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Abstract

:

Serological assays have been used to evaluate the magnitude of naturally acquired and BNT162b2 vaccine-induced immunity. In order to assess the extent to which the antibody response correlates with infection-mediated protection after vaccination, we investigated the kinetics of anti-SARS-CoV-2-S1 IgG in fully vaccinated healthy individuals who did or did not develop COVID-19 within 8 months after the booster dose. The anti-SARS-CoV-2-S1 receptor-binding, domain-specific IgG titer was assessed in serum samples collected at various intervals from 4 months after the second and 6 months after the third dose. The IgG level decreased 33% within 6 months after the second dose and, one month after the third dose, increased dramatically (>300%) compared with the pre-booster time point. COVID-19 infection within two months after the third dose did not cause significant IgG variation, but later viral infections elicited an IgG response similar to the initial response to the booster. The probability of developing COVID-19 and the severity of symptoms were not related to the antibody titer. Our data indicate that repeated exposure to viral antigens by either vaccination or infection at short-term intervals elicits limited boosting effects and that an IgG titer alone is not associated with the prediction of future infections and their symptomatology.
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1. Introduction


COVID-19 is a disorder caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2 virus). This novel coronavirus has a high transmissibility and spreads rapidly, and has resulted in a worldwide pandemic. To date, COVID-19 has affected over 700 million individuals and has been the cause of more than 6 million deaths worldwide. Infection with SARS-CoV-2 can cause a wide range of clinical manifestations, from no symptoms to multisystemic critical illness. Vaccination is an effective measure to reduce the severity of the acute disease and the occurrence of post-acute sequelae symptoms as well [1,2]. BNT162b2 (Pfizer–BioNTech) is one of the vaccines most administered worldwide. It is formulated as an RNA-lipid nanoparticle of nucleoside-modified mRNA encoding a P2 mutant spike protein that induces the production of spike-specific IgG [3]. Serological assays have been used to evaluate the magnitude of naturally acquired and BNT162b2-induced immunity. The antibody response within the vaccinated population has been monitored to identify low responders and priority groups for additional doses. It has been shown that humoral immunity significantly increases 4 to 6 weeks after the administration of the first dose of the vaccine and undergoes a remarkable decline approximately in 3 to 4 months after the second dose, with a 90% decrease of the antibody titer after 6 months [4,5,6]. Therefore, a third (booster) dose of the vaccine has been recommended to allow an increase of the immune response and to offer higher and longer-lasting protection against infection. Questions remain about the precise benefit of additional vaccination doses in the general population of healthy adults. Although there are numerous reports on immunoresponse in elderly and fragile individuals [7,8,9], only a few follow-up studies have been undertaken on younger (<60 year old) adults after the booster dose [10,11,12]. Importantly, infection may still occur after the full cycle of vaccinations, particularly with novel variants that develop a remarkable antibody evasion ability [13]. Further studies are also needed to assess the baseline of vaccine- and infection-elicited immunity response in healthy cohorts, particularly in order to identify patterns prognostic of Long-COVID-19 syndrome. This is a multisystem condition affecting many individuals, who continue to experience symptoms such as fatigue, neurocognitive difficulties, muscle pain, weakness, and depression for several months after the resolution of the acute disease and require multidisciplinary rehabilitative interventions, which has significant impact on public health [14,15].



In this study, we report the outcome of our single-center investigation of the kinetics of anti-SARS-CoV-2-S1 receptor-binding, domain (RBD)-specific antibodies (AB) up to 6 months after three doses of BNT162b2 in healthcare workers (HCW) both infection-naïve and infected after vaccination.




2. Materials and Methods


2.1. Study Cohort


Fifty-one HCW were recruited in this study (Table 1). All participants were generally healthy with no major comorbidities. An amount of 98% of the HCWs were Caucasian. Volunteers filled a form with information on age, gender, previous COVID-19 infections and symptomatology, date of vaccination, type, and duration of adverse effects. Two doses of the BNT162b2 vaccine were administered with a three-week dosing interval from January 2021. The booster dose was delivered between November and December 2021. All participants were screened for SARS-CoV-2 infection every 10–14 days by rapid antigen test, even in the absence of symptoms. Out of the 51 participants in this study, two had been infected and recuperated from SARS-CoV-2 infection before the first dose. No one was infected between the first and third dose. Twenty-six HCW were infected at various time points after the third dose. Among those, two contracted COVID-19 both before the first and after the third dose; three were infected twice after the third dose: one within one month and 6 months, one within 2 months and after 6 months, and the other within one month and 2 months. Most infections occurred between January and May 2022, when Omicron BA.4/5 variants were dominant in Europe. Genetic characterization of the variants was not performed.




2.2. Samples Collection and Analysis


Blood samples were collected in CAT serum tubes with a sep clot activator and allowed to clot at room temperature for at least 30 min. Subsequently, they were centrifuged for 15 min at 3000 rpm. The serum obtained was coded and aliquoted in small volumes (150–200 µL) and stored at −80 °C until use. Serum samples were obtained 4 (D2M4), 6 (D2M6), and pre-dose 3 (PRE), 9 months after the second dose, at which point the third dose was administered. Further samples were obtained 1 (D3M1), 2 (D3M2), 4 (D3M4), and 6 (D3M6) months after the booster. The AB concentration was assessed with ELISA SARS-CoV-2 anti-RBD IgG kit (EZRBDG-110K EMD Millipore Corporation, Billerica, MA, USA) according to the manufacturer’s instructions. The kit does not detect specific variants of SARS-CoV-2. The lower limit of quantitation of the assay is 1.56 ng/mL. A concentration value below 2.5 ng/mL was considered as a negative antibody titer and a value  >  2.5 ng/mL was considered as positive [16].




2.3. Statistical Analysis


Missing data for some of the variables (less than 25%) were imputed using the MICE (multivariate imputations by chain equations) method. Descriptive statistics (i.e., median, interquartile range, mean, standard deviation, and percentage) were used to summarize demographic and biological data. According to data distribution, evaluated by the Shapiro–Wilk test, a Spearman’s correlation test or a Pearson’s correlation test was performed to study the presence of associations between variables. A point-biserial correlation was used to investigate the correlation between antibody levels and qualitative variables (i.e., gender).



Differences in antibody levels at different time points were compared both in the general sample and by stratifying the sample according to whether or not they had contracted the virus (i.e., COVID-19 and non-COVID-19, respectively) using parametric (i.e., ANOVA for repeated measures) or non-parametric (i.e., Friedman) tests, depending on the distribution of data. In the case of significance parametric (i.e., Bonferroni test) or nonparametric (i.e., Wilcoxon test (V)), post hoc tests were performed. Significant differences between the samples after different doses at same time points (i.e., at 4 months after the second dose and 4 months after the third dose) were analyzed using parametric (e.g., paired-sample t-test) or nonparametric (e.g., Wilcoxon test) tests. The persistence of an AB response was investigated by tests for comparison (i.e., t-test or Mann–Whitney test).



AB levels between groups of subjects (COVID-19 and non-COVID-19) were compared for each time point by using the Kruskal–Wallis test (χ2). In the case of significance, nonparametric post hoc tests were performed (i.e., Mann–Whitney test (W)). Generalized regression models were used to assess the dynamics of AB (dependent variable) and relate these changes to previous infections (independent variables). For each regression model, goodness-of-fit was assessed by using the following indices: (i) McFadden’s index of explained variance (pseudo-R2); (ii) the Scaled Brier Score (sBS), which is a measure of overall accuracy and calculates the average prediction error; (iii) Construction of the ROC (Receiver Operating Characteristic) curve and evaluation of the Area Under the Curve (AUC); and (iv) the Hosmer–Lemeshow test for the fit between expected and estimated frequencies (    χ   HL   2    ; PHL). The regression model fit the original data if the indices met the following criteria: (i) the more pseudo-R2 is next to 1, the more the model is satisfactory; (ii) Brier score for a model can range from 0 (0%) for a perfect model to 1 (100%) for a non-informative model; (iii) AUC values > 0.70 representing a moderately accurate model; (iv) a significant     χ   HL   2     value indicating a bad model fit. All statistical analyses were performed using RStudio Version 2022.11.0 [17]. The statistical significance level was set to 0.05.





3. Results


Only two individuals showed AB levels below the cut-off for positive samples before PRE and all the samples were positive at all time points starting from D3M1. AB titer detected at D2M4, D2M6, and PRE in samples from two participants infected before the first dose was consistent with the average values of the cohort. Overall, a significant difference was found in the comparison of the AB titer (ng/mL) between D2M4 and D2M6 (V = 1323; p < 0.001), with decreasing AB levels (33%). In contrast, one month after the booster dose, the AB titer increased dramatically (>300%), compared with the pre-booster time point (PRE vs. D3M1; V = 1; p < 0.001). We observed an overall decline in AB concentration from D3M1 to D3M6: -11% between D3M1 and D3M2 (V = 1238; p < 0.001), -9% between D3M2 and D3M4 (V = 1132; p < 0.001), -6% between D3M4 and D3M6 (V = 903; p = 0.025) (Figure 1). No correlation was found between the variables Gender and Age and AB levels at different time points.



We then compared trends of the AB titer between not infected individuals (COVID-19 and non-COVID-19) and groups of individuals that had contracted SARS-CoV-2 after the booster dose (COVID-19: C) at each time interval, as indicated in Table 1. Differences in median AB levels between C and NC appear already from two months after the third dose (Figure 2). However, the differences were not statistically significant at early time points, showing that those who contracted SARS-CoV-2 before D3M2 maintained levels of AB similar to that detected at D3M1. Indeed, the Mann–Whitney test showed no significant differences in AB levels between the C and NC groups except at the time points prior to D3M4 and D3M6 (W = 561; p = 0.002 and W = 545; p < 0.001, respectively). A comparison of the initial AB response to the booster dose with AB following infection after D3M4 and D3M6 did not show substantial differences.



We then attempted to compare magnitude and persistence of the immunoresponse after the second and third vaccinations by comparing AB in all participants at D2M6 (All = 51) with participants who had never been infected (NC = 32) and those who had contracted SARS-CoV-2 during the study (C = 19). We observed that the median at D3M4 and D3M6 was higher (43% and 89%, respectively) than at the same time points after the second dose in the absence of COVID-19 infection (Figure 3a and not shown). Significant differences in AB levels between C and NC were found at D3M4 (W = 452.5; p = 0.006) and D3M6 (W = 538.5; p < 0.001), with higher AB levels (27% and 49%) in the C group (Figure 3a and not shown). Comparison of AB in all participants at D2M4 and D2M6 with C and NC D3M4 and D3M6 confirmed that the difference is significant among the three groups (respectively, χ2 = 32.33; p < 0.001 and χ2 = 52.84; p < 0.001), indicating that the immune response after 6 months remains more sustained after the third dose compared to two doses only, even if a breakthrough infection does not occur. In both cases, post hoc tests showed that all values were significantly different from each other with AB levels being higher in the C group.



We then inquired whether the viral infection in vaccinated individuals would generate a response comparable with a “4th dose” and therefore investigated the variation and persistence of the AB response following viral infection by comparing the AB titer 4 months after the booster dose to 4 months after infection. Eight individuals in our cohort were infected 2 months after the booster (group C2, 8/51); therefore, we compared AB levels measured in this group at D3M6 (4 months after infection) with AB levels measured in the non-infected cohort (group NC2, 43/51) at D3M4 (4 months after booster). As expected, we observed a significant difference (32%) with significantly higher values seen in the C2 group (W = 316; p = 0.0018) (Figure 3b). Three HCW in our cohort were infected twice within 6 months of receiving the booster. Analysis of individual AB kinetic showed a below-average response to the third dose only in one of them, who contracted SARS-CoV-2 after one month and then maintained an elevated AB titer similarly to other infected individuals.



Within two months after completion of the study (8 months after the third dose), seven more individuals reported to have contracted SARS-CoV-2. In order to test if the AB level can generally predict the susceptibility to infection, we included these into a larger COVID-19 infected cohort (C8, infected within 8 months after the booster; 26/51) and compared the average values of AB concentration between C8 and NC8, who remained not infected 8 months after the booster dose (25/51). Significant differences between groups were only seen at time points D3M4 (W = 477; p = 0.004) and D3M6 (W = 505.5; p < 0.001). Interestingly, the average values were slightly higher, although not significantly, in the infected C8 group at each interval before and after the booster (Figure 4).



To explore associations between AB level and probability of contracting the infection, we estimated a regression model with data obtained from 46/51 subjects using the SARS-CoV-2 infection as a response variable and values of AB levels corresponding to D2M4, D2M6, PRE, and D3M1 as regressors. The regression model showed that none of the selected variables was significantly associated with the dependent variable. However, the values of the indices used to assess the goodness of fit of the model, i.e., McFadden index (pseudo-R2), Scaled Brier Score (sBS), and Area Under the Curve (AUC) assessment, indicated that the data did not fit the estimated model well (pseudo-R2 = 0.005; AUC = 0.55; sBS = 0.005). Finally, we performed polyserial correlation analyses to investigate the presence of a correlation between the AB concentration and the severity of the clinical presentation after infection. The most reported symptoms were fatigue, cold, sore throat, cough, and fever. Mild sore throat, cold, and fatigue were classified as mild symptoms. Moderate symptoms were cough and mild cold and a fever that persisted up to 48 h. Severe symptoms were a more persistent high fever and cough. There was no correlation between the AB titer and severity of the symptoms (p-value > 0.05).




4. Discussion


Several vaccines for COVID-19 have been developed throughout the past years. The most widely available worldwide were made by using either messenger RNA (mRNA) (Pfizer–BioNTech, Moderna) or adenoviral vectors (Janssen–Johnson & Johnson, Oxford/AstraZeneca, Sputnik-V). An inactivated whole-virus SARS-CoV-2 vaccine (e.g., Sinovac, Sinopharm) and a type containing a synthetic version of the S protein (Novavax) were also generated but comparatively less commonly used in western countries [18]. Reports investigating the immunogenicity of different types of vaccines are overall in agreement, demonstrating their efficacy. Direct inter-laboratory comparison can, however, rarely be made due to a lack of standardized anti-SARS-CoV-2 quantitative and neutralizing assays [19]. Comparative studies in cohorts of recipients of two doses of different vaccines showed that Pfizer/BioNTech and Sputnik V vaccines induce a greater antibody response and persistence than Sinopharm and Sinovac vaccines [20,21]. Reports on AB response after three doses of vaccine mainly monitor fragile populations undergoing specific therapies [9,22] or follow up healthy adult cohorts for a relatively short time [23,24,25]. With rare exceptions [26], they focus on cohorts inoculated by means of BNT162b2 or heterologous vaccination protocols [27,28]. The latter studies are of particular interest, since in spring 2021, it was recommended that individuals that had received a vector vaccine should complete vaccinations with an mRNA vaccine. Assessment of the antibody response generated by homologous BNT162b2 vaccination with that generated by various heterologous vaccination regimens showed equivalent results [29]. Interestingly, a study comparing the antibody response to BNT162b2, Moderna, Oxford/AstraZeneca, and Janssen–Johnson & Johnson following primary and booster vaccinations identified the lowest spike-specific IgG levels after one dose of Janssen–Johnson & Johnson, intermediate levels after two doses of BNT162b2, and the highest levels after two doses of the Moderna vaccine. These differences, however, were evened out after the vaccination with a booster dose [30]. To our knowledge, reports of kinetics of the immune response in heterologous regimens that encompass more than a few weeks after the booster dose are still scarce.



Our study of the humoral immune response of RBD-spike IgG AB after completion of SARS-CoV-2 vaccination series in the period ranging from 4 months after the second dose to 6 months after the third dose confirmed that the booster induces an AB response more sustained over time than the second dose [10,11,25,31,32,33]. Furthermore, in the course of the study, 26 volunteers (51%) contracted SARS-Cov-2 at various time points after the administration of the booster. Not surprisingly, the average of AB levels in the convalescent group were higher than the concentration in the naïve group. Notably, a statistically significant difference was observed in the months following the period in which the greatest number of infections occurred (4 and 6 months after the third dose, when the Omicron BA.4/5 variant was prevalent). In addition, our data not only confirm that the AB titer is not correlated to age and sex but also demonstrate that the probability of being infected and the severity of symptoms are not related to age, sex, and the AB titer of the participants. Moreover, the time since vaccination was not a strong determinant against infection. Our data analysis did not take an account of other covariants (e.g., BMI, lifestyle or type of work, comorbidities such as diabetes, cancer, etc.) that were the objects of studies by other groups [28,34,35]. Those were in agreement, demonstrating a reduced antibody response in older individuals or in patients with comorbidities or high or low BMI. In relatively homogeneous groups of healthy HCW, like the cohort in our study, age and BMI did not seem to be affecting the strength of the immune response significantly [28].



Remarkably, we observed that the AB titer following viral infection within 2 months and after 4 and 6 months remained or returned substantially similar to the initial response to the booster dose, although the waning in the AB titer appeared delayed in the infected individuals up to 4 months after acute exposure to the viral antigen compared to the non-infected cohort. These findings are analogous to other studies carried out in healthy subjects, where it was highlighted that: (i) AB levels of infected and non-infected subjects were not significantly different, (ii) AB concentration increases with the vaccine booster and/or infection, but can reach a plateau [10,31]. Likewise, other reports have shown that the immune system stimulation by the administration of a booster dose shortly after the natural infection or the last vaccine dose can lead to a limited increase in the humoral response (ceiling of immunity) [36]. Therefore, if we may compare the infection to an additional dose of vaccine administered a few weeks after the third dose, our observations indicate that repeated exposure to viral antigens either by vaccination or by infection at short-term intervals elicits a limited boosting effect. This suggests that three doses may be sufficient to achieve the maximal immunogenic effect of the vaccine in healthy individuals.



Although we were not able to identify any correlations between the AB concentration and the possibility of acquiring the infection, it must be highlighted that the continuous evolution of SARS-CoV-2 determines structural changes that allow the emerging variants to partially evade the immune response generated by the vaccine or by previous infections. Our methodology did not allow detection of AB to specific variants; however, studies have shown that the booster stimulates IgG affinity, with a positive impact in neutralization capacity [33]. The secretion of high-avidity antibodies will likely induce higher protection against novel variants. Wei et al. [37] have demonstrated that the booster dose increased the protection against Omicron infection but, at the same antibody titer, previous Delta/Omicron BA.1 infection provided higher protection against Omicron BA.4/5 compared with previous Pre-Alpha/Alpha infection. Importantly, a previous Omicron BA.2 infection gave the highest protection against Omicron BA.4/5 infection. Indeed, it has been shown that vaccinated individuals infected with the BA.1 variant developed strong neutralizing antibodies against the BA.1 and the BA.2 variants, but fewer against BA.2.12.1 and BA.4/BA.5. Remarkably, it appears that the neutralizing activity against Omicron BA.4/5 in BA.1 convalescent individuals relied mostly on RBD binding antibodies, while N-terminal domain binding antibodies were driving the neutralizing activity in BA.2 convalescent individuals [38]. Overall, it is anticipated that the infection with other variants may confer a higher protection against novel infections than just three doses of the vaccine [39]. As new variants will continue to develop, determining how infection with different sub variants might protect against the new ones is critical for the development of adapted vaccines.



An intriguing retrospective observation is that before and immediately after receiving the third vaccination, the median AB response in subjects who eventually became infected was slightly higher in comparison with those who remained COVID-19 negative up to 8 months after the booster. This trend is interesting but not statistically significant and indicates that the AB concentration alone is not correlated with the prediction of possible future infections. In fact, only two out of the three participants who became infected multiple times during the study presented an AB concentration slightly lower than the average of the other participants at the time interval prior to the first infection. Surprisingly, too, is that two other individuals in our cohort that presented with a very low AB titer never became infected, despite reporting having been at close and prolonged contact with infected individuals. Since the immune system is a complex machine, the combined analysis of a panel of heterogeneous biomarkers should give better predictive insight and provide a more detailed picture of the immunological context of healthy subjects in response to vaccine and infection. Indeed, it is now clear that serum AB, although an indicator in serological tests, is not an effective marker in predicting the response of the immune system following a full cycle of vaccination against SARS-CoV-2 [40]. The contact of the antigen with the components of the immune system, in fact, determines the activation of both humoral and cell-mediated immunity that play key roles in the individual response, which is also influenced by genetic factors [40]. In addition, extensive biomarker studies might help to shed light on predisposing and pathogenic features of Long-COVID syndrome, which seems to be linked to hyper inflammation that leads to immune dysregulation. Features of cytokine storm syndrome have been reported [41], which cause multisystemic deleterious effects, such as neuropsychiatric symptoms [42]. Although the incidence of Long-COVID as a consequence of infection with Omicron seems to be lower than after infection with the Delta variants [43], numerous occurrences of post-COVID-19 symptoms are still documented. Efforts are focused on assessing the prevalence and classifying the clinical outcomes by clinical signs [44]. As neurocognitive and psychiatric sequelae are among the most frequent manifestations of post-COVID-19 syndromes, neurorehabilitation interventions have become major targets of studies and clinical trials [45,46]. Further investigations are required in order to evaluate the significance of individual occurrences, diagnose emergent conditions, and tailor a preventive rehabilitative plan.



Our study has certain limitations: (i) the modest number of participants, (ii) only a wild-type IgG (S-RBD) evaluation with one commercial test that does not allow the determination of levels of antibodies in international units (BAU/mL), (iii) lack of functional data on AB or assays measuring neutralizing IgG. These limitations may be addressed in further studies. On the other hand, this study also has the strengths of a relatively extended follow up of AB monitoring of a controlled population regularly screened for SARS-CoV-2 infection and the opportunity to compare infection-naïve and infected individuals in a relatively homogeneous cohort.




5. Conclusions


Overall, our findings confirm the effective immunogenic action of the third dose of the BNT162b2 vaccine and verify that repeated exposure to viral antigens by either vaccination or infection at short-term intervals elicits a limited boosting effect on the AB titer. Furthermore, the AB titer alone is not a predictive biomarker of future infections and their symptomatology.
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Figure 1. Boxplots of the distribution of the AB levels (ng/mL) of all participants at each time point. 
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Figure 2. A comparative trend of the Ab titer in infected and not infected HCW. For each time point, antibody levels (ng/mL) were compared between those who had (C) and had not (NC) contracted SARS-CoV-2 up to that time point. D3M1_NC = no SARS-CoV-2 infection 1 months after booster; D3M1_C = SARS-CoV-2 infection 1 months after booster; D3M2_NC = no SARS-CoV-2 infection 2 months after booster; D3M2_C = SARS-CoV-2 infection 2 months after booster; D3M4_NC = no SARS-CoV-2 infection 4 months after booster; D3M4_C = SARS-CoV-2 infection 4 months after booster; D3M6_NC = no SARS-CoV-2 infection 6 months after booster; D3M6_C = SARS-CoV-2 infection 6 months after booster. Asterisks indicate significant differences ** = p < 0.05. 
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Figure 3. (a) The difference in AB levels (ng/mL) between all participants at 6 months after the second dose and the Non COVID-19 and COVID-19 groups at 6 months after the third dose. D2M6_All = all participants at 6 months after the second dose; D3M6_NC = participants who did not contract SARS-CoV-2 within 6 months after the third dose; D3M6_C = participants who contracted SARS-CoV-2 within 6 months after the booster dose. (b) The difference in AB levels between the NC2 group (subjects not infected) 4 months after the third dose and the C2 group (subjects who became infected within 2 months of the third dose) 4 months after the infection. Asterisks indicate significant differences ** = p < 0.05. 
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Figure 4. Comparison of AB titers between individuals infected and not infected after booster. The average AB titer (ng/mL) of subjects who became infected within 8 months after the third dose (COVID-19: C8) compared with that of the subjects who did not contract the virus (non-COVID-19: NC8) for all time points considered in the study. Asterisks indicate significant differences ** = p < 0.05. 
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Table 1. Participants’ demographics and SARS-CoV-2 infection events after third dose.
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Sample (N = 51)






	
Sex, males/females, n (%)

	
16 (31%)/35 (69%)




	
Age, years, mean ± SD

	
36.47 ± 9.45




	
SARS-CoV-2 status, Positive/Negative, n (%)

	
26 (51%)/25 (49%)




	
SARS-CoV-2 infection events after 3rd dose (N = 26 + 3 *)




	
Within 2 months, n (%)

	
9/29(31%)




	
Within 2–4 months, n (%)

	
3/29 (10%)




	
Within 4–6 months, n (%)

	
9/29 (31%)




	
After 6 months, n (%)

	
8/29 (28%)








* Three volunteers contracted the infection twice after the third dose.
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