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Abstract

:

The BNT162b2 vaccine induces neutralizing activity (NA) in serum, but no data are available on whether a third-dose activates specific-immunity within the oral mucosa, representing the primary route of viral-entry. To carefully address this issue, we investigated if such immunity is boosted by SARS-CoV-2-infection; how long it is maintained over-time; and if it protects against the SARS-CoV-2 lineage B.1 (EU) and the emerging Delta and Omicron variants. NA was measured in plasma and saliva samples from: uninfected SARS-CoV-2-Vaccinated (SV), subjects infected prior to vaccination (SIV), and subjects who were infected after the second (SIV2) or the third (SIV3) vaccine dose. Samples were collected immediately before (T0), 15 days (T1), and 90 days (T2) post third-dose administration (SV and SIV), or 15 days post-infection (SIV2 and SIV3). In all the enrolled groups, NA in plasma and saliva: (i) was higher against EU compared to the other variants at all time-points (SV: T0 and T1, EU vs. both Delta and Omicron p < 0.001; T2 p < 0.01) (SIV: T0, EU vs. Delta p < 0.05; EU vs. Omi p < 0.01; T1 and T2 EU vs. Delta p < 0.01; EU vs. Omi p < 0.001); (ii) was boosted by the administration of the third dose; iii) declined over-time, albeit being detectable in almost all subjects at T2. The monitoring of NA over time will be important in clarifying if different NA levels may influence either acquisition or course of infection to properly plan the timing of a fourth vaccine dose administration.
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1. Introduction


Mucosal immunity is the body’s first line of defence against respiratory viruses, including the novel coronavirus SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), the causative agent of the Coronavirus Disease 19 (COVID-19). In fact, besides the epithelia of the lung, and small intestine among others [1], the main SARS-CoV-2-receptor angiotensin-converting enzyme 2 (ACE2), is expressed in the mucosa of the upper respiratory tract [2], making it highly susceptible to SARS-CoV-2 infection [3]. Yet, the prompt activation of several non-specific antimicrobial mediators, such as agglutinins, mucins, macrophages, dendritic cells, and innate lymphoid cells, coupled with the tightly composed endothelial cells, enable the oral epithelium to provide protection in the very first phase of infection [4,5,6,7]. This shield is further strengthened by the salivary secretion of proinflammatory cytokines and chemokines, which in turn elicit antigen-specific T and B lymphocyte responses [8]. All of these events contribute to generating the so-called neutralizing activity (NA), which is mainly driven by neutralizing antibodies and, in most cases, can efficiently control the spreading of infection.



The introduction of the COVID-19 vaccines has substantially reduced the risk of clinical fatality [9,10,11]. In particular, the administration of two mRNA-based vaccine-doses (BNT162b2, Pfizer/BioNTech) has proved to trigger a robust NA at the systemic level [12], thus preventing the onset of severe COVID-19, meanwhile providing some degree of protection against infection/reinfection [13,14]. This observation suggests that, despite being administered systemically, the BNT162b2 vaccine is able to elicit defensive immunity locally within the mucosal site, which may contribute to overall protection against viral infection. Therefore, assessing the NA in oral mucosa might provide key information about vaccine efficacy in safeguarding the host from the infection, while contributing to properly scheduled vaccination campaigns.



However, due to anti-SARS-CoV-2 NA decay over time [15], a third vaccine booster dose was introduced in many countries; several studies are ongoing to verify if it is able to quickly evoke and re-activate immunity and produce sufficient and durable immune protection at both systemic and local levels. This requirement is far more urgent when considering the impact of antigenic viral variants of concern (VOCs) that have recently emerged with spike protein mutations, presumably as a consequence of suboptimal immunity in areas of high virus spreading [16]. In fact, these VOCs have been shown to somewhat elude neutralization by monoclonal antibodies, convalescent serum samples, and vaccine-elicited serum samples [17,18,19,20], and inadequate neutralization may hinder vaccine efficacy.



Based on these premises, herein we investigated the immune response to a third booster dose of SARS-CoV-2 BNT162b2 vaccination in 122 volunteers by measuring their NA [21] and cytokine/chemokine release in both saliva and plasma samples collected from November 2021 to May 2022 at regular intervals over a 3-month period. Given the potential for antigenic variation to lead to vaccine breakthrough, NA was tested against SARS-CoV-2 lineage B.1 (EU) and two alarming VOCs: B.1.617.2 (Delta) and B.1.1.529 (Omicron) (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/ accessed date 28 October 2022). Finally, to determine the extent to which prior infection influences the response to vaccination, results were compared to those of subjects who were infected by SARS-CoV-2 in different pandemic waves.




2. Results


2.1. SARS-CoV-2 Neutralizing Activity (NA) in Plasma


As expected, NA against the SARS-CoV-2 EU strain was significantly higher compared to both the Delta and Omicron strains at all-time points in both SV (T0 and T1, EU vs. Delta and EU vs. Omicron: p < 0.001; T2, EU vs. Delta and EU vs. Omicron: p < 0.01) and SIV (T0: EU vs. Delta: p < 0.05; EU vs. Omicron: p < 0.01; T1: EU vs. Delta: p < 0.01; EU vs. Omicron: p < 0.001; T2: EU vs. Delta: p < 0.01; EU vs. Omicron: p < 0.001) (Figure 1). In addition, NA against the Delta variant was higher compared to the Omicron one all over time (SV, T0 and T1: p < 0.001; T2 p < 0.01; SIV, T0: p < 0.05; T1 and T2: p < 0.01) (Figure 1).



The analyses of NA over time revealed a significant increase from T0 to T1 against all tested viral strains in both SV (p < 0.001), and SIV (EU and Delta: p < 0.05; Omicron: p < 0.01) (Figure 2A–C), indicating that repeated exposure to the antigen, through either infection or booster vaccination, augments immune responses to SARS-CoV-2. Despite this, in just a 3-months period, the protective immunity at the systemic level considerably waned. Indeed, despite still being detectable in almost all the enrolled subjects, NA against SARS-CoV-2 EU strain and the two VOCs significantly declined from T1 to T2 in SV (EU: p < 0.05; Delta: p < 0.01; Omicron: p < 0.001) as well as SIV (EU: p < 0.01; Delta: p < 0.05; Omicron: p < 0.05) (Figure 2A–C).



Notably, the mean NA value at T0 in plasma from SIV was higher compared with SV against the EU strain (16.6-fold; p < 0.01) as well as the Delta (18.5-fold; p < 0.05) and the Omicron (70.9-fold; p < 0.01) variants (Figure 3A). Even more relevant, the percentage of subjects who did not display NA against all SARS-CoV-2 strains in plasma before the third dose booster administration (T0) was consistently higher in SV (EU: 6/53 = 11.3%; Delta: 17/53 = 32.1%; Omicron: 49/52 = 94%) compared to SIV (EU:0/22 = 0%; Delta: 0/22 = 0%; Omicron: 5/22 = 22.7%) (Figure 3D). The higher responsiveness of SIV persisted even at T1 (EU: 1.6-fold, p < 0.05; Delta: 2.2-fold, p < 0.05) (Figure 3B) and T2 (EU: 1.2-fold, p < 0.01; Delta: 1.8-fold, p < 0.01; Omicron: 1.6-fold, p < 0.05) (Figure 3C). However, following booster dose administration, almost all subjects developed a NA above the detection limit; indeed, only a minority of both SV and SIV lacked NA at T1 (SV: EU: 0/50 = 0%; Delta: 0/50 = 0%; Omicron: 1/49 = 2%) (SIV: 0/22 = EU: 0%; Delta: 0/22 = 0%; Omicron: 1/21 = 4%) (Figure 3E) and T2 (SV: EU: 0/29 = 0%; Delta: 1/30 = 3.3%; Omicron: 2/30 = 6.7%) (SIV: EU: 0%; Delta: 0%; Omicron: 0%) (Figure 3F).



Overall, these data suggest that a booster vaccine dose triggers a protective NA against each of the tested SARS-CoV-2 strains in all the enrolled subjects, but its effectiveness seems more robust in subjects who were previously infected by the virus.



Such an assumption is further strengthened by comparing NA in plasma specimens from SIV2, SIV3, and SV at T1. In particular, we observed a statistically significant increase in NA of SIV2 versus SV against the Delta variant (p < 0.05), and in SIV3 compared to SV against both the Delta and Omicron strains (p < 0.05) (Figure 4A). Besides, NA against the Omicron variant was significantly higher in SIV3 compared to SIV2 (p < 0.05) (Figure 4A). Conversely, no statistically significant differences were observed among SV, SIV2, and SIV3 NA against the EU strain, indicating that the booster dose is able to stimulate an immune response comparable to that prompted by natural infection against the original SARS-CoV-2 EU strain employed in the vaccine formulation, but not against the new emerging variants. Overall, 15 days post booster vaccine dose administration (SV at T1), or infection (SIV2, SIV3) all the subjects developed a NA, except for 1/49 SV, who lacked NA against the Omicron strain (NA negative SV: EU: 0/50 = 0%; Delta: 0/50 = 0%; Omicron: 1/49 = 4.5%; NA negative SIV2: EU: 0/7 = 0%; Delta: 0/7 = 0%; Omicron: 0/7 = 0%; NA negative SIV3: EU: 0/24 = 0%; Delta: 0/24 = 0%; Omicron: 0/24 = 0%) (Figure 4B).



The mean value of NA in the plasma specimens of the different enrolled groups over time are reported in Table 1.




2.2. SARS-CoV-2 NA in Saliva


NA in saliva from SV and SIV mirrored the trend registered in plasma specimens, though the NA titres were significantly lower (data not shown).



NA in saliva was significantly higher against the EU strain compared to both Delta and Omicron variants in both SV (Delta: T0 and T2: p < 0.05; T1: p < 0.001) (Omicron: T0 and T2: p < 0.05; T1: p < 0.001) (Figure 5A) and SIV (p < 0.05 for all comparisons) (Figure 5B). Moreover, at T1, NA versus the Delta variant was significantly higher compared with the Omicron strain in both SV and SIV (p < 0.05) (Figure 5A,B).



By studying the NA trend over time in saliva specimens, we observed that in SV, third dose vaccine administration increased mucosal NA from T0 to T1, reaching statistical significance against all: EU and Delta: p < 0.001; Omicron: p < 0.05 (Figure 6A–C). However, mirroring the scenario observed in plasma samples, protective NA dropped from T1 to T2; yet such a decrease was statistically significant only for the Delta variant (Delta: p < 0.01) (Figure 6A–C). Though the trend of oral NA over time was similar in SIV (an increase from T0 to T1 and a decrease from T1 to T2), no statistically significant differences were recorded at all-time points, except for the Delta variant (T0 vs. T1 and T1 vs. T2: p < 0.05) (Figure 6B).



As in plasma samples, at T0, saliva from SV showed a reduced NA against all strains compared to SIV (EU: 14.8-fold, p < 0.01; Delta: 10-fold, p < 0.05; Omicron: 12.7, p < 0.01) (Figure 7A); also, at T0 the percentage of individuals lacking NA in the saliva was remarkably higher in SV (EU: 42/51 = 82.4%; Delta: 51/51 = 100%; Omicron: 50/51 = 98%) compared to SIV (EU:7/19 = 36.8%; Delta: 11/19 = 57.9%; Omicron: 16/18 = 88.9%) (Figure 7D). This very same difference persisted following boost dose administration at both T1 (NA of SIV vs. SV-EU: 5.9-fold, p < 0.05; Delta: 4-fold, p < 0.05) (Figure 7B) and T2 (NA of SIV vs. SV- EU: 3.9-fold, p < 0.01; Delta: 2.8-fold, p < 0.05) except for the Omicron variant (Figure 7C). Again, the percentage of individuals lacking NA in the oral mucosa against the SARS-CoV-2 EU strain and the two VOCs was higher in SV compared to SIV at both T1 (SV: EU: 13/50 = 26%; Delta: 27/50 = 54%; Omicron: 39/50 = 78%) (SIV: EU: 3/20 = 15%; Delta: 7/18 = 38%; Omicron: 14/20 = 70%) (Figure 7E) and T2 (SV: EU: 12/29 = 41%; Delta: 22/30 = 73.3%; Omicron: 22/30 = 73.3%) (SIV: EU: 4/14 = 28.6%; Delta: 9/14 = 64.3%; Omicron: 10/14 = 71.4%) (Figure 7F).



The observation that the booster dose prompts a more vigorous and long-lasting NA against SARS-CoV-2 in the oral mucosa of subjects who are naturally infected, was further confirmed by data comparing the NA in SIV2, SIV3, and SV at T1. Indeed, in SV at T1 oral NA against each of the tested SARS-CoV-2 strains was lower compared to SIV2 and SIV3 groups (EU, SV vs. both SIV2 and SIV3: p < 0.05; Delta, SV vs. SIV2: p < 0.001; SV vs. SIV3: p < 0.05; Omicron, EU vs. SIV2: p < 0.05; EU vs. SIV3: p < 0.001) (Figure 8A). Of note, the percentage of SV who did not develop NA in the oral mucosa at T1 (EU: 26%; Delta: 54%; Omicron: 58%) was nearly 2-fold compared to that registered in SIV2 (EU: 2/15 = 13.3%; Delta: 3/15 = 20%; Omicron: 4/15 = 30.8%) and SIV3 (EU: 3/20 = 15%; Delta: 5/20 = 25%; Omicron:5/19 = 26.3%), confirming that vaccine administration is less efficient in triggering protective immunity within the oral mucosa in naïve-to-infection subjects compared to subjects with prior SARS-CoV-2 infection (Figure 8B).



The mean value of NA in saliva samples of the different enrolled groups over time are reported in Table 2.




2.3. SARS-CoV-2 NA Correlation in Plasma and Saliva


By comparing the amount of NA over time in plasma and saliva of all the subjects enrolled in the study, we observed a positive correlation against the EU strain and the two VOCs in SV (p < 0.0001 for all) (Figure 9A–C) as well as SIV (EU and Omicron: p < 0.05; Delta: p < 0.001) (Figure 9D–F). However, although the quantification of SARS-CoV-2 NA in saliva seems to mirror the trend of NA in plasma, the correlation coefficient (R) does not suggest a strong agreement between the two variables. To deepen the correlation between saliva and plasma NA, further analyses on larger cohorts will be necessary.



No correlation with sex or age was detected with NA, neither in plasma nor in saliva samples from the enrolled groups (data not shown).




2.4. Cytokines and Chemokines in Plasma and Saliva


Cytokines and chemokines production was monitored by multiplex assay in both plasma and saliva samples at all-time points in all the enrolled subjects. No statistically significant differences were reported by comparing all the enrolled groups (data not shown). However, it is worth noting that, in saliva samples from SIV2 and SIV3, the production of proinflammatory cytokines (IL1-Ra, IL-6, IL-7, IL-17, GCS-F, IFN-γ, MCP-1, TNFα) was increased compared to samples from SV at T1. This suggests that despite having recovered from SARS-CoV-2 infection, immune activation persists in the oral mucosa (Supplementary Figure S1).





3. Discussion


COVID-19 vaccines provide strong protection against severe disease and death; however, SARS-CoV-2 specific immunity seems to progressively wane. Accordingly, several countries whose population has already been largely protected by the vaccine, have offered booster doses whose long-term protective effect is currently under investigation. In this perspective, the main purpose of the present study was to monitor the trend of SARS-CoV-2 neutralizing activity (NA) induced by a booster dose of BNT162b2 COVID-19 vaccine compared to natural infection. As the oral mucosa represents the primary site of virus acquisition but also the main defensive barrier to control viral spreading, such analyses were performed at both systemic and oral level.



As expected, in both plasma and saliva samples, NA significantly increases from T0 to T1 independently of a previous SARS-CoV-2 infection, indicating the effectiveness of a third dose administration, which deserves to be included in the standard vaccination schedule and not merely considered as an optional booster dose. Yet, after only three months, NA substantially declined in both plasma and oral cavity. Furthermore, our preliminary results of NA after 6-months booster dose administration suggest a subsequent and progressive drop of SARS-CoV-2 NA over time, in those subjects who were not infected in the meantime (data not shown). A remaining open matter is whether the residual NA induced by the third dose, which is still present in almost all the enrolled subjects at systemic level, will be able to protect from severe COVID-19 and/or infection, or whether a further booster vaccine dose administration is required to produce a long-term, defensive immune response. Furthermore, to get a 360° overview, this information should be mandatorily combined with data on SARS-CoV-2-specific T-Cell mediated immunity, whose long-term maintenance has already been documented in Ref. [22]. As new variants have been continuously emerging, assessing the role played by this residual immunity on these VOCs is mandatory as well. Indeed, our results show that BNT162b2 vaccine-induced NA is generally robust against the EU strain while it becomes weaker against the Delta and Omicron variants, in both serum and saliva. This is not surprising when considering the phenomenon of virus-induced immune evasion, which was recently documented for the Delta and Omicron variants compared to the SARS-CoV-2 EU strain, against which the original vaccine was developed [12]. Several studies already described the mutations responsible for evasion of the immune response. The Delta variant presents different mutations on the Spike protein such as T19R, G142D, D156e157, R158G, L452R, T478K, D614G, P681R, and D950 [23,24], while the Omicron variant carries 32 mutations on the Spike protein [25]. These changes may dramatically enhance VOC’s ability to evade the current vaccines that still employ the same original spike antigen for both initial rollouts and booster doses. The changing face of the novel VOCs may therefore represent a new challenge for scientists to modify existing vaccines to better tackle the antigenic drifts of SARS-CoV-2.



Further valuable information emerging from this study concerns the role played by natural infection in the preservation of a shielding SARS-CoV-2 specific immunity. First and foremost, at T0, nearly 6 months from the administration of the previous vaccine dose, the average NA level, as well as the percentage of people who still maintained a NA above the threshold at systemic level, is significantly higher in people who developed COVID-19 in addition to vaccination. Such a discrepancy is even more evident when considering the NA against the Delta and mostly the Omicron variant. Indeed, nearly all of the SV at T0 did not display NA against the latter. This substantiates the evidence that the immune response elicited by the current vaccine against strains other than the one used in the original formula, unlike natural infection, provides only moderate protection and/or it rapidly wanes [15]. Of note, SIV3 who were infected from the beginning of 2022, when the Omicron variant was predominant in Italy, showed stronger NA against this strain compared to SIV even after the administration of the booster dose (T1). This observation casts the hypothesis that the monitoring of NA at both oral and systemic level potentially allows to discriminate the variant responsible for the infection.



Although almost all subjects developed NA at the systemic level at T1, the significant gap in NA amount between SV and SIV was maintained at 15 days and increased at 3 months from vaccine administration. Likewise, we observed that NA developed by SIV2 and SIV3 at 15 days post recovery was significantly higher compared to NA in SV at 15 days post booster dose administration, substantiating the previously emphasized concept of a more robust and durable hybrid immunity, being triggered from both vaccination and infection, compared to that induced by either vaccination or infection alone [21,26,27,28]. The novelty of the present study consists of extending this evidence from systemic to the oral level, allowing us to draw some remarkable observations. First, at T0, SIV display a higher oral NA compared to SV against all strains, possibly as a consequence of a persistent exposure to virus antigens in the oral mucosa, possibly due to a sub-clinical infection as reported in the intestine of convalesced COVID-19 subjects up to 4 months after infection [29]. Based on this observation we would also speculate on the likelihood that an oral administration of the vaccine could evoke the same long-lasting mucosal responsiveness in vaccinated subjects, which in turn could increase resistance to new viral exposures [30,31]. In line with this observation, NA in saliva from SIV is far more boosted following third dose administration compared to SV against the SARS-CoV-2 EU strain as well as the two VOCs. Notwithstanding, we also have to point out that not all the SIV displayed NA at T0, while NA was present in nearly all SIV2 and SIV3. This suggests that, although infection primarily occurs in the oral mucosa, oral immunity triggered by natural infection may wane over time in some subjects as well.



Our results are in line with a recent study by Darwich et al., showing that the level of IgA, which display a higher SARS-CoV-2 NA compared to IgG [29], is lower in the saliva of vaccinated people compared to previously exposed subjects [32]. We also observed that the saliva NA against any of the SARS-CoV-2 tested strain, was much lower in subjects who were naïve to SARS-CoV-2 infection even after booster dose administration. Overall, these data suggest that a combination of vaccination and prior infection offers the most effective protection against SARS-CoV-2, an observation that should be taken into account when scheduling the next steps for vaccine administration. This finding is consistent with data on salivary cytokine secretion, which albeit not significant, show a trend of higher immune-activation in SIV2 and SIV3 subjects compared to SV at T1, presumably driven by the recent infection or remnants thereof.



In our previous paper we disclosed a positive correlation between plasma and saliva NA [21], which tendency seems to be maintained in the present study. However, at T1, almost all subjects displayed NA at the systemic level but not in the oral mucosa, likely due to a limited capacity of the intramuscularly administered vaccine to properly stimulate mucosal immunity [33], a pattern shared by the administration of other intramuscular vaccines such as varicella [34] and cytomegalovirus [35]. Thus, saliva NA does not exactly mirror the systemic scenario and does not represent an affordable substitute to assess vaccine-induced NA. This observation further emphasizes the opportunity to test an oral vaccine which, in theory, would trigger a more robust response at mucosal level as already observed for vaccine against other pathogens such as polio [36] and influenza virus [37].



In conclusion, as currently it is uncertain whether or not higher levels of NA versus lower levels correlate with either acquisition or progression of infection, tracking vaccine-induced NA may provide a valuable element to ascertain this question mark and thus, make focused and aware decisions about future vaccination program. However, the take home message rising from this study is 2-fold and mainly concerns: (i) the need to update the vaccine formulation so as to make it able to protect even against the new emerging variants and (ii) to possibly set up new oral route of vaccine administration, which could ideally provide stronger stimulation of mucosal immunity and greater protection against SARS-CoV-2 infection.




4. Materials and Methods


4.1. Study Design


A longitudinal, observational study was designed to evaluate the development of humoral immunity in four different subject categories: (i) SARS-CoV-2-Vaccinated (SV) subjects, who received three vaccine doses, (ii) SARS-CoV-2-Vaccinated subjects who were also infected before the first dose of vaccine administration (SIV), and subjects who contracted SARS-CoV-2 infection after either (iii) two-doses of vaccine administration (SIV2) or (iv) three-doses of vaccine administration (SIV3). In SV and SIV, saliva and blood sampling were performed at T0 (before booster dose administration), T1 (15 days from booster dose administration) and T2 (90 days from booster dose administration). Specimens from SIV2 and SIV3 were taken after recovery [mean time after first positive SARS-CoV-2 swab (days) ± SD: 13 ± 3.5]. The sampling timing is summarized in Table 2.



The primary end point of the study was to monitor the course of neutralizing activity (NA) triggered by the administration of a third (booster) vaccine dose over time. Secondary end points were: (i) to evaluate virus NA in plasma and saliva specimens against the main VOCs at the time of the study: Delta and Omicron; (ii) to compare NA induced by vaccination and natural infection over time; (iii) to verify if the trend of NA in the oral cavity reflects NA at the systemic level. The study design is summarized in the Graphical Abstract.




4.2. Viral Strains and Cell Lines


SARS-CoV-2, including the lineage B.1 (EU) (accession number: EPI_ISL_412973), assumed as the comparator virus, the Delta variant (lineage B.1.617.2) (accession number: EPI_ISL_1970729) and Omicron variant (lineage B.1.1.529) (accession number: EPI_ISL_6777160) were isolated from positive nasopharyngeal swabs. All the strains were characterized by means of whole genome sequencing and the sequences were submitted to GISAID. The virus was expanded in VeroE6 cells (ATCC® VERO C1008, CRL-1586™) and viral titres were determined by Median Tissue Culture Infectious Dose (TCID50) endpoint dilution assay as previously described [38]. All the assays with SARS-CoV-2 virus were performed in a BSL3 facility.




4.3. Study Population and Sample Collection


Plasma and saliva samples were obtained on a voluntary basis from health volunteers and students at the Medical School of Medicine, University of Milan, Italy. Subjects were enrolled at the immune-biology laboratory, University of Milan, (Italy) and included: 55 SARS-CoV-2 SV [mean age (years) ± DS: 32.7 ± 15.1; range: 18–81; female: 69%], 27 SIV [mean age (years) ± SD: 47.9 ± 21.0; range: 18–85; female: 59.26%], 16 SIV2 [mean age (years) ± SD: 37.9 ± 18.8; range: 18–78; female: 43.75%], and 24 SIV3 [mean age (years) ± SD: 47.8 ± 20.7; range: 18–78; female: 54.17%]. SARS-CoV-2 infection was determined by SARS-CoV-2 molecular test of nasopharyngeal swabs. The prevalent circulating SARS-CoV-2 strains at the time of infection of SIV and SIV3 were the EU and Omicron variants, respectively. Instead, SIV2 were infected in a period in which both the Delta and Omicron strains were circulating.



All the enrolled subjects were administered the BNT162b2 (Comirnaty) anti-SARS-CoV-2 vaccines. At T0, all the enrolled subjects had received two doses according to the specific vaccination schedules (BNT162b2: dose II administered 21 days after dose I), except for SIV who were vaccinated within 6 months from SARS-CoV-2 infection recovery and received just a single vaccine dose. SIV2 were not administered the third booster dose, as they contracted SARS-CoV-2 infection prior to/in the proximity of third booster dose vaccine scheduling. At T0, time from previous vaccination and infection was 5.9 ± 1.4 months and 14.5 ± 6.2 months, respectively, and no statistically significant differences were registered by comparing SIV and SV. Cohort features are reported in Supplementary Table S1.



Smokers and subjects affected by inflammatory diseases or undergoing immunosuppressive therapies were excluded from the study. The timeline of vaccine administration for SV and SIV is reported in the graphical abstract.



Plasma was obtained by centrifugation of whole blood at 1500 g for 10 min and storage at −20 °C until use. Plasma samples were incubated at 56 °C for 30 min and analysed using iFlash SARS-CoV-2 IgG and IgM (C86095G–C86095M–Shenzhen YHLO Biotech Co, Shenzhen, China) to exclude a possible ongoing asymptomatic infection since the assay targets both nucleocapsid and spike proteins. Only the subjects included in the SIV, SIV2, and SIV3 groups resulted to have SARS-CoV-2 N plus S antigens (data not shown).



According to the previously validated protocol [21], all saliva samples were collected by spitting, in the morning between 9 and 10 am, and always at least 1 h after meal and after repeated mouth-washing with water. Saliva was incubated at 56 °C for 10 min and centrifuged at 6000 g for 10 min. Supernatants were stored at −80°C until use. Participants were asked not to eat or drink at least 1 h prior to sample collection.



Ethical clearance was obtained from the University of Milan Ethics Committee (number 14/22). Written informed consent was obtained after receiving information about use of their biological samples. The biological material was anonymized.




4.4. SARS-CoV-2 Virus Neutralization Assay (vNTA)


The detailed set up of Virus Neutralization assay (vNTA) in plasma and saliva samples from all the subjects enrolled in the study was previously described [21]. Wells were scored to evaluate the degree of CPE compared to the virus control. Blue staining of wells indicated the presence of NA. Neutralizing titer corresponds to the maximum dilution with the reduction of 90% of CPE. This information, as well as the results, were considered positive if higher or equal to 1:10 serum titre [39,40] or 1:1 for saliva specimens. Neutralization activity (NA) was tested against SARS-CoV-2 B.1 (EU) strain, Delta (lineage B.1.617.2) variant and Omicron (lineage B.1.1.529) variant at three different time points: T0, T1 and T2.




4.5. Cytokine/Chemokine Quantification in Plasma and Saliva Samples by Multiplex ELISA


The concentration of 27 cytokines/chemokines was assessed on plasma and saliva specimens collected at different time points, from a subgroup of randomly selected vaccinated subjects (SV: n = 5; SIV: n = 5; SIV2 = 5; SIV3 = 5) using magnetic bead-based immunoassays (Bio-Rad, Hercules, CA, USA), according to the manufacturer’s protocol via Bio-Plex 200 technology (Bio-Rad, Hercules, CA, USA). Some of the targets had values above the standard range, and an arbitrary value of 10 000 pg/ml was assigned, while values under the detection limit were set as 0 pg/ml.




4.6. Statistical Analyses


For the study variables, medians and ranges were reported for quantitative variables, and absolute and relative frequencies were reported for categorical variables. The Student’s T-test and analysis of variance (ANOVA) were applied when appropriate for statistical analyses to compare variables among the analysed groups. Quantitative variables association was evaluated through Pearson correlation coefficient r. A p-value < 0.05 was set as cut-off for significance. The analyses were performed using GraphPad Prism 9.



All the procedures were carried out in accordance with the GLP guidelines adopted in our laboratories.
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	Angiotensin-converting enzyme 2



	NA
	Neutralizing Activity



	SV
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Figure 1. Plasma neutralizing activity (NA) correlations among different VOCs. NA correlation performed at different time points (T0, T1, and T2) showed a higher activity against the EU variant compared to the Delta and Omicron (Omi) ones in plasma samples from both SARS-CoV-2 Vaccinated subjects (SV) (A) and SARS-CoV-2 Infected and Vaccinated subjects (SIV) (B). Lines connect the NA of each subject. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. Plasma neutralizing activity (NA) trend over time. NA significantly increased from T0 to T1 and decreased from T1 to T2 against the EU (A), Delta (B) and Omicron (C) variants in both SV and SIV. Mean values ±SE are reported. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. Comparison of plasma neutralizing activity (NA) in SARS-CoV-2 Vaccinated Subjects (SV) and SARS-CoV-2 Infected and Vaccinated Subjects (SIV). NA in plasma from SIV was higher than in SV against all the examined VOCs at all time points: T0 (A), T1 (B), and T2 (C). The pie charts show the percentage of SV (grey) and SIV (Blue) lacking serum NA against the EU, Delta and Omicron variants at T0 (D), T1 (E), and T2 (F), respectively. * p < 0.05, ** p < 0.01. 
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Figure 4. Comparison of neutralizing activity (NA) in plasma specimens from SARS-CoV-2 Infected after 2 (SIV2), or 3 doses of Vaccine (SIV3) and SARS-CoV-2 Vaccinated subjects (SV) at T1. NA in plasma from SIV was higher than in SV against all the examined VOCs (A). Pie charts show the percentage of SV (grey), SIV2 (light blue), and SIV3 (lilac) lacking NA against the EU, Delta, and Omicron variants, respectively (B). * p < 0.05. 
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Figure 5. Saliva neutralizing activity (NA) correlations among different VOCs. NA correlation performed at different time points (T0, T1, and T2) showed higher NA against the EU variant compared to the Delta and Omicron (Omi) variants in plasma samples from both SARS-CoV-2 Vaccinated subjects (SV) (A) and SARS-CoV-2 Infected and Vaccinated subjects (SIV) (B). Lines connect the NA of each subject. * p < 0.05, *** p < 0.001. 
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Figure 6. Saliva neutralizing activity (NA) trend over time. NA significantly increased from T0 to T1 and decreased from T1 to T2 against the EU (A), Delta (B) and Omicron (C) variants in both SV and SIV. Mean values ±SE are reported. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 7. Comparison of saliva neutralizing activity (NA) in SARS-CoV-2 Vaccinated Subjects (SV) and SARS-CoV-2 Vaccinated and infected Subjects (SIV). NA in saliva from SIV was higher than in SV against all the examined VOCs at all time points: T0 (A), T1 (B), and T2 (C). Mean values ± SE are reported. * p < 0.05, ** p < 0.01. Pie charts showing the percentage of SV (grey) and SIV (blue) who do not have NA against the EU, Delta, and Omicron variants at T0 (D), T1 (E), and T2 (F). * p < 0.05, ** p < 0.01. 
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Figure 8. Comparison of neutralizing activity (NA) in saliva specimens from SARS-CoV-2 Infected after 2 (SIV2), or 3 doses of Vaccine (SIV3) and SARS-CoV-2 Vaccinated subjects (SV) at T1. NA against the EU, Delta, and Omicron variants in saliva samples from SIV2 and SIV3 was higher in comparison to SV samples at T1 (A). Pie charts show the percentage of SV (grey), SIV2 (light blue), and SIV3 (lilac) lacking salivary NA against the EU, Delta and Omicron variants, respectively (B). Mean values ± SE are reported. * p < 0.05, ** p < 0.01. 
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Figure 9. Correlation between NA in plasma and saliva samples. In SARS-CoV-2 Vaccinated subjects (SV) plasma and saliva NA against the EU (A), Delta (B), and Omicron (C) variants were positively correlated. Likewise, in SARS-CoV-2 Vaccinated and infected subjects (SIV) a positive correlation was found between plasma and saliva NA against the EU (D), Delta (E), and Omicron (F) variants. NA at all time points were considered in each graph. 
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Table 1. Mean value of the neutralizing activity (NA) in plasma and saliva samples of the different enrolled groups over time.
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T0

	
T1

	
T2




	

	
Plasma NA

Mean ± SE

	
Saliva NA

Mean ± SE

	
Plasma NA

Mean ± SE

	
Saliva NA

Mean ± SE

	
Plasma NA

Mean ± SE

	
Saliva NA

Mean ± SE




	

	
EU

	
Delta

	
Omicron

	
EU

	
Delta

	
Omicron

	
EU

	
Delta

	
Omicron

	
EU

	
Delta

	
Omicron

	
EU

	
Delta

	
Omicron

	
EU

	
Delta

	
Omicron






	
SV

	
69 ± 11.5

	
23 ± 4.8

	
0.8 ± 0.6

	
0.4 ± 0.2

	
0.0 ± 0

	
0.0 ± 0

	
1533 ± 257.8

	
404 ± 52.0

	
160 ± 20.4

	
1.8 ± 0.3

	
0.7 ± 0.2

	
0.3 ± 0.1

	
756 ± 210.5

	
164 ± 28.2

	
63 ± 13.0

	
1.2 ± 0.3

	
0.3 ± 0.1

	
0.4 ± 0.1




	
SIV

	
1150 ± 341.2

	
419 ± 192.9

	
57.3 ± 16.9

	
5.5 ± 1.9

	
1.1 ± 0.4

	
0.5 ± 0.4

	
2436 ± 411.0

	
859 ± 208.1

	
187 ± 36.0

	
7.9 ± 3.2

	
2.7 ± 0.9

	
0.9 ± 0.3

	
892 ± 137.4

	
300 ± 54.1

	
99 ± 31.9

	
4.6 ± 2.4

	
0.9 ± 0.6

	
0.4 ± 0.2




	
SIV2

	

	

	

	

	

	

	
2583 ± 1019.8

	
954 ± 204.3

	
204 ± 29.4

	
4 ± 1.3

	
3 ± 0.8

	
3 ± 1.6

	

	

	

	

	

	




	
SIV3

	

	

	

	

	

	

	
1950 ± 263.0

	
1455 ± 512.5

	
431 ± 100.5

	
11 ± 4.4

	
5 ± 2.3

	
2 ± 0.5
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Table 2. Meaning of the acronyms of the enrolled groups and the sampling time.
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Sampling Time




	
Symbol

	
Description

	
T0

	
T1

	
T2






	
SV

	
Uninfected,

SARS-CoV-2-booster dose

administration

	
Before

booster dose administration

	
15 days post booster dose

administration

	
90 days post booster dose

administration




	
SIV

	
Infected prior to SARS-CoV-2 booster dose

administration

	
Before

booster dose administration

	
15 days post booster dose

administration

	
90 days post booster dose administration




	
SIV2

	
Infected after the 2nd SARS-CoV-2 vaccine dose

administration

	

	
15 days post-infection

	




	
SIV3

	
Infected post SARS-CoV-2 booster dose

administration

	

	
15 days post-infection
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