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SARS-CoV-2 vaccines have shown very high effectiveness in real-world scenarios. However, there is compelling evidence for a fast-paced waning of immunity. The increasing number of new variants that could alter the severity, transmissibility, and potential to evade the immune response raised significant concern. Therefore, elucidating changes in the humoral immune response against viral variants induced by vaccines over time is crucial for improving immunization protocols. We carried out a 6-month longitudinal prospective study in which 60 individuals between 21 and 71 years of age who have received the complete scheme of the BNT162b2 vaccine were followed to determine titers of serum neutralizing activity. The neutralizing capacity was measured at one, three, and six-months post-vaccination by plaque reduction neutralization assay using SARS-CoV-2 B.1 (D614G) and the Gamma, Alpha, Delta, and Mu variants. Data were analyzed using GraphPad 5.0. Neutralizing activity against five different SARS-CoV-2 variants was detected in the serum samples of all vaccinated participants to a different extent after one month, with a progressive decrease according to age and gender. Overall, after one month of vaccination, the neutralizing titer was lower for all evaluated variants when compared to B.1, most remarkable against Delta and Mu, with a reduction of 83.1% and 92.3%, respectively. In addition, the Titer at 3- or 6-months follow-up decreased dramatically for all variants. Our results support the decaying of serum neutralizing activity, both over time and across SARS-CoV-2 variants, being more significant in older men. Since Delta and Mu appear to evade the neutralizing activity, these and further new variants of immune escape mutations should be considered for novel vaccine formulations.
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Introduction

A few times throughout its history, humanity has faced such significant threats as the SARS-CoV-2 pandemic. The appearance of this novel coronavirus has resulted in substantial morbidity and mortality worldwide, which in turn has precipitated a vast spectrum of pharmacologic and non-pharmacologic measures to contain its impact (1). Some of the most encouraging ones include vaccines that provide immunity against symptomatic infection, reducing transmission to a variable extent (2, 3). Although overall vaccine effectiveness has proven to be very high in real-world scenarios, there is compelling evidence for a fast-paced waning of immunity. Some studies reported initial effectiveness of nearly 90% during the first month, which declined to under 50% after five months (4). A further concern has been raised with the increasing number of new variants with distinct mutations that might increase disease severity, transmissibility, and immune evasion, which might render a significant population vulnerable, either formerly immunized or not (5).

SARS-CoV-2 has undoubtedly reshaped the understanding of viral evolution. Despite its proven mechanisms for maintaining genetic fidelity, biological pressure has led to selecting highly fit specimens that are now considered variants of interest (VOIs) or variants of concern (VOCs) (6). The World Health Organization (WHO) has currently designated five VOCs -Alpha, Beta, Gamma, Delta, and Omicron- and two VOIs -Lambda and Mu-, many of which contain important mutations for immune evasion such as E484K and N501Y (5, 7). Since immunity from vaccines could exert selective pressure on viral evolution and given the possibility of potential escape from antibody neutralization by these variants, a particular emphasis must be set on how vaccine effectiveness is affected as they continue being rolled out worldwide. In fact, worrying data have already surfaced, showcasing a decrease in effectiveness against variants such as Delta, where overall vaccine effectiveness against infection varies from 51.9 to 88% (8, 9).

Extensive research has been conducted on the kinetics of immune response against this virus, both from natural infection and vaccines (10, 11). Nonetheless, there is little evidence so far regarding the behavior of such responses against multiple variants lengthwise, and this holds especially true for recently characterized variants such as Mu and Delta. Furthermore, a well-standardized study focusing on live-virus neutralization is peremptory, as these assays have allowed for some correlates of protection (12, 13). This longitudinal study aimed to evaluate the overall and variant-specific immunogenicity through live-virus neutralization of BNT162b2 against Alpha, Gamma, Delta, Mu, and B.1 SARS-CoV-2 variants in a group of individuals in Colombia.



Materials and Methods


Study Design and Volunteers

We conducted a prospective longitudinal cohort study in Medellin, Colombia, between May and November of 2021, in BNT162b2 fully vaccinated individuals (Pfizer - BioNTech). The study was designed and conducted following the Declaration of Helsinki and Colombian legislation (Ministry of Health resolution 008430 de 1993). It was approved by the Ethics Committee of the Universidad de Antioquia (Acta 006/2021). After thoroughly explaining the project, all subjects signed a written informed consent and provided blood samples.

The study population included healthcare professionals or individuals prioritized in the early stages of vaccination in Colombia. All individuals received the BNT162b2 vaccine in a double-dose scheme, with an inter-dose interval of 3 weeks, as per the interim recommendations issued by the WHO. Eligibility criteria included an age of 18 years or older and a complete BNT162b2 vaccination schedule. In total, 60 people were included, and they were classified into four groups according to gender and age (women and men under and over 40 years).

Exclusion criteria included any history of SARS-CoV-2 infection prior to the first dose (defined as any spectrum of confirmed infection or symptoms suggestive of COVID-19), suspected SARS-CoV-2 infection at the time of inclusion in the study, incomplete schedule, or completed schedule vaccination more than 35 days ago, people in pregnancy, with autoimmune diseases, cancer, or HIV-1 infection. In the event of any symptoms associated with COVID-19 or exposure to a person infected with SARS-CoV-2, a RT-qPCR test for SARS-CoV-2 was performed. Those individuals with confirmed SARS-CoV-2 infection or who received the third vaccination dose in the follow-up period were excluded (n=4).



Follow-Up of Vaccinated Individuals

The individuals were followed for 180 days from a complete vaccination schedule. All volunteers provided a peripheral-blood sample at 30, 90, and 180 days after receiving the second vaccination dose (with a window of ± five days on days 30 and 90, and ± 28 days on day 180). At the beginning of the study, each individual completed a survey on demographic information, report of symptoms associated with vaccination, and existence of comorbidities. After the first visit, participants were followed with a virtual survey where they were asked about the onset of symptoms suggestive of COVID-19, confirmed infection by SARS-CoV-2, or the diagnosis of new comorbidities.



Plaque Reduction Neutralizing Test

Neutralizing activity of serum samples was detected by a 50% plaque reduction neutralization test (PRNT50) using Vero E6 cells. Briefly, Vero E6 cells (1.1 x 105 cells per well) were seeded into the 24-well tissue culture plates. The next day, 100 plaque-forming units (PFU) of SARS-CoV-2 were incubated with serial dilutions (1:20 until 1:5120) of heat-inactivated serum samples (56°C, 30 min) in a final volume of 500 μL for 60 min at 37°C and 5% CO2. Then, the mix was added to the Vero E6 monolayers by duplicate (200 uL per well) and incubated at 37°C for 60 min. Subsequently, the inoculum was removed, and 1 ml of the semisolid medium (1.5% carboxymethylcellulose, 2% fetal bovine serum (Gibco, Grand Island, NY, USA), 1% streptomycin (Sigma-Aldrich, St. Louis, MO, USA), and DMEM (Dulbecco’s Modified Eagle Medium, Sigma-Aldrich, St. Louis, MO, USA) was added and incubated at 37°C for 72h. Then, the semisolid medium was removed, and the monolayers were washed twice with PBS (Lonza, Rockland, ME, USA). Finally, the monolayers were fixed and stained with 1% crystal violet and 4% formaldehyde for 30 min and washed twice with PBS. A 50% reduction in plaque count was defined as the neutralization endpoint. The percentage inhibition was calculated based on the number of plaques in the infection control wells. The higher dilution with a reduction of 50% of plaques was reported as plaque reduction neutralization titer (PRNTi)

Neutralizing activity was evaluated in all participants using5 different lineages obtained from viral isolates collected in Colombia. The lineages assessed were B.1 (D614G) (hCoV-19/Colombia/ANTUdeA-200325-01/2020 ID accession: EPI_ISL_536399), variants of concern (VOC) Gamma (P.1) (hCoV-19/Colombia/ANT-UdeA-21002835v/2021 ID accession: EPI_ISL_4926393), Alpha (B.1.117) (hCoV-19/Colombia/ANT-UdeA-21001965v/2021 ID accession: and Delta (B.1.617.2) (hCoV-19/Colombia/ANT-UdeA-36211/2021 ID accession: EPI_ISL_5103929), and the variant of interest (VOI) Mu (B.1.621) (hCoV-19/Colombia/ANT-UdeA-21002149/2021 ID accession: EPI_ISL_4005445). Colombia/ANT-UdeA-21002149/2021 ID accession: EPI_ISL_4005445), and the variant of interest (VOI) Mu (B.1.621) (hCoV-19/Colombia/ANT-UdeA-36211/2021 ID accession: EPI_ISL_5103929).



Statistical Analysis

We performed an exploratory analysis to identify atypical data. The distribution of demographic, clinical, and immunological variables was assessed using the Shapiro-Wilk test. Wilcoxon test for paired samples and Spearman’s rank correlation coefficient were used to determine significant differences and correlations. All data were analyzed using GraphPad Prism software, version 8.0 (California, USA), and the significance statistic was defined as p-value <0.05.




Results


Sociodemographic Characteristics of Participants in the Study

Three serial serum samples have been taken from each individual up to the cut-off date, and their demographic characteristics are shown in Table 1. The cohort was evenly distributed among the groups of males and females, younger or older than 40. The mean body-mass index (BMI) was 24.8 Kg/m2, and 16.6% of individuals reported comorbidities. Arterial hypertension and diabetes were the most prevalent (5% and 3.33%, respectively). Over 70% of participants in each group presented local symptoms, and over 60% presented systemic symptoms related to vaccination, except in males over 40 years, where these reactions were noticeably lower (33.3%). Concerning profession, 41.7% of the study participants were either healthcare professionals or had increased exposure to the virus and were consequently prioritized for receiving the vaccine. After six months of follow-up, 176 samples were included in the study: after 30 days (n=60), 90 days (n=60), and 180 days (n=56) (4 donors were excluded because of SARS-CoV-2 infection during the follow-up).


Table 1 | Demographic characteristics of participants fully vaccinated with BNT162b2.





Immunogenicity of BNT162b2 at Day 30 Post-Vaccination

PRNTi was detected in all serum samples after 30 days of completing the vaccination schedule. Participants younger than 40 years old showed a more robust response after vaccination, with PRNTi against B.1 higher than 320 (reciprocal dilution) in most cases (Figure 1A). The neutralization capacity was higher in female participants than in their male counterparts, as they more often reached titers of up to 5120. The PRNTi generated after vaccination were enormously effective against the B.1 virus, but were hindered against VOCs and the VOI. In particular, VOCs Gamma and Alpha showed a reduction in PRNTi titers of 71.1% and 64.3%, respectively, when compared with those against B.1. Even more so, VOC Delta and VOI Mu showed a profound reduction in neutralizing capacity, as PNRTi decreased by up to 83.1% with and 92.3% respectively (Figure 1B) when compared with B.1.




Figure 1 | Immunogenicity of BNT162b2 at 30 days after being fully vaccinated. The neutralizing antibody (nAb) titers against the B.1, Gamma, Alpha, Delta, and Mu variants, 30 days after being fully vaccinated according to age over or under 40 years and gender is shown in (A). The percentage decrease in the neutralizing titers against the Gamma, Alpha, Delta, and Mu variants compared to B.1 lineage is shown in (B). *p<0.05. **p<0.01. ****p<0.0001.





Decreasing PRNTi Against All Variants in Older Individuals

To assess the difference among participants under and over 40 years old and the dramatic decrease in titers seen in all individuals against the variants, we analyzed SARS-CoV-2 PRNTis against each VOC and the VOI according to age. Older volunteers showed significantly lower PRNTi against all variants (Figure 2). Although a decrease in neutralization activity was observed in the entire population against the Gamma, Alpha, Delta, and Mu variants, compared with B.1, older individuals had lower PRNTi titers overall. We observed a significant decrease in neutralizing against the B.1 (r= -0.35, p= 0.0037), Gamma (r= -0.33, p= 0.0055), Alpha (r= -0.49, p< 0.0001), Delta (r= -0.37, p= 0.0017), and Mu (r= -0.39, p= 0.0011) (Figure 2).




Figure 2 | Lower nAbs titer against five variants studied in older donors. The distribution of neutralizing antibody (nAbs) titers after 30 days of completing the vaccination scheme is shown for each variant, according to the age distribution of studied individuals: (A) B.1 lineage, (B) Gamma, (C) Alpha, (D) Delta, and (E) Mu. The statistical analysis was performed using Spearman’s correlation.





Neutralizing Capacity Against All Lineages Decays Over Time

Plaque reduction neutralizing titers showed an evident decrease over time since vaccination. A noticeable reduction in neutralizing activity between 1- and 6-months post-vaccination among all variants evaluated was observed. For B.1 SARS-CoV-2, a 20% decrease at 90 days and 64.9% at 180 days post-vaccination were observed. For the variants Gamma, Alpha, Delta, and Mu, a progressive decay rate of neutralizing titer was observed during the follow-up, reducing at six months post-vaccination of 89.9%, 83.4%, 76.1%, and 68.9%, respectively. This difference was statistically significant for Gamma, Delta, and Mu variants at three- and six months post-vaccination and for B.1 and Alpha only at six months post-vaccination (Figure 3).




Figure 3 | Decrease in nAbs against five variants studied over time. The comparison between the neutralizing antibody titers of the individuals after one month and three months of being fully vaccinated are shown according to the variants: (A) B.1 lineage, (B) Gamma, (C) Alpha, (D) Delta, and (E) Mu. The statistical analysis was performed using Wilcoxon’s test. ****p<0.0001.



The kinetics of the PRNTi against B.1 lineage of SARS-CoV-2 were not different according to gender since both males and females had a marked drop at 180 days post-vaccination (Figure 4). Although women reached high neutralizing titers at day 30, after 90- and 180-days post-vaccination, they showed a marked drop, both older and younger than 40 years old (95.0% and 89.7%, respectively at 180 days) (Figure 4). On the other hand, in males, a significant reduction in neutralizing activity was observed after three months, only in those older than 40 years old, since the younger males only showed a significant reduction at six months (Figure 4).




Figure 4 | Decrease nAbs against B.1 lineage over time, according to age and gender. Neutralizing antibody (nAbs) titers against B.1 virus are shown between individuals one month and three months after being fully vaccinated and compared according to age (over or under 40 years) and sex. The statistical analysis was performed using Wilcoxon’s test. *p<0.05, ***p<0.001, ****p<0.0001.



As PRNTi against all variants was affected, we analyzed these results in independent groups according to age and gender. After six months, neutralizing titers showed a drastic reduction against Gamma, Alpha and Delta variants in all groups of donors. Notably, the reduction was observed for the Delta variant in all groups analyzed in both three- and six-month follow-up. For the Mu variant, the reduction in nAbs titers was differentially modulated according to age and gender (Figure S1).




Discussion

Ever since the design of currently rolled-out vaccines against SARS-CoV-2, evidence has shown their remarkable effectiveness in preventing infection, particularly severe disease and death related to COVID-19. Yet, growing evidence has focused on the potential harm of variants against established immunity, varying from in silico to observational population analyses and even nationwide studies (4, 14, 15). Indeed, our results lead to a similar conclusion. When serum neutralizing activity was first evaluated at one-month post-vaccination, all individuals displayed a peak of neutralizing response against B.1 lineage SARS-CoV-2, as expected. Of note, mRNA in the BNT162b2 vaccine encodes a nearly identical Spike protein to the reference SARS-CoV-2 genome, Wuhan-Hu-1 (16), which might explain this vaccine’s outstanding performance against relatively ancestral lineages such as B.1 virus, evaluated in this study. From this perspective, neutralizing response reached peak levels and behaved consistently in all groups, although a lower response was seen among older individuals. Furthermore, among participants in our study, females displayed a fairly greater PNRTi than males, in concordance with previous studies with different vaccines (17).

However, once we evaluated cross-reactivity against other variants, titers fell consistently among groups. VOCs Gamma, Alpha, and Delta, many of which exhibit mutations related to immune escape such as E484K and N501Y, have been extensively documented to display an increased capacity for evading antibody responses (7). Yet, one of our most noticeable findings is that Mu, first detected in January 2021 in Colombia (18), and the WHO listed as a VOI due to its ability to increase community transmission and higher prevalence in an area, features the escape mutations E484K, N501Y, and K417N. This last mutation has been detected in Delta plus (AY.4.2) and is also related to immune evasion (19). The results obtained at 30 days post-vaccination showcase a reduced response against all variants assessed, when compared to ancestral B.1, especially for Mu which displays a significantly higher molecular divergence. Hence, our results suggest that as variants genetically drift away from the reference genome, vaccine efficacy might be compromised.

Furthermore, our evidence demonstrates that the neutralizing response against SARS-CoV-2 and its variants wanes over time in vaccinated individuals. Previous work from several authors goes in line with this as well, both in convalescent and vaccinated individuals (20, 21). We observed a dramatic decrease in PNRTi titers against B.1 lineage of SARS-CoV-2 at three- and six months post-vaccination. The neutralizing response has been the predominant immunological marker for protection against SARS-CoV-2. Some studies estimate that the 50% protective neutralization levels, as a correlate of protection for severe disease, would be between 1:10 and 1:30, even though it could be as high as 1:200 (13, 22). Hence, the resulting antibody titers against B.1 at 3 and 6 months (at around 1:1660 and 1:505) would still be sufficient.

In the case of variants, the decay of humoral response is different. VOCs such as Alpha and Gamma would not likely translate into a threat for vaccinated individuals since the rates of decrease in antibody levels are not as strong (both remain over 1:1000 for the most part) as has been shown in other studies (23). For Delta, however, the decay is more remarkable, and the resulting mean nAbs titers approach 1:500 at three months, a decrease also observed by other authors (24). The most alarming data are those from Mu, as titers cross the 1:200 threshold at three months post-vaccination. Even though correlates of protection in variants may behave differently to those in B.1 lineage of SARS-CoV-2, it is safe to say that variants Delta and Mu have an outstanding ability to evade antibody responses in BNT162b2-vaccinated individuals and that immunity against them wanes faster than against other, less-circulating variants.

The results obtained from our study indicate that the humoral immune response induced by BNT162b2 holds less robustly against some of the VOCs and VOI that have circulated in Colombia, particularly against Delta and Mu, this last, the most unsuccessfully neutralized lineage assessed and the variant with the highest waning of them all (25–27). Consistent with our findings, Álvarez-Díaz et al. found that serum neutralizing activity from individuals vaccinated with BNT162b2 decreased by 75.7- and 17.7-fold against Mu, with respect to B.1.111 lineage and Gamma variant, respectively (26). In addition, Uriu et al. showed that the Mu variant was 9.1 as resistant as the ancestral lineage and 1.5 times as resistant to neutralization by serum from individuals vaccinated as the Beta variant (25). Further, Tada et al. reported that Mu and C.1.2 variants were more resistant to neutralization by BNT162b2 vaccination (6.8- and 7.3-fold decrease in titer, respectively, compared with D614G strain) (27). Based on the exposed view in Colombia and other countries (25–27), it should be considered that Mu be classified as a VOC since vaccines’ effectiveness has decreased to a certain extent.

On the other hand, the decrease in antibody titers after vaccination is common for different vaccines. Some authors have reported a more significant decrease in antibodies against influenza B strains than A strains after six months of vaccination (28). Others have reported that antibody levels and avidity decrease between 8% and 23% after six months to 20 years of vaccination against measles, mumps, and rubella (29). However, in the context of vaccination for SARS-CoV-2, our study shows that the decrease in the nAbs is more pronounced. These results suggest that time would render a substantial amount of the population susceptible to acquiring infection, especially as variants continue to emerge with increasing genetic divergence. This holds especially true for the elderly, considering that older individuals mount lower titers against all variants, and the kinetics of nAbs have shown an age dependency (30, 31). Considering that older individuals have a higher risk of suffering complications related to COVID-19, they must be protected from an ever-growing body of SARS-CoV-2 variants.

As shown herein and by other authors, the neutralizing response against mRNA vaccines decreases over time but is also commonly affected by mutations in SARS-CoV-2 variants (26, 32). This phenomenon occurs with other types of vaccines. For example, the humoral immune response triggered by adenoviral vaccines is less efficient in variants neutralization than mRNA vaccines (33, 34), and the sensitivity to neutralizing antibodies also decreases.

Our results showed a clear correlation between age, gender, and rate of decay in the post-vaccination immune response, remarkable at the peak neutralizing response and reduced near the end of the follow-up. Recently, other authors have reported that the humoral response to the BNT162b2 vaccine is affected by gender and age in studies carried out with ancestral lineages such as B.1 (31, 35, 36). The critical issue we observed in our study is that neutralization of variants also showed a differential reduction, especially in males over 40 years old. Clearly, males, especially older individuals, showed a significant decrease in nAbs titers against Alpha, Gamma, Delta, and Mu, aligning with other reports’ conclusions (31). Furthermore, even though our group of older individuals did not report having several comorbidities, this population tends to accumulate more risk factors, and antibody titers tend to decline sharply (37).

An advantage of our design is the spectrum of epidemiologically, and immunologically relevant variants studied. This diverse sample allowed for a proper and direct comparison between lineages that previously depended on normalization or data extrapolation. Moreover, we assessed neutralization through PRNT at serial dilutions, which is regarded as the gold standard for measuring antibody levels for many viruses, including SARS-CoV-2. However, the study has limitations: First, the overall sample size is restricted. Second, as this is an observational study, several variables were not precisely controlled. Third, it is possible that participants could have been infected asymptomatically, which could present as a confounding variable. Despite classical vaccinology being focused on the induction of antibodies (mainly neutralizing), cellular-mediated immunity is currently being recognized as an important aim of vaccination, which needs to be assessed to understand the overall adaptive immune response. This cohort, as well as the cellular immunity, will be assessed in future studies.

In conclusion, our study provides evidence of the humoral response kinetics in a heterogeneous population followed for six months. The neutralizing capacity was evaluated against widely distributed variants in the world. Since the pandemic continues to be a public health challenge to face, it is imperative to have protection correlates after vaccination and to have extensive information on the immune response generated by these vaccines against worrisome variants, especially when it comes to malleable and quickly produced platforms. Another study evaluating the cell-mediated immunity to SARS-CoV-2 vaccination will be developed to better elucidate the immunologic effects of SARS-CoV-2 vaccines. In addition, the evaluation of immune parameters induced by SARS-CoV-2 infection in infected individuals with different clinical outcomes will be reported in future publications.
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Supplementary Figure 1 |  Decreased nAbs overtime against different variants of SARS-CoV-2, according to age and gender. Neutralizing antibody (nAb) titers against Gamma, Alpha, Delta, and Mu are shown between individuals at one, three, and six months after being fully vaccinated and compared according to age (over or under 40 years) and sex. The statistical analysis was performed using Wilcoxon's test. *p<0.05. **p<0.01. ***p<0.001.
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Female under 40 years ~ Male under 40 years ~ Female over 40 years Male over 40 years old
old (n=15) old (n=15) old (n=15) (n=15)
Age: years [range] 29 [21-39] 27 [21-40] 57 [47-68] 55 [42-71]
Body-mass index [range] 24.4 [18.0-28.9] 24.1[19.5-31.4] 24.6 [21.1-29.3] 25.9[23.1-30.9]
Blood type A (%) 3(20) 4(26.7) 3(20) 10 (66.7)
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AB (%) 00 00 1(6.7) 0()
Rhesus factor Positive (%) 14 (93.3) 14 (93.3) 4(93.3) 1(73.3)
Symptoms associated with Local (%) 12 (80) 13 (86.7) 3(86.7) 7 (46.7)
vaccination Systemic (%) 1(73.3) 11 (78.3) 0(66.7) 5(33.3)
Substance consumption Alcohol (%) 0(0) 2(13.3) 1(6.7) 16.7)
Cigarette (%) 2(13.3 0(0) 0(0) 0(0)
Other (%) 000 0(0) 00 000
Exercise Yes (%) 9 (60) 13 (86.7) 8(53.3) 7(46.7)
No (%) 6 (40) 2(13.3) 8(53.3) 10 (66.7)
Hours per week 35[2-7] 4[3-12) 45[2-7] 5[3-14]
[range]
Comorbidities Arterial 0(0) 0(0) 3 (20) 0(0)
hypertension (%)
Cardiovascular 0(0) 0(0) 0(0) 16.7)
disease (%)
Diabetes (%) 0(0) 0(0) 1(6.7) 16.7)
Other* (%) 1(6.7) 0(0) (20) 0(0)

*Other comorbidities: Dyslipidemia, Gilbert's syndrome, glaucoma, and hypothyroidism.





