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A B S T R A C T   

Background: Data on the durability of booster dose immunity of COVID-19 vaccines are relatively 
limited. 
Methods: Immunogenicity was evaluated for up to 9–12 months after the third dose of vaccination 
in 94 healthy adults. 
Results: Following the third dose, the anti-spike immunoglobulin G (IgG) antibody response 
against the wild-type was boosted markedly, which decreased gradually over time. However, 
even 9–12 months after the booster dose, both the median and geometric mean of anti-spike IgG 
antibody levels were higher than those measured 4 weeks after the second dose. Breakthrough 
infection during the Omicron-dominant period boosted neutralizing antibody titers against Om
icron sublineages (BA.1 and BA.5) and the ancestral strain. T-cell immune response was effi
ciently induced and maintained during the study period. 
Conclusions: mRNA vaccine booster dose elicited durable humoral immunity for up to 1 year after 
the third dose and T-cell immunity was sustained during the study period, supporting an annual 
COVID-19 vaccination strategy.   

1. Introduction 

Over the last few years, the coronavirus disease 2019 (COVID-19) pandemic has caused more than 760 million confirmed cases, 
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including 6.9 million deaths, as of October 1, 2023 [1]. COVID-19 vaccines are effective against severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) infection and severe disease [2–4]. However, waning humoral immunity has been reported for over 6 
months after primary series vaccination [5–7]. 

Considering the evolution of SARS-CoV-2 variants and the waning of vaccine-induced immunity, periodic revaccination is required 
to maintain vaccine effectiveness [8]. Several countries, including the United Kingdom and the United States, strongly support a 
transition to a once-a-year COVID-19 vaccination strategy similar to the influenza vaccine [8–10]. However, data on the durability of 
booster dose immunity is relatively limited. 

We previously reported anti-SARS-CoV-2 humoral immunity up to 6 months after the primary series of mRNA-1273 vaccinations 
[5]. Unlike the influenza viruses, which exhibit a clear seasonal pattern, the SARS-CoV-2 infection has shown a year-round epidemic 
pattern [1]. Therefore, evaluating immunity beyond 6 months will be crucial for future annual vaccination schedules. This study aimed 
to investigate the longevity of humoral and cellular immunities against SARS-CoV-2 after a booster dose. In addition, 
cross-neutralizing activities were evaluated against variants of concern (VOCs) in a subset of participants. 

2. Materials and methods 

2.1. Study setting and population 

This prospective, multicenter cohort study was conducted as an extension of a previous study [5] and was commenced in June 2021 
across four university hospitals in South Korea. We recruited healthy adults (aged ≥19 years) who were scheduled to be administered 
two-dose mRNA-1273 and had no prior SARS-CoV-2 infection. The study design and population, up to 6 months after the primary 
vaccination series, have been described previously [5]. Subsequently, most participants received the third booster dose according to 
national recommendations between November 29, 2021, and February 4, 2022. The post-booster dose long-term immunogenicity was 
evaluated for up to 9–12 months. Blood samples were collected on the day of the first dose of vaccination (T0); 4 weeks after the first 
dose (T1); 4 weeks after the second dose (T2); 3 months (T3) and 6 months (T4) after the first dose; and 4 weeks (T5) and 3 months 
(T6), 5 months (T7), and 9–12 months after the booster dose. After the booster dose vaccination, only two hospitals (Korea University 
Guro Hospital and International St. Mary’s Hospital) participated in this study. At each time point, all participants were tested for 
SARS-CoV-2 infection using anti-nuclear capsid (N) protein antibody tests. The anti-N antibody was measured using the SARS-CoV-2 
immunoglobulin G (IgG) assay (Abbott Laboratories, Chicago, IL, USA). The presence of anti-N antibodies was considered a previous 
infection. In South Korea, Omicron variants emerged in November 2021 and have rapidly spread, accounting for 71% in January 2022 
and >99% in February 2022 [11,12]. Omicron BA.1 exclusively circulated initially, but BA.2 became dominant (>50%) by the end of 
March 2022. Finally, Omicron BA.5 replaced the dominant strain from the second week of July 2022 to the end of our study. Thus, 4 
weeks to 3 months (T5–T6), 3–5 months (T6–T7), and 5–12 months (T7–T8) after the booster dose were considered the BA.1, BA.2, and 
BA.5-dominant periods, respectively. This study received approval from the Institutional Review Board at each hospital. Written 
informed consent was obtained from all participants. 

2.2. Humoral and cellular immunogenicity assessment 

Anti-SARS-CoV-2 spike protein (anti-spike) IgG antibodies were tested using an electrochemiluminescence immunoassay (Elecsys 
anti-SARS-CoV-2 spike ECLIA; Roche Diagnostics, Pleasanton, CA, USA) according to the manufacturer’s protocol. The plaque 
reduction neutralization test (PRNT) was performed using the wild-type (WT) SARS-CoV-2 virus (bCoV/Korea/KCDC03/2020 NCCP 
No. 43326) to measure the level of neutralization, as described previously [5]. In brief, serum was serially diluted from 1:20 to 1:20, 
480, and the mixtures of serum dilution/virus (40 PFU/well) were incubated at 37 ◦C. Subsequently, Vero E6 cells, 0.5% agarose 
(Lonza, Basel, Switzerland), 4% paraformaldehyde, and crystal violet were sequentially added according to the protocol. The median 
neutralizing titer (ND50) indicates the antibody concentration necessary to reduce the virus count by 50%. A positive result was 
determined when the titer was ≥1:20. We also analyzed cross-neutralizing activity against VOCs, including Omicron BA.1 (GRA: BA.1 
NCCP No. 43408) and Omicron BA.5 (GRA: BA.5 NCCP No. 43426), considering the dominant viral strain during the study period. In 
addition, we performed an interferon (IFN)-γ enzyme-linked immunosorbent spot (ELISpot) assay to evaluate SARS-CoV-2-specific 
cellular immune responses using peripheral blood mononuclear cells (PBMCs). The detailed method has been previously published 
[5]. Briefly, IFN-γ antibody-coated ELISpot plates were incubated with RPMI medium 1640 containing 10% fetal bovine serum. PBMCs 
(3 × 105 cells/well) were then stimulated with SARS-CoV-2 spike peptide pools overnight in a 36 ◦C 5% CO2 incubator. The results 
were presented as spot-forming units (SFUs) per million PBMC (SFUs/106 PBMC). The PRNT and ELISpot assays were performed only 
in a subset of participants using age-stratified sampling. Some samples were not tested using the ELISpot assay because of poor PBMC 
quality. 

2.3. Statistical analyses 

We conducted a repeated measures analysis of variance (ANOVA) test to evaluate the changes in antibody titers at T0–T8 within a 
group of participants. Anti-spike IgG and neutralizing antibody geometric mean titers (GMTs) with 95% confidence intervals (CIs) 
were calculated after logarithmic transformation. The GMT ratio was calculated as the mean difference of the measurements on a 
logarithmic scale. As for categorical variables, either the chi-square test or Fisher’s exact test was used, whereas either Student’s t-test 
or one-way ANOVA was used for continuous variables, followed by Scheffé’s test for multiple comparisons. The results were 
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considered statistically significant at p < 0.05. 
Using an exponential decay model fitted to the data at each time point, antibody decay rates and half-lives were calculated. In

dividuals who missed even one blood sample collection during the study period were excluded from the analysis of decay rate. The 
detailed method of the exponential model has been described previously [5]. To contrast the half-life following the second and third 
doses, the model included the vaccine dose factor while accounting for repeated measurements. 

Fig. 1. Study flowchart. Healthy adults (≥19 years) received two doses of the mRNA-1273 vaccine at four hospitals, followed by the third dose 
administration of mRNA vaccines (mRNA-1273, 88 cases; BNT162b2, 6 cases). After the third dose, participation was limited to two hospitals, and 
long-term immune responses among them were investigated. 
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Statistical analyses were performed using SPSS (version 24.0; IBM Corp., Armonk, NY, USA), GraphPad Prism (version 5.0; 
GraphPad Software, Inc., San Diego, CA, USA), and SAS (version 9.4 for Windows; SAS Institute Inc., NC, USA). 

3. Results 

3.1. Study population 

A total of 177 participants from four hospitals who received two doses of mRNA-1273 (primary series) at 28-day intervals were 
included at the start of this study. The detailed characteristics and schedule of the participants up to 6 months after the start of 
vaccination have been described previously [5]. In this study, the booster doses (third doses) were administered at 156.0 ± 15.3 days 
(mean ± standard deviation [SD]) from the second-dose vaccination. After the booster dose vaccination, immunogenicity was eval
uated only in the participants from two hospitals (n = 94). All participants received a monovalent mRNA vaccine as a booster dose 
(mRNA-1273, 88 cases; BNT162b2, 6 cases). Supplementary Table 1 shows the baseline characteristics of the enrolled participants 
after booster dose administration. The mean age of all participants was 25.3 ± 3.3 years (mean ± SD), and 66% were women. The body 
mass index (BMI) was 20.9 ± 2.4 kg/m2 (mean ± SD). All the participants were healthy without comorbidities. Owing to missed visits, 
blood samples were obtained from 82 (87.2%) participants at all time points, 89 (94.7%) at ≥ 3 time points, 90 (95.7%) at ≥ 2 time 
points, and 94 (100%) at ≥ 1 time point after the booster dose vaccination (Fig. 1). The intervals (mean ± SD) from the booster dose to 
follow-up time points were as follows: 26.7 ± 5.1 days to T5, 92.4 ± 6.6 days to T6, 155.8 ± 8.5 days to T7, and 300.9 ± 17.9 days to 
T8. Breakthrough infections were observed in 66 (70.2%) participants during the study period (T5–T6, 19 cases; T6–T7, 25 cases; 
T7–T8, 22 cases). Among the 66 individuals confirmed with breakthrough infections through anti-N IgG assay, 41 (62%) reported 
being aware of the infection. All of them experienced mild infections that did not require hospitalization. 

3.2. Kinetics of anti-spike IgG antibody response after the booster dose among infection-naive individuals at each time point 

Following the booster dose vaccination, the anti-spike IgG antibody response against WT was boosted; similar to those after pri
mary vaccination, the antibody titers achieved peak responses 4 weeks after the third dose (T5) and declined gradually over the 
following 9–12 months (Fig. 2), excluding one individual whose titer increased between T7 and T8. The half-life of anti-spike IgG 
antibodies tended to slow down over time, with 46 days (95% CI, 42.5–50.0), 81.6 days (95% CI, 75.3–89.1), 304.1 days (95% CI, 
161.0–2736.6), and 112.7 days (95% CI, 92.3–144.7) at T5–T6, T6–T7, T7–T8, and T5–T8, respectively. Even 9–12 months after the 
booster dose (T8), both the median and geometric mean of anti-spike IgG antibody levels were higher than those measured 4 weeks 
after dose 2 (T2). The median (interquartile range) levels of anti-spike antibodies were 5175.0 U/mL (3325.5–6134.0) at T8 and 

Fig. 2. Dynamics of severe acute respiratory syndrome coronavirus 2 spike protein immunoglobulin G responses of infection-naïve individuals at 
each time point. (A) Median values with interquatile ranges are displayed for each time point (T0–T8), and (B) the trajectory of antibodies are 
plotted over time elapsed after vaccination. The dashed line represents the antibody positivity threshold, indicating 0.8 U/mL. Two-tailed p-test 
resulting from paired t-test (*P < 0.05, **P < 0.01, ***P < 0.001). The error bar illustrates the median accompanied by the interquartile range, 
while the inverted triangle signifies the administration of the vaccine. T0, day of the first dose of vaccine; T1, 4 weeks after the first dose; T2, 4 
weeks after the second dose; T3, 3 months after the first dose; T4, 6 months after the first dose; T5, 4 weeks after the third dose; T6, 3 months after 
the third dose; T7, 5 months after the third dose; T8, 9–12 months after the third dose. 
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4476.0 U/mL (2299.0–9543.0) at T2, whereas the GMTs were 4890.8 (95% CI, 3258.8–7340.0) at T8 and 4409.4 (95% CI 
4082.6–4762.4) at T2 (p = 0.767). 

The kinetics of anti-spike IgG antibody among the individuals who were not infected up to 5 months after booster vaccination (T7) 
and completed all sampling without visit loss (n = 44) showed that the peak (4 weeks) IgG level after the third dose of vaccine was 
significantly higher than that after the two doses (Fig. 3). IgG waning was faster after the third dose of vaccine than that after the 
second dose (t1/2 = 63.1 days versus 99.7 days, p < 0.001), although the anti-spike IgG titers 5 months after the third dose were still 
significantly higher than the peak after the second dose. Comparing uninfected individuals with those who developed breakthrough 
infection up to 5 months after booster vaccination, the anti-spike IgG titer at pre-booster (third dose) and 4 weeks after the third dose 
were indistinguishable (Fig. 3). 

3.3. Cross-reactive neutralizing immunogenicity against omicron subvariants 

The neutralizing antibody responses against WT SARS-CoV-2 were evaluated at each time point in a subset of randomly selected 
individuals (n = 50). In addition, cross-neutralization was evaluated on the Omicron variants 3 (T6), 5 (T7), and 9–12 (T8) months 
after the third dose. Neutralizing activities against Omicron BA.1 and BA.5 were lower than those against the WT at all time points 
examined. However, all participants showed positive neutralization responses to all variants, except for one individual among the 
infection-naïve persons who tested negative for Omicron BA.5 at T7 and at T8 (Fig. 4A–C). Compared with the individuals who were 
SARS-CoV-2 infection-naïve until 5 months after the third dose (T7), those with breakthrough infections at T6–T7 (BA.2-dominant 
period) showed higher neutralization antibody responses to WT, BA.1, and BA.5 by 6-, 12-, and 8-fold, respectively. A similar pattern 
was maintained 9–2 months after the third dose; compared with the individuals who were uninfected until 9–12 months after the 
booster dose (T8), those with breakthrough infection at T6–T7 (BA.2-dominant period) presented higher neutralizing antibody re
sponses to WT and BA.5 by 5- and 8-fold, respectively. However, breakthrough infections at T7–T8 (BA.5-dominant period) appeared 
to better boost neutralizing activities than those during the BA.2-dominant period. Compared with uninfected individuals until T8, 
those with breakthrough infection at T7–T8 showed higher neutralizing antibody responses to WT and BA.5 by 10- and 24-fold, 
respectively. 

Neutralizing antibody titers against the WT declined faster than those against the Omicron BA.5 variant. In the absence of 
breakthrough infection, the half-lives of neutralization against WT and Omicron BA.5 were 78.6 days (95% CI, 66.7–95.6) versus 94.7 
days (95% CI, 69.5–147.6) at T6–T7 (p < 0.001), 255.1 days (95% CI, 105.6–∞) versus 310.3 days (95% CI, 98.7–∞) at T7–T8 (p <
0.001), and 138.7 days (95% CI, 90.4–301.0) versus 191.7 days (95% CI, 100.7–2006.9) at T6–T8 (p < 0.001). 

3.4. Long-term T-cell immunity against severe acute respiratory syndrome coronavirus 2 

As for the same subset of randomly selected individuals (n = 50), anti-spike T-cell immune responses were also assessed by ELISpot. 
T-cell immune responses were efficiently induced in all tested individuals (41/41) 3 months after booster vaccination and were 
sustained up to 12 months post-booster vaccination. To evaluate the T-cell immunity before and after SARS-CoV-2 infection, the 
participants were classified as SARS-CoV-2 infection-naïve individuals up to T8 (n = 16), those with breakthrough infection between 
T6 and T7 (n = 21), and those with breakthrough infection between T7 and T8 (n = 13) (Fig. 5). Comparing uninfected individuals 
with infected individuals, the titer and distribution of T-cell immunity was similar before and after breakthrough infection episodes. 

Fig. 3. Comparison of humoral immune responses after the second and third doses. Anti-severe acute respiratory syndrome coronavirus 2 spike 
protein immunoglobulin G antibody titers are presented at baseline (T1), 4 weeks (T2), and 5 months (T4) after the second dose and baseline (T4), 4 
weeks (T5), and 5 months (T7) after the third dose. Error bar depicts median with interquartile range. The dashed line represents the antibody 
positivity threshold, indicating 0.8 U/mL. At the bottom, the elapsed average time since the first dose (days), the number of participants sampled, 
and the geometric mean antibody titer at each time point are presented. ***P < 0.001. 
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3.5. Characteristics of patients with breakthrough infection 

The demographics of individuals who experienced breakthrough infections during the study period versus those who were un
infected are shown in Supplementary Table 2. Although statistically insignificant, those uninfected were rather younger (mean age, 
24.2 ± 1.7 years) than were those with breakthrough infection (mean age, 25.7 ± 3.7 years) (p = 0.068). Other parameters, including 
sex, BMI, the interval between the second and third vaccine dose, and peak anti-spike IgG antibody titers after the booster dose, showed 
no significant difference between infected and uninfected individuals. However, individuals with breakthrough infection between 3 
and 5 months after the booster dose (T6–T7, BA.2-dominant period) showed significantly lower anti-spike IgG antibody titers against 
WT and neutralizing activities against BA.1 measured at T6 than did those without infection (6200.55 U/mL [95% CI, 
4587.63–8380.54] versus 9832.08 U/mL [95% CI, 8082.89–11,959.82], p = 0.009; 110.92 [95% CI, 75.93–162.03] versus 187.26 
[95% CI, 136.20–257.44], p = 0.034, respectively). Neutralizing activities against WT were slightly lower in individuals with 
breakthrough infection at T6–T7 than in those without infection, but statistically insignificant (1274.66 [95% CI, 934.94–1737.82] 
versus 1770.58 [95% CI, 1404.66–2231.83], p = 0.079). Individuals with a breakthrough infection between 5 and 12 months after the 
booster dose (T7–T8, BA.5-dominant period) and non-infected individuals did not show significant differences in neutralizing or 
binding antibody titers at T7. Cellular immunity did not show any relevance with respect to breakthrough infection (Supplementary 
Table 3 and Supplementary Fig. 1). 

Fig. 4. Comparison of neutralizing antibody responses against wild-type (A), Omicron BA.1 (B), and Omicron BA.5 (C) at each time point according 
to the occurrence of breakthrough infection. At the bottom, the number of participants sampled, and the geometric mean antibody titer at each time 
point are recorded. T6, 3 months after the third dose; T7, 5 months after the third dose; T8, 9–12 months after the third dose. Error bar depicts 
median with interquartile range. *P < 0.05, **P < 0.01, ***P < 0.001. 

Fig. 5. Interferon-γ enzyme-linked immunosorbent spot assay results at each time point according to infection status. At the end of the study, there 
were 16 non-infected individuals, 21 and 13 breakthrough infections at T6–T7 and T7–T8, respectively. The T-cell titers at each time point for these 
individuals are presented. T6, 3 months after the third dose; T7, 5 months after the third dose; T8, 9–12 months after the third dose. The error bar 
depicts the median value. 
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4. Discussion 

This study showed that the mRNA vaccine booster dose (third dose) triggered a durable anti-spike IgG antibody response for up to 1 
year, with titers above the peak after the second dose. Breakthrough infections during the Omicron-dominant period substantially 
boosted neutralizing antibody titers against Omicron sublineages (BA.1 and BA.5) and the ancestral strain. In particular, breakthrough 
infections during the BA.5-dominant period conferred substantially higher neutralizing activities against the ancestral strain and 
Omicron BA.5 than did those during the BA.2-dominant period. Anti-spike IgG antibody titers and neutralizing activity against BA.1 
were inversely correlated with breakthrough infection during the BA.2-dominant period. 

A crucial question regarding the third dose is whether it induces more durable immune responses than would the two-dose primary 
series vaccination. Considering the two-dose mRNA vaccination produces substantial memory B and T cells and at least a few long- 
lived plasma cells [13], it would be reasonable to expect that the booster dose may induce more durable antibodies than would the 
two-dose primary vaccination. Improved durability after the booster dose has also been observed in previous studies, although the 
follow-up periods were shorter than that in the present study, mostly within 6 months [14–16]. A few studies have evaluated immunity 
beyond 6 months post-booster dose, but there are limitations such as the use of inactivated vaccines [17], lack of pre-vaccination 
serology information [18–20], and the inclusion of individuals with previous or breakthrough COVID-19 infections [18–20]. In one 
study [18], antibody responses were well-maintained up to 11 months, but the inclusion of some individuals who received a fourth 
dose at the last sampling point limited the interpretation of the immune durability after the third dose. In another study conducted in 
South Korea [21], immune responses were evaluated up to 8 months, but those were focused on the breakthrough infection. Unlike 
influenza, which exhibits a clear seasonal epidemic over 6 months, COVID-19 occurrence continues throughout the year with repeated 
waxing and waning. Thus, it is crucial to evaluate long-term vaccine immune up to 9–12 months given the annual vaccination stra
tegies. The long-term immunogenicity data in the present study support the clinical data that vaccine effectiveness against SARS-CoV-2 
infection lasted for >1 year in the pre-Omicron era [22]. However, in the present study, contrary to previous reports [14], the antibody 
decay rate (~5 months) was significantly higher after the third dose than after the second dose. This was likely due to the high antibody 
titers among the participants before the third-dose vaccination. Pre-vaccination antibody titers may be inversely correlated with 
memory B-cell reactivation [23]. In a previous study using a mouse model, high levels of immunoglobulins restricted the recall 
response of memory B cells [24]. The short interval between the second and third doses might have contributed to the high 
pre-vaccination antibody titers, which would limit memory B-cell reactivation, thereby inducing a faster decay of antibodies after the 
third-dose vaccination. Nevertheless, notably, the participants in this study maintained high antibody titers for up to 9–12 months after 
the third-dose vaccination. The absolute quantity of antibodies itself is a surrogate marker preventing breakthrough infection; 
therefore, it could be justified to administer a short-interval booster during a pandemic, even if the half-life of antibodies decreases. 

Consistent with previous findings, this study showed that the WT monovalent vaccine induced lower neutralizing activity against 
Omicron variants than against the ancestral strain in SARS-CoV-2-naive individuals [15]. In this study, the half-life of neutralizing 
antibodies against Omicron BA.5 was estimated to be longer than that against WT SARS-CoV-2, which may be attributed to signifi
cantly lower neutralizing antibody titers against Omicron BA.5 from the beginning. Therefore, the findings should be interpreted with 
caution. Considering the previously observed immune evasion of Omicron sublineages, Omicron-containing bivalent vaccines were 
introduced in late 2022 [25]. However, close surveillance of immune imprinting was required [26]. Nevertheless, enhanced 
neutralizing activities against the ancestral strain and other omicron variants after Omicron BA.2 or BA.5 breakthrough infection 
mitigated the concerns of immune imprinting. 

This study showed that breakthrough infection at T6–T7 (Omicron BA.2-dominant period) boosted neutralizing antibody titers 
against the ancestral strain and Omicron subvariants (BA.1 and BA.5). Considering the known limited cross-reactivity after a single 
exposure to BA.2 in unvaccinated individuals [27], the results in this study are likely due to the prior multiple exposures to 
SARS-CoV-2 antigen through vaccination. In this study, the improved cross-neutralizing activities were more pronounced in in
dividuals infected during the BA.5-dominant period than in those infected during the BA.2-dominant period. First, the longer interval 
from booster vaccination to BA.5 breakthrough infection versus BA.2 might contribute to higher cross-neutralizing activities. In 
addition, there was a chance that the difference in BA.2 and BA.5 antigenicity might affect the degree of cross-neutralizing activities. 

At the end of this study, the cumulative infection rate in the study participants was 70%, which was consistent with the sero
positivity rate in South Korea at that time [28]. This study found a possible inverse correlation between breakthrough infection during 
the BA.2-dominant period and humoral immunity, including anti-spike IgG antibody titers and neutralizing activities against the WT 
and the BA.1 variant. The observed inverse relationship between breakthrough infection and humoral immunity in this study aligns 
with findings from earlier reports [29–32], although a direct comparison is difficult because of differences in immune assay methods, 
the timing of blood sampling before infection, and circulating variants. In this study, breakthrough infection at T7–T8 was not 
significantly related to the humoral immunity measured at T7. However, this should be interpreted with caution because of the small 
sample size and the wide interval between T7 and T8 (approximately 5 months). 

This study demonstrated that cellular immunity was efficiently induced in all tested individuals for up to 9–12 months after the 
booster dose, which is encouraging evidence that the T-cell memory of mRNA vaccines is long-lived. T-cell immunity might be further 
boosted after the third dose, as our previous study using the same assay demonstrated detectable cellular immunity in only 90% of 
participants 3 months after vaccination [5]. The longevity of cellular immunity observed in this study has great implications in the 
Omicron era, as T-cell epitopes are generally well conserved between variants [33]. As T cells play an important role in the control and 
clearance of SARS-CoV-2 [13], this suggests that vaccine effectiveness against severe infections may be maintained in the long term, 
even with the emergence of variants. In this study, T-cell immunity was similar before and after breakthrough infection episodes 
between infected and uninfected individuals. While the limited sample size necessitates caution in interpretation, this could be 
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explained theoretically, as follows: at the time of infection, low levels of circulating memory T cells may be sufficient for the control of 
severe infection, given that memory T cells can rapidly proliferate. Thus, T-cell immunity is only weakly boosted in 
SARS-CoV-2-recovered individuals [13,34]. 

This study had several limitations. First, this study focused on healthy adults, excluding elderly individuals and patients with 
comorbidities. Second, owing to the high rate of breakthrough infections (approximately 70%), it was challenging to secure a sufficient 
number of individuals to evaluate the long-term persistence of vaccine-induced immunity. Third, neutralizing antibody and cellular 
immunity assays were conducted in a subset of the individuals, while the small sample size may have led to statistically insignificant 
results. Fourth, CD8 and CD4 T cells were not distinguished in the analysis; the bulk PBMC IFN-γ ELISPOT assay signal originated from 
a mixture of CD8 and CD4 T cells. However, given that either CD8 or CD4 T cells can contribute to viral clearance [35], the persistence 
of T-cell immunity for up to a year observed in this study would be significant in the context of preventing severe infections. Finally, 
there is a chance that some patients could have had undetected prior SARS-CoV-2 infection. A previous study reported that anti-N IgG 
waned rapidly [13] and anti-N IgG might not be induced among vaccinated individuals [36]. In fact, in the present study, most 
participants showed immune waning over time, as expected; however, one participant showed increasing antibody titers at T8, 
although the anti-N IgG antibody test was negative. 

In conclusion, booster dose mRNA vaccination elicits a durable humoral antibody response for up to 1 year with titers above the 
peak after the second dose and induces sustained spike protein-specific T-cell immunity, supporting the annual COVID-19 vaccination 
strategy. Repeated vaccinations at short intervals may decrease the half-life of the vaccine-induced antibodies. 
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