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The mucosal immunity is crucial for restricting SARS-CoV-2 at its entry site. Intramuscularly applied vaccines against SARS-CoV-2 stimulate high levels of neutralizing Abs in serum, but the impact of these intramuscular vaccinations on features of mucosal immunity is less clear. Here, we analyzed kinetic and functional properties of anti-SARS-CoV-2 Abs in the saliva after vaccination with BNT162b2. We analyzed a total of 24 healthy donors longitudinally for up to 16 months. We found that specific IgG appeared in the saliva after the second vaccination, declined thereafter and reappeared after the third vaccination. Adjusting serum and saliva for the same IgG concentration revealed a strong correlation between the reactivity in these two compartments. Reactivity to VoCs correlated strongly as seen by ELISAs against RBD variants and by live-virus neutralizing assays against replication-competent viruses. For further functional analysis, we purified IgG and IgA from serum and saliva. In vaccinated donors we found neutralizing activity towards authentic virus in the IgG, but not in the IgA fraction of the saliva. In contrast, IgA with neutralizing activity appeared in the saliva only after breakthrough infection. In serum, we found neutralizing activity in both the IgA and IgG fractions. Together, we show that intramuscular mRNA vaccination transiently induces a mucosal immunity that is mediated by IgG and thus differs from the mucosal immunity after infection. Waning of specific mucosal IgG might be linked to susceptibility for breakthrough infection.
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1 Introduction

Since the entry site of SARS-CoV-2 is the upper respiratory tract, the mucosal immunity in this area is crucial for fighting the infection in the first place (1, 2). Analysis of the humoral immunity at mucosal sites has historically been focused on IgA, but growing evidence points to a contribution of IgG and IgM to mucosal immunity (3).

In COVID-19 patients, mucosal IgA is induced and highly efficient in neutralizing SARS-CoV-2 (4–6). This IgA is produced locally at the mucosal sites and then released as secretory (s)IgA, which is dimeric; containing the secretory component and the joining (J)-chain. The J-chain serves as a ligand for the polymeric immunoglobulin receptor (pIgR), which is an IgA transporter expressed by mucosal epithelial cells (3, 7). In contrast, IgA in human blood is monomeric, origins from different sites and affects the immunopathology in different tissues including the brain (8, 9). IgA present in blood is not transported into secretions in the mucosa via passive transudation (10).

In contrast to IgA, circulating IgG is transported across mucosal barriers (10) and the neonatal FcR has been identified to be crucial for this process (11, 12). This mucosal IgG can neutralize their antigen, but can also scavenge luminal antigen for further recognition by the immune system (11, 12).

Intramuscular vaccinations against SARS-CoV-2 stimulate a potent systemic immunity (Ig, memory B cells and T cells) (13). These vaccinations transiently protect from infection and can efficiently prevent serious illness, but breakthrough infections occur quite frequently a few months after the last vaccination. Reasons for these breakthrough infections are reduced cross-reactivity against newly emerging variants of concern (VoCs) and waning immunity in particular at the mucosal sites (2).

While the systemic IgG response after vaccination has been studied in great detail, aspects of mucosal immunity after intramuscular vaccination against SARS-CoV-2 have been analyzed less extensively and yielded partially contradictory results. For example, BNT vaccine was reported to induce IgG and little or no specific IgA in the saliva with unclear neutralizing activity (14), while others reported the induction of both SARS-CoV-2-specific IgG and mucosal IgA after vaccination (15–18). Yet another study described systemic, but not mucosal SARS-CoV-2-specific Ig after vaccination (19). Thus, although there is evidence that vaccinations induce anti-SARS-CoV-2 immunity in the saliva, detailed functional features of the mucosal IgG and IgA after vaccination are still unclear.

Here, we performed a longitudinal study analyzing serum and saliva responses from 24 healthy donors after one to three vaccinations over a period of up to 16 months. We set out to compare the functional activity of SARS-CoV-2-specific IgG and IgA in the saliva in relation to serum. To this end, we purified IgG and IgA from both saliva and serum, analyzed their neutralizing activity against SARS-CoV-2 in whole virus assays and determined the reactivity against VoCs. We compared this functional activity of IgG and IgA fractions from vaccinated people and those who underwent a breakthrough infection. Thereby, we found that vaccination induces a mucosal immunity that is distinct from the mucosal immunity after infection.




2 Materials and methods



2.1 Study participants and sample processing

We analyzed the humoral response of 24 healthy donors (62.5% female; mean age = 37.2 ± 12.6 years) before and after one to three intramuscular injections with the BNT162b2 COVID-19 vaccine from Pfizer–BioNTech. None of the donors had severe side effects of the vaccination. Samples were taken for up to the following ten different time points: 1 = before first vaccination; 2 = two weeks after first vaccination; 3 = before second vaccination; 4 = two weeks after second vaccination; 5 = six weeks after second vaccination; 6 = three months after second vaccination; 7 = six months after second vaccination; 8 = two weeks after third vaccination; 9 = three months after third vaccination; 10 = six months after third vaccination. The time points 4, 8, 9 and 10 were confirmed to be negative for antibodies against the SARS-CoV-2 nucleocapsid protein. Further, we included 12 participants (50.0% female, mean age = 30.1 ± 10.5 years) with three COVID-19 vaccinations and an additional SARS-CoV-2 breakthrough infection, which was confirmed by SARS-CoV-2-specific PCR. These subjects had a mild disease course during the late Delta and early Omicron period and were not hospitalized. Serum was stored at -80°C. Saliva was collected in 50 ml falcon tubes, centrifuged for 10 min at 4000 g and stored at -80°C.

The study was approved by the ethical committee of the medical faculty of the LMU Munich. Written informed consent was obtained from each donor prior to their inclusion in the study.




2.2 Detection of SARS-CoV-2 spike protein-specific IgG and IgA

SARS-CoV-2-specific IgG and IgA were detected in sera and specific IgG in saliva using EUROIMMUN anti-SARS-CoV-2 ELISA kits coated with the S1 domain of the SARS-CoV-2 spike protein (EUROIMMUN, Lübeck, Germany). Serum was diluted starting with 1:101 in sample buffer as indicated in the manufacturer’s protocol, and saliva was applied with a 1:2 dilution. Samples were serially diluted with the factor two in order to obtain optical density (OD) values below 2.5 and the applied dilution factor was considered accordingly in the calculation. EUROIMMUN uses a ratio-based analysis for test evaluation and recommends interpreting the results as follows: negative (ratio <0.8), borderline (ratio ≥0.8 to <1.1), positive (ratio ≥1.1).

For determining SARS-CoV-2-specific secretory IgA levels in saliva, an in-house RBD ELISA was used as described in (14). Briefly, half-area ELISA plates were coated with 50 µL of SARS-CoV-2 wild type (WT) RBD (2 µg/mL; PX-COV-P046, ProteoGenix, Schiltigheim, France) or bovine serum albumin (BSA, 2 µg/mL, Sigma-Aldrich) overnight at 4°C. The plates were then blocked for 1 h at room temperature with 100 µL of blocking buffer (3% milk in PBS containing 0.05% Tween 20 (PBST)). Saliva samples were diluted 1:5 in sample buffer (1% milk in 0,1% PBST), 50 µL was added per well and incubated at room temperature (RT) for 2 h. Abs were then detected with 50 µL of anti-human IgA alkaline phosphatase (AP)-conjugated secondary antibody (1:16000, A18790, Thermo Fisher Scientific, Waltham, MA, USA) and 50 µL of 1-Step™ PNPP solution (37621, Thermo Fisher Scientific) as the substrate. The reaction was stopped by adding 25 µL of 2 N sodium hydroxide. The OD of the chromogenic reaction was measured at 405 nm, and the plate background at 540 nm was subtracted.




2.3 Detection of SARS-CoV-2 nucleocapsid protein-specific Abs

SARS-CoV-2 nucleocapsid antibodies were measured in sera using the Elecsys Anti-SARS-CoV-2 sandwich assay on a Cobas e801 module (Roche Diagnostics, Mannheim, Germany) and the analysis was conducted according to the manufacturer’s instructions. The assay employs a SARS-CoV-2 specific recombinant antigen representing the nucleocapsid protein. The electrochemiluminescent signal obtained was compared to the cut-off signal value previously generated by two calibrators. The results were expressed as cut-off index, negative COI <1.0 or positive COI ≥1.0, for anti-SARS-CoV-2 total antibodies.




2.4 Cross-reactivity to RBD of variants of concern

The cross-reactivities of Abs recognizing SARS-CoV-2 WT to RBDs of VoCs Alpha/B.1.1.7 (mutation N501Y), Beta/B.1.351 (mutations K417N, E484K, N501Y), Gamma/P.1 lineage (mutations K417T, E484K, N501Y), also called B.1.1.248, Delta/B.1.617.2 (mutations L452R, T478K), and Omicron/B.1.1.529 BA.1 (mutations A67V, Δ69-70, T95I, G142D, Δ143-145, Δ211-212, ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493K, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, L981F) (20) were determined by ELISA. Half-area ELISA plates were coated with 50 µL of 2 µg/mL RBD WT (PX-COV-P046, ProteoGenix), RBD Alpha (PX-COV-P052, ProteoGenix), RBD Beta (PX-COV-P053, ProteoGenix), RBD Gamma (PX-COV-P054, ProteoGenix), Delta (PX-COV-P061, ProteoGenix), Omicron (PX-COV-P074, ProteoGenix), or BSA (2 µg/mL; Sigma-Aldrich) overnight at 4°C. The subsequent procedure was as described in (Winklmeier et al., 2022). Briefly, the plates were blocked for 2 h at 37°C with 100 µL of blocking buffer (3% milk in PBST). Serum (1:100) or saliva (1:2) were diluted in PBST containing 1% BSA, 50 µL was added per well and incubated at RT for 2 h. Abs were then detected with 50 µL of anti-human IgG horseradish peroxidase (1:5000, 109-036-003, Jackson ImmunoResearch, West Grove, PA, USA) and 50 µL of tetramethylbenzidin (TMB, Sigma-Aldrich) as the substrate. The reaction was stopped by adding 25 µL of 1 M sulfuric acid. The OD of the chromogenic reaction was measured at 450 nm, and the plate background at 540 nm was subtracted.




2.5 Purification of IgG and IgA

IgG and IgA were purified from blood (plasma/serum) or saliva using IgG NAb™ protein G spin kit (89979, Thermo Fisher) and the CaptureSelect™ IgA affinity matrix (194288005, Thermo Fisher). Samples were collected 2-4 weeks after the third vaccination. Briefly, for IgG purification, columns were equilibrated by adding 2 mL of binding buffer and centrifuged for 1 minute. Filtered samples were loaded subsequently and incubated at RT with end-over-end mixing for 10 minutes. Columns were washed three times by adding 2 mL of binding buffer and centrifuged for 1 minute. Neutralization buffer (50 µl) was added to a 15 mL collection tube, the spin column placed into that tube, 500 µl elution buffer added to the column and centrifuged for 1 minute. Further elution fractions were obtained by repeating these steps to a total of five times. For IgA purification, the columns were packed with the resin and equilibrated three times with 3 ml of PBS. Filtered samples were loaded subsequently and incubated at RT with end-over-end mixing for 30 minutes. Columns were washed four times by adding 3 mL of PBS and centrifugation for 1 minute. Neutralization buffer (50 µl) was added to a 15 mL collection tube, the column placed into that tube, 500 µl of 0.1M glycine at pH 3 added to the column for elution and centrifuged for 1 minute. Further elution fractions were obtained by repeating these steps to a total of five times. We have analyzed the purified IgG and IgA fractions from plasma and saliva by a non-reducing SDS-PAGE gel. This shows that the purified IgA from the saliva is dimeric while the IgA from the plasma is largely monomeric (Supplementary Figure 1).

All fractions from IgG or IgA isolations of each donor and sample were combined, concentrated and buffer-exchanged in PBS with Amicon® Ultra 10K devices (10,000 NMWL, UFC801024, Merck Millipore, Burlington, MA, United States), and the total IgG concentration was measured by human IgG and IgA ELISA development kits (3850-1AD-6, 3860-1AD-6, Mabtech, Nacka Strand, Sweden). Depending on the available amount of material, concentration of 0.3 – 1.0 mg/ml was used for the neutralization assay.




2.6 Live virus neutralization assay

The neutralizing activity of sera, plasma, saliva purified IgG and IgA was analyzed using a live virus neutralization assay, as described in (21, 22). Briefly, CaCo-2 cells in cell culture medium (Dulbecco’s Modified Eagle’s Medium containing 2% fetal bovine serum) were challenged for 2 h with clinical isolates of different SARS-CoV-2 variants (EU1/B.1.177, Alpha/B.1.1.7, Beta/B.1.351, Gamma/P.1/B.1.1.28.1, Delta/B.1.617.2, Omicron/B.1.1.529 sublineage BA.1) previously obtained from nasopharyngeal swabs of COVID-19 patients (23, 24). Subsequently, cell culture medium was exchanged, and three days post infection supernatants were passaged on Vero-E6 cells. After three additional days, cell culture supernatants were harvested and stored at -80°C. Virus stocks were characterized by rRT-PCR. A volume of each stock, which results in a 90% cytopathic effect three days post infection, was incubated for 2 h with the neutralizing samples at different dilutions. Subsequently, 10 µL of the virus-sample mixtures were added to 20 µL MDA-MB-231 cells overexpressing the human angiotensin-converting enzyme 2 receptor (hACE2) cultured in 384-well plates (7,500 cells/well). Three days post infection, 10 µL of CellTiter-Glo 2.0 reagent (Promega, Madison, WI, USA) were added to each well and the luminescence was recorded (0.5 s integration time, no filter). Half-maximal inhibitory concentrations (IC50) for inhibiting virus-mediated cell death were computed in Prism 9 (GraphPad Software, Boston, MA, USA) via normalized sigmoidal dose-response curve approximation with variable slopes.




2.7 Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prism 7.01 and 9.0.2 and are indicated in detail in each figure legend.





3 Results



3.1 Vaccination transiently induces SARS-CoV-2-specific IgG in the saliva

In our longitudinal study, we analyzed the level of SARS-CoV-2-specific IgG and IgA in serum and saliva from 24 vaccinated healthy donors for a time period of over one year with ELISA (Figure 1). A baseline sample was obtained shortly before the first dose of BNT vaccination and the collection continued until six months after the third injection of vaccination. In total, up to ten time points were sampled (mean = 6.0 ± 2.8 time points) for up to 16 months (mean = 9.5 ± 5.2 months). The samples obtained at time points 4, 8, 9 and 10 were confirmed to be negative for antibodies against the SARS-CoV-2 nucleocapsid protein in order to exclude a previous infection. We only included samples from donors who were negative at time point 4 and tested the reactivity at time points 4, 8, 9, and 10. The reactivity against the nucleocapsid protein typically persists for a longer period, so a negative anti-nucleocapsid protein antibody test at time point 4 excludes a previous infection against SARS-CoV-2, since time points 1-3 were only approximately 6 weeks before time point 4 (about two weeks after the second vaccination).




Figure 1 | IgG and IgA response to the S1 domain of the SARS-CoV-2 spike protein after BNT vaccination obtained by ELISA. (A, B) Longitudinal reactivity of specific IgG in serum (A) and saliva (B). (C) Longitudinal reactivity of specific IgA in serum. Arrows indicate vaccination time points one, two and three. Connection between dots refer to the response within one donor. Time points of sampling: 1 = before first vaccination (nA = 17, nB = 9, nC = 17); 2 = two weeks after first vaccination (nA = 14, nB = 14, nC = 14); 3 = before second vaccination (nA = 10, nB = 10, nC = 10); 4 = two weeks after second vaccination (nA = 17, nB = 16, nC = 17); 5 = six weeks after second vaccination (nA = 9, nB = 9, nC = 9); 6 = three months after second vaccination (nA = 14, nB = 13, nC = 14); 7 = six months after second vaccination (nA = 21, nB = 18, nC = 21); 8 = two weeks after third vaccination (nA = 19, nB = 17, nC = 19); 9 = three months after third vaccination (nA = 14, nB = 12, nC = 14); 10 = six months after third vaccination (nA = 10, nB = 8, nC = 10). The area between the two horizontal dotted lines in (A, C) was considered to represent the borderline zone of reactivity (EUROIMMUN). For comparison, we included these lines for serum also in the graph of saliva IgG. Closed dots represent IgG and open dots IgA.



Two weeks after the first dose of vaccination, over 90% of donors developed SARS-CoV-2-specific IgG in their serum (Figure 1A). This increased further to 100% two weeks after the second dose. The specific IgG response dropped over the observed period of six months after the second vaccination but stayed positive for all participants. Two weeks after the third vaccination, the specific IgG titers reached a similar level as after the second dose, and decreased more slowly compared with the course of six months after the second vaccination.

In the saliva, the SARS-CoV-2-specific IgG increased more slowly than in the serum and showed a clearly positive response only after the second vaccination (Figure 1B). The specific reactivity was transient and dropped faster in saliva compared to serum. After the third vaccination, the specific IgG levels could reach a similar response as seen after the second dose.

After the second vaccination, the proportion of participants with SARS-CoV-2-specific IgA in serum declined from 100% (after 2 weeks) to 71.4% (after 6 months, p = 0.0010, Dunn’s multiple comparisons test) (Figures 1A, C). After the third vaccination, SARS-CoV-2-specific IgA in serum was observed in all patients. The level of the serum IgA was similar as seen after the second vaccination, but declined slower; 90% of participants remained positive after 6 months.

For the analysis of specific IgA in the saliva, we could not obtain a clear signal with the EUROIMMUN ELISA kit due to a high background (Supplementary Figure 2A). Therefore, we developed an in-house ELISA following a previous publication (14). Also with this test, we did not observe a significant increase of specific IgA after any of the three doses of vaccinations (Supplementary Figure 2B). Further, we tested the saliva of donors who had a breakthrough infection with COVID-19 after the third vaccination and were able to detect a specific IgA response compared to baseline saliva (Supplementary Figure 2C).

To compare the association between SARS-CoV-2-specific IgG in serum and saliva, we determined the total IgG concentration in each sample (mean of serum IgG = 7.8 ± 1.8 mg/ml, mean of saliva IgG = 14.7 ± 13.2 µg/ml). Subsequently, we diluted the serum to the concentration of the saliva and compared the reactivity to RBD WT by the two samples side-by-side in an ELISA. Hereby, we observed a significant correlation between the SARS-CoV-2-specific IgG levels in serum and saliva (Figure 2, r = 0.95, p < 0.0001).




Figure 2 | Comparison of SARS-CoV-2-specific IgG levels in serum and saliva. Serum samples were diluted to the same total IgG levels of their corresponding saliva sample and then tested in parallel in an ELISA coated with RBD of SARS-CoV-2 WT. Grey dots represent baseline values (n = 7). Black dots represent time point of two weeks after second vaccination (n = 7). Black rectangles represent time point of two weeks after third vaccination (n = 11). IgG levels in serum did correlate with the IgG levels in saliva (Spearman correlation, for all values rall = 0.95, for time points only two weeks after second and third vaccination rvacc = 0.89).






3.2 Cross-reactivity to VoCs closely correlate in serum and saliva

We analyzed the cross-reactivity of IgG from serum and saliva samples after the second (Figures 3A, B) and the third vaccination (Figures 3C, D) against the RBD of five VoCs: Alpha/B.1.1.7, Beta/B.1.351, Gamma/P.1, Delta/B.1.617.2, and Omicron/B.1.1.529 BA.1 (20). The reactivity against the Alpha variant was similar as seen for the WT RBD, whereas the recognition of the Beta and Delta variants was reduced by approximately 30 to 50% (p < 0.0001). The recognition of the Gamma variant was about 50 to 70% lower than that for the WT (p <0.0001), and the Omicron variant was least recognized with a reduction of more than 75% compared to WT (p < 0.0001). This reactivity pattern was similar for serum and saliva after the second and third vaccination with BNT and showed a highly significant correlation as seen in Figures 3E (r = 0.8879, p < 0.0001) and 3F (r = 0.7384, p < 0.0001).




Figure 3 | Cross-reactivity of IgG to RBDs of emerging variants in serum and saliva. ELISA plates were coated with RBDs of wild type (WT, black) and of VoCs Alpha/B.1.1.7 (green), Beta/B.1.351 (dark yellow), Gamma/P.1, also called B.1.1.248 (blue), Delta/B.1.617.2 (pink), or the Omicron/B.1.1.529 lineage (violet) SARS-CoV-2 variant. The relative reactivity is shown for each specific response normalized to the reactivity against WT RBD. (A) shows the reactivity of serum and (B) of saliva two weeks after the second BNT vaccination, (C) of serum and (D) of saliva two weeks after the third BNT vaccination. Each dot represents one donor. Horizontal lines indicate the mean IgG levels of all donors in the respective groups. The reactivity of the different RBD variants was normalized to the RBD WT (one-way ANOVA, Tukey’s multiple comparison test). (E, F) Comparison of SARS-CoV-2 IgG cross-reactivity in serum and saliva. Relative reactivity of specific IgG against RBDs of VoCs reveals a significant correlation between serum and saliva after the second (E, Spearman correlation, r = 0.8879, p < 0.0001) and third vaccination (F, Spearman correlation, r = 0.7384, p < 0.0001). Each dot represents the response of one donor against an RBD of a VoC as depicted in detail in (A–D, each condition n = 10).






3.3 Vaccination induces neutralizing IgG but not IgA in the saliva

We further performed a neutralization assay with the authentic SARS-CoV-2 virus variant EU1/B.1.177 (Figure 4). When we analyzed the unpurified samples, we could only obtain a neutralizing activity for blood plasma/serum after vaccination but not for the saliva (Supplementary Figure 3A). This might be due to the different Ig levels in the material. In serum, the mean IgG level was approximately 7.8 ± 1.8 mg/ml and the mean IgA levels about 1.8 ± 0.6 mg/ml, whereas the mean IgG levels of saliva were about 14.7 ± 13.2 µg/ml and the mean IgA levels about 92.3 ± 64.3 µg/ml.




Figure 4 | Induction of neutralizing IgG in saliva after vaccination. Samples were collected within one month after the third BNT vaccination. IgG and IgA were purified and a live virus neutralization assay was performed as described in materials and methods. The neutralizing activity is displayed as IC50 normalized to 107 viral RNA copies against the EU1/B.1.177 variant of SARS-CoV-2 in (A–D) and against the EU1/B.1.177, Alpha/B.1.1.7, Beta/B.1.351, Gamma/P.1/B.1.1.28.1, Delta/B.1.617.2 and Omicron/B.1.1.529 sublineage BA.1 variant of SARS-CoV-2 in (E). In saliva (A) only a reactivity is visible for post-vaccination IgG compared to IgA (n = 9; p = 0.0078, Mann-Whitney U test). (B) After an additional breakthrough infection a clear signal for neutralizing IgA can be obtained (n = 9; p = 0.0294, Mann-Whitney U test). Neutralizing activity after IgG and IgA purification of plasma/serum is depicted in (C, D). The baseline IgG (n = 12) and IgA (n = 13) showed no reactivity compared to plasma/serum-derived Ig after vaccination (n = 9) (plasma/serum-derived IgG p < 0.0001, plasma/serum-derived IgA p = 0.0545, Mann-Whitney U test). Each dot represents one donor. Closed dots represent IgG and open dots IgA. Horizontal lines indicate the mean IgG levels of all donors in the respective groups. (E) Comparison of neutralization of plasma/serum-derived IgG and saliva IgG against different SARS-CoV-2 VoC. Neutralizing IgG reveals a significant correlation between plasma/serum and saliva after the third vaccination (Spearman correlation, r = 0.6927, p < 0.0001). Each dot represents the neutralizing activity of one donor (n = 9) against a SARS-CoV-2 VoC. Detailed responses of the purified IgG from plasma/serum and saliva of each donor to each variant can be found in the Supplementary Figures 3B, C.






Figure 5 | Cartoon summarizing our findings: After the second and third vaccination, SARS-CoV-2-specific IgG and IgA can be found in serum or plasma over six months (left panel). The specific IgG in saliva revealed only a transient reactivity (right panel). After Ig purification, we detected neutralizing IgA in plasma/serum of some vaccinated donors, whereas neutralizing IgG was present within all plasma/serum samples. In saliva from vaccinated individuals, we observed neutralizing activity only in the IgG but not in the IgA fraction (lower panel).




Therefore, we set out to elaborate the functional activity of specific Ig classes, and purified IgG and IgA from blood plasma/serum or saliva. This procedure allowed us to analyze the neutralizing capacity in more detail. Our separation and purification of IgG and IgA from the saliva, has two aspects. First, we can dissect the functional neutralizing activity of IgG versus IgA in the saliva. Second, this increases our sensitivity to detect functional Ig, since both the IgG and IgA concentration in the purified IgG and IgA fractions is higher than in the crude saliva. In the saliva after vaccination (without breakthrough infection), we found neutralizing activity in the IgG, but not in the IgA fraction (Figures 4A, B). In contrast, after an additional breakthrough infection, purified IgA from saliva showed a neutralizing activity (Figure 4B).

After vaccination, all donors showed a significant increase in neutralizing IgG reactivity (p < 0.0001) in the plasma/serum when compared to baseline IgG from plasma/serum. In contrast, only a few donors harbor neutralizing IgA in their plasma/serum after vaccination (Figures 4C, D). Further, we investigated the neutralizing capacity against emerging variants. Here, we could detect a significant correlation between the neutralization of plasma/serum-derived IgG and saliva IgG after the third vaccination against different SARS-CoV-2 VoCs (EU1/B.1.177, Alpha/B.1.1.7, Beta/B.1.351, Gamma/P.1/B.1.1.28.1, Delta/B.1.617.2, Omicron/B.1.1.529 sublineage BA.1, Figure 4E, r = 0.6927, p < 0.0001). Supplementary Figure 3B, C shows the detailed responses of the purified IgG from plasma/serum and saliva of each donor to each variant.





4 Discussion

Previous studies analyzing anti-SARS-CoV-2 reactivity in the saliva after vaccination yielded partially contradictory results (14–19). Our study of functional analysis of purified IgA and IgG from the saliva shows that intramuscular vaccination transiently induces a neutralizing activity in the saliva and that this resides in the IgG rather than in the IgA fraction. To analyze features of neutralizing activity against SARS-CoV-2 induced by vaccination, we purified IgG and IgA from saliva and plasma/serum and tested their neutralizing activity against different VoCs. Thereby, we found that vaccination induces a mucosal immunity that is distinct from the mucosal immunity after infection. After vaccination, we found neutralizing IgG, but not neutralizing IgA in the saliva. In serum, however, we detected neutralizing activity from both fractions. We have examined the linkage between total IgG content in serum and saliva with the specific anti-SARS-CoV-2 reactivity in these compartments. As a result, we found a close correlation between serum and saliva IgG reactivity. This is consistent with the view that a fraction of serum IgG is transported to mucosal surfaces via FcRn, while IgA is not transported along this route (11).

Breakthrough infections and primary infections were shown to induce potent IgA in the saliva (4, 5, 25–27). Plasma IgA monomers specific to SARS-CoV-2 proteins were demonstrated to be twofold less potent than IgG equivalents while IgA dimers, the primary form of antibody in the nasopharynx, on average, were 15 times more potent than IgA monomers against the same target (5). Thus, the mucosal immunity after primary infection is distinct from that after vaccination. To achieve great amounts of mucosal IgA after vaccination, mucosal routes of vaccine application are on the horizon (28, 29).

Saliva has been proposed as an alternative for serological studies to detect SARS-CoV-2-specific IgG (30), e.g. in population studies, in particular of children (31). But this approach has to take into consideration that the sensitivity to detect a specific IgG response is higher when serum is analyzed as compared to saliva. This differential sensitivity became clear by our longitudinal analysis over a period of up to more than 16 months. While SARS-CoV-2-specific IgG is readily detected in serum after the first vaccination, two or more vaccinations are needed for the detection of specific IgG in the saliva. The reduced detectability of specific IgG reflects the lower total IgG concentration in the saliva, which was about 500-fold less than serum IgG levels in our study. This concentration difference of IgG between serum and saliva and the lack of transport of serum IgA to saliva (10, 11) explains the reduced sensitivity towards detecting anti-SARS-CoV-2 response in the saliva as compared to serum.

The brief presence of neutralizing mucosal IgG after vaccination might explain why vaccination only transiently induces protection from infection. Our longitudinal ELISA analysis over a period of up to more than 16 months after vaccination showed that the mucosal IgG against SARS-CoV-2 appears only transiently. This aligns with results from previous studies with shorter observation periods (17, 32).

The reduction of IgG after a few months might explain the susceptibility to breakthrough infections, in particular if the waning mucosal immunity is accompanied by the appearance of new VoCs. We found a strong correlation between reactivity to VoCs in serum and saliva. A previous study observed a lack of mucosal reactivity against Omicron, although such a reactivity was seen in serum (17). Limited cross-reactivity to VoCs in the saliva has been described (17, 33). We observed that the cross-reactivity to VoCs in the saliva reflects serum cross-reactivity of IgG, in accordance with the concept that IgG is transported from blood to mucosal sites independent of their antigen-specificity via FcRn (11).

While we did not see neutralizing IgA in the saliva after vaccination, we detected also a systemic IgA response, in accordance with previous observations (34). Our longitudinal ELISA studies indicated a more robust persistence of serum IgG than serum IgA. Six months after the second vaccination, all participants had a specific IgG reactivity in serum while only 71.4% of them had a specific IgA response. This resembles the situation of systemic IgA and IgG after infection, where IgG in serum is more stable than IgA (27), although some individuals loose systemic IgG after infection while they keep memory B cells that can give rise to Abs with neutralizing activity (21). Intriguingly, the circulating IgA may also contribute to the protection after vaccination. It was observed that participants who experienced breakthrough infections with SARS-CoV-2 variants had lower levels of vaccine induced serum anti-Spike/RBD IgA at 2–4 weeks post-dose two compared to participants who did not experience an infection, while total IgG levels were comparable between groups (34).

Further studies are needed to elaborate the clonal relationship between systemic IgA and IgG responses after vaccination against SARS-CoV-2. A recent work analyzing memory B cells and plasmablasts responsive to recall antigens indicated that IgA and IgG memory B cells are clonally related in some cases and might arise from the same germinal centers (35).

We have examined the saliva, but not other mucosal sites as mucosal Abs in nasal secretions are less strongly detected than in the saliva (36). The analysis of nostril swabs, nasopharyngeal aspirate and endotracheal aspirate for SARS-CoV-2-specific Abs has been done and yielded subtle differences between these compartments (37). Furthermore, comparable levels of specific IgG were observed in nasal and oral fluids in a study analyzing Ig in mucosal areas after vaccination (38). The specificity to detect vaccine-induced IgA is reduced, because a few seronegative donors showed an IgA reactivity in saliva but not in serum to SARS-CoV-2. This might be explained by the presence of pre-existing SARS-CoV-2 reactive mucosal B cells in the upper respiratory tract before the pandemic (39). Therefore, we might have missed low levels of IgA recognizing SARS-CoV-2 and we cannot exclude low levels of specific IgA as have been reported (15–17, 34, 40). Importantly, our functional analysis clearly shows that the neutralizing activity after vaccination in the saliva resides in the IgG and not in the IgA fraction.

We have performed our study with persons who were vaccinated with the BioNTech mRNA vaccine BNT162b2. We assume that our observation on the induction of functional IgG rather than IgA in the saliva will also be observed after usage of the Moderna or AstraZeneca vaccine. This expectation is supported by the publications that described reactivity to SARS-CoV-2 in saliva by ELISA (15–17, 34) and the fact that a proportion of IgG in blood is transported to the mucosa via FcRn (12).

In conclusion, our study shows that i.m. vaccination against SARS-CoV-2 induces a transient mucosal immunity, which is characterized by IgG and therefore distinct from the mucosal immunity after infection, which is largely mediated by IgA. The transient neutralizing activity of IgG in the saliva might be indicative of susceptibility to breakthrough infection and may guide recommendations for re-vaccination.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Ethikkommission bei der LMU München, Prof. Dr. W. Eisenmenger, Pettenkoferstr. 8a, 80336 München, Germany. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

SW: Conceptualization, Data curation, Formal analysis, Writing – original draft, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – review & editing. HR: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. CÖ: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. PW: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. GL: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. MS: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. CS: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. KE: Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – review & editing. SH: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. HW: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. DT: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. MP: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. MW: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. PE: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. BF: Formal analysis, Funding acquisition, Resources, Writing – review & editing. SM: Formal analysis, Supervision, Validation, Visualization, Writing – review & editing. OK: Formal analysis, Funding acquisition, Methodology, Resources, Supervision, Validation, Writing – review & editing, Data curation. TK: Formal analysis, Funding acquisition, Methodology, Resources, Supervision, Validation, Writing – review & editing, Data curation. EM: Conceptualization, Formal analysis, Funding acquisition, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing, Data curation.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the DFG (SFB TR128), by NAPKON and COVIM 2.0 funded by the Federal Ministry of Education and Research (BMBF) (NUM grant no: 01KX2021 and NUM 2.0 grant no: 01KX2121) and the LMU (Corona-Forschungs-Unterstützung durch das Bayerische Staatsministerium für Wissenschaft und Kunst 2022). SW received a funding from the Medical & Clinician Scientist Program (MCSP) of LMU Munich. This work was supported by the Free State of Bavaria through research initiatives Bay-VOC and FOR-COVID (OK).




Acknowledgments

The authors would like to express their sincere gratitude to Prof. M. Kerschensteiner, to the outpatient ambulance of the Institute of Clinical Neuroimmunology at LMU university hospital and to all donors for their continuous support. Further, we would like to acknowledge that the illustration of Figure 5 was created with BioRender.com.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1330864/full#supplementary-material




References

1. Russell, MW, Moldoveanu, Z, Ogra, PL, and Mestecky, J. Mucosal immunity in COVID-19: A neglected but critical aspect of SARS-coV-2 infection. Front Immunol (2020) 11:611337. doi: 10.3389/fimmu.2020.611337

2. Sheikh-Mohamed, S, Sanders, EC, Gommerman, JL, and Tal, MC. Guardians of the oral and nasopharyngeal galaxy: IgA and protection against SARS-CoV-2 infection. Immunol Rev (2022) 309(1):75–85. doi: 10.1111/imr.13118

3. Chen, K, Magri, G, Grasset, EK, and Cerutti, A. Rethinking mucosal antibody responses: IgM, IgG and IgD join IgA. Nat Rev Immunol (2020) 20(7):427–41. doi: 10.1038/s41577-019-0261-1

4. Sterlin, D, Mathian, A, Miyara, M, Mohr, A, Anna, F, Claër, L, et al. IgA dominates the early neutralizing antibody response to SARS-CoV-2. Sci Trans Med (2021) 13(577):eabd2223. doi: 10.1126/scitranslmed.abd2223

5. Wang, Z, Lorenzi, JCC, Muecksch, F, Finkin, S, Viant, C, Gaebler, C, et al. Enhanced SARS-CoV-2 neutralization by dimeric IgA. Sci Trans Med (2021) 13(577). doi: 10.1126/scitranslmed.abf1555

6. Cervia, C, Nilsson, J, Zurbuchen, Y, Valaperti, A, Schreiner, J, Wolfensberger, A, et al. Systemic and mucosal antibody responses specific to SARS-CoV-2 during mild versus severe COVID-19. J Allergy Clin Immunol (2021) 147(2):545–57.e9. doi: 10.1016/j.jaci.2020.10.040

7. Brandtzaeg, P. Secretory immunity with special reference to the oral cavity. J Oral Microbiol (2013) 5. doi: 10.3402/jom.v5i0.20401

8. Isho, B, Florescu, A, Wang, AA, and Gommerman, JL. Fantastic IgA plasma cells and where to find them. Immunol Rev (2021) 303(1):119–37. doi: 10.1111/imr.12980

9. Pröbstel, AK, Zhou, X, Baumann, R, Wischnewski, S, Kutza, M, Rojas, OL, et al. Gut microbiota-specific IgA(+) B cells traffic to the CNS in active multiple sclerosis. Sci Immunol (2020) 5(53). doi: 10.1126/sciimmunol.abc7191

10. Kubagawa, H, Bertoli, LF, Barton, JC, Koopman, WJ, Mestecky, J, and Cooper, MD. Analysis of paraprotein transport into the saliva by using anti-idiotype antibodies. J Immunol (Baltimore Md 1950) (1987) 138(2):435–9. doi: 10.4049/jimmunol.138.2.435

11. Yoshida, M, Masuda, A, Kuo, TT, Kobayashi, K, Claypool, SM, Takagawa, T, et al. IgG transport across mucosal barriers by neonatal Fc receptor for IgG and mucosal immunity. Springer Semin Immunopathol (2006) 28(4):397–403. doi: 10.1007/s00281-006-0054-z

12. Yoshida, M, Claypool, SM, Wagner, JS, Mizoguchi, E, Mizoguchi, A, Roopenian, DC, et al. Human neonatal Fc receptor mediates transport of IgG into luminal secretions for delivery of antigens to mucosal dendritic cells. Immunity (2004) 20(6):769–83. doi: 10.1016/j.immuni.2004.05.007

13. Sette, A, and Crotty, S. Immunological memory to SARS-CoV-2 infection and COVID-19 vaccines. Immunol Rev (2022) 310(1):27–46. doi: 10.1111/imr.13089

14. Darwich, A, Pozzi, C, Fornasa, G, Lizier, M, Azzolini, E, Spadoni, I, et al. BNT162b2 vaccine induces antibody release in saliva: a possible role for mucosal viral protection? EMBO Mol Med (2022) 14(5):e15326. doi: 10.15252/emmm.202115326

15. Stolovich-Rain, M, Kumari, S, Friedman, A, Kirillov, S, Socol, Y, Billan, M, et al. Intramuscular mRNA BNT162b2 vaccine against SARS-CoV-2 induces neutralizing salivary IgA. Front Immunol (2022) 13:933347. doi: 10.3389/fimmu.2022.933347

16. Mancuso, R, Agostini, S, Citterio, LA, Chiarini, D, Santangelo, MA, and Clerici, M. Systemic and mucosal humoral immune response induced by three doses of the BNT162b2 SARS-coV-2 mRNA vaccines. Vaccines (Basel) (2022) 10(10). doi: 10.3390/vaccines10101649

17. Azzi, L, Dalla Gasperina, D, Veronesi, G, Shallak, M, Maurino, V, Baj, A, et al. Mucosal immune response after the booster dose of the BNT162b2 COVID-19 vaccine. EBioMedicine (2023) 88:104435. doi: 10.1016/j.ebiom.2022.104435

18. Azzi, L, Dalla Gasperina, D, Veronesi, G, Shallak, M, Ietto, G, Iovino, D, et al. Mucosal immune response in BNT162b2 COVID-19 vaccine recipients. EBioMedicine (2022) 75:103788. doi: 10.1016/j.ebiom.2021.103788

19. Nickel, O, Rockstroh, A, Wolf, J, Landgraf, S, Kalbitz, S, Kellner, N, et al. Evaluation of the systemic and mucosal immune response induced by COVID-19 and the BNT162b2 mRNA vaccine for SARS-CoV-2. PloS One (2022) 17(10):e0263861. doi: 10.1371/journal.pone.0263861

20. Carabelli, AM, Peacock, TP, Thorne, LG, Harvey, WT, Hughes, J, Consortium, C-GU, et al. SARS-CoV-2 variant biology: immune escape, transmission and fitness. Nat Rev Microbiol (2023) 21(3):162–77. doi: 10.1038/s41579-022-00841-7

21. Winklmeier, S, Eisenhut, K, Taskin, D, Rübsamen, H, Gerhards, R, Schneider, C, et al. Persistence of functional memory B cells recognizing SARS-CoV-2 variants despite loss of specific IgG. iScience (2022) 25(1):103659. doi: 10.1016/j.isci.2021.103659

22. Wratil, PR, Stern, M, Priller, A, Willmann, A, Almanzar, G, Vogel, E, et al. Three exposures to the spike protein of SARS-CoV-2 by either infection or vaccination elicit superior neutralizing immunity to all variants of concern. Nat Med (2022) 28(3):496–503. doi: 10.1038/s41591-022-01715-4

23. Krenn, F, Dachert, C, Badell, I, Lupoli, G, Oztan, GN, Feng, T, et al. Ten rapid antigen tests for SARS-CoV-2 widely differ in their ability to detect Omicron-BA.4 and -BA.5. Med Microbiol Immunol (2023) 212(5):323–37. doi: 10.1007/s00430-023-00775-8

24. Osterman, A, Krenn, F, Iglhaut, M, Badell, I, Lehner, A, Spath, PM, et al. Automated antigen assays display a high heterogeneity for the detection of SARS-CoV-2 variants of concern, including several Omicron sublineages. Med Microbiol Immunol (2023) 212(5):307–22. doi: 10.1007/s00430-023-00774-9

25. Lim, JME, Tan, AT, Le Bert, N, Hang, SK, Low, JGH, and Bertoletti, A. SARS-CoV-2 breakthrough infection in vaccinees induces virus-specific nasal-resident CD8+ and CD4+ T cells of broad specificity. J Exp Med (2022) 219(10). doi: 10.1084/jem.20220780

26. Denis, J, Garnier, A, Cheutin, L, Ferrier, A, Timera, H, Jarjaval, F, et al. Long-term systemic and mucosal SARS-CoV-2 IgA response and its association with persistent smell and taste disorders. Front Immunol (2023) 14:1140714. doi: 10.3389/fimmu.2023.1140714

27. Isho, B, Abe, KT, Zuo, M, Jamal, AJ, Rathod, B, Wang, JH, et al. Persistence of serum and saliva antibody responses to SARS-CoV-2 spike antigens in COVID-19 patients. Sci Immunol (2020) 5(52). doi: 10.1126/sciimmunol.abe5511

28. Lapuente, D, Fuchs, J, Willar, J, Vieira Antão, A, Eberlein, V, Uhlig, N, et al. Protective mucosal immunity against SARS-CoV-2 after heterologous systemic prime-mucosal boost immunization. Nat Commun (2021) 12(1):6871. doi: 10.1038/s41467-021-27063-4

29. Afkhami, S, D'Agostino, MR, Zhang, A, Stacey, HD, Marzok, A, Kang, A, et al. Respiratory mucosal delivery of next-generation COVID-19 vaccine provides robust protection against both ancestral and variant strains of SARS-CoV-2. Cell (2022) 185(5):896–915.e19. doi: 10.1016/j.cell.2022.02.005

30. MacMullan, MA, Ibrayeva, A, Trettner, K, Deming, L, Das, S, Tran, F, et al. ELISA detection of SARS-CoV-2 antibodies in saliva. Sci Rep (2020) 10(1):20818. doi: 10.1038/s41598-020-77555-4

31. Hoschler, K, Ijaz, S, Andrews, N, Ho, S, Dicks, S, Jegatheesan, K, et al. SARS antibody testing in children: development of oral fluid assays for igG measurements. Microbiol Spectr (2022) 10(1):e0078621. doi: 10.1128/spectrum.00786-21

32. Madsen, JR, Holm, BE, Pérez-Alós, L, Bayarri-Olmos, R, Rosbjerg, A, Fogh, K, et al. Short-Lived Antibody-Mediated Saliva Immunity against SARS-CoV-2 after Vaccination. Microbiol Spectr (2023) 11(2):e0494722. doi: 10.1128/spectrum.04947-22

33. Becker, M, Dulovic, A, Junker, D, Ruetalo, N, Kaiser, PD, Pinilla, YT, et al. Immune response to SARS-CoV-2 variants of concern in vaccinated individuals. Nat Commun (2021) 12(1):3109. doi: 10.1038/s41467-021-23473-6

34. Sheikh-Mohamed, S, Isho, B, Chao, GYC, Zuo, M, Cohen, C, Lustig, Y, et al. Systemic and mucosal IgA responses are variably induced in response to SARS-CoV-2 mRNA vaccination and are associated with protection against subsequent infection. Mucosal Immunol (2022) 15(5):799–808. doi: 10.1038/s41385-022-00511-0

35. Phad, GE, Pinto, D, Foglierini, M, Akhmedov, M, Rossi, RL, Malvicini, E, et al. Clonal structure, stability and dynamics of human memory B cells and circulating plasmablasts. Nat Immunol (2022) 23(7):1–10. doi: 10.1038/s41590-022-01230-1

36. Fiorelli, D, Francavilla, B, Magrini, A, Di Girolamo, S, Bernardini, S, and Nuccetelli, M. Evaluation of the accuracy in the mucosal detection of anti-SARS-CoV-2 antibodies in nasal secretions and saliva. Int Immunopharmacol (2023) 115:109615. doi: 10.1016/j.intimp.2022.109615

37. Cagigi, A, Yu, M, Österberg, B, Svensson, J, Falck-Jones, S, Vangeti, S, et al. Airway antibodies emerge according to COVID-19 severity and wane rapidly but reappear after SARS-CoV-2 vaccination. JCI Insight (2021) 6(22). doi: 10.1172/jci.insight.151463

38. Mades, A, Chellamathu, P, Kojima, N, Lopez, L, MacMullan, MA, Denny, N, et al. Detection of persistent SARS-CoV-2 IgG antibodies in oral mucosal fluid and upper respiratory tract specimens following COVID-19 mRNA vaccination. Sci Rep (2021) 11(1):24448. doi: 10.1038/s41598-021-03931-3

39. Liu, Y, Budylowski, P, Dong, S, Li, Z, Goroshko, S, Leung, LYT, et al. SARS-coV-2-reactive mucosal B cells in the upper respiratory tract of uninfected individuals. J Immunol (Baltimore Md 1950) (2021) 207(10):2581–8. doi: 10.4049/jimmunol.2100606

40. Sano, K, Bhavsar, D, Singh, G, Floda, D, Srivastava, K, Gleason, C, et al. SARS-CoV-2 vaccination induces mucosal antibody responses in previously infected individuals. Nat Commun (2022) 13(1):5135. doi: 10.1038/s41467-022-32389-8




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Winklmeier, Rübsamen, Özdemir, Wratil, Lupoli, Stern, Schneider, Eisenhut, Ho, Wong, Taskin, Petry, Weigand, Eichhorn, Foesel, Mader, Keppler, Kümpfel and Meinl. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1330864-g004.jpg
Neutralizing activity

Neutralizing activity

m

Neutralizing activity of saliva 1IgG

(normalized 1Cg) (normalized IC5q)

against VoCs (normalized 1G;g)

** p=0.0078
1:1034
[ ]
[ ]
[ ]
1:1024 °
] [ ]
N ..O
1:10'———oo00000000 .
IgA IgG

post-vaccination post-vaccination

Saliva

****, p <0.0001

1:103+ °
] [

] [ ]

[ )

..
[ ]

1:102 <
1:1071-1———eccccccssccce .

baseline post-
vaccination

Plasma/serum IgG

1:103 r = 0.6927; p < 0.0001 .
1 :
L }
® 0
°
° [ ]
1:1024 . o
] [ ]
‘.. °® :
° [ ]
°
. o ® . e,
1:11074e  we®ec eme o eme o e
1:101 1:102

1:108

Neutralizing activity of plasma/serum

IgG against VoCs (normalized 1G,)

w

Neutralizing activity

Neutralizing activity

(normalized 1C5p)

(normalized 1Cs)

1:103,

12102*:

1:101-

1:10%,

1:102-

1:101-

*, p=0.0294
o
o
OO
o
—000000000 0000
post- breakthrough
vaccination infection
Saliva IgA
Ooo

000000000000 ————————— 000000
baseline post-
vaccination

Plasma/serum IgA





OEBPS/Images/fimmu-15-1330864-g002.jpg
saliva IgG reactivity to RBD-W'T

(ODgrgp-5sa)

ST 0.95 lvace — 0.89
Pay < 0.0001 Dyace < 0.0001

2.5
2.0
1.5 _
1.0

-
0.5 =
e®
0.0+

0.0 0.5 1.0 1.5 2.0 2.5

serum IgG reactivity to RBD-WT
(ODRBD-BSA)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Intramuscular vaccination against SARS-CoV-2 transiently induces neutralizing IgG rather than IgA in the saliva

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study participants and sample processing

          



          		

            2.2 Detection of SARS-CoV-2 spike protein-specific IgG and IgA

          



          		

            2.3 Detection of SARS-CoV-2 nucleocapsid protein-specific Abs

          



          		

            2.4 Cross-reactivity to RBD of variants of concern

          



          		

            2.5 Purification of IgG and IgA

          



          		

            2.6 Live virus neutralization assay

          



          		

            2.7 Quantification and statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Vaccination transiently induces SARS-CoV-2-specific IgG in the saliva

          



          		

            3.2 Cross-reactivity to VoCs closely correlate in serum and saliva

          



          		

            3.3 Vaccination induces neutralizing IgG but not IgA in the saliva

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1330864-g005.jpg
SARS-CoV-2 reactivity

Serum/Plasma

Neutralization

P
/;ﬁ

©
=
©
2]

()] ©

£ £

2 B

©

a & o
Vaccmatlon

Saliva

S

IgG

: slgA :

SARS-CoV-2 reactivity





OEBPS/Images/fimmu.2024.1330864_cover.jpg
& frontiers | Frontiers in Immunology

Intramuscular vaccination against SARS-
CoV-2 transiently induces neutralizing IgG
rather than IgA in the saliva





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1330864-g003.jpg
Relative reactivity to
RBDs of VoCs

Relative reactivity to
RBDs of VoCs

E

Relative reactivity of saliva
to RBDs of VoCs

Serum after 2. vaccination

**** p<0.0001

**** p <0.0001
**** p <0.0001
**** p <0.0001

1.254

1,00 s F :
0.75 .
- .
0.50 e
0.25-
—-
0.001— : : : —
\é& N L @ 2 &
R SN
v % 0@‘(\ Q o

Serum after 3. vaccination

5 <0,0001

0 <0,0001
5 <0.0001
5 <0,0001
% 5 <0,0001
—

1.754
1.50-1 :
1.25- —
1,00~y
0.75- . '-
o
0.50- dodyet- A28
0.25 ',;
0.00-— : ; ; : T
N \Q‘@ Q)é(o & ° .(}o“
b &P N
o

After 2. vaccination

1.5, = 0.8879; p < 0.0001
1.0 T
L] . :: * '. °
0.5 ° .
LK
0.0+22¢ w '
0.0 05 1.0

Relative reactivity of serum
to RBDs of VoCs

Relative reactivity to
RBDs of VoCs

Relative reactivity to

F

Relative reactivity of saliva

RBDs of VoCs

to RBDs of VoCs

Sallva atter 2. vaccination

*** p <0.0001

**** p <0.0001
**** p <0.0001
**** p<0.0001

1.50-|
1.25 :
1.00 s e
o
0.75- st
0.50- —— .
. 20000 :
0.25- 4 :
° -
000 T T T T T <
? 2> @ 2> N
@ O 3 & N ©
R oo & o - O
e I O&

Saliva after 3. vaccination

% <0.0001

0 <0,0001
= b <0.0001
5 <0,0001

** p=0.0060
1.50 .
1.254 i
T E——
0.75- R — .
—— ¢ .
0.50- . - o
... > :o
0.25- e
0.00 . : : : o tepe

After 3. vaccination

2.0 1 = 0.7384; p < 0.0001
151 &
o« % e
1.0 ’
05 ., .gil
é oo Yie

0.04—¥—— * !

0.0 0.5 1.0 15

Relative reactivity of serum
to RBDs of VoCs

2.0





OEBPS/Images/fimmu-15-1330864-g001.jpg
>

SARS-CoV-2 specitic serum IgG [OD ratio]

0.03125

0.5
0.25+
0.1254
0.0625+

5124
256
128+

SARS-CoV-2 specific serum IgA [OD ratio]

1?2 3?4 5 6 7?8 9 10

time points of sampling

1?2 3?4 5 6 7?8 9 10

time points of sampling

@

SARS-CoV-2 specific saliva IgG [OD ratio]

0.5
0.25+
0.1254
0.0625+
0.03125

1?2 3?4 5 6 7?8 9 10

time points of sampling





