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Vaccination and administration of monoclonal antibody cocktails are effective tools to control the progression of
infectious diseases and to terminate pandemics such as COVID-19. However, the emergence of SARS-CoV-2
mutants with enhanced transmissibility and altered antigenicity requires broad-spectrum therapies. Here we
developed a panel of SARS-CoV-2 specific mouse monoclonal antibodies (mAbs), and characterized them based

on ELISA, Western immunoblot, isotyping, and virus neutralization. Six neutralizing mAbs that exhibited high-
affinity binding to SARS-CoV-2 spike protein were identified, and their amino acid sequences were determined
by mass spectrometry. Functional assays confirmed that three mAbs, F461G11, F461G15, and F461G16
neutralized four variants of concern (VOC): B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma) and B.1.617.2 (delta)
These mAbs are promising candidates for COVID-19 therapy, and understanding their interactions with virus
spike protein should support further vaccine and antibody development.

1. Introduction

Unlike any other outbreaks of an infectious disease in recent history,
the coronavirus 2019 (COVID-19) pandemic has changed public health,
the global economy, and people’s lifestyle. It has resulted in over 192
million confirmed cases and more than 4.1 million deaths worldwide as
of 2021 July 23 (https://covid19.who.int/), since its outbreak was
recognized in December 2019. It is still not clear when this pandemic
will be contained or controlled (Scudellari, 2020).

SARS-CoV-2, the causative agent of COVID-19, is a positive-sense
single-strand RNA virus closely related to SARS-CoV (Kim et al.,
2020). Approximately 20% of people infected with SARS-CoV-2 remain
asymptomatic throughout the infection. In the remaining portion, 80%,
exhibit only mild or moderate disease (WHO, 2021) and approximately
15% develop severe disease requiring hospitalization, oxygen support,
and other interventions (WHO, 2021; Wu et al., 2020). The
case-fatality rates (CFR) of COVID-19 in different regions varies

substantially, from below 1% to up-to-20% (https://www.cebm.net/c
ovid-19/global-covid-19-case-fatality-rates/; Sorci et al., 2020; Zhou
et al., 2020; Onder et al., 2020; Kim et al., 2021; Ergonul et al.,
2021). Several risk factors are highly correlated with COVID-19 severity
and death, including age (>60 yr), obesity, comorbidities such as car-
diovascular disease, chronic kidney disease, and diabetes mellitus
(Imam et al., 2020; Ergonul et al., 2021; Onder et al., 2020; Zhou
et al., 2020; Marin et al., 2021). SARS-CoV-2 has a lower CFR than
SARS-CoV and MERS (Ergonul et al., 2021; Hu et al., 2021).
Although SARS-CoV-2 is not as lethal as SARS-CoV and MERS, it is
much more contagious, transmitting efficiently through direct contact,
respiratory droplets and aerosols through speaking, coughing and
sneezing (Wiersinga et al., 2020; Editor, 2020). Keeping a social dis-
tance, washing hands, or using hand sanitizer, and wearing masks in
enclosed spaces have proven to be effective measures to slow down
transmission. Failure to follow these measures can result in a surge of
infections followed by exhaustion of medical resources such as hospital

; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; PRNT, plaque reduction neutralization test.
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beds, ICUs, and ventilators, and significantly increased deaths (Ergonul
et al., 2021), a scenario which many regions have experienced during
this pandemic (Onder et al., 2020; Meyerowitz et al., 2021).

Central to controlling the pandemic is vaccination and a number of
effective vaccines, developed against the Wuhan wild-type strain, are
being administered on a global level (https://www.who.int/emergen
cies/diseases/novel-coronavirus-2019/covid-19-vaccines). At  this
point, all current vaccines target the virus spike protein with the intent
of developing neutralizing antibodies against this protein in order to
block virus entry into cells (Dong et al., 2020; Krammer, 2020). In
addition, vaccines that elicite strong cellular response were also
explored (Dong et al., 2020; Krammer, 2020).

As an additional therapeutic measure, neutralizing antibodies, alone
or in cocktails, are being assessed. Three SARS-CoV-2-neutralizing
monoclonal antibody (mAb) products: REGEN-COV (casirivimab plus
imdevimab) (Hansen et al., 2020; Baum et al., 2020a, 2020b), bam-
lanivimab plus etesevimab, and Sotrovimab were approved for the
treatment of mild to moderate COVID-19 in outpatients under Emer-
gency Use Authorizations (EUAs) by the FDA (The U.S. Food and Drug
Administration FDA, 2021a; The U.S. Food and Drug Administration
(FDA), 2021b; The U.S. Food and Drug Administration (FDA), 2021c).
These mAbs were developed through isolated memory B cells from
either convalescent patient or immunized mice that contain humanized
immunoglobulin genes (Hansen et al., 2020; Shi et al., 2020; Jones
etal., 2021; Pinto et al., 2020). All these antibodies showed efficacy in
preclinical and clinical studies to SARS-CoV-2 strains isolated at the
early stage of this pandemic. However, their neutralization against the
most recent SARS-CoV-2 variants has not been fully explored.

Although vaccination and antibody cocktail prophylaxis/therapy
seems promising, the emergence of SARS-CoV-2 variants with increased
transmissibility, virulence, and antibody-resistance has raised concerns
on the success of halting the pandemic (Zhou et al., 2021; Dejnirattisai
et al., 2021). Recent studies suggested that several variants such as
B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma) and B.1.617.2 (delta) have
displaced the original strain first isolated from samples collected in
Wuhan, China in late 2019 (https://www.gisaid.org/hcov19-variants/).
These variants contain multiple mutations in the spike protein,
demonstrate enhanced transmissibility (Li et al., 2020), and resistance
to many antibodies generated during the early stage of this pandemic.
For example, variants B.1.351 and P.1 escape both bamlanivimab
(LY-CoV555) and etesevimab (LY-CoV016) (Wang et al., 2021; Starr
et al., 2021). B.1.351 also showed significant resistance to a panel of
mAb cocktails in clinical use or under clinical development, including
casirivimab (REGN10933) plus imdevimab (REGN10987), COV2-2196
plus COV2-2130 (Starr et al., 2021; Wang et al., 2021). In addition,
B.1.351 resists the neutralization by convalescent plasma and hyper-
immune sera from vaccinated volunteers (Wang et al., 2021; Li et al.,
2020).

In this study, we report the generation of a panel of murine hybrid-
omas recognizing SARS-CoV-2 spike protein or nucleoprotein. After
screening, we identified six neutralizing mAbs with high affinity to
SARS-CoV-2 spike protein. Moreover, three of them demonstrated
robust neutralization of a broad-spectrum of SARS-CoV-2 variants,
including B.1.1.7, B.1.351, P.1, B.1.617.2 and B.1.525, indicating their
potential as therapeutic agents.

2. Materials and methods
2.1. SARS-CoV-2 preparation

VeroE6 cells were infected at low moi (<0.01) with SARS-CoV-2
(hCoV-19/Canada/ON_ON-VIDO-01-2/2020, GISAID accession# EPI -
ISL_425177) in neat DMEM. After 3 days, supernatant was pooled and
cell debris pelleted by centrifugation at 1500xg for 15 min. Virus was
pelleted by centrifugation at 28,000 rpm for 1hr, and washed with PBS.
Titer prior to inactivation was determined by standard plaque assay. The
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virus was inactivated by treatment with 0.1% formaldehyde solution for
3 days at 4 °C. Inactivation was confirmed by passage of 10-fold serial
dilutions of the inactivated virus stock on VeroE6 cells with repassage of
the culture supernatants onto fresh VeroE6 cell cultures for another 3
days to confirm lack of cytopathic effect that would be due to virus
replication.

2.2. Expression and purification of SARS-CoV-2 spike and NP protein

The coding sequence of the SARS-CoV-2 spike ectodomain amino
acids 1-1215 (NCBI Accession # MN908947), was modified (Pallesen
et al., 2017), and placed in frame with a Thrombin cleavage site, T4
foldon trimerization motif (Tao et al., 1997), a Strep tag II (Schmidt
and Skerra, 2007) and a FLAG tag (Hopp et al., 1988). The sequence
was codon optimized for human cell expression, and cloned into pcDNA
3.1. Recombinanat SP was expressed in HEK 293 Expi cells and purified
on an AKTA Pure chromatography system (Cytiva, Marlborough, MA,
USA). Recombinant NP was expressed and purified using a similar
regimen. (Supplementary Materials and Methods).

2.3. Immunization of mice and cell fusion

Mice were housed in an animal facility accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
and approved by the Institutional Animal Care and Use Committee
(IACUC) of the National Microbiology Laboratory Canada.

Female BALB/c mice (5-6 weeks old) were immunized subcutane-
ously with 2 x 10° pfu formalin-inactivated SARS-CoV-2 virus in PBS
with an equal volume of Emulsigen-D adjuvant (MVP adjuvants. Omaha,
NE, USA), and boosted at days 21, 35, 49, and 63, respectively. The mice
were further boosted subcutaneously with 3 x 10° pfu formalin-
inactivated SARS-CoV-2 virus three days before cell fusion.

2.4. Cell fusion, generation of mAbs, and immunoassays

Cell fusion and mAb generation were conducted as described before
(Berry et al., 2004). Enzyme-linked immunosorbent assay (ELISA),
Western immunoblot, and antibody isotyping also followed protocols
described previously (Berry et al., 2004).

2.5. Antibody de novo amino acid sequence determination and analysis

Antibody digestion procedures were developed from protocols
described in Bandeira et al. (2008) and Tran et al. (2016) (Supple-
mentary Materials and Methods).

Full details on mass spectrometry data-dependant aquisistion
methods are available in a previous publication (McQueen et al.,
2019). Raw mass spectrometry files were analyzed using PEAKS AB
software (Bioinformatics Solutions Inc.) (Supplementary Materials
and Methods). Peptide sequences were aligned against a database of
sequences (part of PEAKS AB) to obtain the full amino acid sequence
(Shan and Xin, 2013; Tran et al., 2016).

IgBLAST (https://www.ncbi.nlm.nih.gov/igblast/index.cgi) was
used for germline gene alignment and allele determination based on
protein sequences. Amino acid sequences were also back-translated into
DNA sequences via EMBOSS Backtranseq (https://www.ebi.ac.
uk/Tools/st/emboss_backtranseq) for further analysis based on nucleic
acid sequences using IMGT/V-QUEST (http://www.imgt.org/I
MGT vquest/analysis) and IgBLAST.

2.6. Purified mAb endpoint titer test

Purified mAbs were tested for antigen binding titers to SARS-CoV-2
rSP by ELISA described previously (Berry et al., 2004). Endpoint ti-
ters of each sample were determined as the lowest concentrations of the
wells at which the optical density (OD) was threefold higher than the
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Table 1
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Identification and Preliminary characterization of SARS-CoV-2 monoclonal antibodies (hybridoma culture supernatants).

SARS-CoV-2 Characterization methods
mAbs ELISA (0.D) (1/4 dilution of culture supernatants) Western- Isotype Surrogate Virus Neutralization Test Plaque Reduction
1P (100ng/ NP Formalin inactivated Virts blot (SVNT) (% of positive control) Neutralization Test (PRNT)
well) (100ng/ (5 x 10* pfu/well)
well)
F457G1 2.03 0.07 0.45 rSP IgG1/k 8% Negative
F457G2 0.07 1.59 0.87 NP 1gG1/k 1% Negative
F457G3 0.08 1.79 0.91 rNP IgG1/k 5% Negative
F457G4 2.22 0.07 0.24 rSP IgG1/M/  14% Negative
k
F457G5 0.07 0.07 0.48 N IgG1/k 4% Negative
F457G6 0.07 0.88 0.53 NP IgG1/k 1% Negative
F457G7 0.07 0.07 0.35 N 1gG1/k 11% Negative
F457G8 2.01 0.07 0.43 rSP IgG1/k 4.3% Negative
F457G9 0.08 1.18 0.62 NP 1gG1/k 1% Negative
F457G10 0.08 1.31 0.54 NP IgG1/k 1% Negative
F457G11 0.08 0.07 0.34 N IgG1/k 93% Negative
F457G12 0.08 1.39 0.58 NP 1gG1/k (2.62% Negative
F458G1 N 0.73 0.24 NP IgG1/k 15.26% Negative
F459G1 1.69 N N rSP IgG2a/k 97% PRNTs50: >640; PRNTqo: 80
F459G2 2.68 N N rSP IgG2b/k 6.44% Negative
F459G3 2.9 N N rSP IgG2a/k 11.71% Negative
F459G4 0.56 N N rSP IgG1/k 10.69 Negative
F459G5 0.6 N N rSP IgG1/k 5.72% Negative
F459G6 0.5 N N rSP 1gG2b/k 7.66% Negative
F459G7 0.07 2.3 N NP 1gG1l/k 14.48% Negative
F459G8 2.1 N N rSP IgG2b/k 11.22% Negative
F459G9 3.2 N N rSP 1gG1/k 6.6% Negative
F459G10 1.35 N N rSP 1gG1l/k 10.88% Negative
F459G11 1.29 N N rSP IgG1/k 15.77% Negative
F459G12 0.76 N N rSP IgG1/k 15.92% Negative
F459G13 0.73 N N rSP 1gGl/k 4.44% Negative
F459G14 1.59 N N rSP 1gG1/k 7.7% Negative
F461G1 3.2 N N rSP IgG1/k 3.8% N
F461G2 3.2 N N rSP 1gG1/k 2.8% N
F461G3 1.28 N N rSP 1gG1/k 0.48% N
F461G4 3 N N rSP IgG2a/k 8.71% N
F461G5 N 3.5 N NP IgG2a/A 7.67% N
F461G6 N 3.4 N NP 1gG1/k 5.55% N
F461G7 N 3.5 N NP IgG1/k 6.61% N
F461G8 1.00 N N rSP IgG1/k 87% PRNTs50: 160; PRNTgq:
negative
F461G9 0.47 N N rSP 1gG1/k 15.7% N
F461G10 3.3 N N rSP IgG2a/k 3.18% N
F461G11 1.10 (1/2 rSP 1gG1/k 92% PRNTS50: 160; PRNTqq: 20
dilution)
F461G12 N 2.8 N NP IgG1/A 6.55% N
F461G13 N 3.3 N NP IgG1/k 2.18% N
F461G14 2.94 N N rSP 1gG1/M/ 93% PRNTS50: 40; PRNTgq:
k negative
F461G15 1.18 N N rSP 1gG1/k 94% PRNTS50: 80; PRNTyp: 20
F461G16 1.33 N N rSP 1gGl/k 93% PRNTS50: 80; PRNTyq:
negative
F461G17 2.13 N N rSP 1gG2b/ 31% Negative

M/k

N: no test or not available; rSP: recombinant spike protein; rNP: recombinant nucleoprotein; Negative: below detection limit.

negative control.

2.7. Antibody affinity analysis using surface plasmon resonance (SPR)

Measurement of the affinity of the mAbs for rSP was performed as
described (Karlsson et al., 1991) using a Biacore 2000 instrument
(Biacore, Uppsala, Sweden) (Supplementary Materials and Methods).
BlAevaluation 3.2 software was used to measure and plot the ko, and kg
values directly, which were used to calculate the affinity (Kp).

2.8. Surrogate virus neutralization test (sVNT)

The SARS-CoV-2 Surrogate Virus Neutralization Test Kit (GenScript,
Piscataway, NJ, USA) was used to detect neutralizing antibodies against

SARS-CoV-2 that block the interaction between the receptor-binding
domain (RBD) of the viral spike glycoprotein with the ACE2 cell sur-
face receptor.

2.9. Plaque reduction neutralization test

The hybridoma culture supernatants and six purified neutralizing
mAbs were tested at the same antibody concentration (1 mg/mL). The
SARS-CoV-2 PRNT was adapted from a previously described method for
SARS-CoV-1 (Wang et al., 2005), and with modifications (Valcourt
et al., 2021; Papenburg et al., 2021) (Supplementary Materials and
Methods). PRNT-50 titers and PRNT-90 titers >20 were considered
positive for SARS-CoV-2 neutralizing antibodies, whereas titers <20
were considered negative for SARS-CoV-2 neutralizing antibodies. The
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reference strain and all variants used for the PRNT were sequence
confirmed.

3. Results

3.1. Development and screening of SARS-CoV-2 specific monoclonal
antibodies

Four mice were immunized and boosted with formalin-inactivated
SARS-CoV-2, and the spleens were used for fusion and hybridoma
selection.

A panel of forty-four clones were detected based on ELISA screening
against purified inactivated SARS-CoV-2, recombinant spike protein
(rSP), recombinant nucleoprotein (rNP), and in parallel with negative
screening with BSA. Forty-one clones that reacted with rSP or rNP, but
not BSA (Table 1), were selected for antigen specificity confirmation by
western immunoblot using non-reducing SDS-PAGE condition. Twenty-
eight mAbs reacted specifically with SARS-COV-2 spike protein, and
thirteen mAbs reacted specifically with nucleoprotein.

Isotype analysis found that most clones are IgG/k type mAbs, while
F461G5 and 461G12 contain IgG/A. F457G4, F461G14, and F461G17
initially contained both IgG and IgM. After two rounds of subcloning,
only IgG was selected from F457G4 and F461G14. F461G17 and F458G1
stopped producing antibodies during subcloning and were excluded in
the following analyses (Table 1).

Unpurified hybridoma culture supernatants were used for the SARS-
CoV-2 surrogate virus neutralization test (sVNT), and eight clones
(F457G11, F459G1, F461G8, F461G11, F461G14, F461G15, F461G16,
and F461G17) showed potential virus neutralization capability (>20%
inhibition rate of the positive control). Of those, six mAbs were purified
and further identified based on plaque reduction neutralization test
(PRNT) using a SARS-CoV-2 isolate (Canada/ON_ON-VIDO-01-2,/2020,
EPI_ISL_42517) (Table 1). All nucleoprotein-specific mAbs didn’t show
neutralization capacity, and their characteristics is under investigation
and will be reported in a future study.

3.2. Characterization of SARS-CoV-2 neutralization antibodies

Based on the preliminary live virus neutralization results, a lead
panel of six spike protein-specific mAbs (F459G1, F461G8, F461G11,
F461G14, F461G15, and F461G16) were selected for subcloning and
production on a large scale for testing antibody sequence, antigen
specificity, antigen affinity, surrogate virus neutralization test, and
neutralization of multiple SARS-CoV-2 variants.

3.2.1. Antibody sequence analysis

Anti-SARS-CoV-2 antibody amino acid sequences were determined
using mass spectrometry based de-novo sequencing of purified mono-
clonal antibody digests. Template sequences for each antibody were
exported from PEAKS AB and considered to be the primary amino acid
sequence. All six antibody sequences were generated from the results of
two replicate digestion sets except for F461G14, which was from the
results of a single digestion set. We were able to obtain 100% sequence
coverage for all antibodies. Each sequence was evaluated manually for
annotation of CDR and amino acid confidence. All the amino acids in
F461G1, F461G11, F461G16 heavy and light chain sequences were
identified with >95% confidence. All amino acids in F461G14 and
F461G15 were identified with >95% confidence except for two amino
acids in the CDR3 that were identified with >85% confidence. F461G8
had three unidentified amino acids, two with >85% confidence and one
with >95% confidence of the six CDR3 amino acids.

The sequences of the six neutralization mAbs used three heavy-
chain-variable genes, with the VH5-9-1*01 gene most frequently used
by four mAbs (F461G11, F461G14, F461G15 and F461G16) (Table 2).
While the light-chain of the six mAbs belong to two gene families, using
three light-chain-variable genes, with the VK4-80*01 used by three
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Table 2
Sequence analysis of neutralization antibodies” (purified mAbs).
rSP V gene Number of V gene Number of
specific (Heavy mutations and gaps,  (Light mutations and gaps
mAbs Chain) and identity Chain) and Identity
compared to compared to
Germline (Heavy Germline (Light
Chain) Chain)
F459G1 IGHV1- 15 (84.7%) IGKV6- 3 (96.8%)
26*01 20%01
F461G8 IGHV1- 24 (75.5%) IGKV6- 6 (93.7%)
53*01 15*01
F461G11 IGHV5-9- 5 (94.9%) IGKV6- 19 (80.0%)
1*01 20*01
F461G14 IGHV5-9- 3 (96.9%) IGKV4- 17 (81.9%)
1*01 80*01
F461G15 IGHV5-9- 6 (93.9%) IGKV4- 18 (81.1%)
1*01 80*01
F461G16 IGHV5-9- 13 (87.7%) IGKV4- 18 (81.1%)
1*01 80*01

2 : the germline genes were based on the highest scores in the alignments; rSP:
recombinant spike protein.

mAbs. The sequence identity to germline varied from 75.5% to 96.9%
for heavy chains and from 80.0% to 96.8% for light chains, respectively.
The broad range of sequence identity to the germline genes is consistent
with repeating exposure to the antigen. The same heavy and light chain
genes were used by F461G14, F461G15, and F461G16, suggesting they
were derived from related hybridoma clones.

3.2.2. Western immunoblot

All six mAbs reacted specifically with the SARS-CoV-2 rSP, but not
BSA (negative control) in Western immunoblots. These antibodies
reacted with spike protein only in non-reducing conditions, but not in
reducing SDS-PAGE (with DTT). This indicated that these mAbs targeted
conformational epitopes maintained by disulfide bonds (Supplementary
Fig. 1).

3.2.3. The binding affinity of mAbs with SARS-CoV-2 spike protein

Both ELISA and Biacore were used to determine the binding affinity
of selected mAbs with rSP.

All six mAbs showed strong binding with spike proteins. Two mAbs,
F461G8 and F461G11, had endpoint titers at 156 ng/mL. While the
other four mAbs, F459G1, F461G14, F461G15, and F461G16 showed
stronger binding with the endpoints at 19.5 ng/mL, 4.9 ng/mL, 4.9 ng/
mL, and 3.1 ng/mL, respectively.

Biacore analysis demonstrated a similar trend of rSP-antibody
interaction as indicated by endpoint ELISA. Both F461G8 and
F461G11 showed binding affinity at the nanomolar level, while the
other four mAbs had a stronger affinity to the S protein, with the Kp
below 1 nM (Table 3).

3.2.4. Biological activity

Both sVNT and PRNT tests were used for effector function analysis.
SVNT is a fast and easy way to screen the antibodies that target the
receptor-binding domain (RBD) of the SARS-CoV-2 spike protein. In
contrast, the PRNT is a more accurate assay by using the clinical isolated
virulent virus. However, it can only be done in a biosafety level 3 (BSL3)
lab and is labor-intensive.

The preliminary tests using the hybridoma culture supernatants
demonstrated the neutralizing capacity of the six lead mAbs. Purified
mAbs were further tested to determine the effects of selected clones. As
shown in Table 3, all six mAbs demonstrated strong neutralization ca-
pacity using the sVNT, with 96% or more blocking of the RBD binding
with ACE2, compared to the positive control. Because of the nature of
this test, the results also suggest that the epitope binding domains of the
six neutralizing mAbs are located in the receptor-binding domain (RBD).

The six mAbs that showed high blocking values were further



H. Qiu et al.
Table 3
Characterization of selected six neutralization mAbs (purified mAbs).
1SP End point Affinity Surrogate Virus PRNT (1 mg/
specific values (Kp) Neutralization Test mL)
mAbs (ELISA) (SVNT) (% of positive
control) (1 mg/mL)
F459G1 19.5 ng/mL 0.188 96.1% PRNT50>640;
PRNTgo = 320
F461G8 156 ng/mL 8.06 96% PRNTso = 320;
PRNTy = 80
F461G11 156 ng/mL 9.66 96.2% PRNT50>640;
PRNTo = 320
F461G14 4.9 ng/mL 0.353 96% PRNT50>640;
PRNTg = 320
F461G15 4.9 ng/mL 0.212 96% PRNT50>640;
PRNTy = 320
F461G16 3.1 ng/mL 0.177 96.2% PRNT50>640;
PRNToo = 160

rSP: recombinant spike protein.

characterized in the PRNT against the SARS-CoV-2 clinical isolate used
for hybridoma development. All mAbs demonstrated strong SARS-CoV-2
PRNTy titers ranging from 80 to 320. In summary, all selected six mAbs
demonstrate substantial neutralization potency against the SARS-CoV-2
virus.

As the pandemic has progressed, several SARS-CoV-2 variants have
emerged and spread in different regions (https://www.gisaid.org/hcov19-
variants/). These variants show stronger transmission potency and evasion
of mAbs and polyclonal antibodies induced by vaccination (Graham et al.,
2021; Leung et al., 2021; World Health Organization, 2021; Public
Health England, 2021a). Therefore, we also tested the neutralization
activity of these lead mAbs against the variants of concern (VOCs) present
in North America (https://www.cdc.gov/coronavirus/2019-ncov/
cases-updates/variant-surveillance/variant-info.html#Concern) and other
continents.
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The neutralization potency of the candidate mAbs to the four VOCs
are ascribed into three categories: 1, significantly reduced compared to
most of the variants (F461G8 and F461G14, more than a thirty two-fold
reduction of the neutralization activity to two (F461G8) to three
(F461G14) VOCs, and eight-fold reduction to another VOC (F461G8)),
2, moderately reduced (F459G1, four to sixteen-fold reduction of the
neutralization activity to three VOCs), and 3, unchanged or improved
neutralization (F461G11, F461G15, and F461G16, up to two-fold
decrease and eight-fold increase of the neutralization activity to the
VOCs) (Fig. 1).

Both F461G8 and F461G14 showed a substantial reduction of
neutralization potency to most of the tested variants. Specifically, the
neutralization potency of F461G8 to variants P.1 and B.1.351, decreased
up to thirty-two fold, and the potency to variant B.1.1.7 and B.1.617.2
decreased two-fold and eight-fold (by PRNT5), respectively. F461G14
showed neutralizing activity at more than thirty-two- to sixty-four—fold
reduction to variants P.1, B.1.1.7, and B.1.351, respectively. F459G1
showed sixteen-, four- and eight-fold reduced neutralizing activity to
P.1, B.1.1.7, and B.1.351, respectively. In contrast, F461G11, F461G15
and F461G16 showed minor or no change of neutralization (within two-
fold reduction or increase of PRNTy titers) to variants P.1, B1.1.7, and
B.1.351. Moreover, the three mAb clones exhibited increased neutral-
izing (four-to eight-fold increase of neutralization by PRNTy titers)
variants B.1.617.2, compared to the reference isolate (hCoV-19/Can-
ada/ON_ON-VIDO-01-2/2020, EPI_ISL_425177).

The neutralization of the six mAbs to B.1.525, one variant of interest
(VOI) was also consistent with their response to the VOCs. Both F461G8
and F461G14 showed drastic reduction of the neutralization potency,
while the other mAbs had only minor or no change of the neutralizing
activity.

In summary, F461G11, F461G15, and F461G16 demonstrated strong
neutralizing activity to a broad spectrum of clinical isolates, including
the current four variants of concern that are prevalent in various

Neutralization potency against SARS-CoV-2 variants (purified mAbs)
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Fig. 1. Neutralization potency changes against SARS-CoV-2 variants by purified mAbs, Six purified neutralizing mAbs were tested against selected variants by Plaque
Reduction Neutralization Test (PRNT), and the PRNTg, values were compared to the reference strain (hCoV-19/Canada/ON_ON-VIDO-01-2/2020, EPI ISL_425177)
tested at the same time. Increased neutralization potency was positive and reduced potency was designed as negative. F461G8 neutralization potency to B.1.617.2

was based on PRNTSs, as the PRNTg, values were too low to calculate.
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geographical regions.
4. Discussion

The COVID-19 pandemic has heavily hit public health and the global
economy during the last one and a half years. The vigorous vaccination
campaigns in several countries have been crucial in preventing the
spread of infections and minimizing severe consequences such as hos-
pitalizations, intensive care admissions or deaths (https://covid19.who.
int/table?tableChartType=heat). The development of mAbs and their
prophylactic and therapeutic application may also improve the protec-
tion of patients or vulnerable individuals, such as the elderly, and people
with obesity or comorbidity against more transmissible SARS-CoV-2
variants. However, adaptive evolution of escape mutations in response
to the immune pressure and the emergence of immune resistant variants
have the potency to hinder efforts to control COVID-19.

Recent studies have shown that several SARS-CoV-2 variants
demonstrate resistance to mAbs developed for therapy and polyclonal
antibodies induced by vaccine candidates and virus infection. For
example, variant B.1.1.7 resists the neutralization of LY-CoV016 (Eli
Lilly) (Wang et al., 2021; Dejnirattisai et al., 2021; Starr et al.,
2021). Variant P.1 and B.1.351 show significant resistance to both Lilly
antibodies (LY-COV555 and LY-CoV016) and REGN10933 (Regeneron)
(Wang et al., 2021; Dejnirattisai et al., 2021; Starr et al., 2021).
These two variants also demonstrate modest resistance to AstraZeneca’s
AZD8895 (Dejnirattisai et al., 2021). In addition, the neutralizing
activities of convalescent plasma and sera from vaccinated people also
decreased (Wang et al., 2021; Dejnirattisai et al., 2021; Starr et al.,
2021). In contrast, several mAbs (S309 from Vir, and ADG10, 20 and 30
from Adagio) showed similar neutralization of all variants and early
isolates strains (Dejnirattisai et al., 2021; Zhou et al., 2021; Wang
et al., 2021).

We generated a panel of spike protein and nucleoprotein specific
mAbs by hybridoma fusion and identified six anti-SP mAbs that
demonstrate potent inhibition of an early SARS-CoV-2 isolate (hCoV-19/
Canada/ON_ON-VIDO-01-2/2020, EPIISL _425177). We then tested
their neutralization activity to several representative variants, including
B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), B.1.617.2 (delta) and
B.1.525 (eta). B.1.1.7, B.1.351, P.1 and B.1.617.2 are variants with
higher transmissibility and are designated as ‘Variants of Concern’ by
the WHO (https://www.who.int/en/activities/tracking-SARS-CoV-2-va
riants/). B.1.525 belongs to the ‘Variants of Interest’ category Several
candidate mAbs, F461G11, F461G15, and F461G16 demonstrated
comparable or increased neutralizing activities to all the variants and
the reference strain (hCoV-19/Canada/ON_ON-VIDO-01-2/2020, EPI_-
ISL_425177, which was isolated at the early stage of this pandemic and
belong to the same L clade as the GISAD designated official reference
strain WIV04) (Sarkar et al., 2021) indicating that these mAbs have
broad-spectrum antiviral potency. Moreover, the three candidate mAbs
showed a four-to eight-fold increase of neutralization of B.1.617.2, the
variant with over 50% higher transmissibility than B.1.1.7 (Public
Health England, 2021b), and increased resistance to tested vaccines
(Wall et al., 2021; Bernal et al., 2021). In addition, they exhibited a
two-fold increase of neutralization of B.1.351, a variant that resists
many neutralizing antibodies (Dejnirattisai et al., 2021).

Both P.1 and B.1.351 contain three similar changes in the RBD of the
spike protein (K417 N/T, E484K, and N501Y), while B.1.1.7, B.1.617.2,
and B.1.525 have a single mutation at N501Y, L452R, and E484K,
respectively. The neutralization titers of F461G1l1l, F461Gl5and
F461G16 are similar across the variants tested, suggesting the epitopes
of these three mAbs are not located in these three variant defining amino
acid sites. In contrast, F461G8 had a considerable reduction of
neutralization of P.1, B.1.351, B.1.617.2 and B.1.525 (up to 32-fold loss
of neutralization) but not of B.1.1.7, indicating the epitope of F461G8
contains amino acid sites 452 and 484 of the spike protein. The
neutralization of F461G14 to all tested variants except B.1.617.2 was
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severely reduced, suggesting that it is interacting with at least two amino
acids in sites 484 and 501. Lastly, F459G1 showed moderate loss of
neutralization of P.1, B.1.1.7, and B.1.351, implying that the site of
interaction may contain asparagine at position 501.

All forty-four mAbs generated in this study were pre-screened using
SVNA, and thirty-three were further tested by PRNT. Except for F457G11
and F461G17, all the pre-screening results were consistent with the
neutralization of the isolate used for mouse immunization (Table 1),
confirming the validity of the SVNT test. F457G11 showed substantial
neutralization (93% of the positive control) in the sVNT, but could not
inhibit virus infection during virus PRNT. It is possible that the folding of
HRP-RBD in sVNT is not the same as that of the wild-type virus spike
protein. Thus F457G11 could not access the binding site and neutralize
the virus. Although F457G11 showed a positive result in sVNT, the value
(31% of the positive control) was substantially lower than the other
several neutralizing antibodies (about 96% of the positive control),
which may be below the detection limit in the virus PRNT assay.

All the leading six neutralizing antibodies in this study were pre-
screened using the surrogate virus neutralization assay, based on their
binding to the RBD of SARS-CoV-2 spike protein (Tan et al., 2020).
However, it is essential to point out that some antibodies can recognize
other domains within the spike protein, such as the NTD of S1, or fusion
loop of S2, which may also interfere with the interaction between the
RBD and ACE2, or membrane fusion, and inhibit virus entry into the host
cell (Jiang et al., 2020; Chi et al., 2020). Therefore, assessment of the
other mAbs based on virus neutralization test is needed to fully char-
acterize all spike protein-specific antibodies.

Overall, amino acid sequencing of antibodies using a combination of
shotgun proteomic techniques and PEAKS AB de-novo sequencing was
able to provide high quality sequence information. Most amino acid
sequences were determined with >95% confidence while only F461G8
had three unidentified amino acids in the CDR3. CDR3 is a region of high
variability so it is natural to assume that challenges would be observed
in sequencing this antibody region. Sequencing in this region will largely
be dependent on the quality of de-novo determined sequences and the
amount of variation in this region between homologous sequences. In
most cases, we were able to improve sequence information in this region
by analysing multiple replicate digests of the same antibody. Ongoing
work will continue to further improve the accuracy of amino acid se-
quences of the antibodies, for example by using different digestion en-
zymes and/or peptide fragmentation methods.

Four neutralizing antibodies (F461G11, F461G14, F461G15, and
F461G16) share the same germline heavy chain V gene (IGHV5-9-1*1)
and three of them (F461G14, F461G15, and F461G16) share the same
germline light chain V gene (IGKV4-80*01) as well. In contrast, the light
chain of F461G11 was suggested from IGKV6-20%01 (80.0% identity).
Further analysis found that it is 79.6% identical with IGKV4-80*01,
indicating that F461Gl1l was also derived from hybridoma clone
related the other three mAbs. Given the similarity of F461G11,
F461G15, and F461G16 in sequences and neutralization potency on the
VOCs, it is speculated that they share similar antigen epitopes. It is also
intriguing that F461G14, although has similar germline heavy and light
chain V genes as the other three, can not neutralize three VOCs (alpha,
beta, and gamma variants). Antibody binning and epitope mapping will
be conducted to answer these questions.

In summary, we identified three SARS-CoV-2 spike protein-specific
murine mAbs that demonstrate broad-spectrum neutralization of the
variants of concern. We are working on epitope binning and mapping,
and the mAb-spike protein structure determination. Understanding the
interactions between these mAbs and the spike protein is expected to
shed light on developing a new generation vaccine against a broad
spectrum of SARS-CoV-2 variants. In addition, a humanized version of
these mAbs, after thorough characterization of the efficacy and safety
(European Medicines Agency (EMA), 2016, The U.S. Food and Drug
Administration (FDA), 2021d, World Health Organization (WHO),
2016), might also provide more therapy options for COVID-19.
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