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Abstract

Background: Calls for the coronavirus to be treated as an endemic illness, such as the flu, are increasing. After achiev-
ing high coverage of COVID-19 vaccination, therapeutic drugs have become important for future SARS-CoV-2 variant
outbreaks. Although many monoclonal antibodies have been approved for emergency use as treatments for SARS-
CoV-2 infection, some monoclonal antibodies are not authorized for variant treatment. Broad-spectrum monoclonal
antibodies are unmet medical needs.

Methods: We used a DNA prime-protein boost approach to generate high-quality monoclonal antibodies. A stand-
ard ELISA was employed for the primary screen, and spike protein-human angiotensin-converting enzyme 2 block-
ing assays were used for the secondary screen. The top 5 blocking clones were selected for further characterization,
including binding ability, neutralization potency, and epitope mapping. The therapeutic effects of the best monoclo-
nal antibody against SARS-CoV-2 infection were evaluated in a hamster infection model.

Results: Several monoclonal antibodies were selected that neutralize different SARS-CoV-2 variants of concern
(VOCs). These VOCs include Alpha, Beta, Gamma, Delta, Kappa and Lambda variants. The high neutralizing antibody
titers against the Beta variant would be important to treat Beta-like variants. Among these monoclonal antibodies,
mAb-S5 displays the best potency in terms of binding affinity and neutralizing capacity. Importantly, mAb-S5 protects
animals from SARS-CoV-2 challenge, including the Wuhan strain, D614G, Alpha and Delta variants, although mAb-S5
exhibits decreased neutralization potency against the Delta variant. Furthermore, the identified neutralizing epitopes
of monoclonal antibodies are all located in the receptor-binding domain (RBD) of the spike protein but in different
regions.

Conclusions: Our approach generates high-potency monoclonal antibodies against a broad spectrum of VOCs. Mul-
tiple monoclonal antibody combinations may be the best strategy to treat future SARS-CoV-2 variant outbreaks.
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Background

In the past two decades, outbreaks of two highly patho-
genic coronaviruses, SARS-CoV-1[1] and Middle East
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mortality rates in humans. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has caused the
global coronavirus disease (COVID-19) pandemic since
2019, and it has not been fully controlled for more than
2 years. SARS-CoV-2 continues to mutate, resulting in
more than 400 million confirmed infections and approxi-
mately 6 million deaths[3]. Currently, widely licensed
therapies to prevent or treat COVID-19 are unavailable.
Therefore, the development of preventive and therapeu-
tic reagents to combat SARS-CoV-2 infection is a top
priority.

SARS-CoV-2 is a Betacoronavirus whose entry into
host cells is mediated by a glycosylated spike protein
(S) that binds to the angiotensin-converting enzyme 2
(ACE2) receptor[4]. When SARS-CoV-2 attaches to a
cell, the spike protein is cleaved into S1 (14—685 residues)
and S2 (686—1273 residues) fragments by host proteases.
The S1 protein includes the N-terminus (NTD, residues
14-305) and receptor-binding domain (RBD, residues
319-541), while the S2 protein (residues 1237-1273)
facilitates membrane fusion and allows the viral genetic
material to enter the cell[5]. Substitution of amino acids
generates new viral variants. The RBD is a research hot-
spot. Over the past two years, mutations in the RBD of
SARS-CoV-2 variants have been identified in the UK
(Alpha, B.1.1.7)[6, 7], South Africa (Beta, B.1.351)[8, 9],
Brazil (Gamma, P.1)[10, 11] and India (Delta, B.1.617.2)
[12, 13], causing a serious epidemic. Recently, Omicron
(B.1.1.529) originated in Botswana, and the epidemic
situation in various countries has progressed rapidly[14].
Mutations of S residues that affect ACE2 binding and rec-
ognition of antibodies are also associated with enhanced
transmission and infectivity[15]. Therefore, RBD is a spe-
cific target for the development of many potent neutral-
izing antibodies and therapeutic agents[16, 17].

In the past 2 years, human monoclonal antibodies from
patients infected with SARSCoV-2 have been isolated to
neutralize the viruses or treat viral infection[17, 18]. The
regions recognized by these antibodies are all located on
the RBD of SARS-CoV-2. The high RBD mutation rate
of SARS-CoV-2 often affects the recognition of antibod-
ies. In previous studies, a cocktail of antibodies against
the SARS-CoV-2 spike protein prevented the virus from
rapidly mutating to escape neutralization[19]. Cur-
rently, several anti-SARS-CoV-2 mAbs, bamlanivimab
(LY-CoV555), etesevimab (LY-CoV016), casirivimab
(REGN10933), and imdevimab (REGN10987), have
received Emergency Use Authorization (EUA) from the
U.S. Food and Drug Administration (FDA) for the treat-
ment of patients with confirmed SARS-CoV-2 infection
and mild to moderate COVID-19. The FDA has author-
ized antibody combinations to achieve beneficial thera-
pies, such as the U.S. FDA emergency authorization of
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bamlanivimab combined with etesevimab or casirivimab
and imdevimab in the treatment of mildly to moderately
ill patients over 12 years of age. Authorization of these
monoclonal antibody therapies may help patients avoid
hospitalization and alleviate the burden on our health
care system. However, SARS-CoV-2 continues to mutate,
and some antibodies are not authorized to treat new vari-
ant infections; thus, the development of new monoclonal
antibodies against SARS-CoV-2 is urgently needed.

Vaccines and chemical drugs are produced to fight
viral infections. For the same reason, combining vaccina-
tion with neutralizing monoclonal antibodies should also
prevent outbreaks caused by new variants. Mouse mono-
clonal antibodies have been developed for many years
and diverse antibodies have been quickly obtained and
applied to virus infection or treatment-related research
in animal models[20—22]. The DNA prime-protein boost
immunization approach has been shown to generate high
affinity monoclonal antibodies[23, 24]. In the present
study, we employed this strategy to generate monoclonal
antibodies against the SARS-CoV-2 spike protein. Sev-
eral monoclonal antibodies were screened by performing
ACE2 competition assays and epitope analyses. We uti-
lized monoclonal antibodies to neutralize SARS-CoV-2
variants and used a hamster animal model to understand
antibody protection by performing pathological analyses.
The epitopes were further determined to confirm that
the antibody recognizes the SARS-CoV-2 RBD region.
In the future, antibodies that bind to different antigenic
epitopes will hopefully be applied to protect infected ani-
mals and treat viral infections.

Methods

Mouse immunization

BALB/c mice were obtained from the National Labora-
tory Animal Breeding and Research Center (Taipei, Tai-
wan). Six- to eight-week-old BALB/c mice were injected
intramuscularly with the pSARS-2 DNA vaccine[25]
(100 pg per mouse) in hind legs at a 3-week interval,
followed by electroporation with a BTX electropora-
tor (ECM830) using two-needle array electrodes (5-mm
diameter (BTX 45-0121). Electroporation was performed
at 75 V with 10 pulses at 50 ms/pulse and 100-ms inter-
vals between pulses. After two DNA vaccinations, each
mouse was immunized twice with 100 pg of SARS-CoV-2
S protein (ACROBiosystems, DE) via subcutaneous injec-
tion at a three-week interval. One week after the fourth
immunization, blood was collected from the cheek fossa
of the mouse and tested using ELISA. Blood samples were
collected from the submandibular vein of mice. All ani-
mals were housed at the Animal Center of the National
Health Research Institutes (NHRI) and maintained in
accordance with institutional animal care protocols. All
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animal experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC)
of the NHRI (Protocol No: NHRI-IACUC-109077-A).

Cell fusion and hybridoma screening

The mouse that had a higher titer was injected intrave-
nously with 100 pg of SARS-CoV-2 S protein. Three days
later, splenocytes were isolated from the immunized
mouse and mixed with murine FO myeloma cells at a
ratio of 5:1 with ClonaCell™-HY PEG according to the
ClonaCell HY Cloning Kit protocols. The splenocytes
were resuspended in fusion recovery medium, incu-
bated at 37 °C for 20 h, and hybridoma selection and
cloning were performed simultaneously using methyl-
cellulose-based semisolid medium containing HAT,
such as ClonaCell -HY Medium D. The fused cells were
transferred into 10-cm plates and incubated at 37 °C
for 10-14 days. After 14 days, the colonies were visible
with the naked eye. Each clone was pipetted into an indi-
vidual well of a 96-well tissue culture plate containing
ClonaCell"-HY Medium E and incubated at 37 °C for
3—4 days. The positive hybridoma cells were determined
using ELISA. The positive clone with a high titer was
chosen for subcloning.

S proteins of SASR-CoV-2 variants and other human
coronaviruses

HEK293 cells expressing S protein of SARS-CoV-1
(SPD-S52H6) or S1 (40591-VO8H), RBD,q s, (SPD-
C52H3), and S proteins (SPN-C52H4) of original SARS-
CoV-2, Alpha (SPN-C52H6), Gamma (SPN-C52Hg),
Kappa (SPN-C52Hr), and Lambda (SPN-C52Hs) were
purchased from ACROBiosystems. The recombinant S
proteins of SARS-CoV-2 WAI, Beta, Delta and Sg3; 5,4
(N331-V524) were prepared in the ExpiCHO™ cell
expression system. Briefly, the S proteins of SARS-
CoV-2 variants were cloned into the clinically used
vector pcDNA3.1 and expressed in ExpiCHO"™ cells
as previously described[26]. The spike gene of SARS-
CoV-2 (accession number: MN908947) was synthe-
sized and modified by replacing the residues. The first
modification of the spike protein in the cleavage site
(residues RRAR g, _¢55) between the S1 and S2 domains
was replaced with GSAS. Second, the stability of the
trimeric spike protein was increased by replacing two
prolines at positions 986 and 987[27, 28]. The spike
genes from other human coronaviruses, MERS-CoV
(accession number: KJ782549.1), human OC43 (acces-
sion number: KF572815.1), HKU1 (accession number:
DQ437607.1), 229E (accession number: AB691763.1),
and NL63 (accession number: KM055633.1), were opti-
mized and synthesized into the pClneo vector with an
HA-tag sequence at the 3’ end of the genes by AllBio
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Science Inc. The chimeras of SARS-CoV-2 and SARS-
CoV-1 were synthesized and subcloned into pcDNA3.1
with a His-tag at the 3’ end of genes, as previously
described[29]. All plasmids were transformed into
DHb5« E. coli for plasmid amplification. Plasmids were
extracted and purified using an endotoxin-free Qiagen
column system (Germany). Proteins were expressed in
293T cells using PolyJet " reagent (SignaGen Laborato-
ries) according to the manufacturer’s protocol.

ACE2 competition ELISA

Microplates (96-well) were coated with 8 pug/ml SARS-
CoV-2 S proteins at 4 °C overnight. The plates were
washed and blocked with blocking buffer at 37 °C for
1 h. After washing, serially diluted anti-SARA-CoV-2
sera, supernatants of hybridoma cells, or purified SARS-
CoV-2 mAbs mixed with 5 nM biotinylated human ACE2
(BIOSS, MA) were added to the wells. The plates were
incubated at 37 °C for 2 h. After washing, streptavidin-
HRP working solution was added to each well for 1 h
at 37 °C. Finally, the reactions were developed and the
absorbance was measured using a microplate reader at
450 nm.

SARS-CoV-2 neutralization assay

The virus neutralization assay was conducted in a
biosafety level 3 (BSL-3) laboratory and was approved
by the Taiwan CDC. The strains of SARS-CoV-2, hCoV-
19/Taiwan/4/2020 (WA1), hCoV-19/Taiwan/78/2020
(D614G, B.1.1.515), hCoV-19/Taiwan/729/2020 (Alpha,
B.1.1.7), hCoV/Taiwan/1013 (Beta, B.1.351), hCoV-
19/Taiwan/906/2020 (Gamma, P1), and hCoV/Tai-
wan/1144/2020 (Delta, B.1.617.2) were obtained from
the Centers for Disease Control (CDC) in Taiwan.
Viruses were amplified in Vero cells and grown in M199
medium supplemented with 2 pg/mL TPCK-trypsin
(Sigma) at 37 °C. The virus titer was determined by cal-
culating the 50% tissue culture infectious dose (TCIDyg)
using a standard method. Briefly, Vero cells were seeded
(2.4 x 10* cells/per well) in 96-well plates and cultured in
M199 medium supplemented with 5% FBS at 37 °C for
24 h to form a monolayer. The next day, serial two-fold
dilutions of SARS-CoV-2 mAbs were incubated with 200
TCIDg, of SARS-CoV-2 for 2 h at 37 °C. The antibody-
virus complexes were added to Vero cell culture mon-
olayers in 96-well plates. The plates were incubated in a
CO, incubator at 37 °C for 4 days, after which the cyto-
pathic effect (CPE) was observed microscopically. The
neutralization titer was proportional to the highest dilu-
tion of SARS-CoV-2 mAbs that prevented infection of
50% of quadruplicate inoculations.
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Animal experiments

Syrian hamsters (n=5-6 per group) were challenged
intranasally with 1x10° TCIDg, (WA1, D614G, and
Alpha), or 1 x 10* TCID;, (Delta) SARS-CoV-2 in 50 pl
under isoflurane anesthesia. After 3 h, each hamster was
injected with 1 mg or 5 mg of mAb-S5[30]. Half-ham-
sters in each group were sacrificed at Day 3 after chal-
lenge to quantify the viral load. Left lung tissues were
homogenized in 2 ml of PBS using a gentleMACS® Dis-
sociator (Miltenyi Biotec) to determine the viral load in
the lung. After centrifugation at 600 x g for 5 min, the
clarified supernatant was harvested for live virus titra-
tion (TCIDjg, assay) and viral RNA quantification. The
protocols were performed as previously described[31].
RNA was extracted from the tissue supernatant after
lysis with TRIzol LS (Ambion), and 10 ng of the RNA
was used as a template for RT-qPCR. RT-qPCR was per-
formed on a QuantStudio 6 Flex Real-Time PCR System
(ABI) using the KAPA PROBE FAST Universal One-Step
qRT-PCR kit (KR1282, Roche). The primers and probes
were designed to specifically amplify two target regions:
SARS-CoV-2-specific E (E_Sarbeco Forward: ACAGGT
ACGTTAATAGTTAATAGCGT, E_Sarbeco Reverse:
ATATTGCAGCAGTACGCACACA, and E_Sarbeco
probe: FAM-ACACTAGCCATCCTTACTGCGCTT
CG-BHQ1) and N (CCDC-N forward: GGGGAACTT
CTCCTGCTAGAAT, CCDC-N reverse: CAGACATTT
TGCTCTCAAGCTG, and CCD-N probe: FAM-TTG
CTGCTTGACAGATT-BHQ1) genes. Furthermore, the
pathological analysis of lung lobes was performed at Day
6 postchallenge[32]. The 5-pum sections were stained with
hematoxylin and eosin for histopathological examina-
tions. Lung tissues were fixed with 4% paraformaldehyde
and processed for paraffin embedding. Images were cap-
tured using a Leica DFC 5400 digital camera and were
processed using Leica Application Suite v.4.13. Patho-
logical severity scores were evaluated according to the
percentage of inflammation area for each section from
each animal using the following scoring system: 0, no
pathological change; 1, affected area <10%; 2, affected
area 10-30%; 3, affected area 30-50%; and 4, affected
area > 50%.

Kinetic analysis

The interaction between S proteins of SARS-CoV-2
variants and mAbs was measured using biolayer inter-
ferometry (BLI) on Octet RED (ForteBio, CA). All the
interaction analyses were conducted at 25 °C in PBS with
0.05% Tween 20. The anti-mouse IgG Fc capture (AMC)
biosensors were preimmobilized with 500 nM purified
monoclonal antibodies for 100 s. The 96-well microplates
used in the Octet RED were filled with 200 pl of sample
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or buffer per well and agitated at 1000 x rpm. The loaded
biosensors were washed with buffer for 30 s and trans-
ferred to wells containing S proteins of SARS-CoV-2 vari-
ants at concentrations of 200, 100, 50, 25, 12.5, 6.25, and
3.13 nM in buffer. The association was observed for 400 s,
and dissociation of each protein of interest was observed
for 500 s in the sample diluent. Kinetic parameters (K,
and K g) and affinities (K) were calculated with a 1:1
binding model using ForteBio Data Analysis 8.2 software
to evaluate the data. Independent measurements were
performed 3 times.

Epitope binning

Epitope binning was performed using an Octet RED
instrument. SARS-CoV-2 mAbs in kinetic assay buffer
(PBS containing 0.05% Tween 20) were immobilized onto
AMC biosensors and saturated with the S proteins. Time
0 represents binding to the mAbs. Complete epitope bin-
ning of the five selected SARS-CoV-2 mAbs was evalu-
ated by determining the ability of each pair of antibodies
to simultaneously bind S protein using BLI. The com-
plexes were then incubated for 300 s with each of the
indicated antibodies. The matrix presents the identified
epitope specificity based on the various competition
experiments. All data were analyzed using ForteBio Data
Analysis 8.2 software.

Flow cytometry

The FITC-labeled anti-HA antibody and FITC-labeled
anti-His antibody were purchased from Biolegend (San
Diego, CA). The anti-SARS-CoV-1 S2 antibody (Mab5)
[33] and SARS-CoV-2 mAbs were labeled with Alexa
Fluor 488 and 647, respectively. Alexa Fluor 488 and
647 Lightning-Link conjugation kits were purchased
from Abcam (Cambridge, UK). 293T cells (5 x 10°/well)
were transfected with 1 pg of the indicated DNA plas-
mids using PolyJet" reagent (SignaGen Laboratories)
according to the manufacturer’s protocol. At 48 h after
transfection, cells were harvested and stained with fluo-
rophore-labeled anti-tag antibodies and mAbs. The spike
proteins of human coronaviruses and chimeras of SARS-
CoV-1 and SARS-CoV-2 were analyzed using an Attune
NxT flow cytometer (Thermo Fisher, MA) and FlowJo
V10 software.

Statistical analysis

Statistical data were generated using GraphPad Prism
8.0.2 software. The statistical significance of differences
in results between experimental groups was determined
using the Kruskal-Wallis test with Dunn’s multiple com-
parisons test. Differences were considered statistically
significant if the p value was <0.05.
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Results

Generation and functional screen of monoclonal
antibodies against the spike protein of SARS-CoV-2
BALB/c mice were immunized with the DNA vaccine
twice and then boosted with recombinant SARS-CoV-2
spike protein (S) twice. Murine hybridoma technology
was used to generate hybridoma cell lines that produced
S-specific monoclonal antibodies. After two rounds of
standard ELISA screening, 42 clones were selected for
S-hACE2 blocking assays. The top 5 blocking clones were
selected for further characterization (Additional file 1:
Fig. S1A). Four monoclonal antibodies belonged to the
IgG2a subclass, while one monoclonal antibody belonged
to the IgG2b subclass. All 5 monoclonal antibodies con-
tained a kappa light chain (Additional file 1: Fig S1B).

Neutralization potency of monoclonal antibodies

against multiple SARS-CoV-2 variants

Microneutralization assays were performed to evalu-
ate the neutralizing capacity of 5 monoclonal antibodies
against multiple SARS-CoV-2 variants. We first deter-
mined the neutralization potency of 5 monoclonal anti-
bodies against SARS-CoV-2 and WA1 (Wuhan-1 strain).
Representative wells of microneutralization assays are
shown in Additional file 2: Fig. S2A. Except for mAb-S33,
the other four mAbs (mAb-S5, mAb-S22, mAb-S30, and
mAb-542) exhibited neutralizing capacity against WAL
We further determined the neutralization potency of 5
mAbs against SARS-CoV-2 variants, including D614G,
Alpha, Beta, Gamma, and Delta (Additional file 2: Fig.
S2B). The half-maximal inhibitory concentration (ICs)
of each mAb against SARS-CoV-2 and its variants is
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summarized in Fig. 1A. mAb-S5 was the most potent
clone to block virus infection among the 5 monoclo-
nal antibodies. The ICy, values of mAb-S5 for WA-1,
D614G, Alpha, Beta, Gamma, and Delta were 0.09 pg/
mL, 0.16 pg/mL, 0.04 pg/mL, 0.04 pg/mL, 0.04 pg/mL,
and 2.5 pg/mL, respectively. The high potency against the
Beta variant is important to treat Beta-like variants in the
future.

Monoclonal antibodies block the binding of spike protein
of SARS-CoV-2 variants to human ACE2

Various mutant variants have rapidly spread across a
large area of the world. Not all variants were available
in our laboratory collection during the preparation of
this manuscript. A competition assay was performed
to examine the ability of monoclonal antibodies to
block the binding of the spike protein of SARS-CoV-2
variants to human ACE2. The data showed that mAb-
S5 blocked the binding of all spike proteins of SARS-
CoV-2 variants to human ACE2 (Additional file 3: Fig.
S3). The IC;, values of five mAbs against the spike
protein of SARS-CoV-2 Wuhan-1 (WAI1-S), Alpha
variant (Alpha-S), Beta variant (Beta-S), Gamma vari-
ant (Gamma-S), Delta variant (Delta-S), Kappa vari-
ant (Kappa-S), and Lambda variant (Lambda-S) are
summarized in Fig. 1B. Although the IC;, of mAb-S5
against Delta-S (5.45 pg/mL) was higher than WA1-S
(0.52 pg/mL), the blocking ability may still be able to
protect against Delta variant infection. Since the Delta
variant was different from the other variants in the
authentic virus neutralizing and spike protein block-
ing assays, we then determined the binding ability of
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mAbs to WT-S and Delta-S using biolayer interfer-
ometry (Fig. 2A). The equilibrium dissociation con-
stants (KD) of five mAbs against WA1-S and Delta-S
are summarized in Fig. 2B. Consistent with the trend
of the blocking assay, mAb-S5 showed the strongest
binding affinity for WA1-S (KD =2.7 £+ 0.26 x 10!} M)
among the five mAbs. Again, although mAb-
S5 exhibited reduced binding affinity for Delta-S
(KD=9.340.11x 1071 M) compared with WA1-S,
mADb-S5 still displayed high binding affinity for Delta-
S. Overall, these results suggest that mAb-S5 recog-
nizes and neutralizes all SARS-CoV-2 and its variants.
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Therapeutic efficacy of mAb-S5 against SARS-CoV-2
variants

Considering the superior potency of mAb-S5, we fur-
ther evaluated the therapeutic effects of mAb-S5 on
SARS-CoV-2 infection in vivo. Groups of hamsters
were treated with PBS or 1 mg or 5 mg of mAb-S5 at
3 h after infection with SARS-CoV-2 (WA1) via the
intranasal route. All hamsters were randomly divided
into 2 subgroups. One subgroup of hamsters was sac-
rificed at Day 3 postinfection to evaluate the viral loads
in the lung. The body weight of the other subgroup of
hamsters was monitored over a 6-day period and then
the lung histopathology was examined. The experi-
mental scheme is shown in Fig. 3A. Compared to the
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Fig. 2 The kinetics of mAbs binding to SARS-CoV-2 variants. A The binding profiles of mAbs to trimeric S proteins of SARS-CoV-2 (WA1-S and
Delta-S) were analyzed by detecting BLI using an OctetRED instrument. The mAbs were captured by anti-mouse IgG Fc (AMC) sensors immobilized
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PBS-treated group, all hamsters treated with 1 mg or
5 mg of mAb-S5 showed a significantly reduced degree
of SARS-CoV-2-induced body weight loss (Fig. 3B). In
addition, viral loads in the lungs of mAb-S5-treated
hamsters were reduced in a dose-dependent manner, as
evaluated by measuring infectious virus titers (Fig. 3C)
and viral RNA (Fig. 3D). Moreover, hamsters treated
with either 1 or 5 mg of mAb-S5 displayed mild lung
damage with only small amounts of immune cell infil-
tration (red arrow) around the bronchioles and blood
vessels at Day 6 after challenge, while the PBS-treated
hamsters displayed severely diffuse alveolar damage
characterized by thickening of alveolar septa, immune
cell infiltration, extensive fibrin filling the alveolar
space (blue arrow), and pneumocyte hyperplasia (yel-
low arrow) (Fig. 3E). Pathological severity scores are
summarized in Fig. 3F. Furthermore, we evaluated
the therapeutic effects of mAb-S5 on the D614G and
Alpha variants. Hamsters treated with 1 mg of mAb-S5
showed reduced body weight loss after D614G or Alpha
variant infection (Fig. 3G and I). Consistent with the
body weight findings, the infectious virus titers in the
lungs of mAb-S5-treated hamsters were substantially
reduced (Fig. 3H and J). Based on these results, mAb-
S5 may be used for the treatment of diseases caused by
SARS-CoV-2 infection.

Among the variants we examined, the neutraliz-
ing capacity of mAb5 against the Delta variant was
less efficient in the in vitro microneutralization assay.
Next, we evaluated the therapeutic potential of mAb-
S5 against Delta variants in vivo. The experimental
scheme is the same as that described in Fig. 3A. Com-
pared to the PBS-treated group, treatment of hamsters
with 1 mg or 5 mg of mAb-S5 resulted in a significantly
reduced degree of SARS-CoV-2-induced body weight
loss (Fig. 4A). Similar to WA1 challenge studies, viral
loads in the lung and severity of lung damage in mAb-
S5-treated hamsters were reduced in a dose-dependent
manner after Delta challenge. Treatment of hamsters
with 5 mg of mAb-S5 significantly reduced infectious
virus titers (Fig. 4B), viral RNA levels (Fig. 4C), and
lung damage severity (Fig. 4D, E). Thus, mAb-S5 exerts
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potential therapeutic effects on SARS-CoV-2 variant
infection.

Binding properties and binding site analysis of monoclonal
antibodies to the spike protein of SARS-CoV-2

We used biolayer interferometry technology with a tan-
dem binding model of antibody pairs to bin the epitopes
recognized by the five antibodies. As shown in Fig. 5A,
regions I, II, and III represent immobilization of the
first mAb on sensors, saturation of S protein on the first
mAbs, and incubation with the second mAb, respectively.
An increase in the signal shift after incubation with the
second mAb represents the binding of the second mAb
to the S protein without interference by the first bound
mAb. Figure 5B summarizes the results for epitope bin-
ning of the five mAbs. mAb-522 and -S30 competed
with each other, as marked in red, while mAb-S5, -S33,
and -S42 did not compete with the other four mAbs, as
marked in green. These results suggest that mAb-522
and -S30 bind to the S protein at the same (or adjacent)
epitope(s). Notably, mAb-S5, -S33, and -S42 bind to the S
protein at different epitopes.

Different fragments of recombinant S protein were
used as coating antigens for ELISA to analyze the bind-
ing regions of the five mAbs. All five mAbs bound well
to baculovirus-insect cell-expressed S protein (S;41;95)
(Fig. 6A), HEK293 cell-expressed recombinant Sl ¢g5
(Fig. 6B), receptor binding domain of S (S 39_537)
(Fig. 6C), and CHO cell-expressed recombinant S frag-
ment (Ssq;.54) (Fig. 6D). Based on these results, the
epitopes of the 5 mAbs are located in the Sg3; ,, region.
We further examined the specificity of the 5 mAbs.
When using SARS-CoV-1 Sg4 557 (equivalent to receptor
binding domain of SARS-CoV-1 spike protein) as a coat-
ing antigen for ELISA, only mAb-S33 bound to SARS-
CoV-1 S3p4.507 (Additional file 4: Fig. S4). None of the 5
mAbs recognized the spike protein of the other human
coronaviruses OC43, HKU1, NL63, 229E, and MERS
(Additional file 5: Fig. S5). Therefore, mAb-S5, -522, -S30,
and -S42 specifically recognize S;3; 5,4 of SARS-CoV-2.

Except for mAb-S33, the other 4 mAbs could not
bind to SARS-CoV-1 Sjp.5.;2 We hypothesized that

(See figure on next page.)

Fig. 3 Therapeutic efficacy of mAb-S5 against SARS-CoV-2 (WA1, D614, and Alpha) infection in hamsters. A The experimental flow chart is shown.
Groups of Syrian hamsters (n=5-6, 11-12 weeks of age) were intranasally challenged with SARS-CoV-2 (WAT1, 1 x WO5TCID50 per hamster). After

3 h of challenge, Syrian hamsters were divided into two groups and intraperitoneally administered 1 mg or 5 mg of mAb-S5. Body weights were
recorded daily. Body weight changes (%) relative to the day of viral challenge are plotted (B). Infectious virus titers C and viral RNA copies D in

the lung were evaluated at Day 3 after virus challenge. E Pathological analysis of lung lobes at Day 6 postchallenge using standard HE staining.

Red arrows indicate immune cell infiltration. Blue arrows indicate extensive fibrin filling the alveolar space. Yellow arrows indicate pneumocyte
hyperplasia. Scale bars represent 100 um F) Pathological severity scores were evaluated according to the percentage of inflammatory area for each
section from each animal using the following scoring system: 0, no pathological change; 1, affected area < 10%; 2, affected area 10-30%; 3, affected
area 30-50%; and 4, affected area > 50%. Body weight changes (%) relative to the day of D614G G and Alpha variant I challenge are plotted.
Infectious virus titers in the lung measured 3 days after D614G H and Alpha J challenge are shown. Statistical significance was determined using the
Kruskal-Wallis test with Dunn’s multiple comparison test: *p <0.05, **p <0.01, and ***p < 0.001
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Fig. 4 Therapeutic efficacy of mAb-S5 against SARS-CoV-2 (Delta) infection in hamsters. Groups n=>5,11-12 weeks of age)
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groups and intraperitoneally administered 1 mg or 5 mg of mAb-S5. Body weights were recorded daily. Body weight changes (%) relative to the
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Pathological analysis of lung lobes at Day 6 postchallenge measured using standard HE staining. Red arrows indicate immune cell infiltration.
Blue arrows indicate extensive fibrin filling the alveolar space. Yellow arrows indicate pneumocyte hyperplasia. Scale bars represent 100 um.
D Pathological severity scores were evaluated according to the percentage of inflammatory area for each section from each animal using the
following scoring system: 0, no pathological change; 1, affected area < 10%; 2, affected area 10-30%; 3, affected area 30-50%; and 4, affected
area > 50%. Statistical significance was determined using the Kruskal-Wallis test with Dunn’s multiple comparison test: *p < 0.05 and **p <0.01

mAbs were lost on binding ability when critical recog-
nition regions in Ss; 5, Were replaced as counter parts
of SARS-CoV-1. Therefore, we constructed plasmids
to express Ssq .5y, chimeras with various SARS-CoV-1
fragments to further refine the binding regions of the 5
mAbs. Chimeras are indicated on the left side of Fig. 6G.
Each recombinant fragment contains a His tag at the
C-terminus. Alignment of the amino acid sequences of

SARS-CoV-2 S34; 504 and SARS-CoV-1 S3;4 5, (the coun-
terpart of SARS-CoV-2 S, 5,,) is shown in Fig. 6E. Each
expression vector was transfected into 293T cells. His
tag™ and His tag™ transfected cells were gated to ana-
lyze reactivity to each mAb (Fig. 6F). Consistent with the
results presented in Fig. 6D and S4, all 5 mAbs recog-
nized SARS-CoV-2 S,3; s,,-transfected cells. Only mAb-
S33, but not the other 4 mAbs, recognized SARS-CoV-1
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Fig. 5 Epitope binning of mAbs for binding to the SARS-CoV-2

S protein. A The epitope binning of mAbs was determined by
performing bilayer interferometry (BLI). The purified mAbs were
immobilized on an AMC sensor and saturated with S protein. Region |
represents the mAbs immobilized on sensors, Region Il represents the
S protein saturated on mAbs, and Region Ill represents the S protein
incubated with each of the indicated antibodies.Each step was
incubated for 300 s. B Complete epitope binning of the mAbs was
evaluated by the ability of each pair of antibodies to simultaneously
bind S protein by BLI. The matrix presents the concluded epitope
specificity based on the various competition experiments

Ss1s.510-transfected cells (Fig. 6G). mAb-S5 recognized
the CoV-1 S;14 45, chimera and CoV-1 S5 449 chimera but
did not react with the CoV-1 S, 4¢s chimera and CoV-1
Sigs.ago chimera. These results suggest that the epitope
of mAb-S5 contains the SARS-CoV-2 S,;, s, region.
Notably, mAb-S22, -S30, and -S42 recognized the CoV-1
S318.421 chimera and CoV-1 S,z 466 chimera, but did not
react with the CoV-1 S,y 449 chimera and CoV-1 S 449
chimera. According to these results, SARS-CoV-2 S 44 460
and SARS-CoV-2 S,q, 503 are critical recognition regions
for mAB-S22, -S30, and -542. mAb-S33 recognized all the
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recombinant fragments except for the CoV-1 S,4g 459 chi-
mera. These results suggest that the epitope of mAb-S33
contains the SARS-CoV-2 S,g; 53 region.

Discussion

In this study, five monoclonal antibodies against SARS-
CoV-2 spike protein from generated hybridomas are
carefully chosen for further characterization. These anti-
bodies are highly specific for the recognition of SARS-
CoV-2 Sg31.504 €xcept that mADb-S33 can recognize both
SARS-CoV-1 and SARS-CoV-2 (Fig. 6D, G, and Addi-
tional file 4: Fig. S4). In the binning study, mAb-S$22 and
mAD-S30 interfere reaction with S protein (Fig. 5). Inter-
estingly, mAb-S22 and mAb-S30 show different bind-
ing behaviors to Kappa-S and Lambda-S (Fig. 1B). Thus,
mAb-522 and mAb-S30 are different clones and may bind
to the S protein at adjacent epitopes. Importantly, mAb-
S5, -S33, and -S42 do not interfere with the other 4 mAbs
in binding to the S protein (Fig. 5). Therefore, all 5 mAbs
recognize different epitopes of the S protein.

Viruses are constantly changing to adapt to the envi-
ronment. A great concern is that the global pandemic
produces new SARS-CoV-2 variants. Emerging variants
may be antigenically distinct from the prototype strain,
thus resulting in the ineffectiveness of current antibody
and vaccine strategies[34]. We report the discovery of
mAb-S5 using a DNA prime-protein boost strategy,
which is a highly potent neutralizing antibody against
authentic variants WA1, D614G, Alpha, and Gamma
that blocks ACE2 binding through an interaction with
the RBD. These in vitro results indicate that mAb-S5
may have therapeutic effects on COVID-19. After intra-
nasal infection of SARS-CoV-2 with hamsters, SARS-
CoV-2 replicated efficiently in the lungs, caused body
weight loss, and resulted severe pathological lung lesions.
These findings show that hamster infection model is
a useful animal model for testing vaccines and antivi-
ral treatments[32, 35]. To proof-of-concept, hamsters
were treated with mAb-S5 after SARS-CoV-2 challenge.
We showed excellent in vivo therapeutic protection of
mAb-S5 against WA1, D614G, and Alpha variants in
the hamster challenge model, as indicated as restoration
of body weight, reduction of viral load in the lungs, and
lung pathology manifestation (Fig. 3). Although mAb-S5
is less efficient at neutralizing the Delta variant in vitro
(Fig. 1A), it still exerts therapeutic effects on protecting
hamsters from diseases caused by Delta variant infection
(Fig. 4). Therefore, mAb-S5 retains full potency against
the newly emerging variants we examined.

In this study, antibodies are treated at 3 h post-infec-
tion which only provide a solid proof-of-concept results.
However, treatment with antibody after symptom devel-
opment may be more clinically relevant. For example,
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hamsters administrate antibodies at 1- or 2-day post-
infection. As research on emerging viral infections is
still developing, the experimental procedures should be
revised in the future study to close to clinically relevant.
The recognition region of mAb-S5 is located in
Ss31.504 (Fig. 6D) and has been further refined within
S470-503 (Fig. 6G). Alignment of amino acid sequences
within S,;.503 of variants with the original Wuhan

reference virus reveals several mutations: N501Y in the
Alpha variant, E484K/N501Y in the Beta and Gamma
variants, E484Q in the Kappa variant, and F490S in
the Lambda variant. The authentic virus neutralizing
capacity (Fig. 1A), blockade of spike protein binding to
ACE2 (Fig. 1B), binding to spike protein (Fig. 2), and
therapeutic effect (Fig. 3) of mAb-5 seem unaffected by
these mutations. However, only one mutation, T478K,
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within S, 503 was identified in the Delta variant. This
mutation leads to substantial effects on mAb-S5 recog-
nition of the spike protein. These results suggest that
T478K is critical for mAb-S5 recognition.

During the manuscript preparation, Omicron vari-
ant became prevalent in the world. We examined the
neutralization potency of 5 mAbs against Omicron-
pseudovirus. The mAb-S22 showed the better ability
than the other 4 mAbs to block Omicron-pseudovirus
infection (Additional file 6: Fig. S6). Consistent with
this finding, mAb-S22 is more potent than the other 4
mAbs to block the binding of the spike protein of Omi-
cron variant to human ACE2 (Additional file 7: Fig. S7).
These results suggest that mAb22 may have protective
effects against the Omicron variant.

Several potent neutralizing antibodies are in clini-
cal use or in clinical trials. The following 8 mAbs have
been approved for emergency use authorization to
treat patients with COVID-19 presenting a high risk
of severe illness: bamlanivimab (LY-CoV555), ete-
sevimab (LY-CoV016), casirivimab (REGN10933),
imdevimab (REGN10987), cilgavimab (COV2-2130),
tixagevimab (COV2-2196), sotrovimab (VIR-7831), and
regdanvimab (CT-P59)[36]. However, emerging vari-
ants exhibit increased resistance to these antibodies.
Bamlanivimab (LY-CoV555), etesevimab (LY-CoV016),
and casirivimab (REGN10933) are reported to be sen-
sitive to the mutations E484K and L452R, K417N/T,
and E484K and K417N, respectively[37-39]. Fur-
thermore, the B.1.351 variant, which carries K417N/
E484K/N501Y mutations in Ss4; 5.4 is refractory to
neutralization by bamlanivimab (LY-CoV555), etese-
vimab (LY-CoV016), and casirivimab (REGN10933)
[37]. We show that mAb-S5 is potent in blocking Beta-S
binding to ACE2, in which the IC,, of the Beta variant
(0.47 pg/mL) is lower than the IC;, of WAL (0.52 pg/
mL). Importantly, mAb-S5 effectively neutralized the
Beta variant (TW/1013, B.1.351). The ICy, of the Beta
variant (TW/1013) was reduced twofold compared to
the IC;, of WA1 (TW/4). These results suggest that
K417N/E484K/N501Y mutations do not affect the
potency of mAb-S5. Imdevimab (REGN10987) is sen-
sitive to K444Q and V445A mutations[19]. The CoV-1
S425.449 chimera substitutes S,s4 46, With SARS-CoV-1,
which is recognized by mAb-S5 (Fig. 6G). Based on
these results, S,35 46, is not a critical region for mAb-S5
recognition. Thus, mAb-S5 is different from imdevimab
(REGN10987) and is not sensitive to the K444Q and
V445A mutations. The combination of different anti-
bodies may prevent rapid neutralization-escaping
mutants. Therefore, mAb-S5 is a potential candidate
for inclusion in the antibody cocktail for COVID-19
treatment.
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Conclusions

Our approach generates high-potency monoclonal anti-
bodies against a broad spectrum of VOCs. Multiple mon-
oclonal antibody combinations may be the best strategy
to treat future SARS-CoV-2 variant outbreaks.

Abbreviations

COVID-19: Coronavirus disease; SARS-CoV-1: Severe acute respiratory
syndrome coronavirus 1; MERS-CoV: Middle East respiratory syndrome; SARS-
CoV-2: Severe acute respiratory syndrome coronavirus 2; WA1: Wuhan strain;
RBD: Receptor binding domain; NTD: N-terminal domain; ACE2: Angiotensin-
converting enzyme 2; VOCs: Variants of concern; FDA: Food and Drug Admin-
istration; EUA: Emergency Use Authorization.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512929-022-00823-0.

Additional file 1: Figure S1. Selection and characterization of monoclo-
nal antibodies against SARS-CoV-2 spike protein.

Additional file 2: Figure S2. The neutralization potency of 5 mAbs
against SARS-CoV-2 and its variants.

Additional file 3: Figure S3. Competition of human ACE2 protein with
mADs targeting the S proteins of SARS-CoV-2 variants.

Additional file 4: Figure S4. Characterization of mAbs against recombi-
nant SARS-CoV-1 RBD306-527.

Additional file 5: Figure S5. Characterization of mAbs against human
other coronaviruses.

Additional file 6: Figure S6. The neutralization potency of 5 mAbs
against Omicron pseudovirus.

Additional file 7: Figure S7. Competition of human ACE2 protein with
mADbs targeting the S protein of Omicron variant.

Acknowledgements

We acknowledge the Centers for Disease Control, Ministry of Health and
Welfare, for providing SARS-CoV-2 variants and the ABSL3 team of NHRI for
handling the viruses in this study. We thank Dr. Yu-Ching Lin (UNIMED Health-
care Inc,, Taiwan) for providing technological support related to the Octet RED
System.

Author contributions

CYC, MYC, CWH, CYL, YWT, ZSC, and HIW performed the experiments and
analyzed the data reported in the manuscript. HCL and JYY contributed to
reagent preparation. CHP, CYY, GYY, CLL, SJL, and HWC contributed to the
conception and design of the experiments. CYC, SJL, and HWC provided major
contributions to manuscript writing. All authors read and approved the final
manuscript.

Funding

This work was supported by grants from the Ministry of Health and Welfare,
Taiwan (MOHW10D1-PDMDHWO02IV) and National Health Research Institutes,
Taiwan (NHRI 10A1-IVGP03-038).

Availability of data and materials
The datasets analyzed in the current study are available upon reasonable
request.

Declarations

Ethics approval and consent to participate
Animal studies were approved by the Animal Committee of the National
Health Research Institutes (NHRI-IACUC-109066A).


https://doi.org/10.1186/s12929-022-00823-0
https://doi.org/10.1186/s12929-022-00823-0

Chiang et al. Journal of Biomedical Science (2022) 29:37

Consent for publication
Not applicable.

Competing interests
All authors have no competing interests to declare.

Author details

"National Institute of Infectious Diseases and Vaccinology, National Health
Research Institutes, Miaoli 35053, Taiwan. *Department of Life Sciences,
National Tsing Hua University, Hsinchu 30072, Taiwan. >Graduate Institute
of Biomedical Sciences, China Medical University, Taichung 406040, Taiwan.

22.

Page 13 of 13

. Baum A et al. Antibody cocktail to SARS-CoV-2 spike protein prevents rapid

mutational escape seen with individual antibodies. Science. 2020. https://
doi.org/10.1126/science.abd0831.

. Hassan OA, et al. A SARS-CoV-2 infection model in mice demonstrates

protection by neutralizing antibodies. Cell. 2020;182(3):744-53.

. Pinto AK; et al. Defining new therapeutics using a more immunocompe-

tent mouse model of antibody-enhanced dengue virus infection. MBio.
2015;6(5):e01316-e1415.

Amanat F, Strohmeier S, Lee WH. Murine Monoclonal antibodies against
the receptor binding domain of SARS-CoV-2 neutralize authentic
wild-type SARS-CoV-2 as well as B117 and B1351 viruses and protect

“Graduate Institute of Medicine, Kaohsiung Medical University, Kaohsi-
ung 307378, Taiwan.

Received: 17 February 2022 Accepted: 3 June 2022
Published online: 09 June 2022

References

1.

Cherry JD, Krogstad P. SARS: the first pandemic of the 21st century. Pediatr
Res. 2004;56(1):1-5.

Zaki AM, et al. Isolation of a novel coronavirus from a man with pneumonia
in Saudi Arabia. N Engl J Med. 2012;367(19):1814-20.

COVID-19 Data Repository by the Center for Systems Science and Engineer-
ing (CSSE) at Johns Hopkins University. https://github.com/CSSEGISand
Data/COVID-19. Accessed 9 Feb 2022.

Lan J, et al. Structure of the SARS-CoV-2 spike receptor-binding domain
bound to the ACE2 receptor. Nature. 2020;581(7807):215-20.

Huang, et al. Structural and functional properties of SARS-CoV-2 spike pro-
tein: potential antivirus drug development for COVID-19. Acta Pharmacol
Sin. 2020;41(9):1141-9.

Andrew Rambaut, et al,, Preliminary genomic characterisation of an
emergent SARS-CoV-2 lineage in the UK defined by a novel set of spike
mutations. 2020. https://virological.org/t/preliminary-genomic-characteri
sation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-
set-of-spike-mutations/563. Accessed 18 Dec 2020.

Grint DJ, et al. Severity of SARS-CoV-2 alpha variant (B.1.1.7) in England. Clin
Infect Dis. 2021. https://doi.org/10.1093/cid/ciab754.

Slavov SN, et al. Genomic monitoring unveil the early detection of the
SARS-CoV-2 B.1.351 (beta) variant (20H/501YV2) in Brazil. ) Med Virol.
2021,93(12):6782-7.

Tegally H, et al. Emergence and rapid spread of a new severe acute respira-
tory syndrome-related coronavirus 2 (SARS-CoV-2) lineage with multiple
spike mutations in South Africa. MedRxiv. 2020. https://doi.org/10.1101/
2020.12.21.20248640.

Faria NR, et al. Genomics and epidemiology of a novel SARS-CoV-2 lineage
in Manaus Brazil. . MedRxiv. 2021. https://doi.org/10.1101/2021.02.26.21252
554.

. Nascimento VAD, et al. Genomic and phylogenetic characterisation of an

imported case of SARS-CoV-2 in Amazonas State Brazil. Mem Inst Oswaldo
Cruz. 2020;115:e200310.

Bakshi R, et al. Molecular analysis and genome sequencing of SARS-CoV-2
during second wave 2021 revealed variant diversity in India. J Pure Appl
Microbiol. 2021;15(4):1864-72.

Mlcochova P, et al. SARS-CoV-2 B.1.617.2 Delta variant replication and
immune evasion. Nature. 2021,599(7883):114-9.

ArafY, et al. Omicron variant of SARS-CoV-2: Genomics, transmissibility, and
responses to current COVID-19 vaccines. J Med Virol. 2022. https://doi.org/
10.1002/jmv.27588.

Harvey WT, et al. SARS-CoV-2 variants, spike mutations and immune escape.

Nat Rev Microbiol. 2021;19(7):409-24.

YiC, et al. Key residues of the receptor binding motif in the spike protein of
SARS-CoV-2 that interact with ACE2 and neutralizing antibodies. Cell Mol
Immunol. 2020;17(6):621-30.

ShiR, et al. A human neutralizing antibody targets the receptor-binding site
of SARS-CoV-2. Nature. 2020;584(7819):120-4.

Wang C, et al. A human monoclonal antibody blocking SARS-CoV-2 infec-
tion. Nat Commun. 2020;11(1):2251.

in vivo in a mouse model in a neutralization-dependent manner. MBio.
2021;12(4):e0100221.

23. Vaine M, et al. Antibody responses elicited through homologous or het-
erologous prime-boost DNA and protein vaccinations differ in functional
activity and avidity. Vaccine. 2010;28(17):2999-3007.

24. Richetta M, et al. Comparison of homologous and heterologous prime-
boost immunizations combining MVA-vectored and plant-derived VP2 as a
strategy against IBDV. Vaccine. 2017;35(1):142-8.

25. Chai KM, et al. DNA vaccination induced protective immunity against SARS
CoV-2 infection in hamsterss. PLoS Negl Trop Dis. 2021;15(5): €0009374.

26. Stuible M, et al. Rapid, high-yield production of full-length SARS-CoV-2
spike ectodomain by transient gene expression in CHO cells. J Biotechnol.
2021;326:21-7.

27. Juraszek J, et al. Stabilizing the closed SARS-CoV-2 spike trimer. Nat Com-
mun. 2021;12(1):244.

28. Gobeil SM, et al. D614G mutation alters SARS-CoV-2 spike conformation
and enhances protease cleavage at the S1/52 junction. Cell Rep. 2021;34(2):
108630.

29. Garcia-Cordero J, et al. Recombinant protein expression and purification
of N, S1,and RBD of SARS-CoV-2 from mammalian cells and their potential
applications. Diagnostics (Basel). 2021. https://doi.org/10.3390/diagnostic
$11101808.

30. Wu WL, et al. Monoclonal antibody targeting the conserved region of the
SARS-CoV-2 spike protein to overcome viral variants. JCl Insight. 2022.
https.//doi.org/10.1172/jciinsight.157597.

31. Vogels CBF, et al. Analytical sensitivity and efficiency comparisons of SARS-
CoV-2 RT-gPCR primer-probe sets. Nat Microbiol. 2020;5(10):1299-305.

32. Chan JF, et al. Simulation of the clinical and pathological manifestations of
coronavirus disease 2019 (COVID-19) in a golden Syrian hamster model:
implications for disease pathogenesis and transmissibility. Clin Infect Dis.
2020;71(9):2428-46.

33. LaiSC, et al. Characterization of neutralizing monoclonal antibodies
recognizing a 15-residues epitope on the spike protein HR2 region of
severe acute respiratory syndrome coronavirus (SARS-CoV). J Biomed Sci.
2005;12(5):711-27.

34. Callaway E. Fast-spreading COVID variant can elude immune responses.
Nature. 2021,589(7843):500-1.

35. Imai M, lwatsuki-Horimoto K, Hatta M, Loeber S, Halfmann PJ. Syrian ham-
sters as a small animal model for SARS-CoV-2 infection and countermeasure
development. PNAS. 2020;117(28):16587-95.

36. Kumar S, Chandele A, Sharma A. Current status of therapeutic monoclonal
antibodies against SARS-CoV-2. PLoS Pathog. 2021;17(9): e1009885.

37. Wang P, et al. Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7.
Nature. 2021;593(7857):130-5.

38. Starr TN, Greaney AJ, Dingens AS, Bloom JD. Complete map of SARS-CoV-2
RBD mutations that escape the monoclonal antibody LY-CoV555 and its
cocktail with LY-CoV016. Cell Rep Med. 2021;2(4):100255.

39. Wang R, et al. Analysis of SARS-CoV-2 variant mutations reveals neutrali-
zation escape mechanisms and the ability to use ACE2 receptors from
additional species. Immunity. 2021;54(7):1611-21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://github.com/CSSEGISandData/COVID-19
https://github.com/CSSEGISandData/COVID-19
https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
https://doi.org/10.1093/cid/ciab754
https://doi.org/10.1101/2020.12.21.20248640
https://doi.org/10.1101/2020.12.21.20248640
https://doi.org/10.1101/2021.02.26.21252554
https://doi.org/10.1101/2021.02.26.21252554
https://doi.org/10.1002/jmv.27588
https://doi.org/10.1002/jmv.27588
https://doi.org/10.1126/science.abd0831
https://doi.org/10.1126/science.abd0831
https://doi.org/10.3390/diagnostics11101808
https://doi.org/10.3390/diagnostics11101808
https://doi.org/10.1172/jci.insight.157597

	Induction of high affinity monoclonal antibodies against SARS-CoV-2 variant infection using a DNA prime-protein boost strategy
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Mouse immunization
	Cell fusion and hybridoma screening
	S proteins of SASR-CoV-2 variants and other human coronaviruses
	ACE2 competition ELISA
	SARS-CoV-2 neutralization assay
	Animal experiments
	Kinetic analysis
	Epitope binning
	Flow cytometry
	Statistical analysis

	Results
	Generation and functional screen of monoclonal antibodies against the spike protein of SARS-CoV-2
	Neutralization potency of monoclonal antibodies against multiple SARS-CoV-2 variants
	Monoclonal antibodies block the binding of spike protein of SARS-CoV-2 variants to human ACE2
	Therapeutic efficacy of mAb-S5 against SARS-CoV-2 variants
	Binding properties and binding site analysis of monoclonal antibodies to the spike protein of SARS-CoV-2

	Discussion
	Conclusions
	Acknowledgements
	References


