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Supplementary Materials and Methods 
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), 
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 University of Tokyo 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 University of Tokyo (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 immunostained 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). 
 
  



 3 

Acknowledgements 
We thank Susan Watson for scientific editing. We also thank Kyoko Yokota, Rie Onoue, Madoka Yoshikawa, 
and Naoko Mizutani for technical assistance. Vero E6-TMPRSS2-T2A-ACE2 cells were provided by Dr. 
Barney Graham, NIAID Vaccine Research Center. 
 
Author Contributions 
R.U.: conceptualization, formal analysis, validation, visualization, and writing the first draft. M. Ito.: data 
curation, formal analysis, and methodology. Y.F.: data curation. S. Yamayoshi: conceptualization and 
methodology. K.I-H.: resources and validation. E.A., M.S., M. Koga., T.T, S. Yamamoto, A.O, M. Kiso, Y.S-
T., H.U., H.Y. : resources. M. Imai: conceptualization, supervision, formal analysis, validation, visualization, 
and writing the first draft. Y.K.: conceptualization, supervision, writing (review and editing), and funding 
acquisition. R.U., M. Ito, and Y.F. contributed equally. 
 
Declaration of Interests 
Y.K. has received unrelated funding support from Daiichi Sankyo Pharmaceutical, Toyama Chemical, Tauns 
Laboratories, Inc., Shionogi & Co. LTD, Otsuka Pharmaceutical, KM Biologics, Kyoritsu Seiyaku, Shinya 
Corporation, and Fuji Rebio. The remaining authors declare that they have no competing interests. 



 4 

Table S1. Amino acid Substitutions in the clinical isolates of BA.2, BA.5, BQ.1.1, and XBB used in this 
study 

Substitutions are shown relative to the reference strain Wuhan/Hu-1/2019. The spike protein is composed of 
two subunits, S1 and S2. ORF, open reading frame; SP, signal peptide; NTD, N-terminal domain; RBD, 
receptor-binding domain; SD1/2, subdomain 1 and 2; E, Envelope; M, Membrane; and N, Nucleocapsid.  
del; deletion 
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Table S2.  Neutralising antibody titres of human plasma obtained from individuals immunized with three doses of BNT162b2 or mRNA-1273 vaccine   
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Table S3. Neutralising antibody titres of human plasma obtained from individuals immunized with four doses of BNT162b2 or mRNA-1273 vaccine 
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Table S4. Neutralising antibody titres of human plasma obtained from individuals who were infected with Omicron BA.2 after three doses of COVID-19 
vaccines 
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