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Background

Understanding the characteristics of the humoral immune responses following COVID-19 vaccinations is crucial for refining vaccination strategies and predicting immune responses to emerging SARS-CoV-2 variants.





Methods

A longitudinal analysis of SARS-CoV-2 spike receptor binding domain (RBD) specific IgG antibody responses, encompassing IgG subclasses IgG1, IgG2, IgG3, and IgG4 was performed. Participants received four mRNA vaccine doses (group 1; n=10) or two ChAdOx1 nCoV-19 and two mRNA booster doses (group 2; n=19) in Bangladesh over two years.





Results

Findings demonstrate robust IgG responses after primary Covishield or mRNA doses; declining to baseline within six months. First mRNA booster restored and surpassed primary IgG responses but waned after six months. Surprisingly, a second mRNA booster did not increase IgG levels further. Comprehensive IgG subclass analysis showed primary Covishield/mRNA vaccination generated predominantly IgG1 responses with limited IgG2/IgG3, Remarkably, IgG4 responses exhibited a distinct pattern. IgG4 remained undetectable initially but increased extensively six months after the second mRNA dose, eventually replacing IgG1 after the 3rd/4th mRNA doses. Conversely, initial Covishield recipients lack IgG4, surged post-second mRNA booster. Notably, mRNA-vaccinated individuals displayed earlier, robust IgG4 levels post first mRNA booster versus Covishield counterparts. IgG1 to IgG4 ratios decreased with increasing doses, most pronounced with four mRNA doses. This study highlights IgG response kinetics, influenced by vaccine type and doses, impacting immunological tolerance and IgG4 induction, shaping future vaccination strategies.





Conclusions

This study highlights the dynamics of IgG responses dependent on vaccine type and number of doses, leading to immunological tolerance and IgG4 induction, and shaping future vaccination strategies.





Keywords: COVID-19, vaccine, booster, antibody, IgG, IgG4, tolerance




1 Introduction

COVID-19 vaccines have played a vital role in the global efforts to mitigate the transmission of the SARS-CoV-2 pandemic. In Bangladesh, nine COVID-19 vaccines have been approved for use (1) including messenger RNA (mRNA) vaccines BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna); adenovirus-based vaccines ChAdOx1-S (Covishield, Serum Institute of India) etc. The effectiveness of COVID-19 vaccines has been a crucial determinant in reducing the burden on healthcare systems and preventing countless fatalities worldwide (2). A prospective, hospital-based, test-negative case-control study carried out in Bangladesh revealed that two full doses of the mRNA-1273 vaccine provided considerable protection compared to the ChAdOx1 nCoV-19 (3). Furthermore, Andrews et al. demonstrated the relative effectiveness of booster doses of BNT162b2 or mRNA-1273 vaccines against symptomatic disease in individuals initially administered either ChAdOx1-S or BNT162b2, ranging from 85% to 95% (4). Despite these noteworthy efficacy findings, it has been reported that vaccine-induced humoral immunity wanes over time, leading to a decrease in effectiveness after the administration of the second and third vaccine doses (5).

In Bangladesh, we have demonstrated that COVID-19 patients and individuals who have been fully vaccinated exhibit heightened levels of antibodies targeting the spike protein of the SARS-CoV-2 virus (6). Our group has shown that the administration of ChAdOx1 nCoV-19, mRNA-1273 and BNT162b2 vaccines resulted in a significant increase in spike receptor-binding domain (RBD)-specific antibodies following the initial two doses, followed by a subsequent decline after six months (6). Despite the ability of these vaccines to elicit significant anti-spike IgG responses, their protective effect against SARS-CoV-2 infection seems to be only temporary and not broad enough (7), as evidenced by the high incidence of breakthrough infections caused by the Omicron variant (8, 9). After COVID-19 infection and vaccination, notable modulation is observed among the four IgG antibody subclasses: IgG1, IgG2, IgG3, and IgG4. IgG1 and IgG3, predominant proinflammatory subclasses, are detected post SARS-CoV-2 infection and shortly after primary mRNA vaccination (10). These subclasses are linked to pathogen neutralization and effector mechanism activation. In contrast, the anti-inflammatory IgG4 subclasses are rarely found in the bloodstream and possess inhibitory effector functions due to their unique characteristics, such as being bi-specific and functionally univalent as a result of “Fab-arm exchange” (11). Elevated levels of IgG4 antibodies have been associated with fatal COVID-19 cases and has been identified as a predictor of mortality in COVID-19 cases (12, 13). Notably, mRNA vaccines stimulate IgG4 production, with three mRNA vaccine doses inducing prolonged IgG4 responses and potentially contributing to immune tolerance (10, 14).

Evaluating the dynamics and significance of IgG subclass responses following COVID-19 infection and vaccination is essential for assessing immune protection, monitoring vaccine efficacy, and designing future vaccination strategies. However, there is limited information on the dynamic levels of subclasses of IgG antibodies after two primary doses and two mix-match booster COVID-19 vaccination in Bangladesh. In this study, we have analyzed the longevity and kinetics of spike RBD-specific IgG antibodies and its subclasses at different time points after primary and booster COVID-19 vaccination in Bangladesh.




2 Methods and materials



2.1 Study design

The study was carried out in Bangladesh Between 2021 and 2023. Participants were recruited from Kurmitola General Hospital, Dhaka, Bangladesh. The study included individuals who had received four doses of COVID-19 vaccines including ChAdOx1 nCoV-19 (Covishield, Serum Institute of India), mRNA-1273 (Moderna), or BNT162b2 (Pfizer-BioNTech) as primary or booster doses between March 2021 and April 2023. The overall goal of this study was to evaluate the dynamics of SARS-CoV-2 spike RBD specific IgG subclass antibody responses in participants who received four COVID-19 vaccine doses. We have only considered participants who received mRNA vaccine as booster doses after receiving two primary mRNA doses or two primary Covishield doses. Participants were grouped based on primary vaccination regimen (dose 1 and dose 2). Group 1 received mRNA vaccines and group 2 received Covishield as primary vaccines. All participants in this study received mRNA vaccine as booster 1 (dose 3) and booster 2 (dose 4). Prior to enrollment and within visits, participants underwent interviews where information about their age, gender, history of prior COVID-19 infection, and co-morbidities was recorded. Three participants from each group had confirmed SARS-CoV-2 infection before receiving primary doses and one participant from each group had confirmed SARS-CoV-2 infection before receiving booster 1 (Table 1).


Table 1 | Demographic information of the study participants.



All participants provided informed written consent. The study was approved by the Institutional Review Committee of the International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b), and the Institute of Epidemiology, Disease Control and Research (IEDCR).




2.2 Specimen collection

Blood samples were obtained from participants at various time intervals: prior to the first dose of the vaccine (Pre-V), One/two months after the first dose which is before the second vaccine dose (1M), one month after the second dose which is 2/3 months after first vaccine dose (2/3M), and at six months (6M) after receiving the first primary COVID-19 vaccination. Blood samples were collected again one month after booster 1 (12-13 months after 1st primary dose) and booster 2 (24 months after 1st primary dose). After centrifuging the blood at 700×g for 15 minutes, the sera were separated and subsequently frozen at -20°C until the laboratory analysis.




2.3 Determination of RBD-specific IgG and IgG subclasses antibodies

RBD-specific IgG antibodies were determined using Enzyme-Linked Immunosorbent Assay (ELISA) as previously described (6, 15, 16). To determine IgG subclasses antibodies (IgG1, IgG2 IgG3 and IgG4), 100 µL of serum samples were added to the plate which were initially diluted to 1:10 and then 3-fold, 8 serial dilution was performed. Plates were subsequently incubated at 37°C for an hour. Mouse anti-human IgG1 (1:3000), IgG2 (1:4000), IgG3 (1:3000) and IgG4 (1:3000) Fc specific HRP (Southern Biotech) were added to the plates and incubated for one hour at room temperature. Subsequently, Ortho- phenylenediamine in 0.1 M sodium citrate buffer (100 µL; pH 4.5) and 30% hydrogen peroxide were added to the plate. The reactions were stopped after 20 minutes by adding 1 M H2SO4 (25 µL) and endpoint titers were determined as the reciprocal interpolated dilutions of the samples at 492 nm that were 0.4 above the background.




2.4 ELISA analysis of cytokine

The concentrations of IL-10 cytokine in serum specimens were determined using sandwich ELISA (eBioscience, USA) following the manufacturers’ instructions.




2.5 Statistical analyses

Antibody responses in vaccinated participants before and after vaccination were analyzed in this study. Statistical analysis was performed between pre- and post-vaccination using the Kruskal-Wallis test. Fold increase was calculated as follows: one-month post vaccination antibody concentration versus pre vaccination antibody concentration for each dose. Graph Pad Prism (version 6.0) was used for generating plots and analyses.





3 Results



3.1 Study participants

A total of 29 adults (≥18 years, Median age: 43 years; IQR 38-48 years) were included in this study who received four doses of COVID-19 vaccines in Dhaka city. Specifically, 10 adults received four doses of mRNA vaccines, comprising two primary doses and two booster doses. 19 adults received two primary doses of ChAdOx1 nCoV-19 (Covishield) followed by two booster doses of mRNA vaccines. Among the participants in the study, 65.5% (n=19) were male, while 34.5% (n=10) were female, as indicated in Table 1.




3.2 IgG responses after primary and booster COVID-19 vaccination

In order to examine the dynamics of antibody responses pre- and post-administration of two primary doses and two booster doses of Covishield and/or mRNA (Moderna/Pfizer) vaccines, SARS-CoV-2 spike RBD-specific IgG antibody levels were examined at various time intervals. Notably, two doses of either Covishield or mRNA vaccine resulted in robust antibody responses initially (Figures 1A, B). However, after six months, IgG responses dropped significantly, reaching baseline levels in those with the primary Covishield vaccine (Figure 1B). Conversely, IgG responses decreased but remained significantly elevated for up to six months following the first dose of the mRNA vaccine (Figure 1A).




Figure 1 | IgG Antibody responses after two primary and two booster COVID-19 vaccination. RBD-specific IgG was analyzed in serum samples after four mRNA doses (A, C) and two primary Covishield and two booster mRNA doses (B, D) at different time intervals. Different doses of vaccine administration time points are indicated below the graphs. Samples were collected before vaccination (Pre-V), 1 month, 2/3 Months, 6 months, 12 months, 18 months, and 24 months after the first vaccination. Fold increase was calculated 1 month post-vaccination IgG conc. vs pre-vaccination IgG conc. for each dose as indicated in Figures (C, D). Each symbol represents one individual, and bars indicate geometric mean values. Symbols without any color represent participants who got infected before or after vaccination. Statistical analysis was performed between pre and post-vaccination using the Kruskal-Wallis test. *P <0.05, **P <0.01, ***P <0.001, ns, not significant; P >0.05.



Upon receiving the first booster dose with the mRNA vaccine one year after the initial Covishield or mRNA doses, a significant recurrence of IgG antibodies was observed. This response declined by the sixth month after the first booster. Subsequently, we investigated the IgG responses once again after the second booster vaccination, administered one year after the first mRNA booster which was two years after the initial primary dose. Strikingly, we observed that the levels of RBD-specific IgG antibodies did not increase following the second booster vaccination with mRNA, regardless of primary vaccine type (Figures 1A, B). This decline in antibody responses was further supported by the decrease in antibody-fold rise (post vs. pre-booster 2, Figures 1C, D). Notably participants who had received four doses of mRNA as both primary and booster doses exhibited a greater reluctance in inducing antibody responses after booster doses (dose 3 and dose 4). A few participants (n=3-4) in each group had SARS-CoV-2 infection and no statistical differences were observed in the IgG levels between these two groups (Supplementary Table 1). The study highlights variations in antibody dynamics based on vaccine types and booster doses.




3.3 Dynamics of IgG subclasses in participants who received four doses of mRNA vaccines

We conducted a comparative analysis of RBD-specific IgG subclass antibodies (IgG1, IgG2, IgG3, and IgG4) in participants who received two primary and two booster mRNA vaccine doses (Figure 2). Following both the first and second primary vaccinations, IgG1 emerged as the predominant subclass and remained significantly elevated for up to two months but declined to baseline levels within six months (Figure 2A). IgG2 responses were undetectable after primary vaccinations (Figure 2B). While a small number of participants displayed IgG3, responses were insignificant compared to pre-vaccine levels (Figure 2C). IgG4 antibodies were also undetectable initially but, surprisingly, IgG4 emerged within six months post primary mRNA doses (Figure 2D). Following boosters, IgG4 replaced IgG1 as the dominant subclass. After the first booster, IgG1 increased at one month but returned to baseline within six months (18 months from primary vaccination). The second booster prompted a slight IgG1 rise, although the responses were significantly higher than the baseline (Figure 2A). IgG2 responses increased after boosters. IgG3 responses were rare except in one case. IgG4 significantly rose significantly after both boosters (Figure 2D).




Figure 2 | Kinetics of IgG subclasses after receiving COVID-19 mRNA vaccines as both primary and booster. RBD-specific IgG1 (A), IgG2 (B), IgG3 (C) and IgG4 (D) were analyzed in serum samples after four mRNA doses at different time intervals. Different doses of vaccine administration time points are indicated below the graphs. Samples were collected before vaccination (Pre-V), 1 month, 2/3 Months, 6 months, 12 months, 18 months, and 24 months after the first vaccination. Symbols without any color represent participants who got infected before or after vaccination. Statistical analysis was performed between pre and post-vaccination antibody titer using the Kruskal-Wallis test. **P <0.01, ***P <0.001, ns, not significant; P >0.05.






3.4 Dynamics of IgG subclasses in participants who received two Covishield and two mRNA vaccines

Next, we evaluated RBD-specific IgG subclass antibodies in participants who received two primary doses of Covishield followed by two mRNA booster doses (Figure 3). Prior to primary vaccination (Pre V), no IgG subclass responses were noted. Post-primary Covishield doses, IgG1 dominated for up to three months (Figure 3A), later declining to baseline within six months. IgG3 responses were insignificant (Figure 3C), while IgG2 and IgG4 responses were nearly absent until six months post-primary vaccination (Figures 3B, D).




Figure 3 | Kinetics of IgG subclasses after receiving COVID-19 vaccine Covishield as primary and mRNA as booster. RBD-specific IgG1 (A), IgG2 (B), IgG3 (C) and IgG4 (D) were analyzed in serum samples after two Covishield and two mRNA doses at different time intervals. Different doses of vaccine administration time points are indicated below the graphs. Samples were collected before vaccination (Pre-V), 1 month, 2/3 Months, 6 months, 12 months, 18 months, and 24 months after the first vaccination. Symbols without any color represent participants who got infected before or after vaccination. Statistical analysis was performed between pre and post-vaccination antibody titer using the Kruskal-Wallis test. **P <0.01, ***P <0.001, ns, not significant; P >0.05.



Subsequently, we assessed the IgG subclass antibody responses following mRNA booster vaccination in the same group of participants who received Covishield primarily. Significant IgG1 surge occurred one month after the first booster, started to decline after six months but still remained higher than the baseline level. After the second booster IgG1 levels increased slightly, lower than the IgG1 levels found after the first booster dose (Figure 3A). IgG2 levels remained low after the first booster vaccine; however, a few participants exhibited increased IgG2 responses after the second booster (Figure 3B). Conversely, only a small number of participants showed IgG3 responses after the first booster, and no IgG3 responses were observed in any participants after the second booster dose (Figure 3C). Intriguingly, IgG4 was initially undetectable, rose 1-6 months post-first booster, significantly increasing after the second mRNA booster in all participants (Figure 3D).




3.5 Comparative analysis of IgG1 and IgG4 antibodies after booster vaccination

Our analysis revealed that the principal subclasses of IgG antibodies present post-COVID-19 vaccination were either IgG1 or IgG4. The emergence of each subclass was dependent upon both the number of vaccine doses administered as well as the vaccine components. Specifically, IgG1 exhibited dominance one month subsequent to the administration of either the initial or second dose of both mRNA and Covishield vaccines. Conversely, IgG4 emerged as the predominant subclass following the administration of mRNA booster doses (dose 3 and dose 4) (Figures 4A, C). Next, we evaluated the IgG1 to IgG4 ratio one month after each vaccine dose on an individual level. Interestingly, IgG1 to IgG4 ratios decreased significantly as the number of vaccine doses increased. This phenomenon was more prominent in participants who received a total of four doses of the mRNA vaccine (Figure 4B). In contrast, within another subgroup of participants who initially received two doses of Covishield followed by two mRNA booster doses, the IgG1 to IgG4 ratio exhibited a significant decrease after the fourth dose (Figure 4D). We have performed a correlation test between serum IgG4 vs. IgG antibodies after combining all day points (1 month after each dose) after each vaccination in all participants (n=29) (Supplementary Figure 1). We have observed a significantly negative correlation (r=-0.47, P<0.0001) between IgG and IgG4, which may indicate that IgG4 levels negatively regulate overall antibody responses in serum after booster COVID-19 vaccination.




Figure 4 | Comparison between IgG1 and IgG4 subclasses after four different doses of COVID-19 vaccines. RBD-specific IgG1 and IgG4 antibodies (mean+SEM) are shown in line graphs after four mRNA doses (A) and two primary Covishield and two booster mRNA doses (C). IgG1 to IgG4 ratio was measured in individual participants one month after each vaccine dose are shown in graph (B, D). Each symbol represents one individual, and bars indicate geometric mean values. Statistical analysis was performed between pre and post-vaccination antibody titer using the Kruskal-Wallis test. **P <0.01, ***P <0.001, ns, not significant; P >0.05.






3.6 Serum anti-inflammatory cytokine level

We have determined anti-inflammatory cytokine IL-10 levels on after COVID-19 primary and booster doses. Participants who received mRNA as both primary and booster doses had increased levels of serum IL-10 levels after each vaccine doses (as determined by pre-vaccination vs. post-vaccination fold increase, Supplementary Figure 2A). No fold increase for IL-10 has been observed in participants received Covishield as primary doses (Supplementary Figure 2B). However, after receiving mRNA booster doses (dose 3 and dose 4, Supplementary Figure 2B), IL-10 levels increased in the serum specimens of the same participants. Based on these important findings, our results suggest that IL-10 cytokine may play a mechanistic role in the induction of IgG4 responses after booster COVID-19 vaccination.





4 Discussion

Understanding the distinctive attributes and long-lasting nature of the humoral immune response subsequent to primary and booster vaccinations holds paramount importance in optimizing vaccination strategies and evaluating immune reactions to emerging COVID-19 variants. This study investigated IgG antibody responses targeting SARS-CoV-2 spike RBD, encompassing four subclasses, over two years following ChAdOx1 nCoV-19 and/or mRNA vaccinations. To the best of our knowledge, this is the first study to compare the antibody responses of IgG subclasses subsequent to four different doses of Covishield and/or mRNA vaccines. This study revealed that primary vaccination induced IgG1 responses with limited IgG2 and IgG3, sustained until the initial booster. IgG4 responses showed a distinctive pattern. mRNA boosters triggered significant IgG4 surge, notably earlier and higher in mRNA-primary recipients. This research is part of a COVID-19 vaccination surveillance study being carried out in collaboration with the Government of Bangladesh, focusing exclusively on individuals who were administered four doses of COVID-19 vaccines. Due to the relatively low number of people in Bangladesh who received the fourth vaccine dose, the study participant was limited. A larger study will be needed representing diverse populations in different settings to confirm the induction of IgG4 subclasses and low immune responses after booster COVID-19 vaccination.

Our study demonstrated significant IgG antibody response enhancement after the third mRNA vaccine dose compared to primary vaccination in Bangladeshi adults. However, a differing trend emerged after the fourth mRNA booster dose given one year after the third dose, showing modest induction in IgG antibodies. This decline aligns with studies reporting waning immune responses after a fourth dose (5, 17). Three months after a fourth dose, a significant decay of IgG, IgA, and neutralizing antibodies was observed in participants received BNT162b2 vaccine in Israel (17). In another study, elderly individuals receiving a third dose showed declining specific antibodies against the Delta and Omicron variants over five months (18). This finding highlights the importance of continuous immune response monitoring, particularly in vulnerable groups, to refine vaccination strategies. The collective evidence suggests that repeated COVID-19 vaccinations might lead to waning immunity (5, 7, 18), prompting questions about optimal dosing schedules and long-term protection maintenance.

The dynamics of IgG responses to COVID-19 vaccines vary due to factors like age, prior exposure, and health conditions (6). Our study revealed IgG1 dominance after primary mRNA or Covishield vaccination, which is known for its robust antiviral activity and effector functions. Notably, spike RBD-specific IgG4 appears ~5-6 months after mRNA vaccination, consistent with other research (10). SARS-CoV-2 mRNA vaccination sustains mRNA/spike antigens in blood and lymph nodes (19); spike protein was found in post-COVID-19 mRNA vaccine myocarditis (20). Additionally, another classic research showed IgG4 emerges with prolonged antigen exposure. Beekeepers displayed increasing bee venom IgG4 over seasons, shifting from IgG1 dominance to IgG4 prevalence after 6 months (21). Our study aligns with previous research, showing slow kinetics of IgG4 appearance in the blood, taking several months after mRNA vaccination. However, the reason why the adenoviral vector-based Covishield vaccine did not enhance IgG4 responses is not entirely clear. It is possible that the level of RBD expression might not have reached a threshold sufficient to induce IgG4 switching.

The role of the least abundant IgG4 is not well understood in terms of its regulatory functions in various diseases. Depending on the type and condition of the disease, this regulatory role can be either beneficial or detrimental (11). IgG4 shows an advantageous effect in response to allergen and parasitic infection allergen and parasitic response while countering hypersensitivity (22–24), yet contributing to the onset and progression of autoimmune diseases, tumor immunology, and IgG4-related diseases, lacking specific treatments (11). Certain autoimmune skin diseases severity correlates with antigen-specific IgG4 levels (25, 26). In severe COVID-19, higher RBD-specific IgG4 levels were noted in deceased individuals than survivors, potentially due to cytokine storms including both anti- and pro-inflammatory cytokines, including IL-10, which could further driving IgG4 induction (12). Class switching to IgG4 subclass antibody is mostly associated with T helper 2 cell responses (11). In concert with other regulatory molecules, IL-10 plays an important role in the induction of IgG4 subclass (11, 27). IL-10 is known as an anti-inflammatory cytokine in preventing inflammation and can hamper host response to microbial pathogenesis (28). After observing increased IgG4 responses after booster vaccination, our investigation focused on exploring IL-10 induction following Covishield and mRNA vaccination. Participants who received mRNA for both primary and booster doses exhibited elevated serum IL-10 levels after each vaccine administration. This is in line with our findings that IgG4 antibody levels in the serum began to rise 6 months post-primary mRNA vaccination and continued to increase following the boosters. Our observation of increased IL-10 after each dose of mRNA vaccination suggest long-time induction of IL-10 might produce stimulatory signals favorable to induce IgG4 class switching after mRNA vaccination. Interestingly, participants who received Covishield as primary vaccines, no increase of IL-10 or IgG4 antibody responses was observed from the baseline. However, when the same participants received mRNA as booster doses, both IL-10 and IgG4 increased. Induction of IL-10 as well as IgG4 might be the result of long term presence of mRNA/spike antigens in blood and lymph nodes after SARS-CoV-2 mRNA vaccination (19). This is consistent to the results showing that extended immunization of mice with SARS-CoV-2 RBD booster vaccination induced IL-10 responses which overall induced humoral and cellular immunological tolerance in mice (29). Based on these crucial findings, our results suggest that IL-10 cytokine may mechanistically contribute to the induction of IgG4 responses following booster COVID-19 vaccination.

IgG4 related diseases also reported in some case reports after receiving COVID-19 mRNA vaccine. For example, two weeks after receiving two doses of mRNA vaccine, IgG4-related lung disease developed in a 71-year-old man (30) and IgG4-related nephritis relapsed in a 66-year-old individual following vaccination (31). Several investigations have found that COVID-19 vaccination is associated with the development of autoimmune diseases (32, 33). Additionally, increased levels of IgG have been found in SARS-CoV-2 breakthrough infections. However, IgG4 has limited ability to activate antibody-dependent immune effector mechanisms due to its unique structural differences from other IgG subclasses resulting from Fab-arm exchange and a greater propensity for glycosylation in the variable domains (34, 35). This suggests that COVID-19-vaccinated individuals with elevated IgG4 levels may have a higher risk of breakthrough infections, as SARS-CoV-2 employs various evasion strategies to evade immune surveillance and counterattack through the suppression of interferon production (36, 37), disruption of antigen presentation (38), and induction of lymphopenia through the formation of syncytia (39). Overall, Elevated IgG4 might alter vaccine efficacy or trigger anti-inflammatory responses. Further research is needed to fully understand its regulatory functions and its implications in SARS-CoV-2 breakthrough infection as well as vaccination. Future vaccination strategies need to be designed using thorough research data, requiring larger studies that encompass diverse populations across different settings. This is crucial to prevent immunological tolerance and the induction of IgG4 subclasses after administering booster COVID-19 vaccinations using various regimens. Additionally, it involves optimizing time intervals between doses.
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