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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Background: Certain mutant strains of SARS-CoV-2 are 

known to spread widely among humans, including the receptor 
binding domain (RBD) mutant, Y453F, from farmed minks, and 
the RBD mutant, N501Y, a mutation common to three major 
SARS-CoV-2 subvariants (B.1.1.7, B.1.351, and B.1.1.248) and 
omicron type SARS-CoV-2 BQ.1.1 and XBB.1.16 subvariants.

Methods: We investigated the characteristics of the RBD 
mutants, Y453F and N501Y, using three-dimensional structural 
analysis. We also investigated the effect of Y453F, N501Y or 
the mutants of RBD of omicron type SARS-CoV-2 BQ.1.1 
and XBB.1.16 subvariants on neutralizing antibodies in serum 
derived from individuals including children (aged 5–11 years) 
inoculated with mRNA based COVID-19 vaccine (BNT162b2: 
Pfizer/BioNTech) or COVID-19-positive patients or children 
(aged 5–11 years) after vaccination with BNT162b2.

Results: Our results suggest that SARS-CoV-2 subspecies 
with the RBD mutations Y453F or N501Y partially escaped 
detection by 4 neutralizing monoclonal antibodies and 21 
neutralizing antibodies in serums derived from COVID-19-
positive patients. The significantly low antibody titer of children 
against Omicron type SARS-CoV-2 BQ.1.1 subvariant and 
XBB.1.16 subvariant in Japan.

Conclusions: Infection with SARS-CoV-2 subspecies that 
causes serious symptoms in humans may spread globally. In 
particular, since the antibody titer against the omicron type is 
low in children (aged 5–11 years) who have been vaccinated 
with conventional vaccines, therefore it is important for children 
to receive vaccines specific for the omicron type.

Key words. RBD Y453F mutant, neutralizing antibody, 
SARS-CoV-2, COVID-19.

Abbreviations. AIDS: Acquired Immunodeficiency 
Syndrome; COVID-19: Coronavirus Disease-2019; HIV: 
Human Immunodeficiency Virus; IgG: Immunoglobulin 
G; IgM: Immunoglobulin M; RBD: Receptor Binding 
Domain; SARS-CoV-2: Severe Acute Respiratory Syndrome 
Coronavirus-2; UK: United Kingdom.
Introduction.

Mutations in the SARS-CoV-2 virus can jeopardize the 
efficacy of potential vaccines and therapeutics against 
COVID-19. Mustelidae animals (e.g., minks and ferrets) can 
be infected with SARS-CoV-2 relatively easily compared with 
other mammals [1] however, it has not yet been elucidated why 
SARS-CoV-2 is extremely contagious among these animals. 
Nonetheless, it is clear that when several farmed minks kept in a 
high-density environments are infected with SARS-CoV-2, the 

virus proliferates in large numbers. Consequently, humans and 
minks may be at high risk of SARS-CoV-2 infection.

Natural selection (adaptation) in the coronavirus can occur 
during virus amplification in vivo in farmed minks [2]. Natural 
selection in such viruses is observed by the introduction of 
mutations in SARS-CoV-2 that are not observed during the 
growth process in humans [2,3]. Infections with the mutant strain 
Y453F (from farmed minks) or N501Y (a mutation common to 
three major subspecies of SARS-CoV-2: B.1.1.7, B.1.351, and 
B.1.1.248) or omicron type SRAS-CoV-2 BQ.1.1 subvariant 
and XBB.1.16 subvariant, which is the current epidemic strain, 
are known to widely spread among humans [4-6].

In this study, we investigate the virological characteristics 
of these two-receptor binding domain (RBD) mutants using 
three-dimensional protein structural analysis [7,8]. We also 
investigated the affinity of IgG for the conventional RBD and 
the mutant RBDs, Y453F and N501Y, in serum obtained from 41 
COVID-19-positive patients and 20 COVID-19-negative patients 
or serum collected from children aged 5 to 11 years. The findings 
indicate that SARS-CoV-2 infection with Y453F or N501Y 
mutations in the spike glycoprotein may escape the antiviral effect 
of neutralizing antibodies or COVID-19 vaccination.

Now, the omicron type SARS-CoV-2 B.1.1.529 variant 
evolved into several subvariants, three of which (BA.1, BA.2, 
and BA.5) became globally dominant. Currently, the prevalence 
of omicron type SARS-CoV-2 BQ.1 subvariants (a BA.5 
variant), its sub lineage BQ.1.1, and XBB.1.16 sub lineage, 
which is a recombinant of two different BA.2 subvariants, are 
increasing rapidly in the Europe, America, Southeast Asia, 
and elsewhere. BQ.1.1 sub lineage and XBB.1.16 sub lineage 
possess substitutions relative to BA.5 and BA.2, respectively, in 
the receptor-binding domain of their spike glycoprotein, which 
is the major target for vaccines and therapeutic monoclonal 
antibodies (mAbs) for COVID-19 [9]. Therefore, we, the 
medical staff, collected blood from children aged 5 to 11 years 
who had been inoculated with BNT162b2, and examined 
neutralizing antibody titers against Omicron type SARS-CoV-2 
variants. In particular, since the antibody titer against the 
omicron type is low in children (aged 5–11 years) who have 
been vaccinated with conventional vaccines, it is important for 
children to receive vaccines specific for the omicron type.
Materials and Methods.
Analysis of the three-dimensional structures of the binding sites 
of mink and human angiotensin-converting enzyme 2 (ACE2)

Some subspecies of SARS-CoV-2 have the amino acid 
mutations, Y453F or N501Y, in the sequence that encodes the 
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spike glycoprotein [4,7,8]. These SARS-CoV-2 mutations have 
been detected in approximately 300 viral sequences isolated 
from European and Dutch populations, as well as in minks. We 
used the data on the three-dimensional structure of the RBD 
of the spike glycoprotein of SARS-CoV-2 (Protein Data Bank 
(PDB) ENTITY SEQ 6VW1_1) [7] and the data (PDB: 6XC2, 
6XC4, 7JMP, 7JMO, 6XKQ, 6XKP, and 6XGD) for the three-
dimensional structure of six neutralizing antibodies (CC12.1, 
CC12.3, COVA2-39, COVA2-04, CV07-250, CV07-270, and 
REGN-COV2) that bind to the spike glycoprotein of SARS-
CoV-2 [8].

Using the Spanner program, we predicted the three-
dimensional structure of the SARS-CoV-2 spike glycoprotein 
Y453F mutant based on PDB data (ENTITY SEQ 6VW1_1). 
We investigated the binding of the spike glycoprotein mutant 
Y453F to human angiotensin-converting enzyme 2 (ACE2) 
and determined the affinity of the spike glycoprotein mutants, 
Y453F and N501Y, to six neutralizing monoclonal antibodies 
using the MOE program (three-dimensional protein structure 
modeling, protein docking analysis: MOLSIS Inc., Tokyo, 
Japan) and Cn3D Macromolecular Structure Viewer.

Protein contact residues and buried surface areas were analyzed 
using the LigPlot+ program (v.1.4.5) (https://www.ebi.ac.uk/
thornton-srv/software/ LigPlus/). Protein buried surface areas 
were analyzed using the PDBePISA tool (http://pdbe.org/
pisa/) and MOE project DB (MOLSIS Inc. Tokyo Japan). The 
modeling and docking of mink ACE2 and RBD in the spike 
glycoprotein of SARS-CoV-2 was analyzed by MOE project 
DB with previously posted ID PDB and protein ID (MOLSIS 
Inc. Tokyo Japan). The binding affinity between mink ACE2 
and the SARS-CoV-2 spike glycoprotein RBD was analyzed 
using MOE project DB (MOLSIS Inc.).
Adsorption of conventional RBD, Y453F and N501Y 
recombinant proteins to the solid phase surface of the ELISA 
plate

HeLa cells were transfected with either pcMV3-2019-nCov-
RBD-Flag tag expression vector (2 µg), pcMV3-2019-nCov-
RBD Y453F-Flag tag expression vector (2 µg), or pcMV3-
2019-nCov-RBD N501Y-Flag tag expression vector (2 µg) 
(Sino Biological Inc. Beijing, China). The cells transfected with 
2019-nCov-RBD, 2019-nCov-RBD Y453F, or 2019-nCov-
RBD N501Y expression vectors were incubated for 48 h prior 
to harvesting. The conventional RBD, Y453F, and N501Y 
recombinant proteins were purified using a His-tag column 
following the standard procedure. Purified conventional RBD, 
Y453F, or N501Y recombinant proteins were adsorbed on the 
solid phase surface of the ELISA plate (SMILON ELISA plate 
MS-3508F, Tokyo Japan).
Quantitative measurement of SARS-CoV-2 neutralizing 
antibodies

The SeroFlash™ SARS-CoV-2 Neutralizing Antibody Assay 
Fast Kit (EpiGentek Group Inc., NY) contains all the reagents 
necessary for quantitatively measuring the level of SARS-
CoV-2 neutralizing antibodies. In this assay, conventional RBD, 
Y453F, or N501Y spike proteins were stably pre-coated onto 
microplate wells. His-tagged ACE2 binds to the coated spike 
protein in the presence or absence of neutralizing antibodies 

in the sample. The amount of the bound ACE2, which is 
proportional to ACE2 inhibition intensity, is then recognized 
by the neutralizing detection complex, which contains anti-His 
antibodies and is measured through an ELISA-like reaction, 
where the absorbance is read by a microplate spectrophotometer 
at a wavelength of 450 nm. The neutralizing antibody level is 
inversely proportional to the optical density intensity measured, 
i.e., the higher the level of neutralizing antibody, the lower 
the OD intensity. Quantitative measurements of SARS-CoV-2 
neutralizing antibody levels were performed according to the 
manufacturer's procedure.
Qualitative measurement of SARS-CoV-2 neutralizing 
antibodies

Serum samples (25 µL) from 20 COVID-19-negative 
patients and 41 COVID-19-positive patients with varying 
immunoglobulin M (IgM) and immunoglobulin G (IgG) 
antibody levels were used for this assay. COVID-19 status was 
confirmed by RT-PCR, antigen, and/or antibody serology tests. 
All serum samples were provided by RayBiotech (RayBiotech 
Life, GA). The details of the materials and methods used are 
described in the supplementary materials. A neutralizing 
inhibition score of ≥ 20% was used to indicate a positive 
result and detection of SARS-CoV-2 neutralizing antibody; a 
score under 20% was used to indicate a negative result and no 
detectable SARS-CoV-2 neutralizing antibody.
Analyzes the three-dimensional structure of the binding site 
between mink and human ACE2.

Spanner is a structural homology modeling pipeline that 
threads a query amino-acid sequence onto a template protein 
structure. Spanner is unique in that it handles gaps by spanning 
the region of interest using fragments of known structures.

To create a model, you must provide a template structure, 
as well as an alignment of the query sequence you wish to 
model onto the template sequence. The spanner will replace 
mismatched residues, and fill any gaps caused by insertions or 
deletions.

For users that are unable to create an alignment a method for 
building a model starting only from sequence is also available. 
During this process a template search is conducted, and an 
alignment is built dynamically using FORTE before being 
passed through to the main part of the pipeline.

Spanner consists of several modules written in the Go 
programming language. For Spanner jobs which build a model 
only from sequence, the first step is a search of the PDB for 
possible templates using BLAST. These possible templates are 
then aligned and scored with FORTE.

The next step involves defining the start and end points of 
fragments corresponding to insertions or deletions. The start 
and end points are referred to as anchors because they must be 
equivalent in both the template and any candidate fragment. The 
margin parameter determines how far from the edge of a gap 
the fragment begins or ends. For example, a margin of 0 would 
mean that the anchors begins at the very edge of a gap. This is 
usually not a good idea, and the default margin is set to 1.

A representative set of protein chains was prepared using CD-
HIT at 100% sequence identity.3 All continuous fragments were 
then extracted from this set of chains and stored in a relational 
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database, indexed by the internal coordinates of the fragment 
endpoints. A separate database is prepared for each fragment 
length. Currently, fragments of length 8-40, including the 8 
anchor residues, are stored in the database.

Cn3D ("see in 3D") is a helper application for your web 
browser that allows researcher to view 3-dimensional structures 
from NCBI's Entrez Structure database. Cn3D is provided for 
Windows and Macintosh and can be compiled on Unix. Cn3D 
simultaneously displays structure, sequence, and alignment, and 
now has powerful annotation and alignment editing features. 
(For those who prefer to view 3D structures on the web, without 
the need to install a separate application, iCn3D ("I see in 3D") 
is available as of April 2016).

Web-based Structure VieweriCn3D ("I see in 3D"), released 
in April 2016, provides interactive views of three-dimensional 
macromolecular structures on the web.

There is no need to install a separate application in order to 
use iCn3D; you just need to use a web browser that supports 
WebGL.

iCn3D also allows you to customize the display of a structure 
and generate a URL that allows you to share the link, and to 
incorporate iCn3D into your own web pages.

New Features in Cn3D 4.3.1: View superpositions of 
structures that have similar molecular complexes, as identified by 
the newly released VAST+ (an enhanced version of the existing 
Vector Alignment Search Tool). The VAST+ help document 
provides additional details about the tool and examples of how 
it can be used to learn more about proteins.
Cn3D 4.3.1 uses the MIME type: application/vnd.ncbi.cn3d.

Analyses of protein contact residues and protein buried 
surface areas Protein contact residues were analyzed using the 
LigPlot+ program (v.1.4.5) (https://www.ebi.ac.uk/thornton-srv/
software/LigPlus/). Protein buried surface areas were analysed 
using PDBePISA tool (http://pdbe.org/pisa/) and MOE project 
DB (MOLSIS Inc. Tokyo Japan). The modeling and Docking of 
the mink ACE2 protein and RBD in Spike Glycoprotein SARS-
CoV-2 was analyzed by MOE project DB with previously 
posted ID PDB and protein ID (MOLSIS Inc. Tokyo Japan). 
The binding affinity between mink ACE2 and RDB in Spike 
Glycoprotein of SRARS-CoV-2 was analyzed by MOE project 
DB (MOLSIS Inc.).
Cells

Vero E6-TMPRSS2-T2A-ACE2 cells (provided by Dr. Barney 
Graham, NIAID Vaccine Research Center) were cultured in 
Dulbecco's modified Eagle's medium (DMEM) containing 10% 
Fetal Calf Serum (FCS), 100 U/mL penicillin–streptomycin, and 
10 μg/mL puromycin. VeroE6/TMPRSS2 (JCRB 1819) cells 
were propagated in the presence of 1 mg/ml geneticin (G418; 
Invivogen) and 5 μg/ml plasmocin prophylactic (Invivogen) in 
DMEM containing 10% FCS. Vero E6-TMPRSS2-T2A-ACE2 and 
VeroE6/TMPRSS2 cells were maintained at 37°C with 5% CO2. 
The cells were regularly tested for mycoplasma contamination by 
using PCR and confirmed to be mycoplasma-free. 
Viruses

hCoV-19/Japan/TY41-796/2022 (Omicron BQ.1.1)1, hCoV-
19/Japan/TY41-795/2022 (Omicron XBB.1.16), hCoV-19/

Japan/UT-NCD1288-2N/2022 (Omicron BA.2)2, hCoV-19/
Japan/TY41-702/2022 (Omicron BA.5)3, and SARS-CoV-2/
UT-NC002-1T/Human/2020/Tokyo were propagated in 
VeroE6/TMPRSS2 cells. 

All experiments with SARS-CoV-2 were performed in 
enhanced biosafety level 3 (BSL3) containment laboratories at 
the Kyoto University and the National Institute of Infectious 
Diseases, Japan, which are approved for such use by the 
Ministry of Agriculture, Forestry, and Fisheries, Japan. 
Clinical specimens 

After informed consent was obtained, plasma specimens 
were collected from COVID-19 convalescent individuals and 
vaccinees. The research protocol was approved by the Research 
Ethics Review Committee of the Institute of Medical Science 
of the Kyoto University (approval numbers: 2019–71–0201 and 
2020-74-0226). 
Focus reduction neutralisation test 

Neutralisation activities of plasma were determined by using 
a focus reduction neutralisation test as previously described.4 
After the plasma samples were incubated at 56°C for 1 h, the 
samples were serially diluted five-fold with DMEM containing 
2% FCS in 96-well plates and mixed with 100–400 focus-
forming units (FFU) of virus/well, followed by incubation at 
room temperature for 1 h. The plasma-virus mixture (50 μl) was 
then inoculated onto Vero E6-TMPRSS2-T2A-ACE2 cells in 
96-well plates in duplicate and incubated for 1 h at 37°C. An 
equal volume of 1.5% Methyl Cellulose 400 (FUJIFILM Wako 
Pure Chemical Corporation) in culture medium was then added 
to each well. The cells were incubated for 14–16 h at 37°C and 
then fixed with formalin. After the formalin was removed, the 
cells were immuno stained with a mouse monoclonal antibody 
against SARS-CoV1/2 nucleoprotein [clone 1C7C7 (Sigma-
Aldrich)], followed by a horseradish peroxidase-labeled 
goat anti-mouse immunoglobulin (SeraCare Life Sciences or 
Jackson ImmunoResearch Laboratories Inc.). The infected cells 
were stained with TrueBlue Substrate (SeraCare Life Sciences) 
and then washed with distilled water. After cell drying, the 
focus numbers were quantified by using an ImmunoSpot S6 
Analyzer, ImmunoCapture software, and BioSpot software 
(Cellular Technology). The results are expressed as the 50% 
focus reduction neutralisation titre (FRNT50). The FRNT50 
values were calculated by using GraphPad Prism (GraphPad 
Software).
Results.
Structural analysis:

The results from the Spanner analysis revealed that the RBD 
mutants Y453F and N501Y did not affect the three-dimensional 
structure of conventional SARS-CoV-2 spike glycoproteins. 
The results clarified that the binding property of the Y453F 
mutant spike glycoprotein to human ACE2 was slightly weaker 
than that of the conventional SARS-CoV-2 spike glycoprotein 
(Figure 1A, Table 1). Conversely, the binding property of the 
N501Y mutant spike glycoprotein to human ACE2 was stronger 
than that of the conventional RBD (Figure 1B, Table 1). The 
slightly weaker affinity observed in Y453F was due to the 
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The results of the structural analysis reveal that the affinity 
between the Y453F spike glycoprotein and four of the six 
examined monoclonal antibodies (CC12.1, CC12.3, COVA2-
39, COVA2-04, CV07-250, CV07-270) was clearly weak 
compared with the conventional RBD (Figure 2A, Table 1,). The 
results also demonstrated that the affinity between the N501Y 
spike glycoprotein and four of the six examined monoclonal 

replacement of Tyr at position 453 by Phe, which was unable to 
form a hydrogen bond with His at position 34 in human ACE2 
(Figure 1A). The strong affinity observed in the N501Y mutant 
was due to the replacement of Asn at position 501 by Tyr, which 
was able to form a hydrogen bond with Lys at position 353 in 
human ACE2, and to create a benzene ring interaction with Tyr 
at position 41 in human ACE2 (Figure 1B).

Figure 1. Interactions between human ACE2 and the SARS-CoV-2 spike glycoprotein receptor binding domain (RBD) mutants, Y453F and 
N501Y.
(A) The interaction between ACE2 (green) and residues of the conventional RBD and the Y453F variant (purple) is shown using the three-
dimensional structure model. It is speculated that the Y453 amino acid residue of the conventional RBD is hydrogen-bonded to the H34 amino acid 
residue of human ACE2. However, the binding between the F453 amino acid residue of the RBD mutant and the H34 amino acid residue of human 
ACE2 is presumed to be weak. From these results, the affinity between the spike glycoprotein RBD mutant Y453F and human ACE2 is presumed 
to be slightly weaker compared with the conventional RBD. (B) The interaction between ACE2 (green) and residues of the conventional RBD and 
the RBD mutant N501Y (purple) is shown using the three-dimensional structure model. It is speculated that the N501 amino acid residue of the 
conventional RBD is hydrogen-bonded to the Y41 and K353 amino acid residues of human ACE2. However, the binding between the Y501 amino 
acid residue of the RBD mutant and the Y41 and K353 amino acid residue of human ACE2 is presumed to be strong. From these results, the affinity 
between the RBD mutant (N501Y) of the spike glycoprotein and human ACE2 is presumed to be stronger compared with the conventional RBD. 
The three-dimensional structure models are shown by Cn3D macromolecular structure viewer. Detailed experimental results are indicated in the 
supplementary data.
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antibodies was clearly weak compared with the conventional 
SARS-CoV-2 spike glycoprotein RBD (Figure 2B, Table 1).
Quantitative measurement of SARS-CoV-2 neutralizing 
antibodies

On September 28, 2020, the US pharmaceutical manufacturer, 
Regeneron Pharmaceuticals, announced the production of the 
antibody cocktail therapy, REGN-COV2, which combined 
two neutralizing antibodies, casirivimab and imdevimab, for 
the treatment and prevention of COVID-19 [10] (Figure 3A). 
On January 11, 2021, Regeneron Pharmaceuticals stated the 
likelihood of the antiviral effectiveness of REGN-COV2 on 
SARS-CoV-2 subspecies [11]. Therefore, we investigated the 
affinity of REGN-COV2 to the spike glycoproteins of Y453F 
and N501Y. We found that the affinity of REGN-COV2 (6XGD) 
to Y453F was weaker than that to the conventional RBD (Figure 
3B, Table 1). However, the affinity of REGN-COV2 to N501Y 
was strong compared to the conventional RBD (Figure 3B). 
Therefore, the antiviral effect of REGN-COV2 as a neutralizing 
antibody may be maintained even against RBD mutant strains 
of SARS-CoV-2.
Qualitative measurement of SARS-CoV-2 neutralizing 
antibodies

Next, we investigated the affinity of serum IgG to the 
conventional RBD, Y453F, and N501Y in COVID-19-positive 
patients and healthy subjects. A strong affinity for conventional 
RBD was shown for the serum IgG of 29 of the 41 COVID-19-
positive patients (Table 1). Moderate affinity for conventional 
RBD, Y453F, and N501Y was shown in the serum IgG of four 
of the COVID-19-positive patients (Table 1). No affinity for 
conventional RBD, Y453F, or N501Y was shown in the serum 

IgG of the COVID-19-negative subjects (Table 1).
From the results, we concluded that the mutation of tyrosine 

at amino acid residue 453 to phenylalanine or the mutation of 
asparagine at amino acid residue 501 to tyrosine eliminated the 
inhibitory effects of the neutralizing antibody on binding between 
ACE2 and the RBD of the SARS-CoV-2 spike glycoprotein. It 
is possible that the affinity between the appropriate amino acid 
residues in the variable region of the antibody and the RBD of 
Y453F or N501Y was diminished owing to weak recognition of 
the monoclonal antibody to SARS-CoV-2 spike glycoproteins.
Antibody titer of children against Omicron type SARS-CoV-2 
BQ.1.1 subvariant and XBB.1.16 subvariant

To verify the antiviral effect of the mRNA-based COVID-19 
vaccine () against the Omicron type SARS-CoV-2 BQ.1.1 
subvariant and the XBB.1.16 subvariant, our medical team 
investigated the neutralizing activity of antibodies* in plasma of 
BNT162b2 vaccinated individuals against BQ.1.1 subvariant and 
XBB.1.16 subvariant isolated from Omicron type SARS-CoV-2 
infected patients. As a result, compared with the neutralizing 
activity of plasma antibodies against the conventional strain, 
BA.2 subvariant, or BA.5 subvariant, the neutralizing activity 
of plasma antibodies against BQ.1.1 subvariant and XBB.1.16 
subvariant was significantly turned out to be 21.06-fold and 
22.33-fold low (Figure 4A).

Furthermore, our research team examined the neutralizing 
activity of antibodies in the plasma of patients infected with 
the BA.2 subvariant after the third dose of BNT162b2 (i.e., 
the BA.2 variant breakthrough infection) against the BQ.1.1 
subvariant and the XBB.1.16 subvariant. As a result, compared 
with the neutralizing activity of plasma antibodies against 
the conventional strain, BA.2 subvariant, or BA.5 subvariant, 

Binding energy between RBD and human ACE2  Effect of mutation on antibody
RBD (Y453) RBD (Y453F) RBD N501 RBD (N501Y) Y453F N501Y
-12.39 Kcal/mol -10.27 Kcal/mol -13.89 Kcal/mol -18.73 Kcal/mol Slightly lower Significantly Higher

Neutralizing antibody Binding energy between RBD and antibodies Effect of mutation on antibody
RBD (Y453) RBD (Y453F) RBD (N501) RBD (N501Y) Y453F N501Y

CC12.1 -14.65 Kcal/mol -8.91 Kcal/mol -15.49 Kcal/mol -13.72 Kcal/mol Low affinity Low affinity
CC12.3 -5.85 Kcal/mol -1.36 Kcal/mol -5.41 Kcal/mol -13.84 Kcal/mol Low affinity High affinity
COVA2-39 not calculated not calculated not calculated not calculated NA NA
COVA2-04 -12.4 Kcal/mol -3.42 Kcal/mol -14.75 Kcal/mol -13.18 Kcal/mol Low affinity Low affinity
CV07-250 -1.09 Kcal/mol -0.23 Kcal/mol -8.69 Kcal/mol -5.97 Kcal/mol Low affinity Low affinity
CV07-270 not calculated not calculated not calculated not calculated NA NA
REGN-COV2 -13.78 Kcal/mol -10.54 Kcal/mol -1.69 Kcal/mol -10.23 Kcal/mol Low affinity High affinity

Patient Serums Number of samples with affinity for RBD Effect of mutation on antibody
RBD RBD (Y453F) RBD (N501Y) Both Y453F N501Y

Positive 41 samples 14 samples 3 samples 4 samples 2 samples Low affinity Different effects
Negative 20 samples 0 sample 0 sample 0 sample 0 sample NA NA

Table 1. Affinity of conventional RBD, Y453F, and N501Y with neutralizing antibodies or serum from each patient.
The binding of Y453F or N501Y to human ACE2 and to six neutralizing monoclonal antibodies were investigated using the MOE program and 
Cn3D macromolecular structure viewer. Binding energy, calculated by the MOE program, is shown in the table. Quantitative measurement of 
SARS-CoV-2 neutralizing antibody levels was examined using a SeroFlash™ SARS-CoV-2 Neutralizing Antibody Assay Fast Kit (EpiGentek 
Group Inc. NY). A strong affinity for the conventional RBD was shown in the serum IgG of 29 out of 41 COVID-19-positive patients. However, no 
affinity for the RBD mutant, Y453F, was shown in the serum IgG of 34 out of 41 COVID-19-positive patients. Weak affinity for both conventional 
RBD and N501Y was shown in the serum IgG of 7 out of 41 COVID-19-positive patients. However, no affinity for N501Y was shown in the serum 
IgG of 33 out of 41 COVID-19-positive patients. Various affinity for both conventional RBD and N501Y was shown in the serum IgG of 8 out of 
41 COVID-19-positive. No affinity for conventional RBD, Y453F, or N501Y was shown in the serum IgG of all 20 COVID-19-negative subjects. 
Detailed experimental results are indicated in Supplementary Table 1.
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Figure 2. Interactions between the heavy chain of the neutralizing monoclonal antibody, CC12.2 and the SARS-CoV-2 spike glycoprotein RBD 
mutants, Y453F and N501Y.
(A) The interaction between the heavy chain (purple) and light chain (brown) of neutralizing monoclonal antibody CC12.1 and residues of the 
conventional RBD or Y453F (green) is shown using the three-dimensional structure model. It is speculated that the Y453 amino acid residue of 
the conventional RBD is hydrogen-bonded to the D92 amino acid residue of the light chain and to the D97 amino acid residue of the heavy chain 
of CC12.1. However, the binding between the F453 amino acid residue of the RBD mutant and the D92 and D97 amino acid residues of CC12.1 
is presumed to be weak. From these results, the affinity between the spike glycoprotein of Y453F and CC12.1 is presumed to be lower compared 
with the conventional RBD. (B) The interaction between the heavy chain (purple) and light chain (brown) of CC12.1 and the residues of the 
conventional RBD or N501Y (green) is shown using the three-dimensional structure model. It is speculated that the N501 amino acid residue of the 
conventional RBD is hydrogen-bonded to the S30 amino acid residue of the light chain of CC12.1. However, the binding between the Y501 amino 
acid residue of the RBD mutant and the S30 amino acid residue of CC12.1 is presumed to be weak. From these results, the affinity between the RBD 
of N501Y and CC12.1 is presumed to be slightly lower compared with the conventional RBD. The three-dimensional structure models are shown 
by Cn3D macromolecular structure viewer. Detailed experimental results are indicated in the supplementary data.
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Figure 3. Interactions between the antibody cocktail therapy REGN-COV2 (casirivimab REGN10933 and imdevimab REGN10987; 6XGD) 
and Y453F and N501Y.
(A) The interaction between the heavy chains (purple, light green) and light chains (brown, pink) of casirivimab and imdevimab and residues 
of the conventional RBD (green) is shown using the three-dimensional structure model. It is speculated that the Y453 amino acid residue of the 
conventional RBD is hydrogen-bonded to the D31 amino acid residue of the light chain of casirivimab. However, the binding between the N501 
amino acid residue of the conventional RBD and the amino acid residues of imdevimab is presumed to be weak. (B) The interactions between 
the heavy chain (purple) and light chain (brown) of casirivimab and imdevimab and residues of Y543F and N501Y (green) are shown using the 
three-dimensional structure model. The binding between the F453 amino acid residue of Y453F and the amino acid residue of the light chain of 
casirivimab is presumed to be weak. However, it is speculated that the Y501 amino acid residue of N501Y is hydrogen-bonded to the K76 amino 
acid residue of the light chain of imdevimab. The three-dimensional structure models are shown by Cn3D macromolecular structure viewer. 
Detailed experimental results are indicated in the supplementary data.
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Figure 4. Antibody responses to SARS-CoV-2 omicron subvariants
(A) Neutralizing antibody titers of human plasma obtained from individuals immunized with a third dose of BNT162b2. Samples were collected 
180–189 days after the third immunization (n=35). (B) Neutralizing antibody titers of human plasma obtained from individuals who were infected 
with omicron BA.2 after three doses of BNT162b2. Samples were collected 29–89 days after symptom onset (n=21). Each dot represents data from 
one individual. The lower limit of detection (value=10) is indicated by the horizontal dashed line. Samples under the detection limit (<10-fold 
dilution) were assigned an 50% focus reduction neutralization titer (FRNT50) value of 10 and are represented by X. Geometric mean titers are 
shown. FRNT50=50% focus reduction neutralization titer. Ancestral; the conventional strain, BA.2 subvariant, or BA.5 subvariant.

the neutralizing activity of these plasma antibodies against 
BQ.1.1 subvariant and XBB.1.16 subvariant was found to be 
significantly 35.47-fold and 62.97-fold lower (Figure 4B). 
However, most of the antibodies in plasma were found to have 
neutralizing activity against BQ.1.1 subvariant and XBB.1.16 
subvariant, albeit at a significant low level.

*Clinical studies used antibodies in plasma from children (aged 
5–11 years, n=35) 1–2 months after the third dose of BNT162b2 
and the antibodies in plasma from children infected with the 
BA.2 subvariant (aged 5–11 years, n=21) after the third dose of 
BNT162b2 (the BA.2 subvariant breakthrough infection).
Discussion.

COVID-19 is an emerging infectious disease caused by 
infection with SARS-CoV-2, a type of coronavirus. In December 
2019, the world's first case of severe COVID-19 was reported 
in Wuhan, China. COVID-19 is still a global epidemic. To the 
best of our knowledge, detailed data for SARS-CoV-2 mutants 
have not yet been published. Therefore, it is unclear whether 
the SARS-CoV-2 mutants detected in people working on mink 
farms are actually derived from farmed minks. However, in the 
present study, the subspecies of SARS-CoV-2 derived from 
farmed minks or humans was observed in a group of infected 
people and those that were inherited by infected individuals. 
Mutations in SARS-CoV-2 that have led to the generation of 
SARS-CoV-2 subspecies have made humans and animals 
susceptible to infection through easy propagation in the host, 
thereby making it difficult to identify the effects of therapeutic 
agents or vaccines for COVID 19. Moreover, the spread of 
SARS-CoV-2 subspecies mediated by millions of infected 
farmed mink is uncontrolled, raising a concern that infection 
by SARS-CoV-2 subspecies that cause serious symptoms in 
humans may spread globally.

As of January 2021, the number of people infected with SARS-
CoV-2 N501F subspecies, which are believed to have occurred 
in the United Kingdom, South Africa, and Brazil, has increased 
significantly in the UK and other European countries. Recent 
studies have shown that the infectivity of the N501Y variant is 
approximately 1.4–1.7 times that of previous strains of SARS-
CoV-2 [12]. In addition, N501F variants have the property of 
easily infecting children. Currently, the question is whether 
N501Y variants are resistant to the COVID-19 vaccines which 
has been distributed in the UK, the US, and other countries. 
Pfizer, who created the first-to-be-approved COVID-19 vaccine 
(known as BNT162b2), has demonstrated the possibility of 
the immediate production of mRNA that should correspond 
to SARS-CoV-2 mutations. On January 8, 2021, Pfizer and 
BioNTech reported the efficacy of the COVID-19 vaccine 
against the UK and South Africa SARS-CoV-2 variants based 
on the results of phase I clinical trials [13]. On January 11, 
2021, Regeneron Pharmaceuticals announced the antiviral 
effectiveness of the antibody cocktail therapy, REGN-COV2, 
against SARS-CoV-2 subspecies. However, concerns remain 
regarding the effectiveness of the COVID-19 vaccine against 
these SARS CoV-2 variants [3,4,14-16].

Based on textbooks, it is known that viruses gradually mutate 
in the process of repeating proliferation and infection. SARS-
CoV-2 is also repeating mutations little by little, and so the 
infectivity of SARS-CoV-2 to humans and other mammals is 
changing. Most mutations have little effect on the characteristics 
of SARS-CoV-2, but some mutations may affect SARS-CoV-2 
infectivity/transmissibility, risk of severe disease, efficacy of 
vaccines/therapeutic drugs, diagnosis. With the advancement 
of science and technology, novel vaccines against COVID-19 
are also being rapidly developed, contributing to the prevention 
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of severe cases of COVID-19. From the results of this clinical 
study, it was revealed that in children aged 5-11 years who 
received BNT162b2, the neutralizing antibody titers against 
the Omicron type SARS-CoV-2 variants were significantly 
lower than those against the Wuhan type ARS-CoV-2 variants 
and the Delta type SARS-CoV-2 variants. However, elevated 
neutralizing antibody titers against Omicron type SARS-CoV-2 
variants were also observed in children aged 5–11 years who 
received BNT162b2. Therefore, for children aged 5–11 years 
with underlying medical conditions who are at high risk of severe 
COVID-19, from the viewpoint of preventing the severity of 
COVID-19, vaccination with mRNA-based COVID-19 vaccine 
is recommended regardless of age.

Mankind has struggled to develop therapies against AIDS to 
correspond to the speed of mutations that arise in the human 
immunodeficiency virus (HIV) [17]. In the fight between 
humans and viruses, mankind has never been able to prevent 
the mutation of viruses. To date, more than 50 countries and 
territories around the world have imposed strict restrictions on 
entry from the UK, South Africa, and Brazil [18]. First, people 
around the world should reaffirm the importance of wearing 
masks, hand hygiene, and social distancing.
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