline, pH 7.4 (PBS), and centrifuged at 18,000 g and 4°C for 
30 min. The supernatant was then filtered through a 0.45 µm 
membrane filter (Merck, Rahway, New Jersey, USA) before 
loading into a column that was previously packed with 
MabSelectSURE® protein A beads (Cytiva, Buckinghamshire, 
UK). After 10 column volumes of washing with PBS, the mAb 
was eluted with 0.1 M glycine, pH 2.7, and neutralized with 
1.5 M Tris pH 8.0. The neutralized mAbs were further dialyzed 
against PBS using Slide-A-Lyzer G2 Dialysis Cassettes 
(30K MWCO) (ThermoFisher Scientific, MA, USA).

Protein quantification by ultra-high-performance liquid 
chromatography (UHPLC)

For antibody quantification, the MAbPac® Protein A column 
(ThermoFisher Scientific, MA, USA) was connected to the 
Waters Acquity Arc UHLPC system. The mobile phase A was 
PBS, pH 7.4. and mobile phase B was PBS +30 mM HCl, pH 2.5. 
The flow rate was 2 mL/min, the gradient elution profile was 0% 
B for 0.2 min, 100% B for 0.60 min, 0%B for 1.20 min and the 
column temperature was 25°C. The UV absorbance was 
recorded at 280 nm. The 280 nm antibody peak (after elution) 
was integrated and compared with a standard curve generated 
by injecting known quantities of Human IgG (Sigma, MA, USA) 
in the range of 0.025 to 2 mg/mL.

SDS-PAGE and Western blot analysis

Two micrograms of purified antibodies were separated on 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS – PAGE) under non-reducing conditions with NuPage® 
4–12% gel (ThermoFisher Scientific, MA, USA). For reducing 
conditions, the antibodies were reduced with a buffer 

containing 10 mM DTT. The protein bands were then visua-
lized by InstantBlue™ (Abcam, Cambridge, UK) staining. For 
Western blot analysis, the proteins on SDS-PAGE gel were 
transferred into nitrocellulose membrane (Bio-Rad, Hercules, 
USA) and blocked with 5% BSA in PBS before probing with 
1:5000 HRP-conjugated goat anti-human IgG (Southern 
Biotech, USA) or otherwise as stated in the figure. The mem-
branes were then developed and visualized by chemilumines-
cence using West Pico ECL reagent (ThermoFisher Scientific, 
MA, USA) and visualized by the ImageQuantTM LAS500 ima-
ging system (GE Health care Uppsala, Sweden).

Purity analysis

Size exclusion chromatography (SEC-UHPLC) was performed on 
Waters Acquity Arc UHLPC system coupled with XBridge 
Protein BEH SEC Column, 200Å, 2.5 µm 4.6 mm × 300 mm 
(Waters, MA, USA). The mobile phase was PBS, pH 7.4. The 
flow rate was 0.3 mL/min, the run time was 20 min, and the 
column temperature was maintained at 25°C. The UV absorbance 
signals were recorded at 280 nm. Peaks area have been automati-
cally integrated and calculated as percentage (%) relative area 
under the curves of each peak (High molecular weight, Dimer, 
and Monomer) using Empower3 software (Waters, MA, USA).

N-linked glycan analysis of anti-RSV mAbs

Glycosylation of RSV antibodies was analyzed using liquid 
chromatography-mass spectrometry (LC/MS). The purified 
anti-RSV antibodies were reduced, alkylated, and then digested 
with trypsin (Promega, USA) following the manufacturer’s 
instructions. The reaction was stopped by adding 5% formic 
acid and drying under a vacuum for 4 h. The resulting dried 
tryptic peptides were reconstituted with water and injected into 
a Vanquish™ Neo UHPLC system (ThermoFisher Scientific, 
USA) coupled with an Orbitrap Exploris™ 480 mass spectro-
meter (ThermoFisher Scientific, USA). Positive peptides 
with m/z = 350–3200 were recorded. The extracted ion chroma-
togram (XIC) of the glycopeptide (EEQYNSTYR, 1189.51 Da) 

Figure 1. Schematic representation of the T-DNA region of the pBYR2e RSV-F Fc fusion plant expression vector. The T-DNA region plays a crucial role in facilitating the 
transfer of the gene of interest into plant cells. It includes the left border (LB) and right border (RB) which serve as the boundaries for gene transfer. The Pin II 3’ 
sequence derived from potato proteinase inhibitor II acts as a border element helping to facilitate the insertion of the desired genes into the plant genome. The vector 
also incorporates several important components, such as the Tomato Bushy Stunt Virus (TBSV) RNA silencing suppressor, P19; the Cauliflower Mosaic Virus (CaMV) 35s 
promoter, P35s; the CaMV enhancer, P35s×2; the tobacco extension gene region, Ext3’ FL, 3‘; the tobacco RB7 promoter, Rb7 5’ del; the Bean Yellow Dwarf Virus 
(BeYDV) short intergenic region, SIR; the BeYDV long intergenic region, LIR; and the BeYDV replication initiation proteins, Rep and RepA, along with C2/C1.41
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was manually detected, deconvoluted, and analyzed using the 
FreeStyle 1.8 program (Thermo Scientific, USA).

In vitro binding of plant-produced mAbs to 
RSV-F protein

96-well ELISA plates (Corning, NY, USA) were coated with 2 µg/ml 
of RSV-F his-tagged monomer protein (Sino biological, Beijing, 
China) in phosphate buffer (20 mM, pH 7.4), 25 µl per well, over-
night at 4°C. After washing three times with PBS + 0.05% Tween 20 
(PBS-T), the plate was blocked with 200 µL of 5% nonfat dried milk 
in PBS at 37°C for 1 h. Then, the plate was washed three times with 
PBS-T and incubated with a serially diluted plant-produced mAbs 
sample and incubated at 37°C for another 2 h. After sample incuba-
tion, the solution was removed and washed with PBS-T. After 
washing, the plate was incubated with 1:2,500 HRP-conjugated 
goat anti-human IgG (Southern Biotech, Birmingham, AL, USA), 
and incubation was continued at 37°C for another hour. After 
secondary antibody incubation, the wells were emptied and washed. 
A TMB one substrate solution (Promega, Madison, WI, USA) was 
added and incubated for 10 min, the reaction was stopped by 
adding 1 M sulfuric acid, and the absorbance was measured using 
a multimode reader (Perkin Elmer, MA, USA) at 450 nm. All 
experiments were performed in triplicate. The half maximal effec-
tive concentration (EC50) value was calculated using nonlinear 
regression in GraphPad. Prism software v9.3.

Cells and virus propagation

RSV strain A2 (VR-1540) was obtained from the American Type 
Culture Collection (ATCC, Rockville, MD) and propagated in 
HEp-2 cells (ATCC CCL-23) in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 2% FBS, 100 U/mL of 
penicillin, and 100 µg/mL of streptomycin. Vero cells (ATCC 
CCL-81) were used to perform the microneutralization assay. 
Vero cells were cultured in Minimum Essential Medium (MEM) 
supplemented with 10% FBS, 2 mM L-glutamine, non-essential 
amino acids, and 100 U/mL of penicillin/streptomycin. All culture 
media reagents and supplements were obtained from Gibco® 
(ThermoFisher Scientific, Detroit, MI, USA).

Microneutralization assay (MNA)

The MNA protocol was modified from an earlier study.42 In brief, 
the mAbs were serially diluted fourfold in triplicate, starting at 1  
µg/mL. The D-MEM supplemented with 2% FBS, 100 U/mL of 
penicillin, and 100 µg/mL of streptomycin was used as the dilution 
buffer throughout the assay. The RSV strain A2 was diluted in 
dilution buffer to achieve an infectious dose of 100 TCID50 (50% 
tissue culture infectious dose) in the final volume of the assay. 
Equal volumes of 100 TCID50 RSV strain A2 were added to the 
serial dilution samples in 96-well U-bottom plates, which were 
then incubated at 37°C with 5% CO2 for 1 h. After 1 h of incuba-
tion, 100 µl of the sample-virus mixture were transferred to a 96- 
well flat bottom plate, then mixed with 50 µL of freshly trypsinized 
Vero cells in dilution buffer (20,000 cells/50 µL). The sample-virus 
-cell mixture was incubated for 3 days at 37°C with 5% CO2. The 
virus control, cell control, and virus back-titration were all present 
on each plate.

After 3 days of incubation, the medium was discarded and 
washed once with D-PBS. The cells were fixed with ice-cold 
80% acetone/20% D-PBS for 20 min at 4°C. The plates were 
washed three times with 1×PBS-T before being blocked for 1 
h with a blocking buffer (4% BSA and 0.01% Tween-20 in 
1×PBS). Human RSV fusion glycoprotein was detected with 
rabbit anti-RSV-F mAb (Cat:11049-R302-H, Sino Biological, 
Beijing, China) diluted 1:3000 in PBS containing 0.5% BSA 
and 0.01% Tween-20 added to each well and incubated for 1 
h at 37°C. The detection antibody was removed by washing 
the plate three times, then 1:2000 HRP-conjugated goat anti- 
rabbit polyclonal antibody (Dako, Glostrup, Denmark A/S) 
was added, and the plate was incubated at 37°C for 1 h. Plates 
were washed three times, and then TMB substrate was added 
(KPL, MA, USA) for 10 min. The reaction was stopped with 
1N HCl. Absorbance was measured at 450 and 620 nm (refer-
ence wavelength) with an ELISA plate reader (Tecan Sunrise®, 
Männedorf, Switzerland). The average OD450/620 values of 
cell control and virus control were used to normalize 0% 
and 100% of infection, respectively. The inhibitory concen-
tration (IC50) was calculated using a normalized response 
with a variable slope in GraphPad Prism software version 9.3.

Results

mAb expression and purification

To produce anti-RSV mAbs, A. tumefaciens harboring the heavy 
chain (HC) and the light chain (LC) plant expression vectors 
(Figure 1) were diluted to the OD600 0.2 and mix with equal 
quantity then co-delivered into N. benthamiana leaves through 
vacuum infiltration. Co-expression of the HC and LC resulted in 
the assembly of the full structure of the antibody in the infiltrated 
leaves. Within 4 days post-infiltration, both 5C4 and CR9501 had 
accumulated in N. benthamiana leaves, which were extracted and 
purified using protein A affinity chromatography. The final yields 
after purification resulted up to 33.5 mg/kg of fresh leaf weight for 
5C4 and 12.0 mg/kg of fresh leaf weight for CR9501.

The purified antibodies were analyzed using SDS-PAGE 
and western blot to confirm their molecular weight and 
identity. Under non-reducing conditions, both mAbs were 
observed in SDS-PAGE and western blot with the expected 
molecular weight of approximately 150 kDa (Figure 2a,b). 
Both anti-human gamma and anti-human kappa antibodies 
were used in the western blot to assess the antibody 
assembly in the plants. Under reducing conditions, the 
protein bands were detected at a molecular weight of 
approximately 50 kDa and 25 kDa, respectively 
(Figure 2c,d). These results showed that the co- 
infiltration of anti-RSV gene constructs encoding HC and 
LC can produce intact IgG structures that can be purified 
by protein A chromatography. Furthermore, we also 
assessed the purity of the mAb size variants using SEC- 
UHPLC. The size variant of the anti-RSV mAbs contains 
both high molecular weight (HMW) and monomeric forms 
as dominant peaks (Figure 3). The observed HMW struc-
tures were mostly dimers and oligomers that are present in 
small amounts (approx. 3%) suggest that these mAbs have 
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a high level of purity (up to 95%) after single-step protein 
A chromatography as summarized in Table 1.

N-linked glycans analysis of anti-RSV mAbs

We utilized liquid chromatography-mass spectrometry (LC/ 
MS) to examine the N-glycan profile of anti-RSV mAbs 

produced in Nicotiana benthamiana. The high presence of 
oligo-mannose glycan residues in these antibodies suggests 
the processing of glycoprotein in the endoplasmic reticulum 
(ER) (Figure 4). The deliberate inclusion of ER retention 
signals in the production process resulted in the distinctive 
mannose-rich glycosylation pattern observed in these 
antibodies.

In vitro binding of anti-RSV mAbs

The kinetic binding of plant-produced RSV mAbs was deter-
mined by ELISA. Two plant-produced mAbs were fivefold 
serially diluted starting from 100 µg/ml and incubated on plates 
that were overnight-coated with RSV-F his-tagged monomer 
protein. The plant-produced Nivolumab (anti PD-1) was used 
as a negative control. Both plant-produced anti-RSV mAbs 
showed positive signals for specific binding to RSV-F his- 
tagged protein (Figure 5) and plant-produced Nivolumab (anti 
PD-1) does not show reactivity with RSV-F his-tagged mono-
mer protein as expected. This result suggested that the plant- 

Figure 2. SDS–PAGE (a) and Western blot (b) for purified plant-produced anti-RSV monoclonal antibodies (mAbs) under nonreducing conditions. The Western blot (b) 
was probed using HRP-conjugated anti-human gamma chain antibody. For reducing conditions, the membrane was probed with either HRP-conjugated anti-human 
gamma chain antibody (c) or anti-human kappa chain antibody (d). Lane M, protein ladder; lane 1, purified plant-produced 5C4; lane 2, purified plant-produced 
CR9501.

Figure 3. Size exclusion analysis of purified plant-produced anti-RSV mAbs. Purified 
mAbs were separated in the XBridge protein BEH 200 column. A total of 5 µg of 
purified mAb was loaded on the column and run at 0.3 mL/min for 20 minutes, UV 
detection at 280 nm, and the column temperature was maintained at 25°C.

Table 1. Purity of plant-produced anti-RSV antibodies using SEC-UHPLC.

Antibody Monomer (%) Dimer (%) Higher molecular weight (%)

5C4 96.61 2.91 0.48
CR9501 98.25 1.25 0.50
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produced RSV mAbs can recognize the RSV-F protein even at 
low concentrations. The potency of the RSV antibodies was 

quantified by EC50 which was calculated using nonlinear regres-
sion. The EC50 value of 5C4 was 8.212 µg/ml, whereas the EC50 
value of CR9501 was 6.182 µg/ml. These results suggest that 
CR9501 binds with higher affinity than 5C4.

Microneutralization

Plant-produced anti-RSV mAbs were tested for their ability to 
neutralize RSV infection using a microneutralization assay. Two 
plant-produced mAbs were fourfold serially diluted starting 
from 1 µg/ml and pre-incubated with RSV strain A2 before 
inoculating Vero cells. Both mAbs show the ability to neutralize 
RSV in a dose-dependent manner (Figure 6). The inhibitory 
concentration (IC50) was calculated using nonlinear regression. 
In this study, the plant-produced nivolumab (anti-PD-1) and 
H4 (anti-SARS-CoV-2) were used as negative controls (data in 
supplementary file). The neutralizing activity of plant-produced 
CR9501 was found to be superior to 5C4 with an IC50 value of 
0.007 and 0.032 µg/ml, respectively. These findings demonstrate 
that the anti-RSV mAbs produced in N. benthamiana are func-
tional and can prevent RSV infection in a cell culture model.

Figure 4. Liquid chromatography mass spectrometry (LC/MS) analysis illustrating the N-glycosylation profiles of the heavy chain peptide EEQYNSTYR (mass: 1189.51 
Da) from plant-produced anti-RSV monoclonal antibodies. The peaks specifically assigned to mannose N-glycans (Man5-Man9) are illustrated, providing insights into 
the glycan composition associated with the analysed glycopeptide. Figure 4a corresponds to the 5C4 antibody, while Figure 4b represents the CR9501 antibody.

Figure 5. Binding characteristics of plant-produced anti-RSV mAbs. ELISA was 
used to quantify the specific binding to the RSV-F his-tagged monomer protein. 
The purified plant produced anti-RSV mAbs, and the plant produced nivolumab 
(anti PD-1, as a negative control). The binding activity of the antibody was 
detected with HRP-conjugated anti-human IgG antibody. The data are shown 
as the mean of triplicates and error bars represent standard deviation. The EC50 

was calculated by using GraphPad Prism software 9.3.
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Discussion

Monoclonal antibodies have been used for decades, not only as 
immunodetection reagents but also in therapeutics. 
Palivizumab and nirsevimab are the only FDA-approved anti-
bodies for the prevention of RSV disease in infants. Due to the 
high cost of these drugs,43 access to treatment are limited 
especially in developing countries. Traditionally, therapeutic 
antibodies are produced using mammalian platforms, which is 
expensive. In this study, we aimed to use plants as an alter-
native platform to produce monoclonal antibodies for RSV 
prevention and treatment. The major advantage of the plant 
expression platform, compared to the mammalian platform, is 
that plant cannot act as host for human or animal pathogens, 
so the risk of contamination with human or animal pathogens 
in the product is far lower.23,44,45 Plants also have the ability to 
produce large quantities of proteins and they do not require 
complex media for cultivation. This reduces the cost of pro-
duction, making them a suitable choice for industrial-scale 
production in a short period of time.

The utilization of plant expression platforms for monoclo-
nal antibody production holds immense potential for signifi-
cant cost reduction. Techno-economic analyses from previous 
studies46–49 have addressed the economic advantages of plant 
expression systems. However, we did not perform such analy-
sis in this proof-of-concept experimental phase. Nandi et al.46 

projected that leveraging plant expression could lead to cost 
reductions of up to 50% compared to other platforms operat-
ing at similar scales.46 Furthermore, Ridgley et al.50 found that 
the production costs of plant-produced anti-immune check-
point antibodies were 15–75 times lower than those derived 
from mammalian cells.50 Notably, other research supports 
these cost advantages, stating that when compared to 
Chinese Hamster Ovary (CHO) cell-based production, where 
operational costs were estimated at $65 M/year or $260/g of 
purified antibody, plant-based production was estimated at 
$33 M/year or $131/g of purified antibody, representing 
a potential 50% reduction,51 which similarity to Nandi et al. 
findings.46 Moreover, conventional mammalian cell culture 

incurred downstream processing costs of approximately 
$232/g of purified antibody, whereas the plant-based system’s 
cost was approximately $99/g, demonstrating a > 50% reduc-
tion in manufacturing costs.52 These findings further highlight 
the significant cost-effectiveness of plant-based expression 
systems for antibody production.

Plant expression platforms have been used to successfully 
produce a wide variety of mAbs, including those targeting RSV. 
Palivizumab53,54 has been produced in plants and showed pro-
mising results in preclinical studies. In vivo protection in RSV 
challenge studies conducted in the cotton rat model demon-
strated similar protection of plant-produced compared to mam-
malian-produced palivizumab.53 These findings highlight the 
potential of plant expression platforms for the efficient and 
effective production of therapeutic antibodies. In fact, studies 
have shown that plant-produced palivizumab has a serum phar-
macokinetic profile similar to mammalian-derived palivizumab, 
suggesting that different expression systems have minimal effect 
on the pharmacokinetics.53 Furthermore, to reduce plant- 
specific complex N-glycan modifications, we utilized an ER 
retention signal, which effectively reduces plant-specific 
N-glycans and promotes the formation of high-mannose type 
N-glycans (Figure 4). Notably, other studies also support the 
effectiveness of this approach. Loos et al.55 found that a KDEL- 
tagged anti-HIV antibody (2G12) was deposited in protein 
storage vacuoles, bypassing the Golgi apparatus and carrying 
mainly high-mannose N-glycans.55 Similarly, Triguero et al.56 

demonstrated that a plant-derived mouse IgG mAb fused to the 
KDEL ER-retention signal displayed homogeneous 
N-glycosylation throughout the plant, primarily comprising 
high-mannose-type N-glycans.56 As a result, these modifica-
tions in plant-specific glycosylation are minimized, reducing 
the likelihood of inducing allergic reactions.

In this study, we successfully demonstrated the production 
and functional characterization of two potential anti-RSV 
mAbs, 5C4 and CR9501, using N. benthamiana as the expres-
sion platform. Our findings revealed that plant-produced 
mAbs, 5C4 and CR9501, exhibited binding activity to the 
RSV-F protein and possess neutralizing activity against RSV 
strain A2. The neutralizing ability of these mAbs demonstrated 
their effectiveness in vitro in neutralizing the virus.

Previously, 5C4 and CR9501 were produced using 
a mammalian expression platform and exhibit significant neu-
tralizing activity. The concentration required to achieve 50% 
neutralization (IC50) of RSV strain A2 of 5C4 and CR9501 
were 0.015 µg/mL and 0.004 µg/mL, respectively.20,21 The neu-
tralizing activity of these antibodies was tested and found to be 
effective in our plant expression platform as well with IC50 of 
0.032 µg/mL and 0.007 µg/mL for 5C4 and CR9501, respec-
tively. These results suggest that the antibodies produced from 
the mammalian expression platform can also be effectively 
produced using the plant expression platform while maintain-
ing similar neutralizing activity. Taken together, these results 
suggest that the plant-produced anti-RSV mAbs were func-
tional, exhibiting both antigen recognition and neutralizing 
activity. Further studies are warranted to test the efficacy of 
these candidates in suitable animal models.

In the context of therapeutic development, CR9501 shows 
promising neutralizing activity against RSV and should be 

Figure 6. The neutralizing activity of plant-produced anti-RSV mAbs. Both plant- 
produced mAbs show a dose-dependent viral inhibitory effect. Error bars denote 
standard deviation of triplicate samples. The inhibitory concentration (IC50) was 
calculated using a normalized response with a variable slope in GraphPad Prism 
software version 9.3.
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a lead candidate for further investigation. However, it is 
important to note that the efficacy of mAbs can be affected 
by various factors, including the formulation of the drug 
product. Therefore, to achieve maximum efficacy and safety 
profiles, improvements, optimization of these mAbs may be 
required. Furthermore, to ensure the safety and efficacy of 
plant-produced mAbs for clinical use, further studies are 
needed to evaluate their characteristics, pharmacokinetic pro-
files and in vivo protection in animal models. It is crucial to 
perform rigorous preclinical studies to demonstrate the safety 
and efficacy of these plant-produced mAbs before clinical 
trials.

Conclusion

In conclusion, we have successfully produced functional 
anti-RSV mAbs in N. benthamiana by transient expression. 
The plant-produced mAbs showed specific binding to the 
RSV-F protein and demonstrated effective viral neutraliza-
tion activity in vitro. Further studies in animal models to test 
the safety, pharmacokinetics, and efficacy need to be deter-
mined before a plant-produced anti-RSV antibody could be 
used clinically.
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