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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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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 511 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
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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.l 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 linecage and XBB.1.16 sub lincage
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, 7IMO, 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 6VWI1 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 pg), pcMV3-2019-nCov-
RBD Y453F-Flag tag expression vector (2 pg), or pcMV3-
2019-nCov-RBD N501Y-Flag tag expression vector (2 pg)
(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

38

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 pL) 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



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 ("l 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 pg/mL puromycin. VeroE6/TMPRSS2 (JCRB 1819) cells
were propagated in the presence of 1 mg/ml geneticin (G418;
Invivogen) and 5 pg/ml plasmocin prophylactic (Invivogen) in
DMEM containing 10% FCS. Vero E6-TMPRSS2-T2A-ACE2 and
VeroE6/TMPRSS?2 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/
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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/TMPRSS?2 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 100400 focus-
forming units (FFU) of virus/well, followed by incubation at
room temperature for 1 h. The plasma-virus mixture (50 pl) 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 FRNTS50
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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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
ACE?2 is presumed to be weak. From these results, the affinity between the spike glycoprotein RBD mutant Y453F and human ACE?2 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 ACE? is presumed to be strong. From these results, the affinity
between the RBD mutant (N501Y) of the spike glycoprotein and human ACE?2 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.

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).
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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



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 ACE?2 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
1gG 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.

Binding energy between RBD and human ACE2

RBD (Y453)
-12.39 Kcal/mol

Neutralizing antibody

CCl12.1
CCl12.3
COVA2-39
COVA2-04
CV07-250
CV07-270
REGN-COV2

Patient Serums

Positive 41 samples
Negative 20 samples

Effect of mutation on antibody

RBD (Y453F) RBD N501 RBD (N501Y) Y453F N501Y

-10.27 Kcal/mol ~ -13.89 Kcal/mol  |-18.73 Kcal/mol  |Slightly lower Significantly Higher

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

-14.65 Kcal/mol ~ -8.91 Kcal/mol -15.49 Kcal/mol ~ |-13.72 Kcal/mol  |Low affinity = Low affinity
-5.85 Kcal/mol -1.36 Kcal/mol -5.41 Kcal/mol -13.84 Kcal/mol =~ Low affinity | High affinity

not calculated not calculated not calculated not calculated NA NA

-12.4 Kcal/mol -3.42 Kcal/mol -14.75 Kcal/mol ~ |-13.18 Kcal/mol  Low affinity |Low affinity
-1.09 Kcal/mol -0.23 Kcal/mol -8.69 Kcal/mol -5.97 Kcal/mol Low affinity  Low affinity

not calculated not calculated not calculated not calculated NA NA

-13.78 Kcal/mol ~ -10.54 Kcal/mol  -1.69 Kcal/mol -10.23 Kcal/mol | Low affinity | High affinity
Number of samples with affinity for RBD Effect of mutation on antibody
RBD RBD (Y453F) RBD (N501Y) Both Y453F N501Y

14 samples 3 samples 4 samples 2 samples Low affinity | Different effects
0 sample 0 sample 0 sample 0 sample NA NA

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-COV?2 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-COV?2 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
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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 subvariantand
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,
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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 CCI12.1 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
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(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 511 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.
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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, N5SO1F 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



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 511 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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