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Abstract

Continuous appearance of SARS-CoV-2 variants and mass vaccination have been intri-
cately influencing on the COVID-19 situation. To elucidate the current status in Japan, we
analyzed totally 2,000 sera in August (n = 1,000) and December (n = 1,000) 2021 collected
from individuals who underwent a health check-up. The anti-N seropositive rate were 2.1%
and 3.9% in August and December 2021, respectively, demonstrating a Delta variant
endemic during that time; it was approximately twofold higher than the rate based on the
PCR-based diagnosis. The anti-S seropositive rate was 38.7% in August and it reached
90.8% in December, in concordance with the vaccination rate in Japan. In the December
cohort, 78.7% of the sera showed neutralizing activity against the Delta variant, whereas
that against the Omicron was much lower at 36.6%. These analyses revealed that effective
immunity against the Delta variant was established in December 2021, however, prompt
three-dose vaccination is needed to overcome Omicron’s outbreak.

Introduction

Several turning points have occurred since the COVID-19 pandemic’s emergence in Decem-
ber 2019, and the pandemic has undergone drastic changes with its progress. One of the most
important factors is the appearance of the continuous SARS-CoV-2 variants replacing the
original variant. In Japan, the Alpha variant (B.1.1.7) replaced the existing strain by around
April 2021; the Delta variant (B.1.617.2) then began spreading rapidly throughout the country
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from July to August 2021(it was called the 5th wave in Japan, S1 Fig) [1-3]. The Omicron vari-
ant (B.1.1.529) was first reported in South Africa in November 2021 [4] and has spread world-
wide [5] including UK and U.S. (new Omicron infections: >200,000/day in the UK [5] and
>1,000,000 Omicron cases per day in the U.S. [6]), and it was expected to invade Japan at the
end of 2021. Actually, the spread of Omicron variant has caused largest increase of COVID-19
cases in Japan as of February 2022 (S1 Fig) [1].

The other critical event in the pandemic has been the launch of COVID-19 vaccines. The
accelerated development of several vaccine platforms was based on the components of the
original SARS-CoV-2 strain as the template, and these vaccines have been demonstrated to be
effective for reducing the COVID-19 outbreak [7, 8]. The BNT162b2 mRNA vaccine (Comir-
naty® , BioNTech-Pfizer, Mainz, Germany/New York, USA) [9] was approved first in Japan
and administered to healthcare workers starting in February 2021, then to individuals aged
>65 old beginning in April 2021, expanding to other populations from May 2021. The mRNA
vaccines developed by Moderna [10] were also approved in Japan and have been widely used
since May 2021. These vaccines induce immunity against the S antigen, and vaccines based on
inactivated virus which include a variety of antigens are not used in Japan. The number of vac-
cinated individuals in Japan is increasing rapidly, as monitored by the government system
[11]; as of December 2021, approx. 74% of the population has received two doses of a vaccine.
A three-dose vaccination policy for medical staff was initiated in December 2021, and optional
booster vaccination for all adults (>18 years old) who got the 2nd vaccination over 8 months
before has been started in Japan [12].

Periodic seroepidemiologic surveillance is useful to help determine the precise COVID-19
situation [13-17]. We have periodically conducted seroepidemiologic surveillance in one of
Japan’s 47 prefectures; i.e., Hyogo prefecture (population 5.4 million) located in the southern-
central region of Japan [18]. Trend in the number of COVID-19 cases in Hyogo is well syn-
chronized to that in Japan (S1 Fig), and the age distribution of population in Hyogo is also
similar to that of Japan (S1 Table). Our previous seroepidemiologic surveillance conducted in
October 2020 revealed that 0.15% of 10,377 sera had neutralizing activity against SARS-CoV-2
infection [18]. In addition to estimate the SARS-CoV-2 infection rate by detecting anti-N anti-
bodies, the vaccination rate is also estimated by separately detecting the anti-S antibodies in
this serosurveillance.

In the present study, we conducted seroepidemiologic surveys of COVID-19 in Hyogo pre-
fecture in August and December 2021, which respectively correspond to the beginning and the
end of the pandemic’s 5th wave in Japan. We observed that the antibody positivity rate for the
N antigen of SARS-CoV-2 increased to 2.1% and 3.9% in those surveys, respectively, indicating
the infectious rate of the 5th wave.

Materials and methods
Serum samples for seroepidemiologic analysis

The serum samples were collected from individuals who underwent a regular occupational
health check-up at the clinics of Hyogo Prefecture Health Promotion Association, Kobe,
Japan. Individuals who came to clinics on their own because they feel ill were not included.
The 1,000 sera collected during the period from July 19 to August 6, 2021 are referred to herein
as the August 2021 cohort. The 1,000 sera collected during the period from November 22 to
December 8, 2021 are referred to as the December 2021 cohort. Information of sex and age
were collected for the participants, while information of the vaccination status and SARS-
CoV-2 infection history were not asked in this study. Exclusion is only for the individuals who
declared opt-out.
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Detection of anti-Spike antibodies by ELISA

Anti-Spike antibodies in the human sera were detected by an anti-S enzyme-linked immuno-
sorbent assay (ELISA) as described in our previous study (manuscript submitted). Briefly,
each well of a 96-well ELISA plate (Corning, New York, NY) was coated with 100 ng of Spike
protein dissolved in a 100 mM carbonate buffer (pH 9.0) and left at 4°C overnight. After a
wash with phosphate-buffered saline (PBS) containing 0.1% Tween 20 (PBST), PBST supple-
mented with 1% bovine serum albumin was added as a blocking buffer, followed by incubation
at4°C for 2 hr. Each serum serially diluted from 1:40 to 1:5120 in the blocking buffer were
added to the plate and then incubated at 37°C for 1 hr.

After a wash with PBST, goat anti-human IgG with conjugated horseradish peroxidase
(abcam, Cambridge, MA) diluted 1:10000 with PBST was added, followed by incubation at
37°C for 1 hr. After a wash with PBST, ABTS solution (Roche Diagnostics, Indianapolis, IN)
was added, and the plate was incubated at room temperature for 40 min in the dark. The reac-
tion was stopped by adding 100 pl of 1.5% (w/v) oxalic acid dehydrate solution.

The optical density at wavelength 405 nm (OD,5) was measured using the plate reader
Multiskan FC (Thermofisher Scientific, Waltham, MA). We validated the anti-S ELISA by
using 9 sera from COVID-19 patients, and 12 sera from healthy volunteers (S2 Fig). The
details of the COVID-19 sera was provided in S2 Table. Note that five of the sera have been
analyzed for their neutralizing antibody titers and reported in our previous study [19],
although the anti-S ELISA was performed for the sera for the first time in this study. We set
a cut-off value of 0.3 for the 1:40 dilution to define anti-S positivity considering the values
for native sera; average 0.131 and standard deviation 0.020. The anti-S ELISA showed
apparently high values for COVID-19 sera (S2 Fig), although it does not detect the IgA and
IgM.

The value of the area under the curve (AUC) was used to evaluate the anti-S antibody titer
[20, 21]. The AUCs were calculated for the plot of OD,q5 values according to dilution factors,
and an arbitrary value of 1 was given as the width for a twofold dilution step.

Detection of anti-N antibody by ECLIA

An electrochemiluminescence immunoassay (ECLIA) was conducted using the cobas e801
module (Roche Diagnostics, Rotkreuz, Switzerland) as in our previous study [18]. The Elecsys
Anti-SARS-CoV-2 assay kit (Roche Diagnostics) was used for the detection of antibodies
against the SARS-CoV-2 nucleocapsid (N). The measurement of anti-N antibody was per-
formed according to the manufacturer’s instructions, and samples with a cut-off index (COI)
>1.0 were diagnosed as positive.

Viruses

The SARS-CoV-2 Biken-2 (B2) strain, which contains the Spike D614G mutation (here called
D614G) was provided by BIKEN Innovative Vaccine Research Alliance Laboratories (Osaka,
Japan). The whole genome sequence of the B2 strain has been deposited in the DNA Data
Bank of Japan (DDBJ) with the accession number LC644163. The SARS-CoV-2 B.1.167.2
Delta variant (GISAID ID: EPI_ISL_2158617) and the B.1.1.529 Omicron variant (GISAID
ID: EPI_ISL_7418017) were provided by Japan’s National Institute of Infectious Disease.

Neutralization assay

The neutralization activity was measured as described [18, 22] using authentic viruses. Briefly,
Vero E6 (TMPRSS2) cells [23] was seeded in 96-well microplate. Heat treated sera (at 56°C for
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30 min) were two-fold serially diluted with Dulbecco’s Modified Eagle’s Medium. The diluted
sera were mixed with the 100 median tissue culture infectious dose (TCID50) of SARS-CoV-2
variants, incubated at 37°C for one hour, and then added to confluent cells in the 96-well plate.
After incubation for six days, the cytopathic effect (CPE) of viruses were monitored by micros-
copy. The maximum dilution rate of each serum at which no CPE was observed was defined as
the neutralizing titer. The sera for which CPE was observed even at the two-fold dilution con-
dition was deemed as negative. The use of SARS-CoV-2 viruses was restricted to the BSL3 Lab-
oratory at the Kobe University.

Statistical analysis

The Kruskal-Wallis test, Dunn’s multiple comparison test, and Mann-Whitney U-test were
performed by GraphPad Prism 8 (GraphPad Software, San Diego, CA). The Spearman’s rank
correlation factor was also calculated by the GraphPad Prism 8. The difference of anti-N sero-
positive rate between August and December cohorts by each age group was statistically ana-
lyzed by Fisher’s exact test and y” test with the R software [24]. In all statistical tests, P-values
<0.05 were considered significant.

Ethics statement

The seroepidemiologic surveillance was approved by the Ethics Committee of Kobe University
Graduate School of Medicine (approval code: B2156702). The Hyogo Prefecture Health Pro-
motion Association was also granted approval for study participation under the same Ethics
Committee. Opt-out method was used to get consent of each participant in this study. Infor-
mation about this retrospective observational study was published on the website of Kobe Uni-
versity Hospital, along with the opportunity to opt out.

To validate the anti-S ELISA, sera from COVID-19 patients and healthy volunteers were
used under approval of the Ethical Committee of Kobe University Graduate School of Medi-
cine (approval code B200200), and written informed consents were obtained from the
donors.

Results
Large-scale seroepidemiologic surveillance of the anti-N positive rate

The results of our large-scale seroepidemiologic surveillance in Hyogo prefecture, Japan per-
formed in August 2021 and December 2021 are as follows. As many as 1,000 samples in each
cohort were collected from individuals who underwent a regular occupational health check-up
at Hyogo Prefecture Health Promotion Association clinics. The demographic data are summa-
rized in Table 1, and the age distributions are depicted in the left panels of Fig 1A and 1B for
the August 2021 and December 2021 cohorts, respectively. These cohorts were composed
mainly of persons of 20-69 years old with a smaller number of persons aged 70-80, with few
individuals <20 years old and no subjects aged <18 years old, due to the lack of occasion of
health check-up for children at the clinic.

The SARS-CoV-2 anti-N antibodies which show past infection by SARS-CoV-2 were
detected by the ECLIA [18, 25], and 21 of the 1,000 samples (2.1%) in the August 2021
cohort were deemed positive, whereas 39 of the 1,000 samples (3.9%) in the December 2021
cohort were positive (Table 2). The age distribution of positive cases is summarized in
Table 2 and illustrated in the middle panels of Fig 1A and 1B for the August and December
2021 cohorts, respectively. In the August 2021 cohort, the anti-N positive rate for the age
groups 30-39 and 40-49 were relatively high at 3.4% (6/179) and 4.1% (10/243),
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Table 1. Demographic information of the cohorts for the large-scale seroepidemiologic surveillance.

August 2021 December 2021
All Male Female All Male Female
n (%) 1,000 (100%) 587 (58.7%) 413 (41.3%) 1000 (100%) 508 (50.8%) 492 (49.2%)
Age, yrs, median, (range) 48 (19-83) 51 (20-83) 44 (19-78) 49 (18-79) 42 (19-79) 49 (18-75)
Age groups, yrs, n:
18-19* 4 0 4 3 2 1
20-29 123 41 82 104 48 56
30-39 179 97 82 149 85 64
40-49 243 134 109 257 123 134
50-59 236 153 83 265 123 142
60-69 174 133 41 182 99 83
70-83" 41 29 12 40 28 12

* The August 2021 cohort contains only 19 years old in this age group
" The December 2021 cohort contains up to 79 years old in this age group.

https://doi.org/10.1371/journal.pone.0266270.t001

respectively, and no positive cases were observed for the age groups 18-19 and 70-83 years
(Fig 1A, middle panel).

Notably, the December 2021 cohort exhibited the noticeable positive rate 10.6% (11/104)
for the age group 20-29 (Fig 1B, middle panel), and the difference was significant according to
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Fig 1. The anti-N and anti-S antibody seroprevalence of the August 2021 and the December 2021 cohorts. A: Left panel: The age distribution of the
August 2021 cohort divided into six age groups: 18-19, 20-29, 30-39, 40-49, 50-59, 60-69, and 70-83 years. Middle panels: The anti-N-positive rate
and (right panels) anti-S-positive rate by the age groups. B: The age distribution of the December 2021 cohort: 19, 20-29, 30-39, 40-49, 50-59, 60-69,
and 70-79 years.

https://doi.org/10.1371/journal.pone.0266270.g001
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Table 2. Numbers of anti-N- and anti-S-positive samples by age groups.

August 2021
All (n = 1,00
SARS-CoV-2 anti-N antibody (ECLIA)

Positive no. by age group, yrs, n

18-19* 0
20-29 1
30-39 6
40-49 10
50-59 3
60-69 1
70-83" 0
Positive no. in all subjects, n (%) 21 (2.1%)

SARS-CoV-2 anti-S antibody (ELISA)

Positive no. by age group, yrs, n

18-19* 1

20-29 23
30-39 56
40-49 67
50-59 80
60-69 123
70-83" 37

Positive no. in all subjects, n (%) 387 (38.7%)

* The August 2021 cohort contains only 19 years ol

December 2021
0) Male (n = 587) Female (n = 413) All (n = 1,000) Male (n = 508) Female (n = 492)

0 0 0 0 0

0 1 11 6 5

5 1 5 5 0

7 3 12 6 6

3 0 6 5 1

1 0 3 1 2

0 0 2 1 1

16 (2.7%) 5(1.2%) 39 (3.9%) 24 (4.7%) 15 (3.0%)
1 3 2 1
19 92 43 49

30 26 130 74 56

28 39 233 110 123

48 32 238 107 131

92 31 175 95 78

26 11 37 26 11

228 (38.8%) 159 (38.5%) 908 (90.8%) 457 (90.0%) 449 (91.3%)

d in this age group

"' The December 2021 cohort contains up to 79 years old in this age group.

https://doi.org/10.1371/journal.pone.0266270.t002

the Fisher’s exact test with the P-value 0.0014 (S3 Table). In contrast to the August 2021
cohort, the oldest age group (i.e., 70-79 yrs) of the December 2021 cohort showed the positive
rate 5.0% (2/40), however the difference is not significant by the Fisher’s exact test with the P-
value 0.2407.

The positive rate for age groups 30-39 and 40-49 were not largely changed at 3.4% (5/149)
and 4.7% (12/257), respectively. These results demonstrate that the infection of the younger
(20-29 yrs) and older (70-79 yrs) groups increased during the pandemic’s 5th wave.

Large-scale seroepidemiologic surveillance of the anti-S positive rate

The anti-S antibodies of the August and December cohorts were analyzed by the anti-S ELISA,
which included the vaccination and/or infection history. With the cut-off of 0.3 for the 40-fold
serum dilution, the positivity rates were 38.7% (387/1,000 sera) and 90.8% (908/1,000 sera) in
the August and the December cohorts, respectively (Table 2). The age distribution of anti-S-
positive cases is summarized in Table 2 and shown in the right panels of Fig 1A and 1B. In the
August cohort, the anti-S positive rates for the age groups 60-69 and 70-83 were relatively
high at 70.7% (123/174) and 90.2% (37/41), respectively (Fig 1A, right panel). The December
cohort demonstrated a flattened positive rate at a high level (87.2%-100%) across all of the age
groups tested (Fig 1B, right panel).

As expected, majority of the anti-N-positive sera were also anti-S-positive, with one excep-
tion for the August cohort and another for the December cohort.
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Fig 2. Quantitative evaluation of the anti-S antibody amount by the anti-S ELISA. A: The distributions of the anti-S ELISA AUC values were
compared between the August 2021 and December 2021 cohorts. P-value, Mann-Whitney U-test. Black bars: medians. B: The distributions in panel A
plotted separately for the age groups. The Kruskal-Wallis test was performed for the multiple comparison among age groups in each of the August and
December cohort. The P-values were obtained by the subsequent Dunn’s multiple comparison test among age groups for significant data (<0.05)
separately in each cohort. Black bars: medians.

https://doi.org/10.1371/journal.pone.0266270.9002

Quantitative analysis of the anti-S antibody in the two cohorts

We quantitatively analyzed the anti-S positive sera in the August 2021 and December 2021
cohorts to estimate and compare the cohorts’ anti-S antibody levels. The quantitative distribu-
tions of the anti-S antibody titer are shown in Fig 2A. The August 2021 cohort’s distribution
showed a significantly higher level of AUCs with the median 13.8 compared to that of the
December 2021 cohort with the median 8.8 (Mann-Whitney U-test).

We further analyzed the distributions of the anti-S antibody titer by separating the age
groups (Fig 2B). There was no significant difference in the distribution among age groups in
the August cohort by the Kruskal-Wallis test, whereas the distribution in the December cohort
showed significant differences among the age groups, showing a clear tendency of decreased
anti-S antibody levels in the older age group (70-79), indicating that the lower anti-S antibody
titer did affect infection.

Neutralization activity of the anti-S-positive sera from the August 2021
cohort

To analyze the relationship between the anti-S antibody and neutralizing activity against
SARS-CoV-2, the neutralization antibody titers of the anti-S-positive subset (n = 387) from
the August 2021 cohort were quantitatively evaluated. Fig 3A depicts the distributions of neu-
tralization antibody titers against D614G and the Delta variant. Although the distributions
appeared similar with the same median value, i.e., 8, the Mann-Whitney U-test result indicated
that the neutralizing titers for D614G were significantly higher than those for the Delta variant.
The neutralization positivity rate in the anti-S-positive subset also showed a similar result in
that there were slightly higher rates for D614G and Delta at 85.5% and 77.3%, respectively (Fig
3B), indicating the efficacy of the two-dose vaccine for the Delta variant as well. The correla-
tion plot between the anti-S AUC and the neutralizing antibody titer showed the positive
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https://doi.org/10.1371/journal.pone.0266270.9003

correlation with the Spearman’s rank correlation factor 0.78 and 0.77 for SARS-CoV-2 D614G
and Delta, respectively (Fig 3C).

Neutralizing activities of the sera collected in December 2021 against the
Delta and Omicron variants

Detailed analysis of the December 2021 cohort is especially important because it represents the
status after the Delta pandemic and before the Omicron pandemic (S1 Fig). Thus, we analyzed
the neutralization positivity rate against the Delta and Omicron variants in all 1,000 sera of the
December 2021 cohort. The neutralization positivity rate against the Delta variant was 78.7%
(787/1,000) in the December 2021 cohort, implying effective immunity was conferred to resi-
dents (Fig 4A, Table 3). In contrast, the neutralization positivity rate against the Omicron
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Table 3. Neutralization positive rate of the sera collected on December 2021.

Neutralization positive number, (%)

Delta Omicron
by age groups, yrs,
18-19 (n = 3) 3 (100%) 3 (100%)
20-29 (n = 104) 86 (82.7%) 59 (56.7%)
30-39 (n = 149) 120 (80.5%) 62 (41.6%)
40-49 (n = 257) 216 (84.0%) 104 (40.5%)
50-59 (n = 265) 209 (78.9%) 91 (34.3%)
60-69 (n = 182) 132 (72.5%) 41 (22.5%)
70-79 (n = 40) 21 (52.5%) 6 (15.0%)
in all subjects (n = 1,000) 787 (78.7%) 366 (36.6%)

https://doi.org/10.1371/journal.pone.0266270.t003

variant was quite low at 36.6% (366/1,000) (Fig 4A, Table 3), implying the vulnerability of the
cohort against infection by the Omicron variant.

A further analysis of the same data with a separation of age groups revealed that the neutral-
ization positivity rate against the Delta variant tended to be lower in older age groups (Fig 4B,
Table 3). The same trend was also observed in the neutralization positivity rate against the
Omicron variant (Fig 4B, Table 3), and in the oldest age group (70-79 yrs) only 15.0% of the
sera demonstrated the neutralization activity.

The comparison of the anti-S antibody titers between the neutralization-positive and -nega-
tive sera revealed that the neutralization-positive group had clearly higher titers of anti-S anti-
body in both the Delta and Omicron cases (Fig 4C), supporting our speculation that the
neutralization activity of the sera was attributed to the anti-S antibodies.

Lastly, we focused on the anti-N-positive (n = 39) and anti-S positive (n = 908) subsets of
the December 2021 cohort. The neutralization-positive rate against the Delta and the Omicron
variants for the anti-N positive subset were 89.7% and 59.0%, respectively (Fig 4D). These val-
ues were slightly higher than those for the entire set of 1,000 sera or those for the anti-N nega-
tive subset (78.3% and 35.7% for the Delta and the Omicron variants, respectively), indicating
superior immune responses in the individuals with a history of SARS-CoV-2 infection. The
neutralization positive rate for the anti-S positive subset were 86.2% and 40.3% against the
Delta and the Omicron variants, respectively.

Discussion

In combination with other methods used to understanding the spread of infectious diseases
such as the polymerase chain reaction (PCR)-based diagnosis and antigen tests, periodic cross-
sectional seroepidemiologic surveillance is a powerful approach. Our present surveillance in
Japan’s Hyogo prefecture revealed that the anti-N-positive rate, which represents the SARS--
CoV-2 infection rate, was 2.1% in the August 2021 cohort and 3.9% in the December 2021
cohort. In our October 2020 serosurveillance [18], the anti-N-positive rate by the same ECLIA
method for 1,000 sera from the same Hyogo Prefecture Health Promotion Association clinics
was 0.4%. The increase in the anti-N-positive rate in Hyogo prefecture was well synchronized
with the cumulative number of the COVID-19 cases based on PCR results (S3 Fig). The
increased rate of anti-N seroprevalence was 0.17% per month from October 2020 to August
2021 and 0.45% per month from August 2021 to December 2021. The steep increase during
the latter period is accounted for by the spread of the Delta variant in Japan’s so-called ’5th
wave’ (S1 Fig). Serosurveillance by Japanese government at the five areas in Japan, that is
Tokyo, Osaka, Miyagi, Aichi, and Fukuoka, during 14-25', 2020 also used the Roche ECLIA
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as our study, in combination with Abbott chemiluminescent immunoassay (CLIA) (available
from: https://www.mhlw.go.jp/content/000734482.pdf, Japanese). The result calculated for the
ECLIA only to compare with our data was well consistent with our surveillance (S3 Fig) at that
time point, although we need to wait for the next surveillance to compare with our data
obtained before and after the 5™ wave.

We suspected that the SARS-CoV-2 infection rate estimated by the seroprevalence of anti-
N antibody would be higher than the rate indicated by the PCR-based diagnoses due to the
existence of asymptomatically or mildly infected individuals whose cases may not have been
detected since they never underwent testing by PCR analysis or antigen test. The anti-N
ECLIA used here is a high sensitivity method widely detecting IgG, IgA, and IgM, it has advan-
tage for the use of serosurveillance [26]. Indeed, the anti-N ECLIA-based infection rates
revealed in the present analyses, i.e., 2.1% and 3.9% for August and December 2021, were
respectively higher than the rates 0.84% (46,381 cases/5,465 thousand people in Hyogo prefec-
ture as of August 6, 2021) and 1.4% (78,898 cases/5,465 thousand people in Hyogo prefecture
as of December 8, 2021) estimated from the reported cases based on PCR diagnoses [1]. The
fold difference was nearly constant for both periods, reflecting the synchronized increases in
the anti-N-positive rate and the reported cases (S3 Fig), i.e., 2.5- to 2.6-fold lower for the PCR-
based estimation.

Our cohorts were mainly composed of 20- to 80-years-olds, and it may contribute to the
higher infection rate of our serosurveillance compared to the PCR-based report which covers
the all age distribution. Since the infection rate are not equal for each age group (S4 Table), we
should estimate the effect of the biased sampling. The PCR-based infection rate by age groups
in Hyogo prefecture and Japan were summarized in S4 Table according to a Japanese govern-
ment report, and we calculated the expected positive case number per 1,000 samples for each
age group in the Hyogo Prefecture at the time points. If we assumed to collect samples from
each age groups in the same biased distribution as our cohorts, we expected the PCR positive
rate become 0.94% (from 0.85% reported) and 1.6% (from 1.4% reported) at the time points of
August and December 2021, respectively. Thus, we suggest that our biased sample collection
may have only slight effect on the result of infection rate. The difference between the PCR-
based infection and serosurveillance is consistent with the report that a substantial portion of
SARS-CoV-2-infected individuals are asymptomatic [27], leading to the inaccuracy of surveil-
lance rates determined solely by PCR diagnosis.

Two-dose COVID-19 vaccination has been intensively promoted in Japan from May to
December 2021, and approx. 74% population has finished the two-dose vaccination (as of Jan-
uary 6, 2022; [11]). This is a relatively high rate considering the global average (46%) in Janu-
ary 2022 (January 6, 2022; https://covid19.who.int/table). Our anti-S seroprevalence result for
the August 2021 cohort (38.7%) represents the build-up period of immunity for residents
(Table 2, Fig 1A), and it is well consistent with Hyogo prefecture’s single and two-dose vacci-
nation rates at 32.79% and 42.05%, respectively as of August 6, 2021. In December 2021, when
the vaccination rate had reached a plateau in Japan, our survey revealed an extremely high
seropositive rate, i.e., 90.8% (Table 2, Fig 1B). This result implied that the vaccinations in
Japan (i) have conferred immunity to residents, and (i) may have contributed to the current
COVID-19 situation having calmed down in December 2021 (S1 and S3 Figs).

The anti-S seroprevalence observed in the present study is clearly higher compared to the
reported single- and two-dose vaccination rates in Hyogo prefecture as of December 8, 2021 at
73.09% and 74.01%, respectively. This difference might be accounted for by the bias in age
groups of the present cohorts which contained very few people <20 years old, whose vaccina-
tion rate has been relatively low compared to those of other age groups (https://web.pref.
hyogo.lg.jp/kf16/coronavaccine.html#wakuchinsessyujyoukyou). Indeed, the rate of two-dose
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vaccination completion was 79.4-83.1%, 88.5-91.2%, and 94.3-98.2% for 20-49, 50-69, and
>70 years old, respectively according to a Japanese government report (Available from:
https://www.kantei.go.jp/jp/content/nenreikaikyubetsu-vaccination_data.xlsx). In addition,
our cohorts consisted of individuals who underwent a health check-up, and this could have
contributed to a biased selection of socially active and health-conscious people.

Our comparison of the anti-N and anti-S seropositive rates among the age groups revealed
differing tendencies between the August 2021 and December 2021 cohorts (Fig 1A and 1B).
The August 2021 cohort—which was enrolled during a period of vaccination progression and
the beginning of the Delta variant’s rampage—represents competing effects of the vaccinations
and the Delta variant. The high anti-S-positive rate for the age groups 60-69 and 70-83 years
observed herein is explained by the priority vaccination for elderly individuals (>65 yrs) in
Japan (Fig 1A). Interestingly, the high anti-S-positive rate might be related to the relatively low
infection rate (low anti-N-positive rate) in the present study’s elderly age groups (Fig 1A), indi-
cating the vaccines’ efficacy.

In contrast, the December 2021 cohort was enrolled during the period in which the ’fully
vaccinated’ rate had reached a plateau and the increase in the number of COVID-19 cases
due to the Delta variant had dropped to a low level (S1 Fig). The anti-N-positive rate was
increased in the 20-29 and 70-79 age groups in this cohort (Fig 1B). Although the anti-S-
positive rate of the December 2021 cohort showed no apparent difference among age groups
(Fig 1B), our quantitative analysis of the anti-S antibody titers suggested that the increased
infection for the 70- to 79-year-olds was the result of the decreased anti-S antibody titers for
the elderly age groups (Fig 2B). Indeed, the anti-S antibody level was significantly lower for
the December 2021 cohort compared to that for the August 2021 cohort (Fig 2A), reflecting
the decline of acquired immunity after vaccination (Furukawa et al. [18] manuscript submit-
ted) [28, 29]. Regarding the increase in the positive rate of anti-N antibody in the 20-29 age
group, we speculate that this increase might reflect increased social activity among these
younger individuals.

As shown in Fig 4A, the neutralization assay using the SARS-CoV-2 viruses revealed that
the December 2021 cohort had a high neutralization-positive rate for the Delta variant, i.e.,
78.7%. This result demonstrated the two-dose vaccination suppressed the spread of the Delta
variant, leading to a transient convergence of the COVID-19, resulting in the relatively low
infection rate of 3.9%.

The emergence of the Omicron variant is a key event worldwide, as is the spread of the
Delta variant. As of December 2021, European countries and U.S. have been invaded by the
Omicron variant, which has also been detected across Japan. Actually, the Omicron variant
has caused a largest increase of COVID-19 cases ever so called “6" wave” in Japan (S1 Fig).
Our neutralization assay against the Omicron variant for the December 2021 cohort, which
represents the current Japanese vaccinated population, demonstrated a quite low positive rate,
36.6% (Fig 4A) which appears to be due at least in part to several mutations that occurred in
the S protein [5, 30, 31]. We thus contend that the three-dose vaccination to boost the immu-
nity against Omicron is needed to prevent and suppress the further spread of the Omicron var-
iant. Sera with neutralizing activity against the Omicron variant in our December 2021 cohort
showed trend of higher anti-S IgG amount (Fig 4C). Indeed, it has been demonstrated by our
group (Furukawa et al. [18] manuscript submitted) and other groups [5, 31] that the third dose
booster vaccination is effective to raise neutralization titers against the Omicron variant. Our
present findings also demonstrate the efficacy of vaccines for SARS-CoV-2 suppression. The
booster should be required, in order to increase the population’s immunity to the novel variant
Omicron.
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S1 Fig. The COVID-19 situation in Japan (nationwide) and in Hyogo prefecture. The daily
COVID-19 cases reported based on PCR diagnoses in Japan (A) and in Hyogo prefecture (B)
are plotted from January 2020 to February 2022. The data were obtained from the website pro-
vided by Japan’s Ministry of Health, Labour and Welfare (https://www.mhlw.go.jp/stf/covid-
19/open-data_english.html) [1] and modified. The surges of SARS-CoV-2 spread that have
occurred in Japan, called the 1st to 6th waves, are indicated in panel A. In the panel (B), the
time points of our serosurveillance in this study were indicated by dashed lines.

(DOCX)

S2 Fig. Anti-S ELISA validation using sera from healthy volunteers and COVID-19
patients. The OD405 values for the 40-fold serum dilution was plotted. Background of the
sera from COVID-19 patients were shown in S2 Table. Black bars: medians.
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$3 Fig. The COVID-19 situation in Hyogo prefecture and Japan. The cumulative infection
cases reported based on the PCR diagnosis [1] are plotted as the solid line, and the infection
rates obtained by our serosurveillance surveys are plotted as the dashed line. The anti-N-posi-
tive rate shown by the ECLIA for the October 2020 cohort was obtained from our previous
study [18]. The rapid increase in the number of COVID-19 cases, i.e., the so-called 2nd to 5th
waves in Japan, are also indicated. For comparison, the ECLIA-based infection rate calculated
from the data of Japanese government serosurveillance (https://www.mhlw.go.jp/content/
000734482.pdf, Japanese) was also indicated.
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