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A B S T R A C T   

Monoclonal antibody therapy is a promising option for severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) infection, and a cocktail of antibodies (REGN-COV) has been administered to infected patients with a 
favorable outcome. However, it is necessary to continue generating novel sets of monoclonal antibodies with 
neutralizing activity because viral variants can emerge that show resistance to the currently utilized antibodies. 
Here, we isolated a new cocktail of antibodies, EV053273 and EV053286, from peripheral blood mononuclear 
cells derived from convalescent patients infected with wild-type SARS-CoV-2. EV053273 exerted potent antiviral 
activity against the Wuhan wild-type virus as well as the Alpha and Delta variants in vitro, whereas the antiviral 
activity of EV053286 was moderate, but it had a wide-range of suppressive activity on the wild-type virus as well 
as the Alpha, Beta, Delta, Kappa, Omicron BA.1, and BA.2 variants. With the combined use of EV053273 and 
EV053286, we observed similar inhibitory effects on viral replication as with REGN-COV in vitro. We further 
assessed their activity in vivo by using a mouse model infected with a recently established viral strain with 
adopted infectious activity in mice. Independent experiments revealed that the combined use of EV053273 and 
EV053286 or the single use of each monoclonal antibody efficiently blocked infection in vivo. Together with data 
showing that these two monoclonal antibodies could neutralize REGN-COV escape variants and the Omicron 
variant, our findings suggest that the EV053273 and EV053286 monoclonal antibody cocktail is a novel clinically 
applicable therapeutic candidate for SARS-CoV-2 infection.   

1. Introduction 

1.1. Current therapeutic strategy against SARS-CoV-2 

The pandemic of coronavirus disease 2019 (COVID-19) is caused by 

severe acute respiratory syndrome virus 2 (SARS-CoV-2, which emerged 
in Wuhan, China in late 2019. As of January 5, 2022, approximately 293 
million individuals have been infected with SARS-CoV-2 and 5.45 
million patients have died from COVID-19, with profound effects on 
social activity and human life (WHO, 2020; WHO Coronavirus). 
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COVID-19 induces multi-organ failure and acute respiratory distress 
syndrome, which is caused by an excessive release of inflammatory 
mediators (i.e., a cytokine storm), resulting in lethal clinical outcomes 
(Kutsuna, 2020). Most patients with COVID-19 show seroconversion at 2 
weeks after symptom onset, and the transfusion of plasma prepared from 
convalescent patients was tried initially as therapy (Kutsuna et al., 
2020). Although monoclonal antibodies (mAbs) and small antiviral 
compounds such as remdesivir and molnupiravir (Fischer et al., 2022) 
have been approved by the U.S. Food and Drug Administration as 
therapeutic interventions, the pandemic is still ongoing, because new 
variants such as the Alpha, Delta, and Omicron strains have emerged as 
variants of concern. 

1.2. mAbs against the spike protein of SARS-CoV-2 

The application of mAbs against the spike (S) protein of SARS-CoV-2 
is a promising approach to reduce virus copy number in patients and 
lower the risk of hospitalization. The receptor-binding domain (RBD) of 
the SARS-CoV-2 S-trimer is pivotal for binding to angiotensin converting 
enzyme 2 (ACE2), a host cell receptor, and the interaction of the RBD 
and ACE2 is a key target for neutralization. Potent RBD-specific anti
bodies have been isolated from many convalescent donors (Brouwer 
et al., 2020; Cao et al., 2020; Chen et al., 2020; Chi et al., 2020; Hansen 
et al., 2020; Ju et al., 2020; Robbiani et al., 2020; Rogers et al., 2020; 
Seydoux et al., 2020; Shi et al., 2020; Wec et al., 2020; Wu et al., 2020b; 
Zost et al., 2020), but it has been reported that RBD-specific neutralizing 
antibodies isolated during early convalescence have low levels of so
matic hypermutations (Barnes et al., 2020b; Robbiani et al., 2020; Yuan 
et al., 2020), which accumulate in SARS-CoV-2 antibodies in the months 
after infection (Gaebler et al., 2021; Sakharkar et al., 2021; Sokal et al., 
2021), resulting in greater neutralization potency with breadth and 
resilience to viral escape mutations (Moriyama et al., 2021; Muecksch 
et al., 2021b). 

1.3. Combined use of mAbs is a standard clinical option 

Among the mAbs used for the treatment of SARS-CoV-2 infection, 
REGN-COV effectively reduces viral titers and the rate of admission to 
healthcare units (Chen et al., 2021; Weinreich et al., 2021). REGN-COV 
comprises two distinct mAbs, casirivimab and imdevimab, because it 
was suspected that SARS-CoV-2, similar to other SARS-CoVs, could 
easily generate escape mutants. Actually, a clinical trial with the single 
use of a mAb for respiratory syncytial virus failed due to the emergence 
of escape mutants (Starr et al., 2021b). Additionally, bamlanivimab 
(also known as LY-CoV555) was applied to a clinical trial of SARS-CoV-2 
patients and clinical outcome was compared with that of combined 
treatment of bamlanivimab with etesevimab, another mAb (Gottlieb 
et al., 2021). Although both monotherapy and combination therapy 
significantly reduced viral load, bamlanivimab-resistant mutant vari
ants were detected in patients who received monotherapy, whereas no 
such variants were detected with combination therapy. These observa
tions suggest that combination therapy with mAbs might be a standard 
strategy for mAb-based therapy. Notably, it was recently announced that 
REGN-COV does not show neutralizing activity to the Omicron variant 
(VanBlargan et al., 2022), also implying that it is necessary to continue 
searching for additional mAbs that can block a wide range of variant 
viruses. 

1.4. Identification of a novel set of mAbs protecting against REGN-COV 
escape mutants 

Here, we isolated several mAbs from convalescent patients and 
characterized the therapeutic potential of EV053273 and EV053286, the 
combined use of which appeared to be quite effective. These mAbs had 
distinct antiviral characteristics; EV053273 had remarkably potent 
neutralizing activity restricted to the wild-type virus well as the Alpha 

and Delta strains. In contrast, EV053286 had moderate neutralizing 
activity, but was effective against a wide range of viruses including the 
Omicron variant. Together with data showing that these mAbs could 
neutralize REGN-COV escape mutants, our findings suggest that the 
combination of EV053273 and EV053286 is an option for mAb therapy. 

2. Materials and methods 

2.1. Cells and viruses 

VeroE6/TMPRSS2 cells were acquired from the Japanese Collection 
of Research Bioresources Cell Bank (National Institute of Biomedical 
Innovation, Health, and Nutrition, Osaka, Japan). They were cultured in 
Dulbecco’s modified Eagle medium containing 10% fetal bovine serum 
(FBS) supplemented with 50 U/mL penicillin-streptomycin (Thermo 
Fisher Scientific) and 1 mg/mL G418 disulfate (Nacalai Tesque, Inc.). 
Wild-type SARS-CoV-2 hCoV-19/Japan/TY/WK-521/2020 (Wuhan 
lineage) EPI_ISL_408667 as well as mutant SARS-CoV-2 hCoV-19/ 
Japan/QK002/2020 (Alpha variant) EPI_ISL_768526, hCoV-19/Japan/ 
TY8-612-P1/2021 (Beta variant) EPI_ISL_1123289, and hCoV-19/ 
Japan/TY7-501/2021 (Gamma variant) EPI_ISL_833366 strains were 
acquired from the National Institute of Infectious Diseases. hCoV-19/ 
Japan/TKYTK1734/2021 (Delta variant) EPI_ISL_2378732, hCoV-19/ 
Japan/TKYTK5356/2021 (Kappa variant) EPI_ISL_2378733, hCoV-19/ 
Japan/TKYX00012/2021 (Omicron variant BA.1) EPI_ISL_8559478, 
and hCoV-19/Japan/TKYS02037/2022 (Omicron variant BA.2) EPI_
ISL_9397331 strains were isolated under approval from the Institutional 
Review Board of the Tokyo Metropolitan Institute of Public Health, ac
cording to the 2013 amendment to the Declaration of Helsinki (accep
tance number: 3KenKenKen-466). Briefly, VeroE6/TMPRSS2 cells were 
inoculated with 100 μL of nasopharyngeal swab in a biosafety level 3 
laboratory. After incubation at 37 ◦C for 15 min, a maintenance medium 
consisting of Eagle minimum essential medium (056–08385; Fujifilm 
Wako Pure Chemical Corporation) supplemented with 2% FBS (Biowest) 
and 1% penicillin-streptomycin solution (5,000 IU/mL; MP Bio
medicals) was added, and then cultured at 37 ◦C under 5% CO2. After 
confirming the cytopathic effect under an inverted microscope (Nikon), 
the viral titer of the culture supernatant was estimated by quantitative 
reverse transcription polymerase chain reaction (qRT-PCR) analysis. 
RNA was extracted from each virus strain using a QIAamp Viral RNA 
Mini Kit (Qiagen). Libraries were made using an NEBNext Ultra RNA 
Library Prep Kit for Illumina (E7530; New England BioLabs) and whole 
genome sequencing was performed with the MiSeq system (Illumina) 

2.2. SARS-CoV-2 neutralization assay 

Each antibody solution of EV053273, EV053286, cocktail 
(EV053273+EV053286), and REGN-COV (REG10933+REG10987) was 
serially diluted 2-fold in Opti-MEM (Thermo Fisher Scientific) and 
incubated with 100 median tissue culture infectious dose (TCID50) of 
SARS-CoV-2 for 1 h at 37 ◦C. Then, each mixture was added to VeroE6/ 
TMPRSS2 cells, which had been plated at 1.0 × 104 cells/well in a 96- 
well plate with Dulbecco’s modified Eagle medium containing 4% FBS 
at 1 day before viral infection. After 3 days (wild-type virus and Alpha, 
Beta, Gamma, Delta, and Kappa variants) or 4 days (Omicron variants 
BA.1 and BA.2), the cytopathic effect was semi-quantified using Cell 
Counting Kit-8 (Dojindo). The absorbance of each well was measured at 
450 nm by using a microplate reader (Bio-Rad). The half-maximal 
inhibitory concentration (IC50) values of the neutralizing antibodies 
were calculated. The copy number of the culture supernatant was esti
mated by qRT-PCR using a SARS-CoV-2 Detection Kit -N2 set- (Toyobo) 
with the StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). 
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2.3. Screening of lymphoblastoid cell lines established from convalescent 
patients 

Peripheral blood from 20 donors who had recovered from COVID-19 
was obtained at 30–180 days post-symptom onset under study protocols 
approved by the NCGM Internal Review Board of Ethics Committee 
(NCGM-G-003528-02). All donors provided written informed consent 
for the use of their clinical information and blood components, including 
serum and peripheral blood mononuclear cells (PBMCs). All blood 
samples were confirmed to be negative for viral mRNA. PBMCs were 
isolated from freshly drawn blood and stored at − 150 ◦C until use. One 
sample was discarded because of hemolysis. B lymphocytes were iso
lated from PBMCs and infected with Epstein–Barr virus, as previously 
described (Traggiai et al., 2004), and suspended in RPMI 1640 medium 
(Nacalai Tesque, Inc.) supplemented with 10% FBS. Epstein–Barr 
virus-transformed cells (LCLs) were then seeded in 96-well microplates 
in the presence of irradiated allogeneic feeder cells and cultured at 37 ◦C 
in a humidified atmosphere containing 5% CO2 for 2–3 weeks. Anti
bodies in the culture supernatants were screened for their specificity to 
the S-trimer of wild-type virus (ACROBiosystems) by enzyme-linked 
immunosorbent assay (ELISA) as described below. Then, SARS-CoV-2 
neutralizing activity in supernatants containing S-trimer-specific anti
bodies was determined, as described. 

2.4. Screening of LCLs by ELISA using S protein 

ELISA MaxiSorp plates in 96- or 384-well format (Thermo Fisher) 
were coated with 0.25 μg/mL S-trimer or 0.25 μg/mL S-protein RBD 
(ACROBiosystems) in phosphate-buffered saline (− ) (PBS) at 4 ◦C 
overnight. The plates were blocked with 10 mg/mL BlockAce (K.A.C.) 
for 2 h at room temperature and then incubated with human antibodies 
diluted in 10% FBS-RPMI 1640 for 1 h at room temperature. Binding 
antibodies were detected using horseradish peroxidase-labeled anti- 
human IgG (MBL) and subsequent TMB substrate (Sigma-Aldrich). Iso
type- and subclass-specific secondary antibodies (Millipore) were used 
to identify the isotype and subclass of the antibodies. 

2.5. Isolation of S-trimer-specific mAbs 

LCLs secreting S-trimer-specific antibodies were screened using 
microwells (Ogunniyi et al., 2009). Briefly, single cells were sorted into 
an array of microwells and sealed with a glass slide coated with S-trimer. 
The antibodies secreted from each cell were detected by staining the 
glass slides with a fluorescently-labeled secondary antibody. Single cells 
were picked up from the positive wells by manual micromanipulation 
and transferred into lysis buffer (Cells-to-cDNA Kit; Thermo Fisher Sci
entific). cDNA was synthesized using SuperScript IV Reverse Tran
scriptase (Thermo Fisher Scientific) with oligo-dT primers. Variable 
regions of heavy chains (VHs) and full-length light chains (LCs) were 
amplified by PCR using KOD-plus DNA polymerase (Toyobo) with 
primers specific to the 5′-end of each translation initiation site and the 
3′-end of the constant region for VHs or the termination sites for LCs. 
Secondary PCR was performed using primers containing a cloning site 
for the pcDNA3.1 (+) expression vector (Thermo Fisher Scientific). VHs 
and LCs of REG10933 and REG10987 were artificially synthesized based 
on sequence information (WO2021/04586 A1). To generate full-length 
heavy chains (HCs), the expression vector for VHs was modified to 
contain the HC constant region of human IgG1. The PCR products were 
ligated with the expression vector, followed by transformation into 
Escherichia coli DH5α cells. After plasmid isolation, HCs and LCs were 
sequenced and the complementarity-determining regions were analyzed 
using the IMGT V-Quest webserver (www.omgt.org; International Im
MunoGeneTics Information System). Recombinant antibodies were 
expressed in ExpiCHO cells (Thermo Fisher Scientific) transiently 
co-transfected with the HC and LC expression vectors. Antibody purifi
cation was performed by affinity chromatography using a prepacked 

HiTrap rProtein A Fast Flow column (Cytiva). 

2.6. Surface plasmon resonance (SPR) 

SPR measurements were performed using a Biacore T200 system 
(Cytiva). As the running and dilution buffers, a solution composed of 
0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, and 0.05% surfactant P20 (pH 
7.4) (HBS-EP+) was used. All measurements were performed at 25 ◦C. 
An anti-IgG (Fc) antibody (Human Antibody Capture Kit; Cytiva) was 
immobilized on a CM5 sensor chip (Cytiva). mAbs at 0.25 μg/mL were 
injected over the sensor chip for 300 s at 10 μL/min, and then various 
concentrations of S-trimer (27 nM–0.33 nM) or RBDs (9 nM–0.11 nM) 
were injected for 180 s at 30 μL/min. Dissociation was for 1,200 s (S- 
trimer) or 600 s (RBDs) at a flow rate of 30 μL/min. The kinetic pa
rameters were calculated from the obtained sensorgrams using a 1:1 
binding model (Biacore T200 evaluation software 1.0; Cytiva). 

For the competition assay, the running and dilution buffers were 50 
μM EDTA in 0.01 M HEPES, 0.15 M NaCl, and 0.05% surfactant P20 (pH 
7.4) (HBS-P+). Five nM His-tagged RBD of SARS-CoV-2 (ACROBiosys
tems) was loaded for 60 s at 10 μL/min onto a nitrilotriacetic acid sensor 
chip (Cytiva) activated with Ni2+. Then, a saturating concentration of 
mAbs was injected for 600 s at 30 μL/min followed by injection of 
competing mAbs at the same concentration for 180 s at 30 μL/min. The 
mAb inhibition rate was calculated as the percentage of the binding 
response obtained from the control antibody. 

2.7. Preparation of escape mutants and neutralization assay 

Escape mutants were obtained as previously described (Baum et al., 
2020; Copin et al., 2021). The Delta variant was mixed with REGN-COV 
diluents (0.016–10 μg/mL) for 1 h at 37 ◦C and added to 
VeroE6-TMPRSS2 cells at a multiplicity of infection (MOI) of 1. After 3 
days, the supernatant was collected from the wells with the highest mAb 
concentration that were positive for a complete cytopathic effect. For 
the subsequent rounds of selection, 10 μL of supernatant containing the 
virus was passaged by the same procedure until the virus stock could 
induce a complete cytopathic effect even in the presence of 10 μg/mL 
REGN-COV. The neutralizing activity of EV053273 and EV053286 on 
the escape mutants was examined at an MOI of 0.01. Viral RNA was 
extracted using a QIAamp Viral RNA Mini Kit (Qiagen). Libraries were 
made using an NEBNext ARTIC SARS-CoV-2 Library Prep Kit for Illu
mina (E7640; New England BioLabs) and sequenced with the MiSeq 
system (Illumina). Genomic variants of the RBD were detected by Strand 
NGS software (Strand Life Sciences). 

2.8. Antiviral effects of mAbs in mice 

Two sets of in vivo experiments were performed by intranasally 
inoculating mice with the QHmusX virus (2.3 × 103 TCID50/mouse) 
(Iwata-Yoshikawa et al., 2022). In the first experiment, 2.5–30 mg/kg 
mAbs of EV053273, EV053286, cocktail (EV053273+EV053286), and 
REGN-COV (REG10933+REG10987) in 125 μL PBS were administered 
intraperitoneally at 1 h after infection with QHmusX. In the second 
experiment, the mAbs were administered at 1 or 6 h after infection. 
Control mice were injected with PBS. Body weight was measured daily 
(n = 4–8 per group), and the animals were sacrificed after 3 days to 
analyze viral replication in lung tissue (n = 4 per group). Lung tissue 
samples from mice were collected at 3 days post-infection and stored at 
− 80 ◦C. Tissue homogenates (10% w/v) were prepared in Dulbecco’s 
Modified Eagle medium (DMEM) containing 2% FBS, 50 IU/mL peni
cillin G, and 50 μg/mL streptomycin, and samples were inoculated onto 
VeroE6/TMPRSS2 cell cultures, which were then examined for cyto
pathic effects (CPEs) for 5 days. Viral infectivity titers were determined 
in VeroE6/TMPRSS2 cell cultures using the microtitration assay. Viral 
infectivity titers were expressed as TCID50/ml and were calculated ac
cording to the Behrens–Kärber method. 

M. Ueno et al.                                                                                                                                                                                                                                   

http://www.omgt.org


Antiviral Research 201 (2022) 105297

4

2.9. Statistical analysis 

Animal experiment data are expressed as the mean and standard 
error of the mean. Statistical analyses were performed using Prism 9 
software (GraphPad Software). Intergroup comparisons were performed 
using nonparametric analysis. A P value < 0.05 was considered statis
tically significant. 

3. Results 

3.1. Identification of EV053273 and EV053286 

By ELISA screening using S-trimer as an antigen, we first selected a 
total of 150 culture supernatants of LCLs, which were derived from 19 
convalescent patients. After serial neutralization assays with the culture 
supernatants of cells infected with Wuhan wild-type SARS-CoV-2, a total 
of 30 S-targeting antibodies were cloned and expressed (Supplementary 
Fig. 1). Of these 30 antibodies, 10 were purified as IgG with neutralizing 
activity after additional screening with the Alpha, Beta, Gamma, Delta, 
and Kappa variants (Supplementary Fig. 2). 

Fig. 1. Neutralizing activity against SARS-CoV-2 variants. Dose response curves of neutralization by EV053273 (upper panels) and EV053286 (lower panels) are 
depicted. mAbs were serially diluted (125–0.24 ng/mL, or 10000-19 ng/mL) and used to infect VeroE6/TMPRSS2 cells. The MOI was 0.01. Data are represented as 
means ± standard deviation. 
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Among these, we selected EV053273 and EV053286 for further 
analysis. EV053273 had the most potent neutralizing activity and could 
efficiently block infection of wild-type virus and two variants (Alpha and 
Delta). Its IC50 values were excellent, ranging from 3.1 to 10.3 ng/mL 
(Fig. 1 and Table 1). In contrast, EV053286 had IC50 values ranging 
from 3.7 to 84.5 ng/mL depending on the variant, but it could neutralize 
all viruses analyzed (wild-type, Alpha, Beta, Gamma, Delta, and Kappa) 
(Fig. 1 and Table 1). Moreover, EV053286 had antiviral activity against 
the Omicron variants BA.1 and BA.2 with IC50 of 2,971.5 and 44.5 ng/ 
mL, respectively. We next examined the antiviral effects of the combined 
use of EV053273 and EV053286 on the Delta variant. As shown in Fig. 2 
and Table 2, this mAb cocktail had potent neutralizing activity with IC50 
values of 5.2–6.4 ng/mL, which was comparable to that of REGN-COV 
(10.1–15.0 ng/mL). The binding kinetics of these mAbs assessed by an 
SPR assay revealed that the measured equilibrium constant (KD) of 
EV053273 and EV053286 with SARS-CoV-2 RBD was 2.66 × 10− 10 mol/ 
L and 3.84 × 10− 10 mol/L, respectively. 

3.2. Antiviral effects of EV053273 and EV053286 on REGN-COV escape 
mutants 

To examine whether the EV053273 and EV053286 cocktail could 
compensate for the viral escapability of REGN-COV, we obtained mutant 
viruses by propagating the Delta variant in the presence of 10 μg/mL 
REGN-COV (Fig. 3A). In the first trial, escape mutants were obtained at 

passage 13 (escape mutant [EM]-1). In the second trial, EM-2 was ob
tained at passage 16. The infectivity of EM-1 was blocked by 31.25–125 
ng/mL EV053286, but not by EV053273 (Fig. 3B). In contrast, EM-2 was 
blocked by both EV053273 and EV053286 at a concentration of 31.25 
ng/mL (Fig. 3B). By next-generation sequencing analysis, we detected 
three RDB variants (V445F, F486S, and Y489H). V445F was observed in 
both escape mutants. F486S was detected in EM-1, whereas Y489H was 
present in EM-2. It is of note that V445F and F486S were reported in 
viruses that were derived from patients who were treated with a high 
dose of REGN-COV and in mice that were administered REG10933 
(Copin et al., 2021). In contrast, Y489H was reported as a mutation 
possibly related to the viral escapability of S2E12, a mAb that has been 
proposed to have antiviral activity on a broad range of viruses (Starr 
et al., 2021a). 

3.3. Antiviral effects of EV053273 and EV053286 in vivo 

To validate the effects of the obtained mAbs in vivo, we evaluated 
their antiviral activity by using a mouse model. For this, the QHmusX 
strain, a mouse-passage isolate from an Alpha variant that induces 
lethality in aged mice within several days, was used (Iwata-Yoshikawa 
et al., 2022). In the first experiment, 2.5–30 mg/kg EV053273 or 10 
mg/kg REGN-COV was injected intraperitoneally into 7 or 8 mice at 1 h 
after nasal viral inoculation (Fig. 4A and B). When PBS was injected as a 
control, all 8 mice displayed severe loss of body weight and died at 6 
days post viral infection. In contrast, injections of EV053273 or 
REGN-COV ameliorated the body weight loss, and all mice, except for 
one mouse in a group injected with EV053273, survived. The antiviral 
effects of 10 and 30 mg/kg EV053273 were remarkable as it completely 
protected against body weight loss in the first few days after viral 
inoculation. In the second experiment, the antiviral effects of 10 mg/kg 
EV053273 or 10 or 30 mg/kg EV053286 were examined (n = 6). In the 
control group, severe body weight loss was observed on day 5 after viral 
infection, and 3 of 6 mice died (Fig. 4C and D). In contrast, all doses of 
EV053286 protected against body weight loss and all mice survived. In 

Table 1 
IC50 values of mAbs against SARS-CoV-2 variants.  

Antibody WT Alpha Beta Gamma Kappa Delta Omicron 

BA.1 BA.2 

EV053273 3.1a 4.0 – – – 10.3 – – 
EV053286 84.5 20.8 60.3 3.7 26.3 41.6 2971.5 44.5 

WT, wild-type. 
a ng/mL. 

Fig. 2. Effects of the combined use of EV053273 and EV053286. The antiviral effects of EV053273 combined with EV053286 (upper panels) and REGN-COV (lower 
panels) were examined at three different MOIs (0.01, 0.03, and 0.1). The mAbs were serially diluted (125–0.24 ng/mL) and used to infect VeroE6/TMPRSS2 cells. 
Data are represented as means ± standard deviation. 

Table 2 
IC50 values of mAb cocktails against the Delta variant of SARS-CoV-2.  

mAb MOI 

0.1 0.03 0.01 

EV053273+EV053286 6.4a 6.2 5.2 
REG10933+REG10987 15 10.3 10.1  

a ng/mL. 
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Fig. 3. Antiviral effects of EV053273 and EV053286 on REGN-COV escape mutants. (A) Preparation of REGN-COV escape mutants. According to the reported 
procedures (Baum et al., 2020; Copin et al., 2021), the Delta variant was initially propagated in 16 ng/mL REGN-COV. Then, it was passaged in gradually increasing 
concentrations of REGN-COV up to a final concentration of 10 μg/mL. In experiment 1 (EXP-1), the escape mutant was obtained at passage 13 (EM-1, red), and in 
EXP-2, the escape mutant was obtained at passage 16 (EM-2, red). (B) Neutralizing activity of EV053273 and EV053286 against the escape mutants at an MOI of 0.01. 
EM-1 or EM-2 was reacted with serially diluted EV053273 (273), EV053286 (286), and their cocktail (273 + 286), and then used to infect VeroE6/TMPRSS2 cells. As 
a negative control, human IgG, a mAb to CMV, was used. Data are represented as means ± standard deviation. (C) Variant analysis of the sequences of the escape 
mutants. Of note, L452R and T478K were detected as mutated residues of the Delta variant. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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the third experiment, we estimated viral titers in the lung tissue of mice 
on day 3 after viral challenge. In this experiment, the mAbs were 
injected at 1 or 6 h after viral inoculation (n = 4). When the mAbs were 
administered at 1 h after viral inoculation, no apparent body weight loss 
was observed (Fig. 5A, left panel), and qRT-PCR analysis revealed that 
10 mg/kg EV053286 with or without 10 mg/kg EV053273 significantly 
blocked viral replication (Fig. 5B, left panel). When 10 or 30 mg/kg 
EV053286 or 10 mg/kg EV053273 was injected at 6 h after viral inoc
ulation, body weight loss was observed on day 2 after viral inoculation, 
but recovered on day 3 (Fig. 5A, right panel). qRT-PCR analysis revealed 

that both EV053273 and EV053286 blocked viral replication. These data 
indicated that the antiviral effect of each mAb was comparable to that of 
REGN-COV in vivo (Fig. 5B, right panel). 

4. Discussion 

Here, we characterized two mAbs targeting the S protein of SARS- 
CoV-2. The neutralizing activity of EV053273 was especially potent 
and blocked infection with the Wuhan wild-type virus as well as the 
Alpha and Delta variants at single digit ng/mL concentrations. In 

Fig. 4. Antiviral effects of EV053273 and EV053286 in vivo. The mice were inoculated intranasally with 2.3 × 103 TCID50 of QHmusX, and then intraperitoneally 
administered with mAbs at 1 h after infection. (A) Changes of body weight and (B) survival curves of mice in the first experiment. The mice were injected with 2.5, 5, 
10, or 30 mg/kg EV053273 (273-2.5, − 5, − 10, and − 30) or 10 mg/kg REGN-COV (REGN-COV-10). 8 mice were used for 273–2.5, 5 and 30 and PBS (control). 7 mice 
were used for 273 - 10 and REGN-COV - 10. Injection of PBS induced remarkable body weight loss, and the injected mice died on day 6. One of 7 mice injected with 
30 mg/kg EV053273 died on day 5. (C) Body weight changes and (D) survival curves of mice in the second experiment. The effects of 10 or 30 mg/kg EV053286 
(286-10 or − 30) were compared with those of 10 mg/kg EV053273 (273-10) or 10 mg/kg REGN-COV (REGN-COV-10). For each dose of mAb, 6 mice were used. 
Asterisks indicate statistically significant differences compared with the PBS-injected mice, which were estimated by Dunnett’s multiple comparisons test for body 
weight or by a log-rank (Mantel–Cox) test for survival. *P < 0.05, **P < 0.01, ***P < 0.001. Data are represented as means ± standard deviation. 
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Fig. 5. Antiviral effects of EV053273 and EV053286 injected at 1 and 6 h after viral challenge. The mAbs were injected intraperitoneally at 1 (left panels) or 6 h 
(right panels) after inoculation with 2.3 × 103 TCID50 of QHmusX. For each dose of mAb, 4 mice were used. (A) Changes of body weight. The mice were injected 
with 10 mg/kg EV053273 (273-10), EV053286 (286-10), EV053273 plus EV053286 (273 + 286-10), or REGN-COV (REGN-COV-10). Asterisks indicate statistically 
significant differences, estimated by Dunnett’s multiple comparisons test. *P < 0.05 and **P < 0.01. (B) Viral titers in lung homogenates on day 3. Samples obtained 
from the experiment shown in (A) were subjected to viral infectivity titers analysis. Asterisks indicate statistically significant differences evaluated by Dunn’s multiple 
comparison test following the Kruskal-Walls test. *P < 0.05 and **P < 0.01. Data are represented as means ± standard deviation. 
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contrast, the activity of EV053286 varied depending on the virus, but it 
inhibited a wide range of viruses at double-digit ng/mL concentrations 
with potent antiviral activity to the Gamma variant (IC50, 3.7 ng/mL) 
(Table 1). When 2.5–10 mg/kg of each mAb was injected into mice, 
EV053286 with EV053273 demonstrated comparable antiviral effects 
(Figs. 4 and 5). Data indicate that differences in the IC50 values of mAbs 
estimated by in vitro experiments are subtle when more than several mg/ 
kg of mAb is applied in vivo (Cruz-Teran et al., 2021), also suggesting 
that it is imperative to stockpile such mAbs with action against a broad 
spectrum of variants, even though their antiviral effect in vitro is not 
strictly potent. 

Independent experiments revealed that EV053273 and EV053286 
efficiently blocked the infectivity of mutant viruses that emerged under 
antiviral pressure by REGN-COV (REG10987 and REG10933). Of note, 
EV053286 had consistent antiviral activity on the escape mutants that 
were generated in two independent experiments (Fig. 3). Next- 
generation sequencing analysis identified the amino acid alterations 
V445F, F486S, and Y489H in the escape mutants. Notably, V445F and 
F486S have been detected in patients and mice administered REGN-COV 
or REG10933 (Copin et al., 2021). In contrast, Y489H was reported in a 
panel of candidate escape mutants of S2E12, a mAb that has antiviral 
activity on a broad range of viruses, although it recognizes the 
receptor-binding motif of the S protein of SARS-CoV-2, by which it at
taches directly to ACE2 (Starr et al., 2021a). To understand the mode by 
which EV053286 has an effect on a broad range of variant viruses, we 
performed an SPR competition assay on RBD and observed that 
EV053286 did not compete with REG10987 (Supplementary Fig. 3). 
These data support the idea that EV053286 can co-operate with 
REG10987. However, EV053273 competed with both REG10987 and 
REG10933, implying that fine structural analysis is required for further 
characterization of EV053286. 

EV053273 and EV053286 were isolated from PBMCs that were 
prepared from convalescent patients on days 121 and 74 after the onset 
of viral infection, respectively. Nucleotide sequence analysis revealed 
that EV053273 and EV053286 were derived from VH1-2 and VH3-53, 
respectively, which are commonly utilized genes for SARS-CoV-2 IgG 
production (Rapp et al., 2021). Rapp et al. (2021) recently proposed that 
VH1-2-encoded IgG has the characteristics of public antibodies, which 
are commonly generated among infected patients. Public antibodies 
have been found in influenza (Wrammert et al., 2011) and human im
munodeficiency virus type 1 (Scheid et al., 2009). VH1-2-encoded mAbs 
have heavy-chain complementarity-determining region 3 (CDRH3), 
which consists of 11–21 amino acids (aa) and commonly bind to the 
receptor-binding motif. This is the reason why VH1-2-encoded mAbs 
have potent antiviral activity. However, importantly, Y449, E484, F486, 
and Q493 are known as critical residues for the interaction of 
VH1-2-encoded mAbs with the receptor-binding motif, consistent with 
the observation that EV053273 had no antiviral activity to the Lambda, 
Gamma, and Omicron variants. The Lambda and Gamma variants have a 
mutation at E484, whereas the Omicron variant has a mutation at Q493. 
In contrast, mAbs encoded by VH3-53 with a short CDRH3 (11 or 12 aa) 

has been shown to bind to the “up” form of the RBD, which is the form 
competent for ACE2 binding (Wu et al., 2020a), whereas approximately 
10% of VH3-53-derived IgG possesses a longer CDRH3 (>15 aa) (Barnes 
et al., 2020a) and rotation of Fab by 180◦ due to a long CDRH3 promotes 
the molecule to bind to both the “up” and “down” forms of the RBD. 
EV053286 has a CDRH3 of 13 aa, suggesting that EV053286 binds to the 
“up” form of the RBD. It is important to obtain further information on 
the mode of the interaction of EV053286 and the RBD, which will enable 
us to identify a critical area of the RBD for IgG targeting a broad spec
trum of variant viruses. 

The frequency of mismatch in the VHs of EV053273 and EV053286 
was 4.51% and 2.81%, respectively, whereas those of variable light 
chain (VL) genes were 1.76% and 1.79% (Table 3). The frequency of 
somatic mutations in cloned mAbs to SARS-CoV-2 is generally low, 
compared with those from patients with chronic infection (Robbiani 
et al., 2020). The average frequency of nucleotide mutations in VH is 
4.2% in SARS-CoV-2 patients, while those of patients with hepatitis B 
(Muecksch et al., 2021a; Wang et al., 2020) and human immunodefi
ciency virus type 1 (Scheid et al., 2009) are high, ranging from 20% to 
30%. A recent study proposed that approximately 90% of virus-specific 
effector cells for SARS-CoV-2 die, whereas 10% persist as long-lived 
memory cells (Ruterbusch et al., 2020), and VH genes are susceptible 
to somatic hypermutations in memory B cells for at least 6 months after 
diagnosis with an increase of antiviral activity and a wider range of 
target viruses (Muecksch et al., 2021a). EV053286 was isolated from 
PBMCs that were prepared on day 74 after infection, and it is plausible 
that EV053286-encoding IgG, for example, when isolated 1 year later, 
would exert more potent antiviral activity on the Omicron variant. 

5. Conclusion 

The mAbs EV053273 and EV053286 were identified from conva
lescent patients who were infected with Wuhan wild-type SARS-CoV-2. 
The combined use of EV053273 and EV053286 had comparable anti
viral effects with REGN-COV, which is used to treat patients with 
COVID-19, and could block the infectivity of REGN-COV escape mu
tants. Especially, EV053286 could neutralize the Omicron variants BA.1 
and BA.2. These data suggest that EV053273 and EV053286 represent a 
novel option as antibody therapy for SARS-CoV-2. 
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