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Purpose: To analyze the impact of SARS-COV-2-specific memory B cells (MBC) on the immune response after two doses of mRNA-based Comirnaty COVID-19 vaccine in seronegative health care workers. This study is seeking a rationale for boosting vaccines.

Methods: Longitudinal study including 31 seronegative health care workers with undetectable specific MBCs (IgG−MBC− group), 24 seronegative with detectable specific MBCs (IgG−MBC+ group), and 24 seropositive with detectable specific MBCs (IgG+MBC+ group). The level of antibodies that inhibit ACE2-RBD interaction, and anti-Spike IgG, IgA, and IgM antibodies was quantified by ELISA. In addition, specific memory B and T cells were quantified by flow cytometry.

Results: The level of specific MBCs, and isotypes, in the IgG−MBC− group was lower compared to that found in IgG−MBC+ (p = 0.0001) and IgG+MBC+ (p < 0.0001) groups, respectively. ACE2-RBD neutralizing antibodies and anti-S IgG antibodies were at lower levels in the IgG−MBC−group after the vaccine. Specific MBCs directly correlated with specific CD4+ T cells (although not significant, p = 0.065), while no correlation was found with specific CD8+ T cells (p = 0.156) after the vaccine. In parallel, ACE2-RBD neutralizing antibodies only positively correlated with specific CD4+ T cells (p = 0.034).

Conclusion: IgG−MBC− individuals showed the worst humoral and cellular responses, both in frequency and magnitude, after vaccination. Individuals whose antibodies wane and become undetectable after a given period of time post vaccination and show no specific MBCs are less protected and hence are good candidates for boosting vaccine. On the other hand, seronegative individuals with specific MBC showed faster and higher responses compared to the IgG−MBC− group.
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Introduction

The introduction of wide vaccination has changed the SARS-CoV-2 infection spread and reduced COVID-19 deaths worldwide. Also, vaccination has allowed the reduction of the restrictions that characterized the pre-vaccine pandemic. As of May 2022, more than 11 billion vaccine doses have been administered worldwide (World Health Organization, 2022). However, the duration of protection induced by vaccination is still under investigation.

Several studies have shown that neutralizing antibody titers against the SARS-CoV-2 spike protein persisted for at least 5–8 months after infection (Abayasingam et al., 2021; Reyes et al., 2021) and declined slowly thereafter. Even at low titers, neutralizing antibodies have been associated with protection from severe disease (Dan et al., 2021; Ponticelli et al., 2021; Tsatsakis et al., 2021). However, immune response to SARS-CoV-2 includes specific memory T and B cells that can last up to 8 months after infection (Abayasingam et al., 2021; Dan et al., 2021; Giannotta and Giannotta, 2021). Many studies have focused on the analysis of neutralizing and binding antibody responses, while fewer have focused on memory T cell responses, and limited studies have been reported on specific memory B cells (MBC), two important factors that account for complete immune protection.

Hence, the absence of specific antibodies is not necessarily associated with the absence of specific memory T or B cells that could be reactivated promptly after eventual vaccine breakthrough. This is important for vaccination strategies in terms of boosting vaccine in vulnerable groups and protect them against the emergence of new variants of concern (Giannotta and Giannotta, 2021). Specific MBCs are maintained or even increased for at least 6 months to 1 year following SARS-CoV-2 infection (Hartley et al., 2020; Sokal et al., 2021; Turner et al., 2021; Wang et al., 2021).

Here, we analyzed the impact of specific MBCs on the immune response before vaccination and their association with other immunological parameters after two doses of mRNA-based Comirnaty (BNT162b2, Pfizer-BioNTech, United States) COVID-19 vaccine in seronegative individuals in a well-characterized cohort of health care workers followed since the beginning of the pandemic (March 2020).



Materials and methods


Study design, participants and methods

This longitudinal study included 79 Caucasian health care workers followed since March 2020 in the tertiary Ramon y Cajal University Hospital (Madrid, Spain) who were vaccinated with two doses of Comirnaty (mRNA-based BNT162b2, Pfizer-BioNTech) COVID-19 vaccine in February 2021. Twenty-four individuals had specific antibodies and 55 individuals were seronegative. The complete study design is shown in Figure 1A.
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FIGURE 1
 (A) Diagram of the longitudinal study of the well followed health care workers who received complete regimen of mRNA-based BNT162b2 SARS-CoV-2 vaccine. MBC, specific memory B cells; 1D, first dose; 2D, second dose. (B) Flow cytometry strategy for the quantification of SARS-CoV-2-specific memory B cells (MBC) of one representative individual of the IgG+MBC+ group. Viable cells (FSC-A/7AAA plot) were plotted with FSC-H/FSC-A parameters to exclude doublets. Single cells were then gated using CD19-APC-Vio770 and CD27-Vio-Bright-FITC to identify memory B cells. Spike-specific MBCs are then identify with a double staining with the two spike-tetramer on the diagonal of the dot plot. Finally, the use of IgG-VioBlue, IgA-VioGreen, and IgM-APC were used to quantify each specific isotype of spike-specific MBCs. Results are recorded as percentage among total memory B cells and isotypes among specific MBCs.


Peripheral blood mononuclear cells (PBMC) were isolated from EDTA-blood sample by Ficoll-Paque density gradient centrifugation using lymphocyte separation medium (Corning, New York, NY) and cryopreserved. Plasma samples were stored at −80°C.

All individuals included in the study provided either oral or written informed consent. This study was conducted in accordance with the Declaration of Helsinki (1996), approved by the institutional review boards of our Hospital Ethics Committee (EC162/20), and registered at the clinical trials repository.1 Demographic data including age, sex, race, body mass index (BMI), and comorbidities were recorded for all participants.



Quantitative determination of anti-S IgG, IgA, and IgM antibodies

Participants were tested for anti-N SARS-CoV-2 IgG antibodies (COVID-19-SARS-CoV-2 IgG ELISA, Demeditech, Germany) at baseline and after median of 17 days after the first dose to confirm serologic status regardless of the antibody production upon the vaccine. Results were recorded as relative units per milliliter (U/mL), with a threshold of 11 U/ml.

They were also tested for anti-Spike IgG antibodies (SARS-CoV-2 IgG II Quant, Abbott, Maidenhead, United Kingdom) with a threshold of 50 arbitrary units per milliliter (AU/mL), and both anti-S IgA and anti-S IgM (COVID-19-SARS-CoV-2 IgA ELISA, COVID-19-SARS-CoV-2 IgM ELISA Demeditech, Germany), with a threshold of 0.1 U/ml at baseline and after both doses.



Determination of antibodies that inhibit ACE2-RBD interaction

ACE2-RBD neutralizing antibodies were quantified using competitive inhibition enzyme immunoassay technique (Human Novel Coronavirus (SARS-CoV-2) Neutralizing Antibody ELISA Kit, MyBioSource) following the manufacturer’s instructions. Plate wells are pre-coated with SARS-CoV-2 RBD and horseradish peroxidase-conjugated ACE2 was added with the sample. The competitive inhibition reaction is launched between HRP-ACE2 and SARS-CoV-2 neutralizing antibodies in samples. A substrate solution is added to the wells and the color develops opposite to the amount of antibodies that inhibit ACE2-RBD interaction in the sample. Optical densities greater than half the optical density for the blank were considered negative. Results were recorded as ng/mL.



Determination of SARS-CoV-2 spike-specific memory B cells

SARS-CoV-2-specific MBCs detection was performed by binding the recombinant spike protein to the respective antigen-specific B cell receptor (BCR) on circulating B cells (SARS-CoV-2 spike B cell analysis kit, Miltenyi Biotec, Germany) by multiparametric flow cytometry (Figure 1B for cytometry strategy). Tetramers formed from recombinant SARS-CoV-2 Spike-Prot (HEK)-Biotin with Streptavidin, PE and PE-Vio770, respectively, were used according to the manufacturer’s instructions. This quantitative and qualitative analysis of specific MBCs and isotypes was performed by single-cell flow cytometry with fluorochrome-conjugated antibodies, and the 7-AAD for the exclusion of dead and apoptotic cells using a minimum of 5×106 PBMCs for each analysis. Results are recorded as percentage among total memory B cells and isotypes among specific MBCs.



Determination of SARS-CoV-2 spike-specific T cells

Specific CD4+ and CD8+ T cell responses were performed by intracellular cytokine staining using multiparametric flow cytometry. Briefly, after centrifugation at 200× g for 10 min, plasma fraction was collected and again centrifuged at 1200× g for 15 min, aliquoted and stored at −80°C. The cellular fraction was diluted with phosphate-buffered saline (PBS) and subjected to Ficoll density gradient centrifugation at 500× g for 20 min. PBMCs were washed and frozen in fetal bovine serum (FBS) with 8% dimethyl sulfoxide (DMSO, Sigma, United States) in liquid nitrogen. PBMCs were thawed and plated in 96-well flat-bottom plates at 106 cells/well in RPMI-1640 culture medium (Gibco, United States) supplemented with 10% human serum (AB serum, Sigma), 100 IU of penicillin/streptomycin/mL (Gibco, United States), 2 mm L-glutamine, and after 24 h cells were stimulated in five different conditions in the presence of 1 μg/ml purified anti-CD28 antibody (Miltenyi, Germany). Three wells were stimulated with each of the SARS-CoV-2 peptide pools at a concentration of 1 μg/ml. Each peptide pool was composed of 15-mer sequences with 11 amino acids overlap, covering the immunodominant sequence domains of the surface glycoprotein spike (S) of SARS-CoV-2 (PepTivator SARS-CoV-2 Prot S, Miltenyi-Biotec, Cologne, Germany). In addition, one well was stimulated with culture medium alone as a negative control (unstimulated), and other well was stimulated adding 1.5 mg SEB (staphylococcal enterotoxin B, Sigma, Germany) as the positive control. An unresponsive sample to SEB would be excluded from the analysis. Stimulated PBMCs were incubated for 2 h before adding brefeldin A (Rapid Cytokine Inspector CD4/CD8 T cell kit, Miltenyi, Germany) into the medium to stop cytokine release and kept in culture for other 14 h. After stimulation, staining of the cells was carried out with the following fluorochromes-conjugated antibodies using Rapid Cytokine Inspector CD4/CD8 T cell kit (Miltenyi, Germany): CD3-VioBlue, CD4-APC, CD8-FITC, CD14-PerCP, CD20-PerCP, IFN-γ-PE, and FcR blocking reagent. To exclude dead cells, viability 405/520 fixable dye staining (Milteny, Germany) was added for the last 10 min of incubation. Fixation and permeabilization were performed according to the manufacturer’s protocol. Samples were measured and analyzed by flow cytometry on a MACSQuant Analyzer 10 using MACSQuantify software. At least 105 cells were analyzed and gated with the following strategy. Single (FSC-A/FSC-H dot plot) and live cells were first selected. Cell debris, monocytes, and B cells were excluded from the analysis with CD14-and CD20-PerCP antibodies. Then, lymphocytes were selected with a FSC-A/SSC-A dot plot, and CD3 T cells were gated. IFN-γ expression was finally analyzed separately for CD4+ and CD8+ T cells and it was considered significant if there was at least 2-fold increase in reactive cells in comparison with the unstimulated control. The complete flow cytometry strategy is shown in Figure 2.
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FIGURE 2
 Flow cytometry gating strategy for the quantification of SARS-CoV-2 spike specific T cells. After stimulation with the spike peptide, staining of the cells was carried out with the following fluorochromes-conjugated antibodies: CD3-VioBlue, CD4-APC, CD8-FITC, CD14-PerCP, CD20-PerCP, IFN-γ-PE, and FcR blocking reagent. To exclude dead cells, viability 405/520 fixable dye staining was added for the last 10 min of incubation. Samples were measured and analyzed by flow cytometry on a MACSQuant Analyzer 10 using MACSQuantify software. At least 105 cells were analyzed and gated with the following strategy: Single (FSC-A/FSC-H dot plot) and live cells were first selected. Cell debris, monocytes, and B cells were excluded from the analysis with CD14-and CD20-PerCP antibodies. Then, lymphocytes were selected with a FSC-A/SSC-A dot plot, and CD3 T cells were gated. IFN-γ expression was finally analyzed separately for CD4+ and CD8+ T cells. A representative sample of negative control (without stimulation), positive control (stimulated with SEB), and with SARS-CoV-2 Spike peptide are shown in the lower figure.




Statistical analysis

Continuous variables were expressed as the median and interquartile range (IQ25-75) and categorical variables by frequencies and proportions. The Mann–Whitney U test (non-parametric) for independent samples was used to compare continuous variables. The Wilcoxon signed-rank test was used to compare paired samples to analyze the evolution of the measurements after vaccination. Spearman’s rank correlation coefficient was used to measure the association between two variables. Differences between categorical variables were evaluated using contingency tables (Chi-square distribution).




Results

Individuals were included in three groups according with the detection of specific MBCs at baseline as follows: IgG−MBC−group, including 31 seronegative individuals without specific MBCs. They had not reported symptoms or positive serology since the beginning of the pandemic; IgG+MBC+ group, including 24 seropositive individuals with specific MBCs; and IgG−MBC+ group, including 24 seronegative individuals with specific MBCs. Among this last group, 9 reported nasopharyngeal swab RT-PCR positive test and/or anti-N IgG antibodies, 12 reported nasopharyngeal swab RT-PCR positive test without any record of seropositivity, one showed symptoms but never developed positive serology, and two never reported symptoms or positive serology. The baseline characteristics of the 79 health care workers included in the study are shown in Table 1. The IgG−MBC−group was older compared to the IgG+MBC+ group (p = 0.013) and the IgG−MBC+ group (p = 0.005). All three groups were similar in sex, body mass index, and time from COVID-19 diagnosis to inclusion in this study.



TABLE 1 Characteristics of the individuals included in this study.
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Levels of specific memory B cells (MBC) and association with antibodies at baseline

Among individuals with specific MBCs, those with positive serology (IgG+MBC+ group) had higher levels of specific MBCs (p < 0.0001), IgG+ B cells (p < 0.0001), and IgM+ B cells (p = 0.001) compared to individuals without positive serology (IgG−MBC+ group). The level of IgA+ B cells was similar among the above two groups (p = 0.135), as shown in Figure 3A. Specific MBCs positively correlated with ACE2-RBD neutralizing antibodies (p = 0.077, although not significant) and anti-S IgG antibodies (p < 0.0001) among IgG+MBC+ individuals at baseline, as shown in Figure 4A. Specific MBCs were not associated with the level of anti-S IgA antibodies (p = 0.241), and the correlation with the level of anti-S IgM could not be performed due to the limited number of antibody positive individuals (N = 3). In parallel, specific IgG+ B cells correlated with the level of anti-S IgG antibodies (p < 0.0001) and specific IgA+ B cells correlated with the level of anti-S IgA antibodies (p = 0.005), as shown in Figure 4B. On the other hand, only, anti-S IgG antibodies positively correlated with the level of ACE2-RBD neutralizing antibodies (p < 0.0001). Specific memory B cells positively correlated with anti-S CD4 (p = 0.055) and CD8 (p = 0.037) T cells, as shown in Figure 4C.
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FIGURE 3
 (A) Frequency of specific memory B cells (MBCs) and isotypes in IgG+MBC+ (green) and IgG−MBC+ (blue) groups, and anti-S CD4+ and CD8+ T cells in IgG+MBC+ (green), IgG−MBC+ (blue), and IgG−MBC− (purple) groups after two doses of vaccine. (B) Frequency of specific MBCs after two doses of vaccine compared to baseline in IgG+MBC+ (green), IgG−MBC+ (blue), and IgG−MBC− (purple) groups. (C) Frequency of isotype IgG, IgA and IgM memory B cells after two doses of vaccine compared to baseline in IgG+MBC+ (green), IgG−MBC+ (blue), and IgG−MBC− (purple) groups. Mann–Whitney test. Only significant differences are shown. Statistically significant when p < 0.05.


[image: Figure 4]

FIGURE 4
 Associations of cellular immunity with specific serology at baseline in IgG+MBC+ group. (A) Association of specific memory B cells (MBCs) with ACE2-RBD neutralizing antibodies, anti-S IgG and anti-S IgA antibodies. (B) Association of specific isotype IgG and IgA MBCs with anti-S IgG and anti-S IgA antibodies, respectively. Association of ACE2-RBD neutralizing antibodies with anti-S IgG and anti-S IgA antibodies. (C) Association of IgG+ MBCs with anti-S CD4 and CD8 T cells. Pearson’s correlation r value and two-tailed p values are shown only when statistically significant (p < 0.05).




Association between specific MBC and antibodies after vaccination

Specific MBCs increased in all individuals after the second dose of the vaccine (Figure 3B). Interestingly, the level of specific MBCs in IgG−MBC−group was lower compared to that found in IgG−MBC+ (p = 0.0001) and IgG+MBC+ (p < 0.0001) groups, respectively.

Since specific IgG+ B cells were developed in all individuals (Figure 3C), the level of these cells was significantly lower in IgG−MBC−group compared to the other two groups. Only 77% of the individual in IgG−MBC−group developed specific IgA+ B cells and again with lower levels. The expansion of specific IgM+ B cells was very limited especially in IgG−MBC+ and IgG−MBC−groups, reaching only 29% in the last group.

ACE2-RBD neutralizing antibodies and anti-S IgG antibodies were detected in all individuals (Figures 5A,B). Interestingly, ACE2-RBD neutralizing antibodies in IgG−MBC−group were significantly lower compared to that found in both IgG−MBC+ and IgG+MBC+ groups after the first and the second dose (Figure 5A). As expected, IgG−MBC+ group showed lower levels of ACE2-RBD neutralizing antibodies compared to IgG+MBC+ group after the first (p < 0.001) and the second dose (p < 0.0001). The level of anti-S IgG in IgG−MBC−group was lower compared to the other two groups (Figure 5B). After the first dose, anti-S IgA antibodies were detected in 56% (10/18) of the individuals in IgG−MBC−group, while in 82 and 100% in IgG−MBC+ and IgG+MBC+ groups, respectively. The level of anti-S IgA antibodies was lower in IgG−MBC−group compared to the other groups. After the second dose, 81% of the individuals in IgG−MBC−group had anti-S IgA antibodies, while 91 and 100% were detected in IgG−MBC+ and IgG−MBC−groups, respectively. Again, the level of antibodies was lower in the IgG−MBC−group compared to the other groups. Anti-S IgM antibodies were barely detected after the first and the second doses among the three groups and the level was very low in all of them.
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FIGURE 5
 (A) Comparison of the levels of ACE2-RBD neutralizing antibodies in IgG+MBC+ (green), IgG−MBC+ (blue), and IgG−MBC− (purple) groups at baseline and after the first and second doses of the vaccine. The percentage of positive individuals are shown under the figure. Dotted line represents the positivity cut-off. (B) Comparison of the levels of anti-S IgG, IgM and IgA antibodies in IgG+MBC+ (green), IgG−MBC+ (blue), and IgG−MBC− (purple) groups at baseline and after the first and second doses of the vaccine. The percentage of positive individuals are shown under the figure. Dotted line represents the positivity cut-off. Mann–Whitney test. Only statistically significant values (p < 0.05) are shown.




Association between specific MBC and T cells

The specific T cell response was partially published elsewhere by our group and here we found it associated with the level of specific MBCs. Hence, specific MBCs directly correlated with specific CD4+ T cells (although not significant, p = 0.065), while no correlation was found with specific CD8+ T cells (p = 0.156) after vaccination, as shown in Figure 6. In parallel, ACE2-RBD neutralizing antibodies positively correlated with specific CD4+ T cells (p = 0.034), but not with CD8+ T cells (p = 0.158). ACE2-RBD neutralizing antibodies positively correlated with anti-S IgG and IgA antibodies after the first (p < 0.0001) and second (p < 0.0001), as shown in Figure 7. In the same way, specific MBC (N = 53) positively correlated with ACE2-RBD neutralizing antibodies (p < 0.0001), anti-S IgG (p < 0.0001), and anti-S IgA (p < 0.0001) antibodies after the second dose (Figure 8A). After the second dose, IgG+ B cells positively correlated with anti-S IgG antibodies (p < 0.0001), while IgA+ B cells positively correlated with anti-S IgA antibodies (p < 0.0001), as shown in Figure 8B.
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FIGURE 6
 Association of specific memory B cells with anti-S CD4 and CD8 T cells (upper side) and ACE2-RBD neutralizing antibodies with anti-S CD4 and CD8 T cells (lower side) after vaccination. Pearson’s correlation r value and two-tailed p values are shown only with statistical significance (p < 0.05).
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FIGURE 7
 Associations of ACE2-RBD neutralizing antibodies with anti-S IgG, IgM and IgA antibodies after the first and the second doses of the vaccine. Pearson’s correlation r value and two-tailed p values are shown only with statistical significance (p < 0.05).
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FIGURE 8
 (A) Association of specific memory B cells (MBCs) with ACE2-RBD neutralizing antibodies, anti-S IgG, IgM and IgA antibodies after the complete vaccine regimen. (B) Associations of specific IgG B cells with anti-S IgG, IgM and IgA antibodies. Pearson’s correlation r value and two-tailed p values are shown only with statistical significance (p < 0.05).




Association between specific unswitched and switched MBCs

Unswitched IgM+ MBCs strongly correlated positively with both switched isotypes IgG+ and IgA+ MBCs (p < 0.001 in both cases) after vaccination, as shown in Figure 9. On the other hand, no correlation between overall MBCs with both specific MBCs and isotypes of MBC were found.
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FIGURE 9
 Association between specific IgM+ B cells (unswitched) with both switched IgG+ and IgA+ B cells. Pearson’s correlation r value and two-tailed p values are shown.




Vaccine breakthrough

All individuals were followed for nearly 1 year after the complete vaccine regimen. Eight individuals (17%) became infected during the Omicron wave (between late 2021 and early 2022), all with mild symptoms. The level of ACE2-RBD neutralizing antibodies after the second dose was similar in individuals with or without vaccine breakthroughs, as shown in Figure 10. In addition, no differences in specific MBC, CD4+ or CD8+ T cells were found between individuals with or without vaccine breakthroughs.
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FIGURE 10
 Differences of ACE2-RBD neutralizing antibodies, specific memory B (MBCs) and T cells levels according to subsequent vaccine breakthrough. Mann–Whitney test.





Discussion

One of the current concerns about immune protection after SARS-CoV-2 infection or vaccination is the fact that specific antibodies wane between a few months (Ibarrondo et al., 2020; Long et al., 2020; Casado et al., 2021) and up to 6 months after infection (Lozano-Rodríguez et al., 2020; Wajnberg et al., 2020; Cui et al., 2021; Gaebler et al., 2021; Sherina et al., 2021; Zuo et al., 2021; Chen et al., 2022) due to the reduction of short-lived plasma cells. Although this has been seen as a sign of loss of immune protection, a pool of cells including memory B cells (MBC), long-lived plasma cells and memory T cells are key cells for keeping the protective immune memory on alert, despite the absence of circulating specific antibodies. The absence of these cells would make the immune response worse after an eventual infection.

We reported here that seronegative individuals without specific MBCs developed lower humoral and cellular (including specific T and B cell responses) after two doses of mRNA-based Comirnaty vaccine, compared to individuals with specific MBCs with or without specific antibodies. Of note, in the absence of specific antibodies, the presence of specific MBCs acts as booster for potentially rapid and high-quality protective immune response.

In accordance with other studies (Mortari et al., 2021; Balachandran et al., 2022), we found specific MBC in convalescents with undetectable specific antibodies before vaccination but with lower levels compared to seropositive individuals with specific MBCs before vaccination, especially isotypes IgG+ and IgM+ B cells. Nevertheless, this lower level was enough to generate faster and higher levels of ACE2-RBD neutralizing antibodies and anti-S switched isotypes (anti-S IgG and IgA antibodies) early after the first dose of the vaccine compared to seronegative individuals without specific MBCs.

After the complete vaccine regimen, although all IgG−MBC−individuals developed specific IgG+ MBCs, anti-S IgG, and ACE2-RBD neutralizing antibodies, only 77% had detectable IgA+ MBC, and 81% developed anti-S IgA antibodies. This was in parallel with lower levels of specific MBC or antibodies compared to the other two groups. In contrast with other groups where most of the individuals showed IgM+ B cell isotype after vaccination (Mortari et al., 2021), in our study, only 29% of the IgG−MBC−individuals showed this cellular isotype. This suggests again that the absence of specific MBCs and antibodies before vaccination, or after a period of time after vaccination when specific responses waned and lost, correlates with lower protection against an eventual infection. Therefore, these individuals may benefit from a vaccine booster. It is also interesting that IgM+ B cell isotype positively correlated with switched (IgA+ and IgG+) B cell isotypes. A stronger initial B cell response (unswitched isotype) drive to the development of high-affinity switched isotypes, conferring a stronger B cell response. On the contrary, the level of overall memory B cells did not correlate with the level of specific memory B cells, including both unswitched and switched isotypes.

Very few published studies have compared specific antibodies, MBCs, CD8+ and CD4+ T cells following vaccination in the same individuals. Whether these specific T cells could serve as surrogates for protective immunity remains to be determined. Data on specific CD4+ and CD8+ T cells of the individuals included in this study have been reported previously (Casado et al., 2021, 2022; Cortés et al., 2022). In agreement with others (Mortari et al., 2021; Zollner et al., 2021), we identified specific MBCs associated with specific CD4+ T cells (although not significant), while we did not find an association with specific CD8+ T cells found by others (Chen et al., 2022; Vitiello et al., 2022), indicating a partial convergent development of humoral and cellular adaptive immunity in our study. In contrast with other studies (Chen et al., 2022), specific CD4+ T cells did not correlate with specific antibodies perhaps because we analyzed total specific CD4+ T cells rather than subsets such as T follicular helper (Tfh) cells. Some studies have suggested that CD4+ Tfh responses are key in SARS-CoV-2 infection (Cui et al., 2021). However, the characteristics of these Tfh responses at, or soon after, infection have not been related to the specific MBCs and antibody responses for SARS-CoV-2 1 year after infection.

Maintenance of high-quality protective response is becoming increasingly important with the ongoing development and transmission of new variants of concern (VoCs). Although the precise titer of neutralizing antibodies required to infer protection is unclear, even low titers of neutralizing antibodies in humans have been associated with protection against severe disease (Purtha et al., 2011; Chen et al., 2022; Kaplonek et al., 2022). Eight individuals (17%) became infected after 1 year of the complete vaccine regimen during the Omicron wave (between late 2021 and early 2022), although with mild symptoms. Unfortunately, the titer of ACE2-RBD neutralizing antibodies and the level of specific MBCs after the second dose of the vaccine were similar in individuals with or without vaccine breakthrough, not supporting the association of these immune responses with protection against infection at least 1 year earlier. Nevertheless, this has to be taken with caution since the number of individuals infected after vaccination was very low and hence the power of this analysis is limited.

One limitation of this study was the limited number of individuals included who completed the two doses of the vaccine regimen. Nevertheless, all these individuals have been followed very closely since the beginning of the pandemic are have been very well characterized.

In conclusion, seronegative individuals with undetectable specific MBCs showed the worst humoral and cellular responses, both in frequency and magnitude. These individuals are less protected and hence are good candidates for earlier boosting vaccines to prevent eventual infections or at least to prevent severe disease compared to seronegative individuals with specific memory B cells. Monitoring specific T cell response is nowadays implemented as a clinical resource in certain hospitals in Spain. According to our results, monitoring specific B cells should be also implemented in hospital given its potential clinical relevance and the great help for clinicians to identify those individuals that may require more close evaluations and vaccine boosters. This assay could be implemented without much technical difficulty since it only requires a flow cytometry analysis, without the need for cell cultures.
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