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A B S T R A C T   

Introduction: The vaccine against SARS-CoV-2 provides humoral immunity to fight COVID-19; however, the 
acquired immunity gradually declines. Booster vaccination restores reduced humoral immunity; however, its 
effect on newly emerging variants, such as the Omicron variant, is a concern. As the waves of COVID-19 cases 
and vaccine programs differ between countries, it is necessary to know the domestic effect of the booster. 
Methods: Serum samples were obtained from healthcare workers (20–69 years old) in the Pfizer BNT162b2 
vaccine program at the Toyama University Hospital 6 months after the second dose (6mA2D, n = 648) and 2 
weeks after the third dose (2wA3D, n = 565). The anti-SARS-CoV-2 antibody level was measured, and 
neutralization against the wild-type and variants (Delta and Omicron) was evaluated using pseudotyped viruses. 
Data on booster-related events were collected using questionnaires. 
Results: The median anti-SARS-CoV-2 antibody was >30.9-fold elevated after the booster (6mA2D, 710.0 U/mL 
[interquartile range (IQR): 443.0–1068.0 U/mL]; 2wA3D, 21927 U/mL [IQR: 15321.0–>25000.0 U/mL]). 
Median neutralizing activity using 100-fold sera against wild-type-, Delta-, and Omicron-derived variants was 
elevated from 84.6%, 36.2%, and 31.2% at 6mA2D to >99.9%, 99.1%, and 94.6% at 2wA3D, respectively. The 
anti-SARS-CoV-2 antibody levels were significantly elevated in individuals with fever ≥37.5 ◦C, general fatigue, 
and myalgia, local swelling, and local hardness. 
Conclusion: The booster effect, especially against the Omicron variant, was observed in the Japanese population. 
These findings contribute to the precise understanding of the efficacy and side effects of the booster and the 
promotion of vaccine campaigns.   

1. Introduction 

The effect of the vaccine against severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) gradually declines after a two-dose regimen 
[1–3]. For recovery of immunization, additional vaccination as the third 
dose boosts antibody and neutralizing responses [4]. Its effectiveness 

Abbreviation: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; VOC, Variant of Concern; CRNT, chem
iluminescence reduction neutralization test; htCRNT, high throughput chemiluminescence reduction neutralization test; RBD, receptor-binding domain; 6mA2D, 6 
months after the second dose; 2wA3D, 2 weeks after the third dose; DMEM, Dulbecco’s modified Eagle’s medium; NT50, half-maximal neutralizing titer; IQR, 
interquartile range; VSVs, vesicular stomatitis viruses. 
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was also confirmed against the previous Variant of Concern (VOC) [5,6]. 
However, the appearance of the Omicron variant, which was newly 
registered as a VOC in November 2022, had an impact on vaccination 
because it carries many amino acid changes in the spike protein [7]. 
Thus, the effectiveness of a vaccine booster for the Omicron variant has 
become a worldwide concern. The effectiveness of the booster against 
the Omicron variant has been reported mainly in countries and regions 
where the booster was previously implemented [8–12]. However, there 
is little evidence of the efficacy of booster vaccination against the Om
icron variant in Japan because the booster was started after the 
appearance of the variant. 

The chemiluminescence reduction neutralization test (CRNT) has 
been previously established to estimate the neutralization activity 
against SARS-CoV-2 [13–15]. Because a pseudotyped virus is used for 
the assay, CRNT can be handled in a biosafety level 2 laboratory and is 
suitable for the evaluation of a large number of samples. Using a 
modified method, high throughput CRNT (htCRNT), we previously re
ported the effect of two doses of Pfizer BNT162b2 on healthcare workers 
[15]. In the study, antibodies were confirmed in all participants in both 
the anti-SARS-CoV-2 receptor-binding domain (RBD) test (median, 2, 
112 U/mL; interquartile range [IQR], 1,275 to 3,390 U/mL) and the 
htCRNT against wild-type (median % inhibition at serum dilution, 
1:100, >99.9; IQR, >99.9 to >99.9) at 2 weeks after the second dose of 
the BNT162b2 vaccine. 

The present study aimed to follow up the humoral immunity levels 
after the second dose of vaccination and to evaluate the effect of the 
third dose of BNT162b2 vaccination, the anti-RBD antibodies and the 
neutralization activity against wild-type pseudotyped virus and emer
gent VOC, including Delta and Omicron pseudotyped viruses. 

1.1. Materials and methods 

1.1.1. Specimen collection 
Serum samples were collected from healthcare workers (20–69 years 

old) at the Toyama University Hospital. All individuals received the 
Pfizer BNT162b2 vaccine. A booster (the third dose) was administered 
after the second dose. Blood samples were collected 6 months after the 
second dose (6mA2D) and 2 weeks after the third dose (2wA3D). The 
mean duration between the second and third dose was 260 (range 
248–270) days. The sera were used for serological assays within 3 days 
of storage at 4 ◦C or frozen at − 80 ◦C until further verification. 

1.1.2. Generation of pseudotyped viruses 
Pseudotyped vesicular stomatitis viruses (VSVs) bearing SARS-CoV-2 

S proteins were generated, as previously described [13]. The expression 
plasmid for the truncated S protein of SARS-CoV-2 and 
pCAG-SARS-CoV-2 S (Wuhan) was provided by Dr. Shuetsu Fukushi of 
the National Institute of Infectious Diseases, Japan. 
pCAGG-pm3-SARS2-Shu-d19-B1.617.2 (Delta-derived variant) and 
pCAGG-pm3-SARS2-Shu-d19- BA.1_EPE_3mut_Omi (Omicron-derived 
variant) were also generated, as previously described [14]. VSVs bearing 
envelope (G) (VSV-G) were also generated as a control. The pseudotyped 
VSVs were stored at − 80 ◦C until subsequent use. 

1.1.3. Serological tests 
The neutralizing effects of each sample against pseudotyped viruses 

were examined using htCRNT as previously described [14]. Briefly, 
serum diluted 100-fold with Dulbecco’s modified Eagle’s medium 
(DMEM; Nacalai Tesque, Inc., Kyoto, Japan) containing 10% 
heat-inactivated fetal bovine serum was incubated with pseudotyped 
SARS-CoV-2 for 1 h. After incubation, VeroE6/TMPRSS2 cells 
(JCRB1819) were treated with DMEM-containing serum and pseudo
typed viruses. The infectivity of the pseudotyped viruses was deter
mined by measuring the luciferase activity after 24 h of incubation at 
37 ◦C. The values of samples without pseudotyped virus and those with 
the pseudotyped virus but without serum were defined as 0% and 100% 

infection (100% and 0% inhibition), respectively. 
To measure the half-maximal neutralizing titer (NT50) values, the 

pooled samples made by mixing equal volumes in a single tube were 
serially diluted, and neutralization activity was measured in duplicates 
by htCRNT. The NT50 was defined as the maximum serum dilution that 
indicated >50% inhibition. 

The serum concentration of the anti-RBD antibody in serum samples 
was measured using the Elecsys Anti-SARS-CoV-2 S immunoassay 
(Roche Diagnostics GmbH, Basel, Switzerland) at Toyama University 
Hospital. Because the upper limit of quantification was 25000.0 U/mL, 
measurements of >25000.0 U/mL were considered as 25000.0 U/mL for 
further statistical calculations. 

1.1.4. Vaccine-related symptoms after the third dose of vaccination 
Basic clinical characteristics were arbitrarily obtained from the 

questionnaires, as previously described [15]. Data on the following 
characteristics were obtained: age, sex, local symptoms after vaccination 
(pain at the injection site, redness, swelling, hardness, local muscle pain, 
feeling of warmth, itching, and others), and systemic symptoms after 
vaccination (fever ≥37.5 ◦C, general fatigue, headache, nasal discharge, 
abdominal pain, nausea, diarrhea, myalgia, joint pain, swelling of the 
lips and face, hives, cough, and others). 

1.1.5. Statistical analysis 
Statistical analysis was performed using the Mann–Whitney test to 

compare non-parametric groups. The Friedman test with Dunn’s test 
was used for multiple comparisons among the three paired groups. 
Correlations between the test findings were expressed using Pearson’s 
correlation coefficients. Data were analyzed using GraphPad Prism 
version 9.3.1 (GraphPad Software, San Diego, CA). Statistical signifi
cance between different groups was defined as P < 0.05. Data were 
expressed as medians with interquartile ranges (IQRs). 

Ethics approval 
This study was performed in accordance with the Declaration of 

Helsinki and was approved by the ethical review board of the University 
of Toyama (approval No.: R2019167). Written informed consent was 
obtained from all the participants. 

2. Results 

2.1. Antibody quantification and neutralizing activity before and after the 
booster 

Serum samples were obtained from 648 to 565 participants, at 
6mA2D and 2wA3D, respectively. At 6mA2D, the median concentration 
of anti-RBD antibody was 710.0 U/mL (IQR: 443.0–1068.0 U/mL) and 
the median htCRNT value for wild-type was 84.6% (IQR: 73.7–92.3%) 
(Figs. 1 and 2A). At 2wA3D, both the values were elevated, and the 
median concentration of anti-RBD antibody and the median htCRNT 
value for the wild type were 21927 U/mL (IQR: 15321.0–>25000.0 U/ 
mL) and >99.9% (IQR: 99.9–>99.9%), respectively (Figs. 1 and 2A). For 
VOC, median htCRNT value of Delta and Omicron was elevated from 
36.2% (IQR: 19.0–52.9%) and 31.2% (IQR: 11.2–46.5%) at 6mA2D to 
99.1% (IQR: 98.4–99.6%) and 94.6% (IQR: 92.4–96.3%) at 2wA3D, 
respectively (Fig. 2A). 

The NT50 values of wild-type-, Delta-, and Omicron-derived pseu
dotyped viruses at 6mA2D were × 100, < × 100, and < × 100, 
respectively. NT50 of wild-type-derived pseudotyped virus at 2wA3D 
was × 1600, while that of Delta- and Omicron-derived virus was × 400 
(Fig. 2B). 

2.2. Vaccine-related symptoms after the third dose of vaccination 

A total of 510 participants provided data regarding their sex and 
symptoms after the third dose of vaccination (Table 1), and their test 
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results were compared. There was no significant difference between 
males and females in anti-RBD antibody levels (female, median: 21227.0 
U/mL, IQR: 15249.0 to >25000.0 U/mL; male, median: 22349.0 U/mL, 
IQR: 15279.0 to >25000.0 U/mL). Regarding vaccine-related symptoms 
after the third dose, 438 and 487 participants presented with systemic 
and local symptoms, respectively. The values of the anti-RBD antibody 
test in participants who presented with at least one systemic symptom 
(median: 20825.0 U/mL; IQR: 15196.0 to >25000.0 U/mL) were 
significantly higher compared with those without systemic symptoms 
(median: 17700.0 U/mL; IQR: 11337.0–23630 U/mL; P < 0.01), but 
there was no significant change in the presence or absence of any local 
symptoms (Fig. 3A). When focusing on specific systemic or local 
symptoms, fever ≥37.5 ◦C, general fatigue, myalgia, swelling, and 
hardness were related to higher anti-RBD antibody levels (Fig. 3B). 

3. Discussion 

The present study showed that the booster significantly increased the 
amount of anti-SARS-CoV-2 antibodies and neutralizing activity in the 
Japanese population. 

In the present study, anti-SARS-CoV-2 specific antibody levels were 
elevated after the booster, as previously reported [16,17]. Compared 
with the anti-RBD antibody levels at 2 weeks after the two-dose regimen 
in our previous study (median, 2112 U/mL), the level was three-fold 
reduced at 6mA2D but dramatically elevated after the booster. The 
acquisition of antibodies is expected to prevent infection and disease 
progression; however, it is insufficient to determine the ability of anti
bodies to block viral infection and their effectiveness against variants. 
Because the acquisition of neutralizing antibodies correlates with 
coronavirus disease 2019 (COVID-19) severity [18,19], it is important to 
evaluate not only the amount of antibody but also its neutralizing ac
tivity [20]. 

Because of a large number of amino acid changes in the spike protein, 
humoral immunity obtained by immunization against the Omicron 
variant has been a major concern compared to previous variants [7]. In 
the present study, the Omicron-pseudotyped virus evaded neutralization 
more efficiently than the wild-type- and Delta-pseudotyped viruses, as 
previously reported [8,9,11,12,21]. These findings are consistent with 
those of a study on neutralization using sera after two-dose vaccination 

in Japan [22]. 
Consistent with the results of previous reports [5,10], our results 

depicted that the reduced neutralizing activity at the long interval (≥5 
months) from the second dose of vaccination recovered after the 
booster. A previous study during a surge of COVID-19, mostly by Delta 
variant, indicated that the rate of breakthrough infections after the 
booster among healthcare workers was 0.7%, whereas that after the 
two-dose regimen was 21.4% [23]. For persons aged ≥60 years, the 
rates of confirmed COVID-19 and severe illnesses were substantially 
lower among those who received a booster dose of the BNT162b2 vac
cine than the two-dose regimen [5]. Therefore, it is suggested that the 
booster, which induces stronger neutralization against the Omicron 
variant, can be more effective in preventing infection or severe illness 
than the two-dose regimen. However, little is known about the 
long-term effectiveness of booster therapies. A previous study demon
strated that the effectiveness against symptomatic Omicron infection 
peaked around 4–5 weeks after the third dose of BNT162b2 or Moderna 
mRNA-1273 vaccine and gradually decreased up to ≥12 weeks for 
BNT162b2 or ≥12 weeks for mRNA-1273 [24]. The neutralizing anti
body titer against the Omicron variant at 6 months after the third dose of 
mRNA-1273 was reportedly 6.3-fold lower than that at 1 month after the 
booster [12]. Thus, understanding the dynamics of vaccine-mediated 
antibodies is still necessary. 

The adverse events due to the booster were similar to those reported 
previously [25]. However, in Japan, limited available information limits 
the public’s trust and acceptance of additional dose recommendations. 
We demonstrated details of adverse reactions due to the booster vaccine 
in Japanese, and some specific local or systemic symptoms that reflect 
strong vaccine immunoreaction leading to higher humoral immunity. 
This valuable information may contribute to vaccine acceptance and 
relieve the fear of potential short-term side effects. 

The findings in the present study are based on BNT162b2 because all 
participants received a planned BNT162b2 vaccination. However, 
similar effectiveness was also observed with other vaccines, including 
the mRNA-1273 vaccine [4]. The decreased neutralizing activity against 
Omicron after the two-dose regimen of the mRNA-1273 vaccine 
increased substantially after a booster dose of the mRNA-1273 vaccine 
[12,26]. 

This study presented data on the neutralization of a large number of 
serum samples. There are two types of virus-neutralizing tests; one 
which utilizes live viruses and the other which utilizes pseudotyped 
viruses. The former reflects the inhibitory effects on a series of processes 
involved in viral infection of cells, while the latter mainly reflects the 
inhibitory effects on viral adsorption and entry. Therefore, the results of 
pseudotyped virus assays are an approximation of live-virus neutrali
zation [27]. However, as the two tests correlate well and the live virus 
test is time and cost consuming [27], the pseudotyped virus-based test is 
often used for large-scale evaluations. For example, a previous study 
rapidly reported the efficacy of the BNT162b2 booster vaccine in 
response to the emergence of the Omicron variant [21]. This study 
demonstrated a 23-fold increase in the NT50 value against 
Omicron-derived pseudotyped viruses after administration of the 
booster dose. In the present study, the NT50 showed approximately 
16-fold increase after the booster dose, because the actual estimate was 
nearly × 1600 (the result was expressed as × 400) whereas it was < ×

100 before administration of the booster dose. These findings suggested 
that the efficacy of the booster vaccine in the Japanese population was 
similar to that seen in other laboratories, despite the differences in de
tails due to methodological variations. 

The limitation of this study is that the participants were limited to 
20–69 years old, and the exact recovery for older and younger people 
who have been vaccinated is unknown. In addition, detailed interviews 
regarding specific underlying diseases and medications were not con
ducted. Thus, the elderly and those with underlying illnesses are 
considered to be at a higher risk of COVID-19 until their follow-up re
ports are available. 

Fig. 1. The anti-RBD antibody levels before and after the booster Serum con
centration of anti-RBD antibody at 6mA2D (n = 648, before the booster) and 
2wA3D (n = 565, after the booster). Each dot represents an individual result. 
RBD, receptor-binding domain; 6mA2D, 6 months after the second dose; 
2wA3D, 2 weeks after the third dose.****, p < 0.0001. Bars indicate the me
dians with interquartile ranges. 
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In conclusion, the present study showed that the booster effect, 
especially against the Omicron variant, was observed in the Japanese 
population. Since booster vaccination is now ongoing in the elderly, 
followed by healthcare workers in Japan, the findings contribute to the 
correct understanding of the efficacy and side effects of the booster and 
the promotion of vaccine campaigns. 
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