
A novel plant-made monoclonal antibody enhances the
synergetic potency of an antibody cocktail against the
SARS-CoV-2 Omicron variant
Collin Jugler1,2,†, Haiyan Sun1,†, Katherine Nguyen3,†, Roman Palt4, Mitchell Felder5, Herta Steinkellner4 and
Qiang Chen1,2,*

1The Biodesign Institute, Arizona State University, Tempe, Arizona, USA
2School of Life Sciences, Arizona State University, Tempe, Arizona, USA
3School of Molecular Sciences, Arizona State University, Tempe, Arizona, USA
4Department of Applied Genetics and Cell Biology, University of Natural Resources and Life Sciences, Vienna, Austria
5Halberd Corporation, Jackson Center, Pennsylvania, USA

Received 25 August 2022;

revised 6 November 2022;

accepted 12 November 2022.

*Correspondence (Tel 1480 965 8110; fax

1480-727-7615; email

qiang.chen.4@asu.edu)
†These author’s contributed equally to this

work.

Keywords: COVID-19, Monoclonal

antibody (mAb), Variants of Concern,

Plant-made antibody, Neutralization

synergy, Antibody cocktail.

Summary
This study describes a novel, neutralizing monoclonal antibody (mAb), 11D7, discovered by

mouse immunization and hybridoma generation, against the parental Wuhan-Hu-1 RBD of

SARS-CoV-2. We further developed this mAb into a chimeric human IgG and recombinantly

expressed it in plants to produce a mAb with human-like, highly homogenous N-linked glycans

that has potential to impart greater potency and safety as a therapeutic. The epitope of 11D7

was mapped by competitive binding with well-characterized mAbs, suggesting that it is a Class 4

RBD-binding mAb that binds to the RBD outside the ACE2 binding site. Of note, 11D7 maintains

recognition against the B.1.1.529 (Omicron) RBD, as well neutralizing activity. We also provide

evidence that this novel mAb may be useful in providing additional synergy to established

antibody cocktails, such as EvusheldTM containing the antibodies tixagevimab and cilgavimab,

against the Omicron variant. Taken together, 11D7 is a unique mAb that neutralizes SARS-CoV-2

through a mechanism that is not typical among developed therapeutic mAbs and by being

produced in DXFT Nicotiana benthamiana plants, highlights the potential of plants to be an

economic and safety-friendly alternative platform for generating mAbs to address the evolving

SARS-CoV-2 crisis.

Introduction

Coronavirus disease 2019 (COVID-19) is caused by infection of

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

(Azkur et al., 2020; Chen et al., 2020; Chou et al., 2022;

Cotugno et al., 2021). Vaccine development against SARS-CoV-2

proceeded at an unprecedented pace and has resulted in multiple

effective products, even against emerging variants (Carre~no

et al., 2021; Garcia-Beltran et al., 2022; Hager et al., 2022;

Heath et al., 2021; El Sahly et al., 2021; Thomas et al., 2021).

However, immunocompromised and elderly individuals may still

benefit from the continued development of prophylactic and

therapeutic monoclonal antibodies (mAbs), given that these

subpopulations may not develop a robust and durable response

from vaccination or prior infection (Brockman et al., 2022; Obeid

et al., 2022; Ryan et al., 2022).

The cellular receptor mediating SARS-CoV-2 infection in

humans is angiotensin-converting enzyme 2 (ACE2) (Qiao

et al., 2020; Schurink et al., 2022; Q. Wang et al., 2020). The

spike (S) protein of the virus interacts with ACE2 and can be

broadly broken down into two domains. S1 contains the

N-terminal domain (NTD) and the receptor-binding domain

(RBD), while S2 houses the fusion peptide, necessary for the

structural rearrangements leading to membrane fusion between

virus and host (Lan et al., 2020; Xu et al., 2021). The RBD is

flexible, being found mostly in an ‘up and open’ or a ‘down and

closed’ conformation, with a transitionary conformation between

the two also being observed (Pramanick et al., 2021; Walls

et al., 2020). It is upon the binding of ACE2 with one ‘up and

open’ RBD, that structural changes in the S protein result in viral

entry (Cai et al., 2020). The interaction between ACE2 and RBD

makes the RBD a dominant target for antibodies with neutralizing

capability and indeed, accounts for most of the neutralizing

antibodies in a polyclonal response (Greaney et al., 2021; Piccoli

et al., 2020; Schmidt et al., 2021).

Monoclonal antibodies are useful therapeutics for preventing

viral disease by neutralizing viral particles, accomplishing the

same results as the polyclonal response to immunization or

natural infection (Both et al., 2013). Many groups have identified

and developed potently neutralizing mAbs against SARS-CoV-2 in

the last 2 years, with some being advanced to clinical use via

Emergency Use Authorization (EUA) (Dong et al., 2021; Loo

et al., 2022; Rogers et al., 2020; Shi et al., 2020; Wu et al., 2020;

Zost et al., 2020). The mechanism by which many mAbs interfere

with viral infection has been elucidated by structural studies and

can be broadly categorized into four classes based on the mAb’s

epitope and which RBD conformation it recognizes (Barnes

et al., 2020; Greaney et al., 2021; Gruell et al., 2022). Class 1
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mAbs overlap with the ACE2 binding site of the RBD in the ‘up

and open’ conformation, while Class 2 mAbs overlap with the

ACE2 binding site in both ‘up and open’ and ‘down and closed’

conformations of the RBD. By directly interfering with viral

binding to ACE2, these classes tend to be potent neutralizers.

Class 3 mAbs also bind to both conformations of the RBD, with

the epitopes laying outside of the ACE2 binding site, yet many

mAbs of this class are also potent neutralizers. Class 4 mAbs bind

further away from the ACE2 binding site and are generally less

potent neutralizers (Huo et al., 2020). Characterizing mAbs using

these classes helps inform which mAbs may be useful in mAb

cocktails, where inclusion of multiple classes with non-

overlapping epitopes can reduce immune evasion (Ku

et al., 2021). Indeed, the urgent need for continued development

of mAb cocktails is driven by the emergence of variants of

concern accumulating mutations in the RBD, causing changes in

binding to ACE2 (Ozono et al., 2021; Wang et al., 2022). This will

potentially reduce neutralizing potency of host antibody response

against the new variants (Greaney et al., 2021; Hoffmann

et al., 2021) and, in some cases, abolish the utility of previously

potent therapeutic mAbs (Chen et al., 2021; Starr et al., 2021).

Several mAbs that received EUA from the Food and Drug

Administration (FDA) have been amended or revoked as they lose

therapeutic activity against emerging variants, specifically the

B.1.1.529 (Omicron) and other variants of this lineage (Focosi

et al., 2022). This necessitates the development of mAbs that

have potential synergy in cocktails to help reduce immune escape

by SARS-CoV-2.

Discovery of new mAbs against antigens of interest can be

accomplished in several ways. Single-cell antigen-specific sorting

and sequencing (Gilchuk et al., 2020) and phage display

techniques (Kumar et al., 2019) are among the leading tech-

nologies used for mAb generation and screening. The method of

mouse immunization followed by hybridoma generation (K€ohler

and Milstein, 1975; Mitra and Tomar, 2021) is the classic method

of obtaining full-length, monoclonal IgGs. The hybridoma

method has benefits over single-cell and phage techniques, in

that it does not require sophisticated instrumentation and

preserves the process of in vivo affinity maturation, respectively.

Moreover, variable region gene sequences of mAbs from lead

hybridoma candidates can be rescued and humanized for

recombinant production.

Plants are a versatile system for recombinant protein produc-

tion and have made substantial contributions in developing

countermeasures against the current COVID-19 pandemic. For

example, a plant-based vaccine based on virus-like particles (VLP)

displaying a modified S protein of SARS-CoV-2 was developed.

Results from clinical trials demonstrated that this vaccine was safe

and had 78.8% efficacy against moderate-to-severe disease

caused by the homologous strain and 69.5% overall efficacy

against five circulating variants of concern (VOCs) (Hager

et al., 2022). This plant-made vaccine is currently licensed for

human use by Canada Health (Health Canada, 2022). Several

other plant-made COVID-19 vaccine candidates are currently

being evaluated in human clinical trials (Stander et al., 2022).

Plant-made ACE2 has also been explored as a prophylactic/

therapeutic to prevent or treat SARS-CoV-2 infection (Siriwat-

tananon et al., 2021). An innovative approach of using ACE2 is

the use of an ACE2-formulated chewing gum to trap SARS-CoV-2

in the saliva, blocking transmission of the virus among individuals

in the population (Daniell, 2022). Studies have shown that

chewing gums containing plant-made cholera-toxin B (CTB)-

ACE2 fusion protein significantly reduced salivary SARS-CoV-2

load in vitro (Daniell, 2022). This approach is being evaluated in a

Phase I/II clinical trial and will have a broad impact on the

prevention of other respiratory viral diseases, as well as on the

development of orally deliverable drug platforms that do not

require cold chain.

Plants have also been demonstrated as a favourable system for

mAb development and production. Traditional mammalian

expression platforms for mAb production require sterile facilities

and can be cost-intensive. However, producing mAbs in plants

has potential to significantly reduce overall costs, increase safety

by reducing the possibility of introducing human pathogens

during production and increase efficacy by allowing for facile and

homogeneous manipulation of N-linked glycans (Chen, 2016,

2022; Loos and Steinkellner, 2014; Nandi et al., 2016). In

addition, transient production of mAbs in plants is accomplished

through simple cloning of mAb genes and agroinfiltration,

resulting in rapid, high-level accumulation of recombinant mAbs

within a short period of time (Chen et al., 2013; Leuzinger

et al., 2013). Many examples of mAbs produced in plants also

show that plant-made pharmaceuticals have potential to be

viable alternatives to mammalian-made counterparts (Jugler

et al., 2021; Kallolimath et al., 2021; Lai et al., 2010; Rattanapisit

et al., 2020; Shanmugaraj et al., 2020; Sun et al., 2021, 2023).

In the current study, we describe the development of an

original mAb against the RBD of SARS-CoV-2 by hybridoma

generation, followed by chimerization and expression in plants.

We also provide evidence that this mAb, namely 11D7, neutral-

izes variants of concern, including B.1.617.2 (Delta) and

B.1.1.529 (Omicron). 11D7 has a unique RBD-binding site that

is not overlapping with those of several other EUA-authorized,

SARS-CoV-2-neutralizing mAbs in Classes 1, 2 and 3 and displays

neutralizing synergy with these classes of therapeutic mAbs in

neutralizing the Omicron and other variants. This study highlights

the utility of non-ACE2-competing mAbs in forming effective

cocktails and of plant-based expression systems in developing

novel mAbs against the ever-evolving SARS-CoV-2 pandemic.

Results

Expression of a novel Anti-SARS-CoV-2 RBD monoclonal
antibody in Nicotiana benthamiana

BALB/c mice were immunized with recombinant Wuhan-Hu-1

RBD (BEI Resources, NR-52309) on a prime and boost regimen

followed by splenocyte isolation and hybridoma generation.

Hybridomas were screened for reactivity to the immunogen

(Wuhan-Hu-1 RBD). Several strongly reactive antibodies were

identified, and one, 11D7, was chosen for variable region gene

rescue. The murine variable regions of the light and heavy chains

were grafted onto human kappa and human gamma constant

regions, respectively. The resulting chimeric mAb was codon-

adapted for plant-based expression and transiently expressed in

DXFT N. benthamiana mutant, carrying N-glycans lacking plant-

specific xylose and fucose residues (Strasser et al., 2008). Plant-

made 11D7 (p11D7) reached peak expression of 131 lg of mAb

per gram of fresh leaf weight (FLW) 5 days after transgene

delivery (Figure 1). When total plant protein extract containing

the p11D7 mAb was subjected to Protein A affinity chromatog-

raphy, the recombinant mAb was homogenously purified in a

manner similar to a mammalian-made mAb purified by the same
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method (Figure 2a). Furthermore, the bands observed from SDS-

PAGE analysis were confirmed to be the expected heterote-

trameric IgG (Figure 2b) and its constitutive light chain (Figure 2c)

and heavy chain (Figure 2d). We next investigated the glycosy-

lation status of p11D7 and 11D7 produced in mouse hybridoma

(m11D7) by mass spectrometry analysis. Our p11D7 was found to

carry 91.1% bi- or mono-antennary N-acetylglucosamine (GnGn,

MGn), mammalian-like glycans typical for mAbs produced in

DXFT plants, compared with the more heterogeneous, mouse

hybridoma-produced m11D7 (Table 1).

p11D7 binds to the RBD of the B.1.1.529 (Omicron)
variant

We next assessed the functionality of the mAb by testing the

binding to the antigen of interest, the SARS-CoV-2 RBD. ELISA

analysis with the original WA1/2020 strain RBD showed specific

binding of p11D7 in a dose-dependent manner, as expected

(Figure 3a). Furthermore, a dissociation constant (KD) for p11D7

of 0.15 nM was determined from the ELISA curve, suggesting

that p11D7 has a relatively high affinity for the WA1/2020 RBD.

However, given the continuing emergence of variants of SARS-

CoV-2 with novel mutations in the RBD that may impact mAb

binding, we also tested the binding of p11D7 to the RBD of the

B.1.1.529 (Omicron) variant of concern to assess the practical

utility of this mAb against emerging variants. We observed

specific binding of p11D7 to the Omicron RBD at higher

concentrations than that of the WA1/2020, indicating a reduced

affinity (Figure 3b). By contrast, a Class 1 (CB6) and a Class 4

(CR3022) mAb against the RBD of the WA1/2020 variant showed

no binding activity to the Omicron RBD (Figure 3b). As expected,

the IgG isotype negative control did not show specific binding to

the RBD (Figure 3a). In spite of the reduced affinity, our novel

p11D7 mAb still retained recognition of the Omicron RBD,

suggesting it may be able to neutralize emerging variants of

concern.

p11D7 neutralizes multiple variants of SARS-CoV-2

After validating the binding of the chimeric p11D7 to its target

antigen, the neutralizing potency of the mAb was assessed.

Utilizing authentic SARS-CoV-2 in a foci-forming assay (FFA), a

neutralization curve generated against the ancestral WA1/2020

strain resulted in a half-maximal inhibitory concentration (IC50) of

25.37 lg/mL (Figure 4a). The ongoing emergence of new variants

of concern also urged us to test p11D7 against the B.1.617.2

(Delta) variant, where an IC50 of 59.52 lg/mL was observed

(Figure 4b), and the B.1.1.529 (Omicron) variant, giving an IC50

of 948.7 lg/mL (Figure 4c). The overall neutralization data

showed that the neutralizing ability of p11D7 decreased with the

accumulation of mutations in the variants derived from the

ancestral strain, but nevertheless still neutralizes variants of

concern of SARS-CoV-2.

Synergy of therapeutic mAbs with p11D7 in neutralizing
omicron

Next, we investigated whether our novel p11D7 mAb could be

categorized into a mAb class against the RBD of SARS-CoV-2 as

described previously (Barnes et al., 2020; Greaney et al., 2021) by

Figure 1 Recombinant expression of 11D7 in DXFT Nicotiana

benthamiana. DXTF N. benthamiana leaves were infiltrated with 11D7

gene constructs and total soluble leaf proteins were extracted 3–9 days

post agroinfiltration (DPI). The expression levels of p11D7 were analysed

by a sandwich ELISA that detects only fully assembled IgG. Mean � SEM

are shown from two independent experiments performed in technical

duplicates.

Figure 2 Biochemical characterization of p11D7. Protein A-purified, p11D7 and an IgG isotype control were subjected to SDS-PAGE under reducing (a,

Lanes 1 and 2) or non-reducing conditions (a, Lanes 3 and 4) and total protein content was stained with Coomassie blue. In parallel, SDS-PAGE-separated

proteins under non-reducing (b) or reducing conditions (c and d) were transferred to PVDF and probed for human kappa light (b and c) or for human

gamma chain (d). Lanes 1 and 3: IgG isotype control. Lanes 2 and 4: p11D7. HC: heavy chain. LC: light chain. (HL)2: assembled heterotetrameric form of

IgG. One representative result of multiple experiments is shown.
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performing a competitive binding assay with well-characterized

mAbs of all RBD-binding classes. In an ELISA assay using the WA1/

2020 RBD and p11D7 conjugated to horseradish peroxidase

(HRP), we observed that CR3022 binding to the RBD abolished

the ability of p11D7 to bind to the RBD, while several other EUA

therapeutic mAbs (CB6, tixagevimab and cilgavimab) did not

inhibit the binding of p11D7 to the RBD (Figure 5). This was the

expected outcome for CR3022 and CB6, given that we have

previously provided evidence of this (Jugler et al., 2022), validat-

ing that p11D7 has at least a partially overlapping epitope on the

RBD with CR3022 (a Class 4 mAb) but not with CB6 (also known

as etesevimab, a Class 1 mAb). Similarly, the two mAbs,

tixagevimab (also known as COV2-2196, a Class 1/2 mAb) and

cilgavimab (COV2-2130, a Class 3 mAb) did not compete with

the binding of p11D7 to the RBD. The unique binding site of

p11D7 encouraged us to evaluate potential synergy of p11D7

with anti-RBD mAbs in other classes as a dual and triple mAb

cocktails. After empirically determining the IC50 and IC25 for

p11D7, tixagevimab and cilgavimab in the FFA, we combined

these mAbs at the IC50 and IC25 concentration and measured

per cent neutralization of the mAb cocktail against the B.1.1.529

(Omicron) variant. We also calculated the predicted per cent

neutralization for the cocktail by importing the individually

measured per cent neutralizations of each mAb into SynergyFin-

der and analysed them with the highest single agent (HSA) and

the Loewe models. The calculated values from the models

indicate the per cent neutralization where there is no synergistic

interaction between mAbs in the cocktail. In all the combinations,

the cocktails’ observed per cent neutralization is consistently

higher than those calculated by prediction models. Specifically,

we observed strong neutralization synergy for the p11D7 + tix-

agevimab combination and for the tixagevimab + cilgavimab

combination at their respective IC50’s (Table 2), and with the

highest per cent neutralization for the triple mAb cocktail at both

IC50’s and IC25’s (Table 2 and Table 3). This indicates that there

is neutralizing synergy between p11D7 and tixagevimab and

cilgavimab, both as dual combinations, as well as a triple mAb

cocktail.

Discussion

The continuing pandemic caused by SARS-CoV-2 urges the

ongoing development of novel mAb therapeutics using platforms

that have potential to optimize utility and safety. This study

describes a novel, SARS-CoV-2-neutralizing mAb discovered in a

traditional hybridoma system and further developed in a plant-

based expression system. Initial screening of mAbs secreted by

hybridomas generated from RBD-immunized mice was performed

by ELISA with both biotinylated and non-biotinylated RBD. This

ensured that RBD-binding mAbs were not overlooked whose

epitope may have been excluded by direct adhering of antigen to

the plate. Of several positive hits from the screening process, one

Table 1 Glycan analysis of m11D7 and p11D7

Major N-glycan

species Schematic presentation m11D7 (%) p11D7 (%)

GnGn/MGn 5.7 91.1

AGn/AA 12.3

GnGnF6/MGnF6 25.7

AMF6 3.3

AGnF6 33.4

AAF6 19.5

Man7-9 0.1 8.9

Heavy chains of either hybridoma-made 11D7 (m11D7) or 11D7 produced in

DXFT Nicotiana benthamiana plants (p11D7) were extracted after SDS-PAGE,

trypsin digested and analysed by LC-ESI-MS. Glycopeptide peaks were identified

using FreeStyle 1.8 and assigned percentages based on approximate molar

ratios from the peak heights. Consortium for Functional Glycomics nomencla-

ture was used.

Mannose; N-acetylglucosamine; Fucose; Galactose.
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Figure 3 p11D7 recognition of RBD from various SARS-CoV-2 variants. Various dilutions of p11D7 and reference mAbs were incubated with the WA1/

2020 RBD (a) or the B.1.1.529 (Omicron) RBD (b) that was immobilized on ELISA plates. Specific binding of the RBD-mAb complex was detected with a

horseradish peroxidase (HRP)—conjugated secondary antibody. The absorbance at 450 nm is plotted and is representative of at least two independent

experiments performed with technical duplicates. Error bars represent SEM.

ª 2022 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 21, 549–559

Collin Jugler et al.552



mAb, 11D7, was chosen for further development and recombi-

nant expression in plants due to its ability to efficiently neutralize

the WA1/2020 strain in the FFA. The chimeric 11D7 transiently

expressed in DXFT N. benthamiana plants peaked within a week

after agroinfiltration to approximately 131 lg of p11D7 per gram

of FLW. This level of expression is similar to other mAbs recently

produced by our group using the same expression vector based

on the geminiviral bean yellow dwarf virus (Jugler et al., 2022)

and allowed accumulation of milligram levels necessary for

in vitro and future in vivo studies. However, this level of

expression is lower than those of mAbs we produced using more

optimized geminiviral vectors (Diamos et al., 2020) or other plant-

made proteins such as griffithsin (GRFT) (Fuqua et al., 2015) that

have shown potent anti-viral activity against SARS-CoV-2 (Alsaidi

et al., 2021; Palmer, 2022). The yield of p11D7 can be increased

by using optimized versions of expression vectors (Diamos
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Figure 4 Neutralization of SARS-CoV-2 variants by p11D7. Serial dilutions of p11D7 were mixed with SARS-CoV-2 WA1/2020 (a), Delta (b), or Omicron

(c) before adding to Vero E6 (a and b) or Vero-hACE2-TMPRSS2 (c) cells. Cells were then fixed, permeabilized and stained for SARS-CoV-2 spike protein (a

and b) or nucleocapsid protein (c). Foci were counted, per cent neutralization determined, and IC50 calculated using GraphPad Prism 9. Error bars are SD

and curves represent at least two independent experiments performed in technical triplicates.
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Figure 5 Competitive binding between p11D7 and other anti-RBD mAbs to the WA1/2020 RBD. Dilutions of each reference mAb were coated on 96-well

plates followed by addition of 2 lg/mL of the WA1/2020 RBD. After washing, the plates were incubated with HRP-conjugated p11D7 to detect either non-

competitive binding (detection of a signal) or overlapping binding (absence of a signal) of p11D7 with each reference mAb to RBD. Error bars represent SD

and at least two independent experiments with technical triplicates were performed.

Table 2 Neutralizing synergy of p11D7 with plant-made tixagevimab and plant-made cilgavimab against the B.1.1.529 variant

mAb Combination Observed Neutralization (%) HSA Predicted Neutralization (%) Loewe Predicted Neutralization (%)

p11D7 + tixagevimab 91.97 � 2.60 35.58 � 7.15 40.89 � 11.29

p11D7 + cilgavimab 68.21 � 13.60 38.31 � 12.57 48.98 � 1.90

tixagevimab + cilgavimab 89.63 � 2.26 47.50 � 3.38 50.34 � 0.55

p11D7 + tixagevimab + cilgavimab 96.59 � 0.64 47.85 � 3.04 66.22 � 5.40

Per cent neutralization was obtained via FFA for each individual and combination of mAbs with each mAb at the concentration that corresponds to the IC50. The per

cent neutralization data from each individual mAb was used to calculate the predicted per cent neutralization of the cocktail with the highest single agent (HSA) and

Loewe models in SynergyFinder.org, assuming there is no neutralization synergy between mAbs in the cocktail. If the empirically determined observed per cent

neutralization value of the cocktail is higher than that predicted by the models, it indicates synergistic interaction of the mAbs in the cocktail. At least two independent

experiments with technical triplets were performed for each mAb and mAb combination with SD presented.
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et al., 2020) and/or via co-expression with chaperons (Margolin

et al., 2020) to make it cost-effective for commercial production.

Our result also showed that recombinant p11D7 assembled

correctly into an IgG, as determined by the Western blot analysis,

without any observable degradation or truncation of the

heterotetrametric protein. The correct assembly was further

validated by observing specific binding of the mAb to its target

antigen, the WA1/2020 RBD. The dissociation constant deter-

mined from the ELISA was 0.15 nM, suggesting that our novel

mAb has a relatively high affinity for the SARS-CoV-2 RBD as this

is similar to the dissociation constant for other neutralizing mAbs

against SARS-CoV-2, CA1 and CB6, produced in plants (Jugler

et al., 2022). Interestingly, although the affinity is close to that of

these neutralizing mAbs, the IC50 for p11D7 in neutralizing the

WA1/2020 strain, is much higher at 25.37 lg/mL, indicating that

p11D7 is not a potently neutralizing mAb by itself. However,

taken together with its unique binding site on the RBD, we

speculate that p11D7 may neutralize viral particles by a mech-

anism other than interfering with ACE2 binding. For example, its

binding may change the overall conformation of the S protein

and hinder the post-binding steps required for viral entry.

The continuous emergence of viral variants with accumulating

mutations in the spike protein must be considered when

developing therapeutic mAbs. The S protein that is responsible

for host cell entry is under high selective pressure due to its wide

use as a vaccine and therapeutic target. The variant of concern

that emerged at the end of 2021, B.1.1.529, colloquially termed

Omicron, has overtaken all previous variants, with the parental

Omicron variant having accumulated 15 mutations in the RBD

region, a prominent neutralizing target (Hu et al., 2022; Kuchi-

pudi et al., 2022). As a result, it is important that novel mAbs

being developed for therapeutic purposes retain recognition to

circulating variants that have outcompeted prior variants. We

assessed the capability of p11D7 to bind to the B.1.1.529 RBD

and observed specific binding of p11D7, with an approximately

100-fold reduction in affinity compared with the WA1/2020 RBD.

Of note, CR3022, a Class 4 non-neutralizing mAb against SARS-

CoV-2 (Barnes et al., 2020), derived from the original SARS-CoV

outbreak (ter Meulen et al., 2006) did not recognize the Omicron

RBD. This is of particular interest because we validated in this

study that p11D7 has an overlapping epitope with CR3022

(Jugler et al., 2022), strongly suggesting that p11D7 may itself be

a Class 4 RBD-binding mAb. However, even with an overlapping

epitope, the undetermined epitope of p11D7 appears to be more

conserved on the RBD than that of CR3022, due to retained

binding with accumulating RBD mutations. Furthermore, we

show that p11D7 retained neutralizing capacity against the

B.1.617.2 (Delta) variant, albeit with an approximately 2.3-fold

reduction in the IC50, as well as the Omicron variant with a

further approximately 15.9-fold reduction in IC50 when compared

to the Delta variant. Ultimately, this is a 37.4-fold reduction in

neutralizing ability from the WA1/2020 strain to the Omicron

variant that emerged nearly 2 years later. The evidence that

p11D7 retains recognition of the Omicron RBD at all is significant,

given that many other more potent neutralizing mAbs that were

developed and used clinically now do not bind or neutralize what

is now the dominant variant of SARS-CoV-2 (Planas et al., 2021;

VanBlargan et al., 2022). From a structural and mechanistic

perspective, this is not surprising, given that many of the anti-RBD

mAbs receiving an EUA early belong to Class 1 or 2, with epitopes

on the RBD that overlap with the ACE2 binding site, making them

particularly sensitive to mutations that impact ACE2 binding

(Deshpande et al., 2021). However, Class 4 mAbs bind to

epitopes on the RBD outside and distant from the ACE2 binding

site (Deshpande et al., 2021), suggesting they have a neutraliza-

tion mechanism that is different from ACE2-competition like

Class 1 and 2 mAbs. In addition, the Class 4 mAbs tend to have

more conserved epitopes on the RBD, making them more

resistant to mutations that occur more often within or near the

ACE2 binding site (Gruell et al., 2022a). This suggests that

p11D7, which overlaps with a Class 4 mAb, is a good candidate

to complement other classes of mAbs in a cocktail to provide

synergistic potency against multiple variants. Hence, we sought to

use it as a cocktail member with other, more potent mAbs that

are still active against the Omicron variant. Our plant-made mAbs

derived from the parental mAbs COV2-2130 (commercialized

into cligavimab or AZD1061) and COV2-2196 (commercialized

into tixagevimab or AZD8895) (Dong et al., 2021; Zost

et al., 2020), which are well-characterized mAbs designated to

be Class 3 and Class 1/2, respectively (Barnes et al., 2020;

Greaney et al., 2021), do not interfere with p11D7 binding to the

WA1/2020 RBD, as determined by a competitive ELISA. We also

performed the competition assay with the Class 1 CB6, knowing

that it should not interfere with p11D7 binding to the RBD (Jugler

et al., 2022). These observations further support the hypothesis

that p11D7 is likely a Class 4 mAb against the RBD and that

p11D7, not having overlapping epitopes with cilgavimab and

tixagevimab, would be a complementary cocktail partner for

these two mAbs that are still functionally active against Omicron

variants (Planas et al., 2021; VanBlargan et al., 2022).

The synergy analysis performed with dual and triple combina-

tions of p11D7 with plant-made cilgavimab and tixagevimab at

IC50 concentration, do indeed suggest that there is neutralizing

synergy of both these mAbs with p11D7 against the Omicron

variant. Synergy was also observed at the lower IC25 concentra-

tion as dual combinations of p11D7 with tixagevimab and

Table 3 Neutralizing synergy of p11D7 with plant-made tixagevimab and cilgavimab at IC25 concentrations against the B.1.1.529 variant

mAb Combination Observed Neutralization (%) HSA Predicted Neutralization (%) Loewe Predicted Neutralization (%)

p11D7 + tixagevimab 43.96 � 9.59 18.84 � 3.96 26.08 � 4.84

p11D7 + cilgavimab 34.76 � 27.73 29.18 � 14.99 48.90 � 1.98

tixagevimab + cilgavimab 65.03 � 2.62 35.14 � 9.02 38.33 � 7.02

p11D7 + tixagevimab + cilgavimab 93.92 � 1.88 35.14 � 9.02 50.45 � 7.46

FFA data for each individual and combination of mAbs were performed at the IC25 and per cent neutralization was analysed with the highest single agent (HSA) and

Loewe models in SynergyFinder.org. Predicted values represent the expected per cent neutralization if no synergy between mAbs was occurring, while the observed

per cent neutralization was the empirically determined value of the combination at the IC25. An observed value higher than a predicted value is inferred to have

synergetic interaction. At least two independent experiments with technical triplets were performed with SD values presented.
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tixagevimab with cilgavimab, and as an triple combination.

Notably, the triple mAb combination showed a greater increase in

neutralizing activity than all of the dual combinations, especially

at low mAb concentrations. Interestingly, the combination of

cilgavimab and tixagevimab, used clinically as EvusheldTM, still

retains neutralizing potency against highly divergent SARS-CoV-2

variants, such as BA.4/5, highlighting the continuing clinical utility

of this mAb cocktail (Wang et al., 2022; Yamasoba et al., 2022).

Previously, we have demonstrated that m11D7 has synergy with

the Class 1 EUA mAb, etesevimab (CB6) in neutralizing the WA1/

2020 strain (Jugler et al., 2022). Combined with the results

reported in this study, the cumulative observations suggest that

p11D7 has potential to enhance the neutralizing potency of

partner mAbs against multiple variants of concern in a cocktail

setting. Therefore, efforts to continue to evaluate p11D7 against

emerging variants will inform whether this unique mAb may have

potential to increase the neutralizing synergy of an already

effective mAb cocktail by a different mechanism to reduce the

occurrence of viral immune escape.

We further developed this mAb by generating it as a murine/

human chimeric IgG in plants to take advantage of the benefits

mAb production in plants offers. Specifically, plant-based pro-

duction utilizes inexpensive facilities and growth media for easily

scalable mAb generation (Chen and Davis, 2016), as well as

potential economic advantages in upstream production (Buyel

et al., 2017; Nandi et al., 2016). This, in combination with

homogenous N-linked glycosylation achieved with DXFT N.

benthamiana plants, allows for development of mAbs with

potentially greater safety and efficacy at lower costs than mAbs

produced in typical mammalian systems (Dent et al., 2016;

Kallolimath et al., 2021; Lai et al., 2010; Strasser et al., 2008; Sun

et al., 2021). Indeed, the glycan analysis performed on p11D7

confirmed that 91.1% of the recombinant mAb carried the

mammalian-like glycoform of GnGn or a partially processed MGn,

the human-like intermediate for more complex N-linked glycans

(Chen, 2016). This is regarded as necessary by regulatory agencies

for potential human therapeutics made in plants to eliminate

immunogenicity of plant-specific glycans (Sch€ahs et al., 2007). In

addition, the N-linked glycan pattern of IgGs located in the

constant heavy 2 (CH2) region at asparagine 297 (N297) is

necessary for Fc effector functions mediated through Fc gamma

receptors (FccRs) (Jefferis and Lund, 2002). Fc effector functions

are responsible for pathogen clearance through cell-mediated

mechanisms, as well as enhancing antigen presentation (Lu

et al., 2017). It has also been demonstrated that Fc function is

necessary for more favourable therapeutic protection against

SARS-CoV-2 (Winkler et al., 2021). The lack of core-fucose

residues is of interest here, in that fucosylated IgGs weaken

antibody-dependent cellular cytotoxicity (ADCC) activity by

decreasing affinity to the FccRIIIa (Wang et al., 2018). Further-

more, ADCC activity of IgGs against SARS-CoV-2 has been

observed in plasma containing both neutralizing and non-

neutralizing IgGs (Tso et al., 2021), indicating that there may be

a protective role for weakly neutralizing or non-neutralizing mAbs

that still bind to SARS-CoV-2 through an Fc-mediated mecha-

nism. Although p11D7 is not as potent a neutralizer compared

with other therapeutically developed mAbs for SARS-CoV-2

(Gruell et al., 2022b; Jugler et al., 2022; Shi et al., 2020;

VanBlargan et al., 2022; Wu et al., 2020; Zost et al., 2020), the

plant-made mAb developed in this study, has a highly homoge-

nous (91.1%) glycan population without detectable core fucose,

compared with the 81.9% of the hybridoma-made mAb that

contains core fucose. This suggests that p11D7 may have

increased in vivo efficacy by means other than neutralizing

potency, namely through Fc-mediated mechanisms such as

ADCC, and will be the focus of future studies.

Conclusion

To our knowledge, this is the most comprehensive study

describing a novel mAb produced in plants that binds to a

unique epitope on the RBD, exhibiting neutralizing potency

against multiple variants of concern by itself, and shows synergy

in neutralizing the Omicron variant of SARS-CoV-2. As variants

continue to emerge, there is a need to proceed to develop

therapeutic mAbs that maintain antigen recognition, as well as

continue to neutralize the virus, which can be most efficiently

accomplished with synergizing antibody cocktails. Our study

specifically highlights the utility of mAbs that do not directly

hinder ACE2 binding to the RBD in forming effective cocktail

components, as well as plants as a mAb expression platform and

the potential of this platform to contribute to therapeutic

development against the ever-evolving SARS-CoV-2 pandemic.

Methods

Generation of anti-RBD monoclonal antibodies and
variable gene rescue

Generation of the hybridoma as the source of the mAb 11D7 was

described previously (Jugler et al., 2022). Briefly, BALB/c mice

were immunized subcutaneously with RBD protein (NR-52309

obtained from BEI) under protocol #22-1881 T approved by the

Institutional Animal Care and Use Committee (IACUC) of Arizona

State University. Splenocytes were isolated to establish hybrido-

mas using a standard method (K€ohler and Milstein, 1975).

Hybridomas were screened for reactivity to both biotinylated and

non-biotinylated RBD (Wuhan-Hu-1 RBD) to ensure the recovery

of all RBD-binding mAbs including those with epitopes that may

be excluded by direct adhering of antigen to the ELISA plate

(Jugler et al., 2022). cDNA was generated from cells of the 11D7

hybridoma using a RNeasy kit for total RNA isolation (Qiagen),

followed by first-strand generation by the Reverse Transcription

System (Promega). The coding sequences of mAb variable regions

of were generated by PCR using degenerate primers (Wang et al.,

2000), cloned into the CloneJET PCR Cloning Kit (Thermo

Scientific), and sequenced by Sanger sequencing as described

previously (Jugler et al., 2022).

Variable gene plant codon adaptation and plant
expression

Variable region sequences rescued and determined from the

11D7 hybridoma and the variable regions for two mAbs, COV2-

2130 (cilgavimab) and COV2-2196 (tixagevimab) from the

literature (Dong et al., 2021; Loo et al., 2022; Zost et al., 2020)

were codon-adapted for plant-based expression using

GeneDesigner2.0. and synthesized by Integrated DNA Technolo-

gies (IDT). Synthesized fragments were further grafted onto a

human kappa constant sequence that was codon-adapted for

plant expression of the light chain and a human gamma constant

sequence codon-adapted for plant expression of the heavy chain.

Subsequent light and heavy chain genes were inserted into bean

yellow dwarf virus geminiviral vector and transiently expressed in

N. benthamiana plants by agroinfiltration (Chen et al., 2013;

Jugler et al., 2021, 2022; Leuzinger et al., 2013).
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Antibody extraction and purification

The extraction and purification of mAbs from plants followed our

published protocols (Jugler et al., 2020; Lai et al., 2010). Briefly,

N. benthamiana leaves expressing mAbs were harvested 5 days

after infiltration and homogenized in extraction buffer (1X PBS pH

5.2 with 10 mg/mL Na-L-ascorbate, 2 mM PMSF and 1 mM

EDTA) and filtered through cheesecloth. Total plant protein

extract was then centrifuged several times and incubated at least

4 h at 4 °C at pH 5.2 to precipitate host proteins. Further

centrifugation was performed, and the clarified protein extract

was filtered through a 0.2-micron vacuum filter. Protein extract

containing recombinant mAbs was then subjected to gravity flow

Protein A purification prior to further analysis.

SDS-PAGE and western blot analysis

SDS-PAGE and Western blot analysis were performed as

described previously (Hurtado et al., 2020). Briefly, purified mAbs

were subjected to SDS-PAGE analysis under reducing and non-

reducing conditions on 4%–20% acrylamide gels and total

protein content was stained with Coomassie Blue R-250. For

Western blots, proteins were separated on 12% acrylamide gels

under reducing conditions or on 4%–20% acrylamide gels under

non-reducing conditions. After separation, proteins were trans-

ferred to PVDF membranes, blocked with 5% milk in 1X PBST and

probed with goat anti-human kappa chain conjugated to

horseradish peroxidase (HRP) (Southern Biotech) or goat anti-

human IgG-HRP (Southern Biotech). Pierce West Pico Western

blotting substrate (Thermo Scientific) was added to the mem-

branes and images were taken with an Amersham ImageQuant

instrument.

p11D7 temporal expression in plants

Expression of 11D7 in plants was performed utilizing an ELISA

assay as described previously (Dent et al., 2016). Briefly, 96-well

plates were coated with goat anti-human IgG (Southern Biotech)

at 2 lg/mL overnight at 4 °C and blocked with 5% milk in 1X

PBST. All wash steps between incubations were performed three

times with 1X PBST. N. benthamiana leaves expressing recombi-

nant p11D7 were harvested at 24-h intervals ranging from 3 to

9 days post agroinfiltration. Leaves were homogenized as

described above and the extract clarified by centrifugation. After

blocking, various dilutions of each time point was added to the

plate for 1 h at 37 °C, alongside a control IgG of known

concentration. Recombinant, p11D7 was then detected by

adding goat anti-human kappa chain-HRP diluted 1:4000 in 5%

milk in 1X PBST. TMB substrate (SeraCare Life Sciences Inc.) was

then added and developed for 5 min before using a 1 M H2SO4

stop solution. Absorbance was read at 450 nm and GraphPad

Prism was used to calculate microgram of recombinant 11D7 per

gram of fresh leaf weight.

Glycan analysis

The N-glycosylation profiles of purified plant-made 11D7 and

hybridoma-made 11D7 were determined by mass spectrometry

(MS) as described previously (Esqueda and Chen, 2023; Kalloli-

math et al., 2021; Sun et al., 2021). In brief, heavy chains were

extracted from an SDS-PAGE, trypsin digested and analysed with

an LC-ESI-MS system (Orbitrap Exploris 480, Thermo Scientific).

Glyco-peptides were identified as sets of peaks consisting of the

peptide and the attached N-glycan moiety, varying in the number

of N-acetylhexosamine (HexNAc) units, hexose (mannose, galac-

tose, glucose, etc.), deoxyhexose (fucose) and pentose (xylose)

residues. Using FreeStyle 1.8 (Thermo Scientific), manual gly-

copeptide searches were performed, and deconvolution was

done using the Extract function. Heights of peaks roughly reflect

the molar ratios of the glycoforms. Glycan nomenclature accord-

ing to Consortium for Functional Glycomics (http://www.

functionalglycomics.org) was used.

RBD-specific binding of mAbs

Indirect ELISAs were used to show specific binding to the WA1/

2020 or the B.1.1.529 RBD using a previously described method

(He et al., 2021). Briefly, 2 lg/mL (WA1/2020) or 5 lg/mL

(B.1.1.529) of RBD was coated on 96-well plates overnight at

4 °C and blocked with 5% milk in 1X PBST. All wash steps

between incubations were performed three times with 1X PBST.

Dilutions of mAbs were made in 5% milk in 1X PBST and

incubated 1 h at 37 °C, followed by detection with goat anti-

human IgG-HRP. TMB substrate was then added, and the plate

developed for 5 min before using a 1 M H2SO4 stop solution.

Absorbance was read at 450 nm and GraphPad Prism was used

to generate graphs and calculate approximate dissociation

constants (KD) of p11D7 with one-site specific-binding model.

Competitive ELISA

An ELISA was used to assess RBD-binding competition between

11D7 and other RBD-binding mAbs as previously described (Jugler

et al., 2022). Dilutions of each mAb (all produced in plants) were

coated on 96-well plates overnight at 4 °C and blocked with 5%

milk in 1X PBST. All wash steps between incubations were

performed three times with 1X PBST. The WA1/2020 RBD was

incubated at 2 lg/mL for 1 h at 37 °C. Plant-made 11D7 was

conjugated to HRP using EZ Link Plus Activated Peroxidase Kit

(Thermo Scientific) and added to the plate at a 1:1000 dilution.

TMB substrate was then added, and the plate developed for

5 min before using a 1 M H2SO4 stop solution. Absorbance was

read at 450 nm and GraphPad Prism was used to generate

binding curves.

Focus-forming assay

The focus-forming assay was used to assess neutralization of

mAbs as described previously (Case et al., 2020; Jugler

et al., 2022), with some modifications. Briefly, 25 000 Vero E6

cells or Vero-hACE2-TMPRSS2 cells (for infection with Omicron)

were plated in 100 lL of DMEM +10% FBS 1 day prior to the

assay in 96-well clear, flat bottom plates. On the day of the assay,

mAbs were diluted to various concentrations and SARS-CoV-2

stocks were diluted to 2000 plaque forming units (PFU) and mixed

with the mAb dilutions for 1 h at 37 °C prior to adding to the

plated cells for an additional hour at 37 °C. Dilutions were

performed in DMEM +2% FBS. A 100 lL per well MEM:

methylcellulose overlay was then added and infected cells were

incubated for 24 h (WA1/2020 and Omicron) or 40 h (Delta). The

overlay was then removed, and cells were fixed with 4%

paraformaldehyde. Cells were further washed six times with

0.1% saponin and 0.1% BSA in 1X PBS. Cells infected with WA1/

2020 or Delta strains were stained with plant-made CR3022 at

2 lg/mL followed by detection with goat anti-human IgG-HRP

(Sigma). Omicron-infected cells were stained with a SARS-CoV-2

nucleocapsid antibody (GeneTex) and goat anti-rabbit IgG-HRP

(Sigma). KPL TrueBlue substrate (SeraCare Life Sciences Inc.) was
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added, and foci were quantified with an AID Spot Reader. Data

were analysed with GraphPad Prism 9 and per cent neutralization

was calculated as (average number of foci in virus-only wells—
number of foci in antibody-treated well)/average number of foci

in virus-only wells. Each antibody was tested in triplicate and at

least two independent experiments were performed.

Neutralization synergy

Neutralizing synergy of mAb combinations was performed as

previously described (Jugler et al., 2022). In brief, mAbs were

diluted to their corresponding IC25 and IC50, followed by FFA

experiments with mAbs alone, as dual combinations, or as a triple

combination of three mAbs. Per cent neutralization was then

calculated as described for the FFA, and data were imported into

SynergyFinder and analysed with the highest single agent (HSA)

or Loewe models to calculate predicted per cent neutralization at

each concentration tested (Berenbaum, 1989; Ianevski

et al., 2020; Loewe, 1953). Predicted neutralization was then

directly compared with empirically determined per cent neutral-

ization of each combination and concentration. Synergy was

inferred when the observed per cent neutralization was higher

than that predicted by both models.
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Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Table S1 Neutralization potency (IC90) of p11D7 against various

SARS-CoV-2 variants. Serial dilutions of p11D7 were mixed with

the indicated SARS-CoV-2 variant before adding to Vero E6

(WA1/2020 and Delta) or Vero-hACE2-TMPRSS2 (Omicron) cells.

Cells were then fixed, permeabilized and stained for SARS-CoV-2

protein. Foci were counted, per cent neutralization deter-

mined and IC90 calculated using GraphPad Prism 9. At least

two independent experiments were performed with technical

triplicates.
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