
SARS-CoV-2, the etiologic agent of COVID-19, 
emerged at the end of 2019 and caused a pandemic. 

As of April 2022, despite the development of effective 
vaccines and therapeutics, >500 million persons had 

been infected with the virus and ≈6 million had died (1). 
In Japan, with a population of ≈125 million, the reported 
numbers are ≈7 million infections and ≈30,000 deaths 
by that time (2); however, the actual number of infected 
persons must be higher than the reported figure because 
not all infected persons undergo diagnostic testing.

A serologic survey can retrospectively find 
persons who have been infected with the virus 
(3). Antibodies against the SARS-CoV-2 spike 
protein are generated by vaccination and natu-
ral infection. In contrast, antibodies against 
other components of the virus, such as the nu-
cleoprotein, represent a history of SARS-CoV-2 
natural infection but not vaccination with the  
COVID-19 vaccines currently available in Japan. 
Analyses of seroprevalence in several countries have 
revealed that the actual incidence of SARS-CoV-2 in-
fection is much higher than the reported COVID-19 
cases (3). For example, in the United States, the se-
roprevalence of antibodies against the SARS-CoV-2 
nucleoprotein ranged from 3% to 10% in 2020 (4–7), 
and this number reached roughly 20%–60% in 2021 
(8,9). However, diagnostic tests confirmed only a 
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Japan has reported a relatively small number of COVID-19 
cases. Because not all infected persons receive diagnostic 
tests for COVID-19, the reported number must be lower 
than the actual number of infections. We assessed SARS-
CoV-2 seroprevalence by analyzing >60,000 samples col-
lected in Japan (Tokyo Metropolitan Area and Hokkaido 
Prefecture) during February 2020–March 2022. The results 
showed that ≈3.8% of the population had become sero-
positive by January 2021. The seroprevalence increased 
with the administration of vaccinations; however, among 
the elderly, seroprevalence was not as high as the vaccina-
tion rate. Among children, who were not eligible for vac-
cination, infection was spread during the epidemic waves 
caused by the SARS-CoV-2 Delta and Omicron variants. 
Nevertheless, seroprevalence for unvaccinated children <5 
years of age was as low as 10% as of March 2022. Our 
study underscores the low incidence of SARS-CoV-2 infec-
tion in Japan and the effects of vaccination on immunity at 
the population level.
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fraction of the infections, especially at the beginning 
of the pandemic. The ascertainment rate was <10%–
30% in 2020 (4–7) and increased to ≈50% in 2021 (10).

Vaccines for SARS-CoV-2 can prevent severe ill-
ness and death from COVID-19 for persons at high 
risk, such as the elderly (11). In addition, they can pre-
vent viral infection and therefore have the potential to 
contribute to herd immunity and the containment of 
the disease (12). However, the continuous emergence 
of novel variants of SARS-CoV-2 and waning immu-
nity have enabled the pandemic to linger (13,14).

We measured the seroprevalence of antibodies 
against the spike protein of SARS-CoV-2 in Japan by 
analyzing >60,000 samples obtained during February 
2020–March 2022. We compared the results with the 
number of reported COVID-19 cases to discuss the 
actual incidence and the ascertainment rate. Further-
more, our findings reveal how vaccination influenced 
COVID-19 immunity in Japan at the population level.

Methods

Study Participants and Samples
The study participants were patients who visited Sap-
poro Medical University Hospital, Japanese Red Cross 
Ashikaga Hospital, Keio University Hospital, National 
Hospital Organization Saitama Hospital, Eiju General 
Hospital, Yokohama City University Medical Center, 
Yokohama City University Hospital, Keiyu Hospital, 
or Zama Children’s Clinic, Japan, during February 
2020–March 2022. Sapporo Medical University Hospi-
tal is located in Hokkaido Prefecture, whereas all of 
the other healthcare facilities are located in the Tokyo 
Metropolitan Area and its suburbs.

We analyzed residual serum or plasma samples 
collected for medical examination. The reason for 
the healthcare facility visit was not considered for 
inclusion in this study, except that patients positive 
by SARS-CoV-2 nucleic acid test or antigen test were 
excluded. Because the samples were collected anony-
mously, some of them might have been from multiple 
visits by the same patients, but we could not identify 
or exclude them.

Measurement of Antibodies
We performed ELISA to detect antibodies against 
SARS-CoV-2 as described previously (15). We incu-
bated 96-well MaxiSorp microplates (ThermoFish-
er, https://www.thermofisher.com) with 2 µg/mL 
of the recombinant receptor-binding domain (RBD) 
of the spike protein, the whole length of the nucleo-
protein, or phosphate-buffered saline (PBS) at 4°C 
overnight. We then incubated the microplates with 

5% skim milk in PBS containing 0.05% tween-20. 
We incubated the antigen-coated microplates with 
the serum or plasma samples 40-fold diluted in 5% 
skim milk in PBS containing 0.05% tween-20, fol-
lowed by the peroxidase-conjugated goat antihu-
man IgG, Fcγ fragment–specific antibody (Jackson 
ImmunoResearch Laboratories, https://www.
jacksonimmuno.com). We added One-Step Ultra 
TMB-Blotting Solution (ThermoFisher) to each well 
and incubated for 3 min at room temperature. We 
stopped the reaction by adding 2 M H2SO4 and im-
mediately measured the optical density at 450 nm 
(OD450). We subtracted the OD450 value of the PBS 
wells from the OD450 value of the spike protein or 
nucleoprotein wells as background.

Validation Samples for ELISA
We used convalescent serum samples from patients 
with laboratory-confirmed COVID-19 as positive 
controls to validate the ELISA tests. We used residual 
serum samples collected in 2012 as negative controls.

Other Data Sources
We obtained the daily number of reported COVID-19 
cases from the website and press releases of each pre-
fecture in the study area. Confirmation and reports of 
COVID-19 were based on PCR testing at the begin-
ning of the pandemic, and antigen testing, which was 
approved and used after May 2020. Vaccine admin-
istration data were available in the Vaccination Re-
cord System (https://cio.go.jp/vrs). This system was 
launched in April 2021, and the number of vaccines 
administered before that timepoint was included on 
the first day of the record. All vaccines available in Ja-
pan require 2 doses for immunization; a third dose was 
administered as a booster after December 2021. We 
downloaded and used census data of Japan to obtain 
demographic information in the study area (https://
www.stat.go.jp/data/jinsui/2021np/index.html).

Statistical Analysis
We drew a receiver operating characteristic curve for 
the ELISA OD450 values to set a threshold. We used 
this threshold to determine whether samples were 
negative or positive for SARS-CoV-2 spike protein 
and nucleoprotein by using Youden’s index (16).

We investigated the proportion of seropositive 
samples by month and age group. We computed the 
Wilson 95% CI for the seroprevalence data (17). Using 
the census data, we calculated an age-structure ad-
justed estimation of seroprevalence in the total popu-
lation and the rates of reported COVID-19 cases and 
vaccine administrations.
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Ethics Considerations
The study protocol was reviewed and approved by 
the institutional review board of the Institute of Medi-
cal Science, University of Tokyo (protocol no. 2019-
75). The protocol was also checked and approved 
by each research institute and healthcare facility in-
volved. The study participants gave informed con-
sent during their healthcare facility visits for their 
data and residual samples to be used anonymously 
for clinical research.

Results
During the study period, Japan had 6 COVID-19 epi-
demic waves (Figure 1). The cumulative number of 
confirmed COVID-19 cases by the end of March 2022 
was ≈6.7 million in a population of ≈125 million. Vac-
cinations started in February 2021 for healthcare work-
ers; then, in April 2021, they were expanded to the gen-
eral population, prioritizing persons at high risk, such 
as the elderly and those with certain underlying con-
ditions, including respiratory disorders and immuno-
compromised diseases. Approximately 256.9 million 
doses of vaccine were administered during the study 
period. The 2 mRNA vaccines, BNT162b2 (Pfizer- 
BioNTech, https://www.pfizer.com) and mRNA-1273 
(Moderna, https://www.modernatx.com), were the 
main vaccines administered in Japan.

We first assessed SARS-CoV-2 antibody ti-
ters in prepandemic samples from 2012 (n = 200) 
and in COVID-19 convalescent serum samples (n 
= 113). The median time from PCR-positive result 
to sample collection for the serologic assay for 
the convalescent serum samples was 40 days (in-
terquartile range 32–64 days). We determined the 
thresholds for discriminating infected convalescent 
samples from uninfected prepandemic samples by 
using receiver operating characteristic curves (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/28/11/22-1127-App1.pdf). The ELISA test 
for antinucleoprotein antibodies had 98.0% speci-
ficity and 95.6% sensitivity.

The antibody titer for the RBD of the spike pro-
tein, which has a specificity of 99.5% and a sensitiv-
ity of 100%, can be used to clearly differentiate con-
valescent samples from naive samples. Hence, we 
measured the antibody titers for the spike protein in 
further analyses. Our seroprevalence data cannot de-
termine whether immunity was generated by natural 
infection or vaccination.

We also checked whether our assay could de-
tect the history of infection with SARS-CoV-2 
variants, such as Delta and Omicron. We ensured 
that the sensitivity of the assay for the anti–spike 
protein antibodies did not decrease because of 
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Figure 1. Epidemic curve of COVID-19 in Japan, January 2020–March 2022. The daily numbers of reported COVID-19 cases per100 
persons in all of Japan, the Tokyo Metropolitan Area, and Hokkaido Prefecture are shown. The numbers indicate the 6 epidemic waves. 
The fourth, fifth, and sixth waves were driven by the Alpha, Delta, and Omicron variants of SARS-CoV-2, respectively.



Seroprevalence of SARS-CoV-2 Antibodies, Japan

antigenic changes in such variants, confirming 
100% positivity in samples from unvaccinated per-
sons infected with those variants (24/24 for Delta 
and 5/5 for Omicron).

We collected a total of 44,681 samples in the To-
kyo Metropolitan Area during February 2020–March 
2022. Of these samples, 44,672 (99.9%) were ana-
lyzed for the study, and 9 were excluded because the 
metadata were incomplete. We collected the samples 
from persons 0 to 105 years of age and summarized 
the numbers of analyzed samples by age group and 
month (Appendix Table 1).

SARS-CoV-2 seroprevalence was low in 2020 in 
the Tokyo Metropolitan Area (Figure 2; Appendix 
Figure 2). In January 2021, just before the vaccine roll-
out, the estimated seropositivity was 3.8% in the total 
population when we adjusted our data to age struc-
ture in the area. The proportions of serum samples 

positive for SARS-CoV-2 in each age group at the 
time were 0% among persons 0–9 years of age, 2.5% 
among persons 10–19 years of age, 8.2% among per-
sons 20–29 years of age, 5.7% among persons 30–39 
years of age, 2.8% among persons 40–49 years of age, 
2.0% among persons 50–59 years of age, 4.2% among 
persons 60–69 years of age, 4.0% among persons 70–
79 years of age, and 3.7% among persons >80 years of 
age (Appendix Figure 2).

We then calculated the ratio of the seroprevalence to 
the cumulative incidence by the time of vaccination for 
the general public (Figure 3). This rate can correspond to 
the number of actual infected persons per detected case. 
However, a low antibody titer in some infected persons 
because of a weak immune response and waning im-
munity could affect the accuracy of the estimation.

In the early phase of the pandemic, diagnostic 
tests detected as few as 1 case in >10 infections (an 
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Figure 2. Seroprevalence of SARS-CoV-2 in the Tokyo Metropolitan Area, Japan, February 2020–March 2022. A) Rates for the total 
population of the Tokyo Metropolitan Area; B–F) rates by 20-year age groups. The cumulative number of reported COVID-19 cases and 
the cumulative number for the first, second, and third vaccine administrations per population are also shown. Error bars indicate 95% 
CIs. Detailed age-stratified data are shown in Appendix Figure 2 (https://wwwnc.cdc.gov/EID/article/28/11/22-1127-App1.pdf).
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ascertainment rate of <10%). The rate increased over 
time, such that by March 2021, one case in ≈3–10 
infections was detected (an ascertainment rate of 
≈10%–33%). This change is probably attributable to 
an increase in the proportion of infected persons who 
underwent diagnostic testing rather than an improve-
ment in testing accuracy.

The proportion of samples positive for anti-
bodies against the SARS-CoV-2 spike protein dra-
matically increased with the rollout of vaccination 
(i.e., after April 2021) (Figure 2). However, the se-
ropositive proportions were slightly lower than the 
vaccination rates in persons 70–79 and >80 years 
of age (Appendix Figure 2). Furthermore, sero-
positive rates peaked and then declined for persons 
>50 years of age. The administration of the third 
vaccination after January 2022 restored the drop  
in seroprevalence.

The SARS-CoV-2 seroprevalence among persons 
0–9 years of age increased during the Delta-dominant 
fifth epidemic wave, which started in July 2021, and 
the Omicron-dominant sixth epidemic wave, which 
started in January 2022. Vaccination of children >5 
years of age was approved and administered after 
February 2022 in Japan. Therefore, we subdivided 
the data for the 0–9 years age group into 0–5 months, 
6 months–4 years, and 5–9 years of age (Appendix 
Figure 2, panel C, D). The first subset age group (0–5 
months of age) showed a very high seroprevalence 
compared to the other 2 subset age groups. The se-
roprevalence for the 2 older groups was low but in-
creased after August 2021, reaching 8.0% for the 6 
months–4 years age group and 9.3% for the 5–9 years 
age group in December 2021. In March 2022, a further 
increase of seroprevalence was observed in children 
5–9 and 10–19 years of age.

We also tested samples from Hokkaido Prefec-
ture, which is situated ≈800 km north of Tokyo. We 
collected and analyzed a total of 17,079 serum sam-
ples from Hokkaido Prefecture (Appendix Table 
2). The results were comparable to those obtained 
from the Tokyo Metropolitan Area (Appendix 
Figure 3). The seroprevalence was <5% for all age 
groups until the vaccination program began. The 
seroprevalence increased as the vaccines were ad-
ministered, although the older age groups showed 
lower seropositivity rates compared with their  
vaccination rates.

Discussion
We examined the time course of seroprevalence of 
antibodies against SARS-CoV-2 by age group by ana-
lyzing >60,000 samples from Japan over a 25-month 
period. In addition to previous studies (18,19), our 
study expands knowledge about SARS-CoV-2 serop-
revalence in the country. Diagnostic testing to identi-
fy persons infected with SARS-CoV-2 is important for 
gaining a better understanding of the epidemiologic 
situation of COVID-19. The incidence and mortal-
ity rates of COVID-19 are considerably low in Japan 
(20). However, the low number of tests per popula-
tion may have caused many cases of infection to go 
undetected and the reported statistics may not have 
reflected the actual situation (21).

Our data show that ≈5% of the population of Ja-
pan had become seropositive for SARS-CoV-2 by Jan-
uary 2021. That figure is much higher than the report-
ed number of COVID-19 cases. Still, the low rate was 
in stark contrast to other countries, many of which 
had seroprevalences >30% at that time (3). Nonphar-
maceutical interventions, such as physical distanc-
ing and wearing a face mask, played a critical role in 
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Figure 3. Ratios of SARS-CoV-2 seroprevalence to cumulative incidence by month in the Tokyo Metropolitan Area, Japan, May 2020–
March 2021. Ratios for each month were calculated in comparison to the cumulative incidence of reported COVID-19 from January 2020 
to that month. The ratio corresponds to the actual number of infected persons per reported case-patient. Error bars indicate 95% CIs. 
Data are blank for months when no samples were positive for SARS-CoV-2.
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controlling the COVID-19 pandemic, especially in the 
prevaccination era. Although Japan did not impose a 
lockdown, the country issued a state of emergency, 
asking persons to stay at home and limit mass gather-
ings and asking businesses, including restaurants and 
bars, to reduce their hours or close when COVID-19 
cases surged (22). The country also implemented a 
unique strategy focusing on case-clusters (23,24).

Because we measured antibodies for the viral 
spike protein, we could not differentiate immunity by 
natural infection from immunity by vaccination after 
February 2021. The seroprevalence among children 
who were not yet eligible for vaccination in Decem-
ber 2021 was still as low as 10% in Japan. Thereafter, 
the infection was spread among children during the 
Omicron-dominant sixth epidemic wave (25), and 
their seropositive rates gradually increased at the be-
ginning of 2022. The especially high seroprevalence 
among children 0–5 months of age after August 2021 
must be the result of antibodies transferred from vac-
cinated mothers (Appendix Figure 2, panel C, D).

Japan has achieved a high rate of SARS-CoV-2 
seroprevalence among adults because of vaccinations 
since April 2021. A low seroconversion rate by vac-
cination and rapid immunity waning in the elderly 
have been reported at the person level (26,27). In our 
study, we observed this effect at the population level. 
In addition to vaccinating the elderly, who are at a 
high risk for experiencing severe illness, reducing 
their exposure to the virus should be key to protecting 
this vulnerable population. Booster shots also helped 
provide a high degree of population immunity.

In this study, we measured the antibody titers 
for the RBD of SARS-CoV-2 spike protein. Therefore, 
samples from both infected persons and from vacci-
nated persons showed positive results. Although the 
measurement of the antibody titers for the nucleopro-
tein can reflect only a history of natural infection with 
SARS-CoV-2, in our study, the sensitivity and speci-
ficity were not as high as the test for the spike pro-
tein (Appendix Figure 1). The low sensitivity might 
have been attributable to the weak immunogenicity 
of the nucleoprotein, and the low specificity may be 
attributable to cross-reactivity between the seasonal 
coronavirus and SARS-CoV-2. Still, we must pursue 
analyzing the actual infection rate, especially after 
vaccination rollout, by investigating the prevalence 
of antinucleoprotein antibodies. We should establish 
an assay that detects antibodies for the SARS-CoV-2 
nucleoprotein without any cross-reactivity with other 
antigens in the future.

By testing antibodies for the spike protein, 
we gauged the actual incidence of COVID-19 in a  

prevaccine era. We validated the considerably high 
sensitivity and specificity of the test. Still, the esti-
mate cannot be 100% accurate. Because of the effect 
of waning immunity, investigation of seropositiv-
ity could lead to an underestimation of the infec-
tion rate. In addition, our test participants may not 
represent the general public in Japan. Our samples 
were from patients who visited healthcare facilities 
for various reasons other than COVID-19. Persons 
with underlying diseases could be more cautious 
about healthcare issues and avoid high-risk behav-
ior, or patients with some symptoms could have 
had a high pretest probability of past infection with 
SARS-CoV-2.

Our study highlights the very low SARS-CoV-2 
infection rate in Japan. It also unveils a hurdle to 
maintaining a high degree of population immunity 
among the elderly. In future studies, we should in-
vestigate how population immunity has affected 
and will affect the course of the pandemic. We must 
explore the levels of immunity required to prevent 
infection, hospitalization, and death from different 
SARS-CoV-2 variants. Because our findings suggests 
that most populations in Japan have not yet been in-
fected with the virus, the country’s current and future 
paths regarding the COVID-19 pandemic may con-
tinue to hold the world’s attention.
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