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Editorial on the Research Topic 


Innate immune responses to SARS-CoV-2 in infected and vaccinated individuals


The COVID-19 pandemic triggered the intensity of the pursuit of vaccines that had not been seen before and were developed at an unprecedented speed, approved, and delivered for human use globally. During the pandemic, the first mRNA vaccine, a new paradigm in vaccinology for SARS-CoV-2, was also developed by Pfizer-BioNTech and Moderna. Most current vaccines in use have aimed to induce specific adaptive immunity by taking advantage of host T-cell responses and virus-neutralizing antibodies (nAbs). Innate immunity, critical to host defense against infections, is triggered by a family of pattern recognition receptors, which in turn induce interferons and cytokines, activating myeloid and lymphoid cells to provide immune protection against a range of viral and bacterial infections. Through thematic convergence, the assemblage of 18 original articles and reviews presented in this special issue, entitled “Innate immune responses to SARS-CoV-2 in infected and vaccinated individuals,” discusses various perspectives and provides a profound and multidisciplinary understanding of SARS-CoV-2 vaccines and innate immune responses. This information provided in the special issue is critical to defining the limitations of current approaches and facilitating greater understanding and refinement of current and future vaccine design.

While the COVID-19-approved vaccines are generally safe, serious side effects have remained an issue with both mRNA and non-mRNA vaccines, and more time is needed to assess their potential long-term effects. The limited production of heterogeneous neutralizing antibodies and their short durability in vivo remain unsolved and need to be addressed. Nonetheless, even though the current COVID-19 vaccines have not always been used in concert with the circulating strain, they have been shown to protect against severe disease, which is usually typified by pneumonia, cytokine storm, acute respiratory distress syndrome (ARDS), multiorgan failure, and death. Most current vaccines also lack variant-specificity; therefore, the newly emerging viral variants have been seen to breach host immunity through mutations during the COVID-19 pandemic. As a result, we have seen millions of re-infections globally post-vaccination and post-booster vaccination, with varying recovery rates depending on the host immunology and circulating mutations in the viral strains (Kumar et al.). For instance, patients infected with the Delta variant of SARS-CoV-2 were found to have a slower recovery rate than their counterparts infected with Alpha or Omicron variants. This trend was consistent in both vaccinated and unvaccinated patients. Omicron causes less severe disease than Delta, which could be attributed to Omicron being less able to infect the lungs as it does in the upper airways, thereby resulting in less severe disease than Delta, coupled with a lower risk of hospitalization and ICU admissions (40–80% and lower than that of Delta) and death (60% less death rate than Delta) (1). Möhlendick et al determined that the risk of developing an Omicron breakthrough infection was independent of vaccination scheme sex, body mass index, smoking status or pre-existing conditions, but it correlated with lower antibody responses induced after booster immunization.

Overall, such observations are significant in defining vaccine efficacy, as viral mutations that define viral infectivity and transmissibility work together to evade the host-and vaccine-induced immunity, and require further investigation to create specific and durable SARS-CoV-2 vaccines. Furthermore, unless SARS-CoV-2 vaccines can provide long-term sterilizing immunity, they will most likely become seasonal and will require yearly immunizations, as is known for the influenza virus. To develop a vaccine of this kind, a clear understanding of the mechanism of interaction of the virus with the host and the host’s response to the vaccine is urgently needed. More insights are needed into the innate immune system components, including monocytes, macrophages, dendritic cells, and granulocytes (Bonam et al.; Sonaglioni et al.; Beirag et al.).

There is a big focus on finding epigenomic modalities for treating SARS-CoV-2, as the virus uses the host epigenetic machinery to subdue antiviral components and complete its life cycle within the host (2). Gianella et al. show that severe COVID-19, compared to mild/moderate disease, was characterized by miRNA (non-coding RNAs that regulate gene expression) signatures showing of a profound impairment of innate and adaptive immune responses, inflammation, lung fibrosis, heart failure, and mortality. A combination of high serum miR-22-3p and miR-21-5p, which target antiviral response genes, and low miR-224-5p and miR-155-5p, targeting pro-inflammatory factors, discriminated between severe and mild/moderate COVID-19. Simultaneously, a high leukocyte count and low levels of miR-1-3p, miR-23b-3p, miR-141-3p, miR-155-5p and miR-4433b-5p predicted mortality. Some differentially expressed miRNAs that were modulated directly by SARS-CoV-2 infection in permissive lung epithelial cells could have immense value in defining prognostic biomarkers in stratifying clinical outcomes and preponderance to disease severity for treating the infection earlier.

Given that the different approaches and strategies have been used in designing SARS-CoV-2 vaccines, it is thus important to have comparative analyses between them. To carry out such comparative analyses it is equally important to have high-throughput technologies that can systematically evaluate vaccine attributes in a clinical context, providing gold standards to asses vaccine efficacy. Before the broader deployment of a vaccine, it is crucial to understand the molecular, immunological, genomic, and proteomic bases of the immune responses and their evaluation. This was demonstrated through peptidome analysis of vaccinated individuals by Zhang et al., demonstrating the utility of MALDI-TOF MS in evaluating immune responses after vaccination with CoronaVac along with the discovery of new biomarkers for vaccination and neutralizing antibody generation. Furthermore, Kaznadzey et al., through a simultaneous comparison of Pfizer-BNT162b2, Moderna-mRNA1273, and Sputnik V vaccines, provided the first parallel comparison of immune responses of mRNA and non-mRNA vaccines, with no significant differences after the second challenge in vaccinated individuals who also had COVID-19 before being vaccinated, confirmed by antibodies against the nucleocapsid (N) protein and RBD of SARS-CoV-2 using a Unified ELISA-based assay previously developed in the laboratory. Concurrently, Jochum et al. also demonstrated the value of the high automated throughput Roche Elecsys® Anti-SARS-CoV-2 S assay (referred to as ACOV2S) to detect and quantify the antibody response against the RBD of the S protein in delineating humoral immune responses in mRNA-1273-vaccinated individuals. Therefore, the Elecsys Anti-SARS-CoV-2 S assay (ACOV2S) can be valuable in assessing and quantifying the presence of RBD-directed antibodies against SARS-CoV-2 following vaccination and in the assessment of vaccine-induced humoral immune responses. Similarly, Hosseinian et al. quantified the persistence of humoral immunity (SARS-CoV-2 IgG levels) following vaccination using a coronavirus antigen microarray, which included 10 SARS-CoV-2 antigens. Overall, these aspects have a strong potential to define immune responses in infected and vaccinated individuals and the post-market evaluation of SARS-CoV-2 vaccines in a high throughput manner.

In the context of an effective vaccine, it is also important to identify how the vaccines generate immune response with and without prior exposure to SARS-CoV-2. This knowledge is also valuable in defining the relevance of booster regimens, which have been arbitrarily introduced without a proper definition of timing and consideration of circulating strain at the time. Kaznadzey et al. further showed that vaccinated individuals with Sputnik V with prior SARS-CoV-2 infection showed high levels of antibodies with the ability to effectively neutralize the interaction of RBD with ACE2 following the first dose of Sputnik V, which was consistent with Moderna and Pfizer vaccines, suggesting that anti-RBD signals were comparable among the three vaccines (3, 4). What value do booster doses have in the context of naive and previously infected SARS-CoV-2 individuals? This study also shows that a single administration of Sputnik V (Sputnik Light) could be a sufficient boost to the immune system for those who have had a prior exposure to SARS-CoV-2 infection, but this was not the case with naïve patients who had a two-dose regime, which is in line with other studies on Sputnik Light (6). This, along with the study by Ogric et al., which assessed the humoral immune response after the first, second, and third (booster) doses of BNT162b2 vaccine in SARS-CoV-2 naïve and previously infected healthcare professionals, showed no efficacy of booster shots in individuals with prior exposure to SARS-CoV-2, which is highly relevant in making clinical decisions on booster regimens. A concurrent study by Busa et al., using the same BNT162b2 vaccine, found a potential benefit of the third dose of mRNA vaccine on the lifespan of memory B and T cells, suggesting that booster doses could increase protection against SARS-CoV-2 infection. In contrast, Seidel et al. used another approach in assessing the value of booster using heterologous ChAdOx1 nCoV-19 BNT162b2 prime-boost vaccination in young adults and showed that booster after heterologous vaccination results in adequate immune maturation and potent protection against the Omicron BA.1 variant in young adults, concurring with a study by Dowell et al., which analyzed antibody and cellular responses in adolescents who received COVID-19 vaccination with either ChAdOx1 or an mRNA vaccine (mRNA-1273, BNT162b2). Together, these studies provide a platform for vigorous and tantalizing discussion on the actual value of booster shots in naïve and previously-infected individuals, and also in the context of newly emerging SARS-CoV-2 variants as Omicron can breach immune protection in individuals with weak antibody response despite boosting, as shown by Mohlendick et al., which also underscores the establishment of thresholds for SARS-CoV-2 IgG antibody levels identifying “non”-, “low” and “high”-responders that can be used as an indication for re-vaccination.

Ideally, a robust vaccine must serve to all but that is not always the case, and difficult to achieve. Indeed, we have learnt that the immune response and efficacy of current SARS-CoV-2 vaccines is often conditioned by sex and age (5). Shen et al., who analyzed the innate immune responses to the ChAdOx1 nCoV-19 (AZD1222) adeno-virus-based vaccine in the 25-35, and 60-70-years old age groups, showed that the innate immune response after the first vaccination correlated with neutralizing antibody production and that older people displayed weakened innate immune responses by TLR stimulation and weak or delayed innate immune activation profiles after vaccination compared to young people. Thus, age is an important consideration for vaccine design and efficacy because aging is associated with alterations in the number and quality of innate and adaptive immune cells and mounting of immune responses to immune stimulation. This process is termed immune senescence (6; Pietrobon et al.), which is accompanied by reduced chemotaxis, defective cytokine production, and poor TLR signalling (7), thereby affecting and impairing antigen processing and presentation to T cells and activation of B cells, hence weakening adaptive immunity in older age groups. This was the reason, which could be attributed to the high mortality with SARS-CoV-2 infection observed in the older age group with SARS-CoV-2 infection during the earlier part of COVID-19 pandemic, and subsequently.

In case of Influenza, we have already seen that age is associated with decrease in TLR function in human dendritic cells and with poor antibody response to influenza immunization, further underpinning the importance immune-senescence of the innate immune system in vaccine response as a result of aging (8); and, that immuno-senescence can lead to no or suboptimal response to vaccination, posing a potential risk of breakthrough infection with newly emerging SARS-CoV2 variants. Lopera et al. underpins this aspect and show that the decaying of serum neutralizing activity, both over time and across SARS-CoV-2 variants (using the Pfizer-BioNTechvaccine), is more significant in older men- an essential attribute in vaccine considerations in addition to approaches that can boost the immune response in the elderly, either by adding potent adjuvants or by bringing changes to the route of vaccine administration, augmenting the dose of immunogen, and altering the vaccine design and compositions, allowing more immunogenic targets, must be made (9; Pereira et al.). The current trend in vaccine design seen in most COVID-19 vaccines is the antigenic simplicity, aimed to focus the immune response in those antigens that are likely to induce protective responses. In this context, Pratesi et al took a step further showing that 72 aa long-peptide from SARS-CoV-2 spike protein corresponding to the receptor binding motif (RBM436-507) could generate neutralizing antibodies in mice and was recognized by sera from humans exposed to the infection. Hence, this peptide could be used rather than the entire Spike protein in next-generation of COVID-19 vaccines as an immunogen. This also makes a case for identifying immunogenic peptides from regions other than the spike protein, which can be incorporated in future multi-subunit-vaccines for a broader immune response.

In summary, this special issue encapsulates and provides vigorous discussions on the current and evolving state of SARS-CoV-2 vaccines, their design (Pratesi et al.), and development (Prasad et al.) in the context of innovative strategies that will provide better immune protection, robust responses, variant-specificity, broader coverage, better evaluation and assessment, and improvement in the effectiveness of vaccines in the general population and the elderly.

Together, these articles highlight current and future challenges, and possible strategies to overcome them. Because all SARS-CoV-2 vaccines were rolled out due to urgency, there is a urgent need for an increased understanding of the level of immune response variability; adjuvant in boosting effectiveness; the mechanistic basis, genomic, and proteomic bases of mRNA and non-mRNA vaccines; strain specificity; live attenuated viral vaccine development for better durability; and mode of action of the current and future vaccines that can also integrate how vaccines can be made effective when dealing with factors including age, sex, and health status. Live-attenuated vaccines (LAV), which have been used for targeting measles, Mycobacterium tuberculosis, and polio to induce innate protective immunity, have not been tested for SARS-CoV-2 because of the risks involved, coupled with the paucity of immunological knowledge. LAVs offer better and broader protection against viruses. It may be essential to bend the pandemic curve by providing better therapeutic outcomes through training of the innate immune system.
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Background

The ability to quantify an immune response after vaccination against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is essential. This study assessed the clinical utility of the quantitative Roche Elecsys® Anti-SARS-CoV-2 S assay (ACOV2S) using samples from the 2019-nCoV vaccine (mRNA-1273) phase 1 trial (NCT04283461).



Methods

Samples from 30 healthy participants, aged 18–55 years, who received two injections with mRNA-1273 at a dose of 25 μg (n=15) or 100 μg (n=15), were collected at Days 1 (first vaccination), 15, 29 (second vaccination), 43 and 57. ACOV2S results (shown in U/mL – equivalent to BAU/mL per the first WHO international standard) were compared with results from ELISAs specific to antibodies against the Spike protein (S-2P) and the receptor binding domain (RBD) as well as neutralization tests including nanoluciferase (nLUC80), live-virus (PRNT80), and a pseudovirus neutralizing antibody assay (PsVNA50).



Results

RBD-specific antibodies were already detectable by ACOV2S at the first time point of assessment (d15 after first vaccination), with seroconversion before in all but two participants (25 μg dose group); all had seroconverted by Day 29. Across all post-baseline visits, geometric mean concentration of antibody levels was 3.27–7.48-fold higher in the 100 μg compared with the 25 μg dose group. ACOV2S measurements were highly correlated with those from RBD ELISA (Pearson’s r=0.938; p<0.0001) and S-2P ELISA (r=0.918; p<0.0001). For both ELISAs, heterogeneous baseline results and smaller increases in antibody levels following the second vs first vaccination compared with ACOV2S were observed. ACOV2S showed absence of any baseline noise indicating high specificity detecting vaccine-induced antibody response. Moderate–strong correlations were observed between ACOV2S and neutralization tests (nLUC80 r=0.933; PsVNA50, r=0.771; PRNT80, r=0.672; all p ≤ 0.0001).



Conclusion

The Elecsys Anti-SARS-CoV-2 S assay (ACOV2S) can be regarded as a highly valuable method to assess and quantify the presence of RBD-directed antibodies against SARS-CoV-2 following vaccination and may indicate the presence of neutralizing antibodies. As a fully automated and standardized method, ACOV2S could qualify as the method of choice for consistent quantification of vaccine-induced humoral response.





Keywords: SARS-CoV-2, COVID-19, quantitative serology, vaccination, ELISA



1 Introduction

First recognized in Wuhan, China in late 2019, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has since spread rapidly and infected millions of people globally (1). The prompt development and approval of vaccines against the virus has been crucial. With over 100 vaccine candidates currently in clinical development (2), there is a high need for sensitive and specific assays that can reliably quantify immune responses following vaccination (3).

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA virus containing four structural proteins: spike (S), envelope, membrane, and nucleocapsid (N) protein. The S glycoprotein is proteolytically cleaved into two subunits: S1 containing the host receptor binding domain (RBD) which facilitates entry to host cell through binding to membrane bound angiotensin-converting enzyme 2 (ACE 2), and S2, a membrane-proximal domain (4). Seroconversion often starts 5–7 days after symptom onset and the antibodies, immunoglobulin M (IgM), IgG and IgA, can be observed after approximately two weeks (3, 5, 6). While antibody response can be directed against all viral proteins, S and N are considered the main targets of humoral response (6, 7). Based on the potential for antibodies targeting the spike antigen to inhibit viral entry into the target cells, the majority of vaccine candidates have been designed to induce humoral immune responses against the S antigen (8).

Neutralizing antibodies are important contributors to protective immunity (3). In vitro neutralization testing is a widely applied test to assess the presence of neutralizing antibodies and to titrate them to limiting dilution. A variety of neutralization tests are available, including direct neutralization, which requires biosafety level 3 handling, and pseudotyped-virus assays (9–11). In convalescent plasma, Ig antibodies towards the SARS-CoV-2 S protein, in particular when directed against the RBD, have been shown to correlate with virus neutralizing titers, suggesting that immunoglobulin levels may predict levels of neutralization (12, 13). Thus, the potential use of antibody concentrations, quantified by commercially-available immunoassays, as a surrogate for neutralizing titers is currently being explored (14–16).

The automated, high throughput Roche Elecsys® Anti-SARS-CoV-2 S assay (hereby referred to as ACOV2S) detects and quantifies antibodies against the RBD of the S protein. A previous study showed that the presence of antibodies detected with ACOV2S correlated with the presence of neutralizing antibodies, as detected with direct virus neutralization and surrogate neutralization tests among individuals with minor or no symptoms (17). In order to generate further supporting evidence for the clinical utility of ACOV2S, in addition to existing studies (18, 19), we studied the antibody concentration, as measured by ACOV2S, over time in a phase 1 trial of the widely approved, highly effective mRNA-based 2019-nCoV vaccine (mRNA-1273; Moderna, Cambridge, MA) which encodes the stabilized prefusion S trimer, S-2P (20). We also performed an exploratory analysis comparing ACOV2S results with those from enzyme-linked immunosorbent assays (ELISA) and neutralization tests, based on data from the phase 1 trial.



2 Methods


2.1 Study Design and Participants

We used stored samples from participants enrolled in the phase 1 trial of mRNA-1273 (NCT04283461); full methodological details have previously been described (20). In this retrospective exploratory analysis, samples from healthy participants aged 18–55 years who received two injections of trial vaccine 28 days apart at a dose of 25 μg or 100 μg were included for assessment. All participants received their first vaccination between March 16 and April 14, 2020.

Blood samples were collected as previously described (20). Samples collected at baseline (Day 1, first vaccination), and Days 15, 29 (second vaccination), 43 and 57, were analyzed.

Informed written consent was originally obtained from all study participants in the context of the associated vaccine phase I study and the study was conducted in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice Guidelines. Approval was granted by the Advarra institutional review board for the phase 1 trial (20) and the diagnostic protocol under which the existing samples were tested.

For comparison of antibody responses induced by vaccination to antibody response to natural SARS-CoV-2 infection, anonymized cross-sectional samples from individuals with polymerase chain reaction (PCR)-confirmed SARS-CoV-2 infection were taken 0–15 days and 16-35 days post-PCR diagnosis and analyzed for presence of SARS-CoV-2 specific antibodies using ACOV2S. These samples were derived from individuals with mild course of disease that underwent quarantine at home or from individuals with more severe course of disease that required hospitalization. In contrast to the samples from the vaccination trial, the sample collection from natively-infected individuals was not balanced for representative reflection of the population demographics. The age distribution for donors with mild disease ranged from 17 to 68 years (median 35 years), for donors with severe disease ranged from 21 to 85 years (median 53 years). Detailed clinical information, e.g. on putative medication or treatment, was not available for data privacy reasons. All samples were collected between March and July 2020 in Switzerland, Germany, and Ukraine.



2.2 Laboratory Assays


2.2.1 Elecsys Anti-SARS-CoV-2-S Immunoassay (ACOV2S)

The ACOV2S results were measured on a cobas e 602 module (performed at PPD Central Laboratory, Highland Heights, KY, USA for all samples provided by Moderna and Roche, Mannheim, Germany for samples from SARS-CoV-2-infected subjects). All samples were processed according to the manufacturer’s instructions. The ACOV2S assay quantitatively determines RBD-specific antibodies (21). Standardization of each manufactured batch of ACOV2S towards an unchanged internal reference material ensures consistent quantification of antibody titers with each assay batch and all available analyzers. Development and manufacturing fulfill requirements for a medical device and ACOV2S is a registered in vitro diagnostic with CE marking for use as an aid to assess the adaptive humoral immune response, including neutralizing antibodies, to the SARS−CoV−2 S protein after natural infection with SARS−CoV−2 or in vaccine recipients. Additionally, ACOV2S has been granted US Food and Drug Administration emergency use approval.

The ACOV2S assay applies the double antigen sandwich format for detection of antibodies and can thereby theoretically detect any class of immunoglobulin. The reaction conditions of the assay (use of monomeric antigen and application of relatively stringent buffer conditions) however strongly favor binding of IgG. Measurement results are shown in U/mL, with a medical decision point at 0.80 U/mL to differentiate samples as reactive (≥ 0.80 U/mL) and non-reactive (< 0.80 U/mL) for SARS-CoV-2 RBD-specific antibodies. Values between 0.40–250 U/mL represent the primary measuring range. Results below this range were set to 0.4 U/mL and qualified non-reactive. Samples above 250 U/mL were automatically diluted into the linear range of the assay (realized dilutions in this study: 1:10 or 1:100) with Diluent Universal (Roche Diagnostics, Rotkreuz, Switzerland). The analyzer automatically multiplies diluted results with the dilution factor, which in the applied setting enabled an upper limit of quantification of 25000 U/mL for the analyses in this study.



2.2.2 Traceability of Results to International BAU/mL

Of note, the assigned U/mL are equivalent to Binding Antibody Units (BAU)/mL as defined by the first World Health Organization (WHO) International Standard for anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/136). No conversion of units is required and reported results in U/mL can be directly compared to other studies or results in BAU/mL.



2.2.3 Serologic Monitoring for Breakthrough Infections

In addition to the quantification of RBD-specific antibody titers induced by mRNA-1273 vaccination, all samples were also assessed on the same cobas e 602 module with the previously described Elecsys Anti-SARS-CoV-2 immunoassay detecting antibodies to the N protein (22). As natural infection with SARS-CoV-2 and not vaccination with mRNA-1273 can trigger a positive result in the context of the mRNA-1273 vaccine, this assay was used to determine whether participants were naïve for prior COVID-19 infection or acquired a putative breakthrough infection despite vaccination throughout the period of investigation.



2.2.4 Comparator Assays

Further assay results were generated under the phase 1 study protocol (20) and the results were transferred to Roche for analysis. Details of the comparator assay methods have been published (20, 23).

Serum antibody levels against SARS-CoV-2 were measured by ELISA specific to the S protein [stabilized containing 2 Proline mutations and thus referred to as S-2P protein (hereby referred to as S-2P ELISA [and described in detail in the Supplementary Appendix in (20)] and the isolated RBD of the viral S protein (hereby referred to as RBD ELISA). ELISA assay results were expressed as reciprocal endpoint dilution titer. Notably, no reactivity cut-offs or lower limit of quantification were defined, and no standardization was applied for either ELISA. The ELISA methods applied an indirect solid phase format with IgG-specific detection by a secondary staining step.

Results from assays that target neutralizing antibodies, providing an estimate of vaccine-induced, antibody-mediated neutralizing activity, were also assessed. These included: 1) a nanoluciferase assay (nLUC) with titers reported as the dilution required to achieve 80% neutralization (80% inhibitory dilution; hereby referred to as nLUC80); 2) a live wild-type SARS-CoV-2 plaque reduction neutralization assay (PRNT) with titers expressed as reciprocal of dilution needed for 80% reduction in virus infectivity (hereby referred to as PRNT80); and 3) a pseudovirus neutralizing antibody assay (PsVNA) with titers reported as dilution required for 50% neutralization (50% inhibitory dilution; hereby referred to as PsVNA50, respectively). Because of the labor-intense nature of the nLUC80 and PRNT80 assays involving several manual handling steps and cell culture,(20 results were available only for the time points, Day 1, Day 29 (nLUC80 only) and Day 43.

In case no significant inhibition of infection was observed (i.e. < 50% or <80% neutralization) even with the highest sample concentration (i.e. the starting dilution titer), the numerical result of the assay was set to the starting dilution titer and the assay result was interpreted as negative for neutralizing activity in all qualitative concordance analyses. Samples showing significant inhibition (i.e. ≥ 50% or ≥80% neutralization) at any of the applied concentrations were interpreted as positive for neutralizing activity in all qualitative concordance analyses.




2.3 Statistical Analysis

For each trial population and dosage group, ACOV2S-measured anti-RBD antibody levels are shown as boxplots (log-scale) for every measurement time point, with values outside the measuring range censored. Comparison of ACOV2S-measured antibody levels per dose group and time point were conducted using reverse cumulative distribution curves. For ACOV2S, geometric mean concentrations (GMCs) and, for ELISA, geometric mean titers (GMTs) were calculated for each time point and stratified by dose group, and 95% confidence intervals (CIs) were calculated by Student’s t distribution on log-transformed data and subsequent back-transformation to original scale.

For the assessment of seroconversion, as measured by ACOV2S, the percentage of subjects who crossed the reactivity cut-off at 0.8 U/mL at or before a given time point was evaluated. A seropositive status was carried forward to later time points.

Pairwise method comparison across all available data points using Passing-Bablok (log-scale) regression analyses (24) with 95% bootstrap CIs were provided for all comparator assays, excluding values outside the measuring range, and Pearson’s correlation coefficients (r) with 95% CIs were calculated.

Qualitative agreement between ACOV2S and neutralization assays was analyzed by positive percentage agreement (PPA), negative percentage agreement (NPA), and overall percentage agreement (OPA), positive and negative predictive value (PPV and NPV) with exact 95% binomial CIs and the positive and negative likelihood ratio with 95% CIs calculated [per Simel et al. approximation (25)]. The software R, version 3.4.0, was used for statistical analysis and visualization (26).




3 Results

The analyses included longitudinal sample panels from in total 30 mRNA-1273-vaccinated participants. Of those, 15 participants had received 25 μg dose and the other 15 had received 100 μg dose (both administered as two injections of the indicated dose with a delay of 28 days). Demographics and baseline characteristics of participants have been previously described (20). In brief, in the 25 μg and 100 μg dose groups, mean ages ( ± SD) were 36.7 ( ± 7.9) and 31.3 ( ± 8.7) years, 60% and 47% were males, respectively, and the majority were of white ethnicity across both cohorts. All participants were naïve for natural SARS-CoV-2 infection at study start and throughout the investigated timeframe as determined with the Elecsys Anti-SARS-CoV-2 (anti-N) assay (Supplementary Figure 1).


3.1 Humoral Response After Vaccination With mRNA-1273 Assessed by Elecsys Anti-SARS-CoV-2 S Assay

Anti-RBD antibody levels as measured by ACOV2S, increased over time for both dose groups (Table 1). All participants were non-reactive in ACOV2S at baseline (< 0.4 U/mL), confirming the naïve antibody status for SARS-CoV-2. RBD-specific antibodies were readily detectable by ACOV2S at the first sampling time point (Day 15) and determined high antibody levels indicated that seroconversion had apparently occurred earlier than Day 15 for almost all participants (25 μg: 13/15; 100 μg: 15/15). At Day 29, i.e. day of second vaccination, the remaining two participants of the 25 μg group had seroconverted and developed significant antibody concentrations. The determined antibody concentrations correlated with the applied vaccine dose (Figure 1A), with 3.27–7.48-fold higher GMCs observed in the 100 μg group compared with the 25 μg group at all follow up visits (Table 1). The 100 μg dose group showed a more homogenous anti-RBD response, as reflected by the smaller geometric standard deviations, indicating reduced inter-individual spread in response to the vaccine at higher dose. In both groups, antibody levels tended to increase until Day 43 and remained high through Day 57 (Figure 1B). None of the measured antibody levels exceeded the selected upper limit of quantitation of 25000 U/mL of ACOV2S that resulted from maximally applied 1:100 dilution in this study.


Table 1 | ACOV2S summary statistics and GMR, comparing the 100 μg group to the 25 μg group.






Figure 1 | Time-dependent antibody responses as measured by the ACOV2S. Reverse cumulative distribution curves allow for comparison of ACOV2S-measured antibody level distributions between dose groups (A) and visit days (B). Red vertical line indicates reactivity cut-off (0.8 U/mL).



ACOV2S-measured antibody levels over time in vaccinated samples compared with those in post-PCR confirmed SARS-CoV-2 infection are shown in Figure 2. Natively-infected individuals developed a more heterogeneous antibody response to SARS-CoV-2 infection compared with vaccination, likely due to differences in viral load and the course of disease. ACOV2S-measured anti-RBD antibody levels after the first vaccination were within the range developed upon native infection, with levels following the 25 μg dose more aligned with those induced by mild disease (Figures 2A, C) and the 100 μg dose with severe disease (Figures 2B, D). After the second vaccination, it can be construed that ACOV2S-measured antibody levels exceeded those induced by native SARS-CoV-2 infection by approximately 10-100 fold.




Figure 2 | Time course of ACOV2S-measured antibody levels following mRNA-1273 vaccination and native infection. Antibody levels following vaccination are shown in (A, B); dotted grey vertical lines indicate time of vaccination, administered at Days 1 and 29. Antibody levels in samples post PCR-confirmed SARS-CoV-2 infection are shown in (C, D). Box plots show the individual readouts (black dots) and, 25th, 50th, and 75th percentiles (black box). Red horizontal line indicates reactivity cut-off (0.8 U/mL).





3.2 Concordance of ACOV2S With RBD and S-2P ELISA Assays

In total, 113 samples were available for comparative analysis with both ELISA assays across various time points. Measurements by ACOV2S were highly correlated with both RBD ELISA (r=0.938 [95% CI 0.911–0.957]; p<0.0001; Figure 3A) and S-2P ELISA (r=0.918 [95% CI 0.883–0.943]; p<0.0001; Figure 3B) measurements. Notably, there was distinct heterogeneity of both ELISA results at baseline in contrast to ACOV2S which showed all samples as non-reactive.




Figure 3 | Comparison of ACOV2S and ELISA. Passing–Bablok regression fit (log-scale) for the comparison with RBD ELISA is shown in (A), and with S-2P ELISA in (B) Red dotted line shows ACOV2S reactivity cut-off. The shaded area represents the 95% confidence interval for the fitted curve. Dots and triangles represent individual samples; filled dots or triangles represent samples within the measuring range for the ACOV2S assay. Time courses of antibody responses measured by RBD ELISA and S-2P ELISA compared to ACOV2S are shown in (C, D), respectively. Dotted grey vertical lines show when vaccination injections were administered at Days 1 and 29. Red horizontal line shows ACOV2S reactivity cutoff, and the black dashed horizontal line represents the lower end of the ACOV2S measuring range. Box plots show the individual readouts (dots) and, 25th, 50th, and 75th percentiles (box). Time-dependent geometric mean concentrations and geometric mean titers across vaccine dose groups of ACOV2S levels vs RBD ELISA and S-2P ELISA are shown in (E, F), respectively. Shaded areas indicate 95% confidence intervals.



Antibody levels measured with ACOV2S and the RBD or S-2P ELISA showed similar time courses following first and second vaccinations (Figures 3C, D, respectively). A transient difference became apparent in the 25 μg dose group in which the S-2P ELISA already determined seroconversion for all participants 15 days after first vaccination, whereas ACOV2S did not detect samples from two donors at this time point. A more continuous antibody level development over time and dose groups was observed with the ACOV2S. The obtained results are additionally plotted as GMCs of ACOV2S-measured antibody levels and GMTs of the ELISA-endpoint dilution titers over time in Figures 3E, F, respectively, to facilitate relative result comparisons. The ELISA methods showed strong signal increase early after first vaccination followed by a plateau of antibody levels between Day 15 and Day 29, more frequently observed with the S-2P ELISA, and a smaller increase after second vaccination compared with the ACOV2S. This infers that the ELISA methods detect the antibody titer development over time in a more stepwise manner compared to a more continuous antibody titer development as determined with ACOV2S. Also, by making use of the automated onboard dilution, ACOV2S can resolve very high titers while ELISAs appear to approach saturation. This is evident by the more prominent geometric fold-rise after the second vaccination versus the first vaccination for the ACOV2S compared with the ELISA methods (Supplementary Table 1).



3.3 Concordance of ACOV2S With Neutralization Assays

Figure 4 visualizes concordance of ACOV2S with comparative assays assessing neutralization. For comparison with nLUC80, 47 samples had quantifiable results. Numerical correlation with nLUC80 measurements was very strong (Pearson’s r=0.933 [95% CI 0.882–0.962]; p<0.0001) and all samples with a positive nLUC80 had a positive ACOV2S measurement (Figure 4A). At Day 29, there were 8 samples with a positive ACOV2S result whose nLUC80 result was negative, predominantly occurring in 25 μg dose group. A total of 79 samples across all time points had quantifiable PsVNA50 results. Strong correlation was observed between ACOV2S and PsVNA50 (r=0.771 [0.663–0.848]; p<0.0001) results and all samples with a positive PsVNA50 result had a positive ACOV2S measurement. A proportion of samples had a negative PsVNA50 result but a positive result with ACOV2S (Figure 4B). Analysis with 27 available samples obtained two weeks after the second vaccination (Day 43) showed ACOV2S levels moderately correlated with PRNT80 results [r=0.672 (0.392–0.838); p=0.0001 (Figure 4C)].




Figure 4 | Comparison of ACOV2S and neutralization assays. Passing–Bablok regression fit (log-scale) of ACOV2S with nLUC80 is shown in (A), PsVNA50 in (B) and PRNT80 in (C). Red dotted line shows ACOV2S reactivity cut-off. The shaded area represents the 95% confidence interval for the fitted curve. Dots or crosses show individual sample readouts. Filled dots or triangles represent samples within the measuring range for both ACOV2S and respective comparator assay. Overlaid table shows the qualitative agreement between Elecsys ACOV2S and comparator assays.



Qualitative agreement between ACOV2S and neutralizing test results is presented in Supplementary Table 2. The PPA and NPV for all neutralization assays was 100%, highlighting that no samples were negative for ACOV2S while positive for neutralization.




4 Discussion

Immune responses to SARS-CoV-2 infection and vaccination can significantly vary with each individual (27–29) and longevity of the humoral immune response to SARS-CoV-2 has repeatedly been a matter of investigation (30). Correlation of protection from symptomatic disease with determined antibody titers is also being explored (31). Here, reliable correlation requires evaluation of large cohorts and multi-centric datasets and determination of titers with a standardized and globally available method. The reported high efficacy of the mRNA1273 vaccine renders breakthrough infections rare and non-responders unlikely (20, 32, 33). Together with the rapidly growing number of SARS-CoV-2 vaccines in development, these aspects further emphasize the need for automated, high-throughput methods to reliably quantify immune response in a standardized manner to enable large dataset comparisons, confirm seroconversion in all targeted individuals, independent of pre-existing conditions or medications (34), as well as long-term monitoring.

In this exploratory analysis of mRNA-1273-vaccinated human samples from the phase 1 trial (20), the quantification of the anti-RBD antibodies through ACOV2S allowed the monitoring of changes between visits and resolution of differences between dosage groups, with antibody concentrations increasing in a time- and dose-dependent manner. Primary vaccination resulted in seroconversion in all participants early after the first injection. Seroconversion after initial vaccination and overall anti-RBD concentration development after application of 100 μg per injection was stronger than 25 μg. Antibody levels present two weeks after second vaccination with mRNA-1273 were seen to exceed those induced by natural SARS-CoV-2 infection, both of which provide protection against symptomatic infection with higher antibody levels expected to be synonymous with longevity (32, 35, 36).

Although the design of the methods differs, results from ACOV2S compared well and closely correlated with those obtained with two ELISA methods, one targeting antibodies against the S-2P protein of the virus and the other specifically against the RBD domain (both r>0.9; p<0.0001). However, there was high heterogeneity in ELISA baseline values, potentially due to less specific signals. The lower end of the measuring range is not defined for either ELISA. Additionally, no validated reactivity cut-off was available, hence it was not possible to formally assess the qualitative agreement between the ACOV2S and ELISA methods. A more continuous increase of titer up to peak was observed with the ACOV2S, while the ELISA measurements seemed to approach a saturation limit. Of note, the linear range and thus the upper limit of quantitation has not been established for either ELISA. Despite our findings and previous studies suggesting that S-focused ELISAs may offer greater sensitivity (37), antibody responses measured with the RBD ELISA were similar to the S-2P ELISA, with better signal dynamics illustrated by the more homogenous increase in GMT. Additionally, the high S-2P ELISA titers detected soon after the first vaccination, even with the low 25 μg dose, could misleadingly be interpreted as suggestive of strong immune response from early on, while efficient immunity has been reported to occur only later after vaccination (33). In contrast, dynamic increase of antibody levels accompanying vaccination enable better characterization of the developing immune response than plateau reactivity. Less variation in baseline titer was also observed with the RBD ELISA, potentially due to lower cross-reactivity with antibodies to previously endemic and highly abundant coronavirus strains, which show structural similarities in the S2 subunit (38). Taking into consideration that the RBD is poorly conserved among them (7), antibody-detection assays specifically targeting antibodies directed against the RBD appear highly suitable for quantifying the humoral immune response to SARS-CoV-2.

In this study, good correlation was observed with ACOV2S and the established surrogate neutralization tests, nLUC80, and PsVNA50. Disagreement was observed only with earlier samples where some positive, but relatively low ACOV2S results coincided with non-reactive neutralizing antibody test results. This was possibly due to insufficient antibody concentrations to prevent infection in the in vitro setting of a neutralization test, supporting the clinical finding that single dose vaccination does not convey optimal protection from infection and that two-step vaccination inducing higher antibody titers is required. With an apparent more continuous resolution of antibody development, these observations suggest ACOV2S might allow for more precise timing of reaching putatively protective levels than methods with rapidly developing plateaus. Although limited to samples from a singular visit (Day 43), we found ACOV2S levels also correlated with live-virus neutralization test PRNT80 titers. For all three neutralization tests, appearance of neutralizing effects was suggested within two weeks of the second vaccination, further supporting the need for a two-dose schedule. Also, it has been described manifold that RBD is not necessarily the exclusive, yet the dominant target for antibody-mediated virus neutralization, meaning that RBD-directed antibodies contribute to virus neutralization. Together with the observed rapid development of very high anti-RBD titers illustrating the strong immunogenic potential of the mRNA-1273 vaccine especially with the clinically-selected 100 μg dose (32), these findings render anti-RBD levels a suitable and convenient surrogate marker for the presence of neutralizing antibodies during vaccination monitoring, with high levels suggestive of greater protective immunity.

Live virus neutralization using wild type virus requires handling of live SARS-CoV-2 in a specialized biosafety level 3 containment facility and is time-consuming, deeming it unsuitable for large scale use. Neutralization test methods using replication-defective pseudotyped viral particles have been developed; however, these still require live-cell culture, considerable manual handling steps and, consequently, inevitable variance in neutralization results. Although surrogate neutralization assays have been developed and validated (10, 39), their applied competitive assay principle goes along with a rather small dynamic range, which limits resolution of change in high titer vaccination samples. In addition, challenges of semi-automatable methods and costs remain. Also, neutralization tests are potentially limited in that they only address static antibody levels at a given time point and do not take into account antibody avidity, maturation or the immediate re-stimulation of the immune memory by a recurring infection in vivo. Poor signal resolution at the lower end of the measuring range of neutralization tests is also a concern. The ACOV2S assay has been developed to detect the presence of low levels of RBD-directed antibodies with a high sensitivity (97.92%; 95% CI: 95.21–99.32) and specificity (99.95%; 95% CI: 99.87–99.99) (40), and a medical decision point at 0.8 U/mL as an indicator of infection or vaccination, i.e. the lowest quantity of antibody that determines reactivity for SARS-CoV-2 RBD-specific antibodies. The quantitative setup of the assay however allows for definition of additional medical decision points that might best suit other purposes, like protective levels of antibody or high titer plasma for therapeutic use (41). In addition, ACOV2S is standardized congruently to the first WHO international standard and assigned units can be used interchangeably to BAU/mL, making it suitable for long-term monitoring and referencing of results to the international standard. At present, the assay is approved for use in multiple regulatory markets including CE mark and FDA. It is accessible in more than 100 countries across the globe, including developing and underdeveloped countries in South America, Africa and Asia. Thus, ACOV2S fulfils the requirements of a standardized and widely available method with consistent results to allow reliable detection and monitoring of anti-RBD titers over time.

Altogether, these findings suggest that ACOV2S levels may predict the presence of neutralizing antibodies (17), especially at later time points after vaccination, and therefore, potentially provide a more accessible method for enumerating immune response in vaccinated individuals. However, further ongoing research is required to elucidate if protective anti-RBD thresholds can be defined that are indicative of, for example, sterile immunity or of preventing symptomatic infection.

Limitations of our study include the small sample size of the vaccination samples as well as the lack of variation in time points available for analysis for some of the neutralization assays. The comparison to titers observed in native infection might be biased by an unbalanced representation of natively-infected samples. The relatively short follow-up mitigates analysis of the ability of ACOV2S assay to determine the sustainability of antibody response. Further comparison studies using longer term follow-up and bigger samples sizes are warranted.



5 Conclusion

Assessing the longevity of antibody titers over time together with monitoring for symptomatic re-infection is essential to determine long-term immune protection and define antibody levels as a reliable and conveniently accessible surrogate marker of protection. These data indicate that the ACOV2S immunoassay can be regarded as a highly valuable, convenient and widely accessible method to assess and quantify the presence of antibodies directed at the RBD of SARS-CoV-2, conducive to immune response. ACOV2S sensitively detects and reliably quantifies the vaccination-induced humoral response over a dynamic range that can be conveniently scaled by automated onboard dilution. Our results support the potential for RBD-based immunoassays to replace neutralization tests in the assessment of immune response after vaccination against SARS-CoV-2. These findings also support the use of ACOV2S for longitudinal response monitoring of the RBD-specific antibody response to vaccination and, ultimately, the investigation of an antibody-based correlate of protection from symptomatic COVID-19.
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Background

Innate immunity, armed with pattern recognition receptors including Toll-like receptors (TLR), is critical for immune cell activation and the connection to anti-microbial adaptive immunity. However, information regarding the impact of age on the innate immunity in response to SARS-CoV2 adenovirus vector vaccines and its association with specific immune responses remains scarce.



Methods

Fifteen subjects between 25-35 years (the young group) and five subjects between 60-70 years (the older adult group) were enrolled before ChAdOx1 nCoV-19 (AZD1222) vaccination. We determined activation markers and cytokine production of monocyte, natural killer (NK) cells and B cells ex vivo stimulated with TLR agonist (poly (I:C) for TLR3; LPS for TLR4; imiquimod for TLR7; CpG for TLR9) before vaccination and 3-5 days after each jab with flow cytometry. Anti-SARS-CoV2 neutralization antibody titers (surrogate virus neutralization tests, sVNTs) were measured using serum collected 2 months after the first jab and one month after full vaccination.



Results

The older adult vaccinees had weaker vaccine-induced sVNTs than young vaccinees after 1st jab (47.2±19.3% vs. 21.2±22.2%, p value<0.05), but this difference became insignificant after the 2nd jab. Imiquimod, LPS and CpG strongly induced CD86 expression in IgD+CD27- naïve and IgD-CD27+ memory B cells in the young group. In contrast, only the IgD+ CD27- naïve B cells responded to these TLR agonists in the older adult group. Imiquimode strongly induced the CD86 expression in CD14+ monocytes in the young group but not in the older adult group. After vaccination, the young group had significantly higher IFN-γ expression in CD3- CD56dim NK cells after the 1st jab, whilst the older adult group had significantly higher IFN-γ and granzyme B expression in CD56bright NK cells after the 2nd jab (all p value <0.05). The IFN-γ expression in CD56dim and CD56bright NK cells after the first vaccination and CD86 expression in CD14+ monocyte and IgD-CD27-double-negative B cells after LPS and imiquimod stimulation correlated with vaccine-induced antibody responses.



Conclusions

The innate immune responses after the first vaccination correlated with the neutralizing antibody production. Older people may have defective innate immune responses by TLR stimulation and weak or delayed innate immune activation profile after vaccination compared with young people.





Keywords: innate immune, neutralizing antibodies, SARS-CoV-2 vaccines, adenoviral vector vaccine, immunosenescence



Background

With global spreading of SARS-CoV-2, COVID-19 pandemic has caused tremendous impact on the entire world with fast-transmitted illness and huge loss of lives. Rapid surge of severe COVID-19 infections not only threatened infected people, but also overloaded medical resources and led to collapse of healthcare system in many countries. The destructive impact of this pandemic on economic, sociological, and psychological aspect is overwhelming. Vaccines for the prevention of SARS-CoV-2 infection promise to be the fastest and most effective way to control this pandemic. Up to now, there are several COVID-19 vaccines available for clinical use and more are under developments. Among them, the chimpanzee non-replicating adenovirus vector vaccine, ChAdOx1 nCoV-19 (AZD1222) developed at Oxford University and produced by AstraZeneca is one of the most widespread used vaccines around the world (1). This AstraZeneca (AZ) vaccine was reported to have an overall 70.4% vaccine efficacy against symptomatic disease after two does and 100% of vaccine efficacy against severe COVID-19 infection and hospitalization in an early clinical study (2). Even with this high overall protective effect, the protection efficiency in different individuals may vary significantly. Importantly, the efficacy of COVID-19 vaccine in people of different age groups is not well studied, even though older adults is the most important risk factor for developing severe COVID-19 disease (3, 4).

To generate adequate immunity after vaccination, early innate immune responses are crucial for subsequent signaling for T cell activation and adaptive immune development. Innate immunity is triggered via different pathways in the different formulations of novel vaccines to induce immunity against SARS-CoV-2 infection. For mRNA vaccine, the endosomal Toll-like receptor (TLR3 and TLR7) bind to single-strand RNA (ssRNA) in the endosome, while component in the inflammasome including MDA5, RIG-1, NOD2 and PKR binds to ssRNA and double-stranded RNA (dsRNA) in the cytosol, all together leading to cellar activation and production of inflammatory mediators (5). For the adenovirus vector vaccine (AdV), it contains self-adjuvanticity properties because the vector’s hexon protein itself is an intrinsic adjuvant to stimulate innate immune responses (6). Following injection, the innate immune recognition by AdV particles involved multiple pattern-recognition receptors, such as Toll-like receptor 3 (TLR3), TLR7/8, and in particular TLR9 to recognize dsDNA, ssRNA and ssDNA of the viral vector. In antigen presenting cells including dendritic cells (DCs) and macrophages, these innate immune stimulations subsequently trigger the production of type I interferon (IFN), multiple proinflammatory cytokine and chemokines. These stimulated immune cells may express high levels of co-stimulatory molecules to stimulate T cells in draining lymph nodes where further activation of adaptive immune cells including B cells occurs (7).

Aging is often associated with important immunological alterations including changes in number of innate and adaptive immune cells and different responses to immune stimulations, leading to different of immune functions, termed immunosenescence (8, 9). Changes in innate immunity with aging includes reduced chemotaxis, aberrant cytokine production, and weakened TLR signaling (10). This impairment in innate immunity then affects the capacity to process and present antigen to T cells and activate B cells, hence weakens adaptive immunity. Immunosenescence has been increasingly considered a major drawback for vaccine-induced immune response. The age-associated decrease in TLR function in human DCs has been linked with poor antibody response to influenza immunization, showing the importance of innate immune system in vaccine response and the influence of aging (11). It’s very likely that the immunosenescence of the older adults will lead to no response or sub-optimal response to vaccination, a potential risk for breakthrough infection when encountering the defense against new SARS-CoV2 variants. Recently, the emergence of two major variants of concern (VOCs), the Delta (B.1.617.2) and Omicron (B.1.1.529) variants have raised the concern that antibody generated by two doses of COVID-19 vaccines are insufficient for protection against infection. The neutralization activity after two doses of COVID-19 vaccine were found to be lower against these two VOCs in comparison with previous strains. In the real world, the vaccine effectiveness also decreased greatly. The effectiveness of AZ vaccine decreased from 74.5% for Alpha variant to 67.0% for Delta variant while the effectiveness of BNT162b2 vaccine lowered from 93.7% for Alpha variant to 88.0% for Delta variant (12). For Omicron variants, the decrease of protection was even more obvious (13).

Several approaches had been adapted to boost immune response in the elderly, including adding more potent adjuvants, changing the route of administration, increasing the dose of immunogen, or changing the vaccine composition with more immunogenic target (14). High-dose inactivated influenza vaccine which contains four-times hemagglutinin antigen than the standard influenza vaccine is available for people older than 65 years old (15). In addition, vaccine adjuvants, including TLR agonists or oil-in-water emulsion (MF59 and AS03 in influenza vaccine, and AS02 in recombinant herpes zoster vaccine), which evoke stronger antigen presenting cells activation and proinflammatory cytokines production, have been used in vaccines for older people (16, 17). Recently, scientists had proposed a new concept of system vaccinology incorporating the concepts of immunobiography integrated with clinical, immunological and “omics” data to identify biomarkers to guide the precise development of vaccines for different population groups (18). Therefore, there is an urgent need to elucidate the innate immune response among vaccinees of different age populations and the relationship between innate immune responses and the protection effect after vaccination. In the current study, we investigated peripheral blood immune cell activation and cytokine secretion induced by TLR stimulation or AZ vaccine in older and young age groups and measured the anti-SARS-CoV-2 spike protein RBD antibody and neutralization antibody after vaccination to identify the role of innate immunity in vaccine-induced protection.



Methods


Volunteer Vaccination Study Design

Healthy adults within two age groups (25-35 years and 60-70 years) without any contra-indications for vaccine and pre-existing immunocompromised conditions were eligible for this study. Participants provided written informed consent upon recruitment. The protocol of this study was reviewed and approved by the Institutional Review Board (IRB) of National Cheng Kung University Hospital (NCKU) (IRB no. A-BR-110-051). Participants with preceding immunocompromised status, receiving cytotoxic treatment, or immunosuppressants were excluded. All participants received two doses of AstraZeneca (AZ) SARS-CoV-2 vaccines with 8 to 12 weeks apart. Blood samples were taken at 4 time points (before vaccination, 3-5 days after both jabs and 1 month after full vaccination). Participants’ demographic data, clinical response after vaccination were recorded for further analysis.



Innate Immune Cell Activation


Sample Processing

Peripheral blood mononuclear cells (PBMCs) were isolated with Ficoll-Paque from heparinized whole blood samples collected from young and older adult subjects before and 3 days after vaccination. Isolated PBMCs were suspended with RPMI1640+10% FBS. Cells isolated from subjects before first vaccination were stimulated with TLR agonists including poly(I:C) (20 μg/ml, for TLR3), lipopolysaccharides (LPS, 10 μg/ml, for TLR4), imiquimod (10 μg/ml, for TLR7) and CpG (20 ng/ml, for TLR9). All the TLR agonists were from InvivoGen (San Diego, CA, USA, product information in Supplementary Table 1). Stimulated cells were cultured at 37°C for 3 days. On day 2, stimulated cells were treated with protein transport inhibitor brefeldin A (BFA). Cells isolated from vaccinated subjects were treated with brefeldin A (BFA) immediately. Cells isolated from vaccinated subjects after vaccination were treated with brefeldin A (BFA) immediately without TLR-agonist stimulations then harvested one day after.



Surface Markers and Intracellular Cytokines Analysis With Flow Cytometry

BFA-treated PBMCs were washed twice with iced cold phosphate-buffered saline (PBS). Cells were incubated with 10% of fetal bovine serum (FBS) for 30 minutes. After blocking with 10% FBS, antibodies against surface markers of NK, B cells, and monocytes were used. For detecting NK cells, anti-CD3 APC, anti-CD56 FITC, and anti- CD16 APC/Cy7 were used. CD56dim NK is CD3-, CD16+ and CD56low and CD56bright NK is CD3-, CD16- and CD56high in lymphocyte region. For detecting B cells, anti-CD19 FITC, anti-IgD PE/Cy7, and anti-CD27 APC/Cy7 were used. Naïve B cell is CD19+, IgD+ and CD27-, double negative B cell is CD19+, IgD- and CD27-, Unswitched memory cell is CD19+, IgD+ and CD27+, switched memory B cell is CD19+, IgD- and CD27+. For detecting monocytes, anti-CD14 APC/Cy7, anti-CD68 PE/Cy7, anti-CD86 BB700 and anti-CD204 BV421 were used. All the staining monoclonal antibody were from BD Biosciences (San Jose, CA, USA, product information in Supplementary Table 1). After incubating with antibodies on ice for 30 minutes, cells were washed twice with staining buffer containing 2% FBS in PBS. Cells were fixed with 4% paraformaldehyde for 15 minutes and washed twice with iced cold PBS. Cell permeabilization were performed with a BD permeabilization kit. In brief, fixed cells were incubated with 1x BD Perm/Wash solution on ice for 15 minutes. After being washed with Perm/Wash solution, the cells were incubated with antibodies against intracellular proteins including anti-IFN-γ PE/Cy7, anti-IFN-α PE, anti-IL-10 APC anti-IL-6 PE, and anti-granzyme B BB700 on ice for 30 minutes. After wash twice with 1x BD Perm/Wash solution, stained cells were analyzed with FACS Canto II flow cytometry. Data was analyzed with FlowJo™ v10 software (TreeStar).




SARS-CoV-2 Antibody Assay


Surrogate SARS-CoV-2 Neutralization Test (sVNT)

The cPass SARS-CoV-2 Neutralization Antibody Detection Kit (GenScript, Piscataway, NJ) was performed according to the manufacturer’s instructions (19). Briefly, patient sera were mixed with sample dilution buffer (1:10) and horseradish peroxidase conjugated recombinant SARS-CoV-2 receptor binding domain (HRP-RBD) fragments. The pre-incubation step allows for the binding of circulating neutralizing to the HRP-RBD. After 30 minutes at 37°C, the mixture will be added to a capture plate which had been precoated with the ACE2 protein. Any unbound HRP-RBD or HRP-RBD bound to non-neutralization antibodies was bound to the plate while the circulating neutralization antibody HRP-RBD complexes remained in the supernatant and was removed during the wash step. After washing, tetramethyl benzidine substrate solution was added followed by the Stop Solution which quenched the reaction, turning the well color yellow. The plates were immediately read at 450 nm on a microtiter plate reader.

Signal inhibition was calculated as follows: Percent Signal Inhibition = (1-average optical density value of a sample/average optic density value of negative control)*100%

The test results were interpreted as positive when the percent signal inhibition was ≥30%, which is the cut-off for signal inhibition claimed by the manufacturer.



Anti-SARS-CoV-2 Total Antibody (Roche Elecsys)

Roche Elecsys anti-SARS-CoV-2 S (Roche Diagnostics; hereafter called Roche S), an automated electrochemiluminescence immunoassay for the quantitative determination of pan-immunoglobulin to RBD of the spike protein of SARS-CoV-2 was used. The assay was performed on Roche cobas e601 system (Roche Diagnostics) as described before and used plasma or serum from vaccinated volunteers for measurement (20).




Statistical Analysis

Descriptive analyses of numerical variables were presented as mean and standardized deviation (Mean ± SD), and categorical variables were presented as frequency and percentage. Means of continuous variables were assessed with the Student’s t test, Wilcoxon signed-rank and 1-way ANOVA. A P-value of< 0.05 was considered statistical significance. All statistical analyses were performed using Prism software (GraphPad Software).




Results


Older Adult Vaccinees Had Distinct Immune Cell Composition Proportions and Weakened First-Dose Antibody Response

A total of 15 young and 5 older adult people were recruited into this study with mean ages of 29.9 and 66.4 years, respectively. Before vaccination, these two groups did not differ in baseline hemogragm, including total white blood cells, platelet counts, or hemoglobin level (Table 1). However, the older adult vaccinees had less neutrophils, higher lymphocytes, higher CD56+ NK cell, and CD19+ B cells compared to young vaccines (Table 1, all p value < 0.05). The older adult vaccinees had weaker 1st dose antibody response than young vaccinees (sVNT: 21.2 ± 22.2% vs. 47.2 ± 19.3%, p value <0.05). However, both groups demonstrated good booster response after the 2nd jab and had no statistically different antibody levels even though some vaccinees in the older adult group still had low antibody levels (Figure 1).


Table 1 | Demographic information, baseline hemogram, immune cells distribution and antibody response post vaccination of the vaccinees by age group.






Figure 1 | Humoral response after ChAdOx1 nCoV-19 vaccination in young and older adult groups. Anti-SARS-CoV-2 total antibody (left panel, Roche Elecsys), and sVNT (right panel, cPass) were measured using serum collected 2 months after the first dose of vaccination (A), and 1 month after the 2nd dose of vaccination (B) in young and older adult groups. Statistical significance was determined using t-test between 2 groups. (*p value < 0.05).





Aberrant TLR-Induced Monocyte and B Cell Activations in PBMCs of Older Adult Subjects

We collected blood samples before and 3 days after the first and second ChAdOx1 nCoV-19 vaccination. Before the vaccination, their PBMCs were first stimulated with TLR agonists and analyzed with flow cytometry. There were no significant differences in the percentages of cytokine-expressing cells after TLR-agonists stimulation in young and older adult groups (data not shown). Among the parameters we examined, no significant differences in the induced expression of IFN-γ and granzyme B levels in NK cells between young and older adult subjects were found (Figures 2A, B). However, we found that imiquimod-induced CD86 expression on monocytes was higher in young subjects when compared with that in older adult subjects. (Figure 2C). Poly(I:C)-induced IL-6 and CpG-induced IL-10 expressions in monocytes, however, were stronger in the older adult group. (Figure 2C). Moreover, all the TLR agonists except poly (I:C) induced significantly higher IFN-α production and CD86 cell-surface expression in IgD+CD27- naïve B cells in young and older adult vaccinees but there were no significant differences in TLR-induced CD86 expression in IgD+ CD27- naïve B cells and IgD+CD27+ unswitched memory B cells between young and older adult subjects (Figure 2D). TLR-induced CD86 and IFN-α expression levels from IgD-CD27- double-negative (DN) B cells and IgD-CD27+ switched memory B cells were significantly lower in older adult subjects when compared with young subjects (Figure 2E). These findings indicated that there are aberrant TLR-induced monocyte and B cell activation in the older adult subjects.




Figure 2 | Aberrant TLR-induced monocyte and B cell activation in the older adult subjects. PBMCs were isolated from young (black bars) and older adult subjects (gray bars) before vaccination. TLR-induced IFN-γ (A) and granzyme B (B) expression in CD3-CD56dim or CD3-CD56brightNK cells; CD86, IL-6, IL-10, and IFN-α in monocytes (C); CD86 (D) and IFN-α (E) in B cells of the young and older adult vaccinees were detected after 3 days of stimulation. Statistical significance was determined using ANOVA with Tukey’s multiple-comparisons testing between all groups. (Black: young vaccinees; Grey: older adult vaccinees) (*p value < 0.05; **p value <0.01; ***p value < 0.001).





Delayed NK and Monocyte Activation in the Older Adult Subjects After ChAdOx1 nCoV-19 Vaccination

We then investigated the phenotypes of NK and monocyte activation 3 days after vaccinations in the young and older adult groups. We found that the expressions of IFN-γ in CD56dim and CD56bright NK cells were enhanced after the first vaccination in the young group but not in the older adult group (Figures 3A, B). However, the expressions of IFN-γ in CD56dim and CD56bright NK cells and granzyme B expression in CD56bright NK cells were enhanced after the second vaccination in the older adult group. We also found that in the older adult group, the percentages of IFN-γ- and granzyme B-producing NKs were reduced after the first vaccination and the percentages restored after the second vaccination (Supplementary Figures 1A, B). In monocytes, we found that the cells isolated from the older adult subjects produced significantly lower levels of CD86 when compared with young subjects, who had higher and increasing CD86 expression levels after the 1st and the 2nd vaccinations. (Figure 3C). Moreover, the IL-6 and IFN-α levels in monocytes and the percentage of IL-6-producing monocytes were significantly higher in the older adult group before vaccination but decreased after the 1st and 2nd vaccination. However, there were no significant changes in the percentages of IFN-α-expressing monocytes between young and older adult groups after vaccinations (Supplementary Figure 1C). We also found that the IL-10 levels in monocytes were enhanced after the first vaccination in both young and older adult groups. The percentages of IL-10-expressing monocytes in young subjects were enhanced after the first and second vaccination. However, the percentage of IL-10-expressing monocytes was lowered in the older adults after the second vaccination. There were no significant differences between young and older adult groups regarding the expression of CD86 and IFN-α 3 days after the 1st and 2nd jabs on B cells. (data not shown).




Figure 3 | NK cell and monocyte activation 3 days after ChAdOx1 nCoV-19 vaccination. PBMCs were isolated from young (black bars) and older adult vaccinees (gray bars) 3 days after the first and second vaccinations. IFN-γ (A) and granzyme B (B) expression in CD3-CD56dim or CD3-CD56brightNK cells; CD86, IL-6, IL-10, and IFN-α in monocytes (C) of the young and older adult vaccinees were analyzed by flow cytometry. Statistical significance was determined using ANOVA with Tukey’s multiple-comparisons testing between all groups. (Black: young vaccinees; Grey: older adult vaccinees). (*p value < 0.05; **p value <0.01; ***p value < 0.001).





Stronger NK and Monocyte Activation After the First Vaccination and TLR-Induced DN B Cell Activation in Subjects With Higher Early Antibody Levels

We next investigated whether the innate immune activation correlated with neutralization antibody titers induced by ChAdOx1 nCoV-19 vaccination. We compared the sVNT 2 months after the 1st vaccination and 1 month after the second vaccination from the whole cohort simultaneously. We found that subjects whose early levels of sVNT were higher tended to have higher sVNT 1 month after the second vaccination (Figure 4). Therefore, we divided the young subjects into high (black) and low groups (blue) according to the sVNT. The high sVNT, low sVNT and older adult group all demonstrated significant booster effect and had higher sVNT one month after full vaccination than two months after 1st jab (all p value < 0.05). Next, we compared the innate immune activation between high and low sVNT groups and the older adult subjects. We found that IFN-γ productions in CD56dim and CD56bright NK cells were higher in the high sVNT group after the first vaccination. The IFN-γ productions in CD56dim and CD56bright were lower in both older adult subjects and young subjects with lower sVNT. However, there were no differences in IFN-γ productions in CD56dim NK cells after the second vaccination and IFN-γ productions in CD56bright NK cells were higher when compared with young subjects with higher sVNT (Figures 5A, B). We also found that monocyte CD86 expressions were higher in the high sVNT group after the first vaccination. Meanwhile, anti-inflammatory cytokine IL-10 expressions from young monocytes of the lower sVNT group were higher (Figure 5C). Moreover, we found that DN CD86 expression was significantly lower in older adult subjects 3 days after 2nd vaccination (Figure 5D). Moreover, LPS- and imiquimod-induced DN B cells had higher CD86 expressions in the high sVNT group when compared with subjects with lower sVNT and older adult subjects.




Figure 4 | Neutralization antibody titers 2 months after the first vaccination correlated with neutralization antibody titers 1 month after the second vaccination. The SARS-CoV-2 surrogate virus neutralization antibody titers (sVNT) were measured 2 months after the first vaccination and 1 month after the second vaccination. The high sVNT, low sVNT and older adult group all demonstrated higher sVNT 1 month after the second vaccination than 2 months after first vaccination. Statistical significance was determined using Wilcoxon signed rank test between 2 groups. (***p value < 0.001).






Figure 5 | Stronger NK and monocyte activation after the first vaccination and TLR-induced IgD-CD27-double-negative (DN) B cell activation in subjects with higher early antibody levels IFN-γ expressions in CD3-CD56dim (A) or CD3-CD56bright (B) NK cells; CD86, IL-6, and IL-10 expression in monocytes (C) 3 days after the first vaccination were compared between high and low sVNT groups of the young vaccinees and the older adult vaccinees. (D) CD86 expression 3 days after the first vaccination and CD86 levels after LPS, imiquimod, and CpG stimulation were compared between high and low sVNT groups. Statistical significance was determined using ANOVA with Tukey’s multiple-comparisons testing between all groups. (*p value < 0.05; ** p value < 0.01; ***p value < 0.001).






Discussion

In the present study, we showed that young and older vaccinees had different baseline immune cell distribution and activities. Older adult subjects had diminished TLR-induced monocyte and B cell activation compared to young subjects. The immune cells activation and intracellular cytokine expression following vaccination are different in older and young vaccinees. Importantly, we found that TLR-induced B cell activation and first-dose vaccination-induced and NK and monocyte activation correlate with the vaccine-induced neutralization antibody levels.

TLRs had been proved to be pivotal immune activators which bridges the innate and adaptive immunity. SARS-CoV-2 was known to trigger the innate immune system through TLRs 3, 7, and 8 during the early infection. The dysfunction of TLRs has been reported to be associated with severe COVID cases (21). Aging process comes with several immunological changes described as immunosenscence and inflammaging as two significant aspects of immune dysfunction in older adult people (9). Some immune functions weaken with aging (immunosenescence) while other inflammatory activity may become stronger when people become old (inflammaging). In our experiments, innate immune cells of young vaccinees responded more strongly and more efficiently to TLR agonist stimulation, especially more B cell activation either in CD86 expression or IFN-α production, and more monocyte with CD86 expression when compared to older vaccinees, reflecting the immunosenscence in older adult people. The older adult group had notably higher IFN-γ and granzyme B expression in CD56bright NK cells after the 2nd jab (Figures 3A, B), representing the inflammaging which may be too late to induce early protective antibody production.

NK cells are innate lymphoid cells that respond rapidly during primary infection and have adaptive characteristics enabling them to integrate innate and acquired immune responses. They are recently recognized as a key regulator of vaccine-elicited T and B cell responses and memory cells that contribute to pathogen control. This critical role of NK cell activation in vaccine-induced immunity is demonstrated in vaccination against pathogens including influenza, yellow fever, and tuberculosis (22). A previous study examining the draining lymph nodes after influenza vaccination showed that NK cells are recruited regional lymph nodes and activated by type I IFNs produced by LN macrophages. The activated NK cells subsequently produced IFN-γ, which in turn regulates the recruitment of IL-6+ CD11b+ dendritic cells (23). Actually, NK cells make both early and sustained IFN-γ responses after vaccination and represent over 70% of all IFN-γ-secreting cells (24). The activation of NK cells is critical of IL-2-secreting effector memory T cells and overall vaccine-induced response. Therefore, researchers proposed using the assays NK cell IFN-γ production, and NK cytotoxicity as the tool for evaluating correlates of vaccine-induced immunity (25). Our study demonstrated that IFN-γ expressions in NK cells after 1st jab correlated with SARS-CoV-2 vaccine-induced neutralizing antibody, which echoes previous findings. Since NK cells may play essential roles in developing efficacious vaccine-induced protection, there are discussions about NK cell-mediated modulation of the immune response and its implication on immunization strategies and the development of next-generation vaccines (26, 27).

Naïve B cells differentiate to antibody-producing plasma cells after vaccine stimulation to produce protective antibodies. The DN B cells, previously characterized as unconventional memory B cells with negative expression of both CD27 and surface IgD, were detected in healthy individuals at low levels within peripheral blood and tonsils but are expanded in peripheral blood of older adult patients with systemic lupus erythematosus (28, 29). The role of DN B cells in the humoral immune response remains unclear, but recent research has demonstrated their proinflammatory ability in autoimmune disease and protective ability following vaccination. In the present study, we demonstrated that the degree of CD86 expression of DN B cells after LPS or imiquimod stimulation positively correlated with vaccine induced neutralization antibody. This suggests that DN B cells might constitute a significant transient population during the B cell maturation process, and its activation by innate stimulation may set the stage for subsequent vaccine-induced antibody production.



Conclusion

Although the changes in the immune system in the older adults have been studied in recent years, the effects of aging on the innate immune activation and consequently unresponsiveness to novel COVID-19 vaccination are still unknown (9). We first found that TLR-induced monocyte and B cell activation was dampened in the older adult subjects. Different activation and intracellular protein expression profiles induced by different TLR agonists may provide further information about the critical point, which may lead to abnormal vaccine responses in older adults. We also found that TLR-induced B cell activation and the first vaccination-induced NK and monocyte activations were related to the neutralization antibody elicited by the ChAdOx1 nCoV-19 vaccination. Therefore, innate immune activation is crucial for the successful activation of protective humoral immunity during vaccination, especially with the wildly adopted viral vector vaccines (30).
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Background

B.1.1.7 (alpha) and B.1.617.2 (delta) variants of concern for SARS-CoV-2 have been reported to have differential infectivity and pathogenicity. Difference in recovery patterns across these variants and the interaction with vaccination status has not been reported in population-based studies.



Objective

The objective of this research was to study the length of stay and temporal trends in RT-PCR cycle times (Ct) across alpha and delta variants of SARS-CoV-2 between vaccinated and unvaccinated individuals.



Methods

Participants consisted of patients admitted to national COVID-19 treatment facilities if they had a positive RT-PCR test for SARS-CoV-2, and analysis of variants was performed (using whole genome sequencing). Information on vaccination status, age, sex, cycle times (Ct) for four consecutive RT-PCR tests conducted during hospital stay, and total length of hospital stay for each participant were ascertained from electronic medical records.



Results

Patients infected with the delta variant were younger (mean age = 35years vs 39 years for alpha, p<0.001) and had lesser vaccination coverage (54% vs 72% for alpha, p<0.001). RT-PCR Ct values were similar for both variants at the baseline test; however by the fourth test, delta variant patients had significantly lower Ct values (27 vs 29, p=0.05). Length of hospital stay was higher in delta variant patients in vaccinated (3 days vs 2.9 days for alpha variant) as well as in unvaccinated patients (5.2 days vs 4.4 days for alpha variant, p<0.001). Hazards of hospital discharge after adjusting for vaccination status, age, and sex was higher for alpha variant infections (HR=1.2, 95% CI: 1.01–1.41, p=0.029).



Conclusion

Patients infected with the delta variant of SARS-CoV-2 were found to have a slower recovery as indicated by longer length of stay and higher shedding of the virus compared to alpha variant infections, and this trend was consistent in both vaccinated and unvaccinated patients.





Keywords: SARS-CoV-2, COVID-19 vaccine, delta variant, alpha variant, hospital stay length, recovery pattern, B1.617.2, B1.1.7



Introduction

The respiratory infection, COVID-19, caused by the novel coronavirus 2 or SARS-CoV-2 that originated in Wuhan, China in December 2019 rapidly devolved into a worldwide pandemic in March of 2020 (1). Despite experiencing differential evolution across geographies and continuing well into 2021, this pandemic also saw unprecedented global initiatives in vaccine development, approval, and implementation efforts that have resulted in a decline in the number and severity of cases (2–5). Several studies have found vaccination to be linked with the reduced number of cases and severity of infection (6–10). However, the widespread disparity in distribution and access of the vaccines (11, 12) as well as the lack of adherence to public health measures to control the spread (13–15) saw unchecked community spread in different geographical locations. This constellation of factors gave rise to multiple mutations in the genetic make-up of the pathogen, resulting in different variants (16).

Some of the SARS-CoV-2 variants have been labeled “variants of concern” including the alpha, beta, gamma, and delta variants (17). The first identified variant was the D614G in March 2020 in China (18). Other notable variants are the beta variant found in South Africa in December 2020 and the gamma variant found in Brazil in January 2021 (19). The B.1.1.7 variant was first detected in September 2020 in Kent, United Kingdom. It was formally termed the “alpha” variant of concern in December 2020 (20).

The B.1.617.2 “delta” variant was first identified in December 2020 during the second wave of COVID-19 in India (20, 21). It garnered global attention due to a high degree of infectivity, morbidity, and mortality than previously witnessed in the pandemic and has become the dominant strain in the US and UK among over ten other countries (8). The variant infects more young patients than previous variants do, and subsequently infection rates have risen in children and adolescents since its spread (22). The viral load for this delta variant is also over a thousand times higher than the original strain (23).

The clinical presentation of the virus has also changed with the variant. Atypical symptoms such as clots, gangrene, mucormycosis, abdominal pain, nausea, diarrhea, hearing loss, myalgia, and arthralgias have been speculated to be caused by delta. Many patients also present afebrile or with mild and nonspecific symptoms (24).

The delta variant has been known to cause breakthrough infections, with some fully vaccinated individuals exhibiting symptomatic infection. Even fully vaccinated infected individuals can spread the virus to others (25). Although vaccines are effective against the variant, multiple studies have found reduced efficacy against the delta variant alone and in comparison to other variants (26). The variant has been found to be two times more communicable than previous variants. Some vaccines and antibody treatments have been less successful against this variant compared to others (27). In addition, morbidity is increased with delta, as it poses twice the risk of hospitalization and need of emergency resources (28).

Besides sporadic reports on the efficacy of various vaccines on the delta variant and preclinical and modeling studies on pathogenicity, the interaction of the effect of vaccination and the pathogenicity of variants of concern, especially the recovery pattern, remains poorly understood in clinical settings. This is partly due to the lack of comprehensive data from infections from different variants in vaccinated and unvaccinated individuals. The Kingdom of Bahrain was one of the very few states to achieve a comprehensive vaccination coverage at the population level (29)) and also saw different variants of concern. Therefore, this study was conducted with the aim of studying the length of hospital stay and pattern of RT-PCR cycle times across vaccinated and unvaccinated patients infected with the SARS-CoV-2 variants B.1.1.7 (here on referred to as the “alpha variant”) and B.1.617.2 (henceforth referred to as the “delta variant”).



Methods


Study Population, Patient Selection, and Data Extraction

The study population comprised of patients admitted to COVID-19 treatment facilities under the Bahrain Ministry of Health between 1 January 2021 and 30 May 2021. Patients were included if they were above 18 years of age, had a positive RT-PCR for SARS-CoV-2, were admitted between the above specified dates, and were identified as being infected with either the alpha or delta SARS-CoV-2 variants through whole genome sequencing. Data pertaining to demographic details, COVID-19 test results, vaccination status, and length of hospital stay were extracted from the local electronic medical record (EMR) system, “I-SEHA.” Data were extracted manually from EMR, and all cases were reviewed manually before inclusion into the study.



Diagnosis of COVID-19

Confirmation of an infection with SARS-CoV-2 was done using a standard reverse transcriptase polymerase chain reaction (RT-PCR) test of nasopharyngeal swab samples. The test was performed using Thermo Fisher Scientific (Waltham, MA) TaqPath 1-Step RT-qPCR Master Mix, CG on the Applied Biosystems (Foster City, CA) 7500 Fast Dx RealTime PCR instrument. This assay targeted the E gene. Once the E gene was detected, the test was confirmed by RdRP and N gene assays. E gene Ct values have been reported in this study. Ct values >40 were considered negative. Positive and negative controls have been included for quality control.



Ascertainment/Detection of Variants

Whole genome sequencing was used to identify the common variants of concerns using illumina/ARTIC and COVID-Seq protocols. The data were analyzed with the Abiomix platform. Sequencing was undertaken at the national COVID-19 molecular public health laboratory where all the samples get tested. Spike gene target status on PCR was used as a second approach for identifying each variant.



Outcome Assessment

Recovery pattern among the patients was assessed by estimating the length of hospital stay as well as the longitudinal trend in PCR test cycle time (CT) values indicating the extent of viral shedding, across 4 consecutive PCR tests. As per Bahrain national protocol during the study period, PCR testing was required to be carried out 4 times: test 1 performed at the time of diagnosis (corresponding to day 0), test 2 (performed on day 3), test 3 (performed on day 5), and final test (either on day 10 or earlier if they are clinically stable). Subjects who stayed in the hospital for 10 or more days were tested 4 times. Those who got discharged before day 5 underwent only two tests: diagnosis test and discharge test. Those who got discharged between days 5 and 10 underwent testing three times: diagnosis, discharge, and once on day 3. All patients have minimum two tests—one performed at the time of diagnosis and one performed at the time of recovery or discharge.



Statistical Analysis

The proportion of vaccination and variants have been described using frequencies and percentages, PCR CT values have been reported as means and standard deviations, and length of hospital stay has been reported as median and interquartile range. Difference in consecutive CT values across SARS-CoV-2 variants was assessed using a mixed model analysis of variance (mixed ANOVA). Length of stay was estimated using Kaplan–Meier analysis. Hazards of hospital discharge adjusted for age and sex were computed using a Cox proportional hazards model. All analyses were performed using STATA 17 (StataCorp. 2020. Stata Statistical Software: Release 17. College Station, TX: StataCorp LLC.)



Ethics Approval and Declaration

Ethics approval for this study was obtained from the National COVID-19 Research Committee in Bahrain (approval code: CRT-COVID2021-148). All methods and analysis in this study were carried out in compliance with the local guideline and ethical guidelines of the Declaration of Helsinki 1975. All data used in this study were collected as part of regular medical procedures. Given the retrospective nature of the study and the de-identification of patients’ information, the requirement for informed consent was waived by the reviewing body.



Data Availability Statement

Original data will be made available upon request to the corresponding author.




Results

The demographic characteristics across the SARS-CoV-2 variants are shown in Table 1. Of the study subjects, 636 (44.5%) were infected with the delta variant, and 737 (55.5%) were infected with the alpha variant. Delta variant patients were significantly younger (median age = 35years) than those infected with the alpha variant (median age = 39, p<0.001). Both groups had a more or less comparable sex distribution (Table 1). Among the delta variant patients, 353 (54.1%) were vaccinated compared to 573 (72.4%) in the alpha variant group. The mean Ct values for the first two PCR tests were comparable across the groups; however, the mean Ct values for the subsequent two tests seemed significantly lower for the delta variant (p=0.05 for test #4). Our data were collected between January and April of 2021, when the initial vaccines to get approved in the country were Sinopharm, AstraZeneca, Pfizer-BioNTech, and subsequently Sputnik. Among our vaccinated participants, 289 had taken Sinopharm, 21 had taken AstraZeneca, 12 took Pfizer-BioNTech, and 18 were vaccinated with Sputnik (data not shown in the tables). Information on the type of vaccine was not available for the remaining 739 of the subjects who were vaccinated. All subjects who were double vaccinated have been identified as vaccinated in our study, and those who did not receive any dose have been identified as “nonvaccinated.” Individuals who received a single dose or who received booster doses were not included in the study.


Table 1 | Characteristics of the study subjects.



The difference in the Ct value trend across the four PCR tests and the difference in the trend between the variants are shown in Figure 1. For both variants, regardless of the vaccination status, the increase in CT values by the fourth consecutive PCR test (Figure 1) was significant (p<0.001) as measured by p-value for within-subject effects using a mixed ANOVA. Although patients infected with both the variants started out with similar Ct values (Figure 1) at the first PCR test, in subsequent tests, the alpha variant’s Ct values increased faster, whereas the increase in Ct values for the delta variant was slow. In both vaccinated as well as unvaccinated patients, the difference in Ct values across variants, as measured by the between-subject effects using a mixed model ANOVA, was not significant (p=0.616).




Figure 1 | Progression of PCR cycle time (CT) values across SARS-CoV-2 variants.



Figure 2 conveys the gradient in median length of hospital stay across variants between vaccinated and unvaccinated patients. Unvaccinated patients infected with the delta variant had the longest median length of stay (5.2 days), followed by unvaccinated patients infected with the alpha variant (4.4 days) and by vaccinated patients infected with the delta variant (3.0 days), and the least amount of median hospital stay was for vaccinated patients infected with the alpha variant (2.9 days). We saw 9 total deaths in our study (data not shown in the tables). Of these, two (22%) occurred in vaccinated patients, and both were infected with the alpha variant. Of the remaining 7 patients who died (78%), two were infected with the delta variant and the rest were other variants. The nonvaccinated group experienced a 1.4% mortality, which was more than thrice compared to 0.4% in the vaccinated group.




Figure 2 | Median length of hospital stay by variant type and vaccination status.



As seen in Table 2, after adjusting for age, sex, and vaccination status, the alpha variant’s hazards to get discharged were 1.20 (compared to the delta variant, 1.01–1.41). In other words, the delta variant was 80% more likely to stay in the hospital compared to the alpha variant (p<0.001). Unvaccinated individuals were 22% more likely to stay in the hospital compared to unvaccinated counterparts, as indicated by a hazard ratio of 1.77 (1.49–2.11) for vaccinated patients. Age appeared to marginally decrease the likelihood of discharge (HR = 0.98, p<0.001). No significant difference across sex was observed.


Table 2 | Hazards of discharge across variant types.





Discussion

The present study found the median length of stay to be higher in patients infected with the delta variant of SARS-CoV-2 compared to the alpha variant. This pattern of recovery was consistent between vaccinated as well as nonvaccinated individuals.

The average age of patients infected with the delta variant compared to the alpha variant patients suggests that younger people may be more susceptible to the delta variant. The latest data from the CDC support this finding, showing higher rates of COVID-19 hospitalizations in those aged 18–49 than previously reported during the pandemic, and higher rates than older age groups (30). This may be due to increased vaccination in older ages, resulting in comparatively fewer cases in older cohorts. Data from the American Academy of Pediatrics between July 22nd and August 5th, 2021 showed a 4% rise in COVID-19 rates in children, in addition to comprising 15% of all cases (31). In accordance with our findings, a recent article from the British Medical Journal reported the highest outbreaks of delta in school settings and increasing COVID rates among children in the UK (22).

A higher proportion of those infected with the alpha variant in the present study were vaccinated compared to those infected with the delta variant. It is worth noting that since the data from this study were collected between January and April of 2021, the cases of the delta variant were just beginning to rise in Bahrain, and the dominant strain was still the alpha variant (32). This could be one of the reasons we saw a higher number of breakthrough infections from the alpha variant compared to the delta variant. Recent studies, however, have found vaccine efficacy against delta to be less than that of the alpha variant. In the UK, a study found that two vaccine doses sufficiently provide protection from infection by the delta variant, but to a lesser degree than against the alpha variant (33, 34). Similarly, Lopez Bernal and coworkers have reported that although there was little difference in vaccine efficacy against the alpha and delta variant infection with 2 doses of Pfizer-BioNTech and AstraZeneca vaccines, the efficacy was still greater against the alpha variant (26). Both the AstraZeneca and Pfizer-BioNTech vaccines have been reported to be less protective against hospitalization and infection caused by the delta variant in comparison to alpha (35, 36).

The Ct trend indicated no significant difference between the variants. In contrast, a US study found a higher viral load in delta demonstrated by a lower Ct value (delta 98, alpha 562), but no difference was found between vaccinated and unvaccinated groups (37). A Chinese study recorded Ct of 24 for delta compared to Ct of 34.31 of clade19a/19b. This means that the delta variant viral load is 1,260 times higher than the first strain (23). A recent study in France found lower Ct values for delta variant infection (Ct value: 17.3; 95%CI: 15–19.7) at the time of symptoms (unadjusted for time since symptoms) compared to alpha variant infection (Ct value 19.7, 95%CI: 16.2–23) (38).

The difference between our findings and the studies could be due to time elapsed since symptom or infection onset. A study on the viral load of the alpha variant commented that low Ct values alone could not predict the detection of the strain in a population being tested at different times, especially if not early in the infection when Ct values are highest, which is around the fifth day (39). Hence, those who are asymptomatic, randomly tested, or tested after established symptoms may not demonstrate high Ct values. Our finding exemplifies a real-world scenario, in which testing takes place at different points of infection, not necessarily at the onset.

The length of stay was higher in delta compared to alpha in both the vaccinated and unvaccinated. After adjusting for age and sex, the delta variant-infected patients were 80% more likely to remain at the hospital compared to their alpha variant counterparts. In accordance with our findings, a Scottish study concluded the risk of hospital admission from delta to be twice that of those with alpha. Although those vaccinated had reduced risk of admission, being infected with the delta variant rather than the alpha variant increased their risk of hospitalization (35). In the present study, we observed a small fraction of vaccinated people infected with delta with a slower recovery (length of stay >10 days) compared to unvaccinated delta infections. Upon closer analysis of demographic data from delta infections that stayed longer than 10 days, we found that vaccinated delta variant patients with >10 days of stay were significantly older and had higher proportion of males (mean age = 42.4 years, 38% males) compared to unvaccinated patients with delta variant infection (mean age =31.8 years, 18% males), suggesting that age and male gender were likely to play a role in slower recovery within delta variant infections, as also found by Hu and coworkers (40) and Butt et al. (41).

Another factor to consider in terms of breakthrough infections in vaccinated individuals is possible immune decay, especially in those who received their vaccination earliest in January. Nations such as Bahrain and United Arab Emirates, where inactivated virus (Sinopharm) was used for inoculation in the earliest stages of the vaccination roll-out, had since updated their national guidelines for such individuals to receive booster doses (42, 43), given the possibility of waning immunity (44, 45), which is also seen in vaccinated individuals (46). Since our dataset includes participants hospitalized from January till April 2021, it is possible that some of the breakthrough infections that occurred may have been in subjects who received their doses early in January and might have experienced immune decay.

A cohort study from England over March–May 2021 comparing alpha and delta variant hospitalization risk and emergency admissions with a population of similar age (31 years on average) and findings to our study established a higher risk of hospital admission and ER attendance (within 14 days of specimen collection) with delta (24). The study also found that unvaccinated delta infections had a higher admission risk compared to unvaccinated alpha counterparts. The study did not report any difference in hospital admission risk between vaccinated delta and alpha infections, similar to the results from Sheikh et al. (35). The investigators also found delta patients to have twice the risk of hospital admission and ER use compared to alpha variant infections. Supporting our findings, the CDC Weekly Morbidity and Mortality Report from New York (47) also found vaccines to protect against hospitalization in the fully vaccinated but noted reduced efficacy against new infections even in the vaccinated when delta became the predominant strain. Prolonged hospital stay is explicable in the context of the increased admission risk and emergency facilities use caused by delta.

Despite breakthrough infections and hospital admissions, population level data on vaccinations and COVID-19 death demonstrate that the greatest protection conferred by COVID-19 vaccines worldwide is against mortality and severe disease. Nation-level COVID-19 death rates in unvaccinated individuals have been found to be anywhere between 3 and 12 times higher than that in vaccinated people in England, Northern Ireland, Singapore, and Chile (48–50). The Center for Disease Control statistics (48, 51) on COVID-19 mortality in the United States indicate that unvaccinated individuals had a death rate of 3.47 per 100,000 compared to 0.54 per 100,000 in fully vaccinated individuals (all vaccines). Similarly, data from Switzerland and Liechtenstein as reported by their Federal Office of Public Health (52), saw a death rate of 11.92 per 100,000 in unvaccinated individuals compared to 0.55 per 100,000 in vaccinated ones. Although restricted to hospitalized patients, the present study also found the mortality rate in unvaccinated subjects (1.4%) to be more than 3 times higher compared to the vaccinated group (0.4%), reiterating the global findings that COVID-19 vaccines remain highly protective against mortality and severe disease and therefore are of utmost public health significance.


Strengths and Limitations

This paper is one of the first efforts to use real-world data from vaccination roll-out in Bahrain to look at how the recovery pattern differs between alpha and delta variants of concern of SARS-CoV-2. One of the limitations of this body of work is that we did not have data on immune responses to see how immune decay in individuals vaccinated early on would have played a role in breakthrough infections.




Conclusion

In conclusion, the present study found patients infected with the delta variant of SARS-CoV-2 to have longer recovery periods as indicated by length of stay and pattern of PCR test CT values, within both vaccinated and unvaccinated individuals. In light of these findings, relaxation of preventative public health measures such as mask mandates needs to be evaluated in the context of proportion of SARS-CoV-2 infections that are the delta variant.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), is modifying human activity all over the world with significant health and economic burden. The advent of the SARS-CoV-2 pandemic prompted the scientific community to learn the virus dynamics concerning transmissibility, epidemiology, and usefulness of vaccines in fighting emerging health hazards. Pieces of evidence suggest that the first and second doses of mRNA vaccines induce a significant antibody response in vaccinated subjects or patients who recovered from SARS-CoV-2 infection, demonstrating the importance of the previously formed memory. The aim of this work has been to investigate the effects of BNT162b2 Pfizer-BioNTech mRNA-based vaccine booster dose in a cohort of 11 uninfected immunocompetent (ICs), evaluating the humoral and cellular responses, with more carefulness on memory B and T cells. Our findings underscore the potential benefit of the third dose of mRNA vaccine on the lifespan of memory B and T cells, suggesting that booster doses could increase protection against SARS-CoV-2 infection.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), is modifying human activity all over the world with significant health and economic burden. The advent of the SARS-CoV-2 pandemic prompted the scientific community to learn the virus dynamics concerning transmissibility, epidemiology, and usefulness of vaccines in fighting emerging health hazards. In the last two years, many studies on vaccinated subjects or patients who recovered from SARS-CoV-2 infection (1–3) highlighted the formation of high amounts of specific antibodies, a sign of robust protective immune responses and memory. A conspicuous number of studies reported that humoral and cellular immunity to SARS-CoV-2 reaches the peak after one month from vaccination, and then it decreases over time (4–7). Conversely, circulating specific memory B lymphocytes reach the peak after two/three months and remain constant over 8 months (1, 2). In a recent study, it has been shown that the first dose of mRNA vaccines, either Pfizer-BioNTech BNT162b2 or Moderna mRNA-1273, induces a significant antibody response in COVID-19 convalescents compared to uninfected healthy individuals, demonstrating the importance of the previously formed memory (8). The emergence of new variants of SARS-CoV-2, such as B.1.617.2 (Delta) and B.1.1.529 (Omicron), able to improve transmissibility and/or the escape from antibody binding (9, 10), and the reduced effectiveness overtime of the Pfizer-BioNTech BNT162b2 vaccine (11–13), led to a resurgence of COVID-19 cases in individuals that had been vaccinated for more than six months. For these reasons, in Italy, from September 2021, a circular from the Ministry of Health approved the use of the third dose of the BNT162b2 vaccine as an additional dose for fragile individuals and, subsequently, for those who had been vaccinated for more than 4 months, in order to achieve an adequate level of the immune response. Incorrectly, the duration of protective immunity after vaccination is sometimes related solely to the level of specific antibodies. However, the most important protection from reinfection is due to the synergistic action of memory B cells, which produce specific antibodies in response to pathogen entry, and T cells, which play a key role by helping B cells to produce high-affinity antibodies and/or by eliminating virus-infected cells. Therefore, to reach a long-lasting immunity, a vaccine should not only induce robust antibodies production but also induce strong B- and T-cell responses (14).

In this article, we investigated, in a cohort of 11 uninfected immunocompetents (ICs) from our hospital staff, humoral and cellular responses, in terms of anti-spike-specific antibody production and specific memory B- and T-cell formation. Anti-spike IgG and IgA were detected in sera collected three weeks (T1) and nine months (T2) from the second dose, and three weeks after booster dose (T3) of the BNT162b2 mRNA vaccine. Circulating anti-spike memory B cells were analyzed by using unique sets of fluorescently labeled recombinant tetramers of the SARS-CoV-2 spike protein in combination with an extensive flow cytometry panel, at T2 and T3.

At the same time points, T-cell-mediated response was detected by using the QuantiFERON SARS-CoV-2, a whole-blood assay, which is based on the same platform as the QuantiFERON-TB Plus, currently approved for the diagnosis of tuberculosis and other several viral infections (15). Interestingly, a good correlation between cellular responses detected by QuantiFERON SARS-CoV-2 with ELISpot assays has been recently demonstrated (16, 17). We decided to perform the QuantiFERON assay because it is an easy-to-use tool and the only automatable test available to detect the T cellular responses in a microenvironment as close as possible to the physiological condition (16–19). Finally, T-cell reactivity to SARS-CoV-2 specific antigens was also evaluated by flow cytometry detection of activation-induced markers (AIMs) on both CD4+ (CD40L+CD69+ and OX-40+CD137+) and CD8+ (CD69+CD137+) T cells (20, 21) at T3. This is an alternative method that consents to detecting circulating antigen-specific T cells without using human leukocyte antigen (HLA)-multimers (22). In the cohort studied, we found a good antibody response at T1. Afterward, we observed a significant time-dependent decline of anti-SARS-CoV-2-specific IgG and IgA, which, in some cases, turned out to become a negativization, especially in the ones with the lowest response after the first vaccination cycle. Despite the decrease in specific antibodies, in all subjects studied, we showed the persistence of spike-specific memory B cells at T2. At the same time point, we did not find a significant T-cell response. As expected, at T3 the immune response is completely restored compared to that observed at T2 and even potentiates when compared to T1.



Material and Methods


Subjects Studied

A total of 11 uninfected immunocompetent (IC) healthy subjects (4 male and 7 female; median age 44, range 33–51), who never had positive nasopharyngeal swab (NPS) and anti-N response, were enrolled at the time of SARS-CoV-2 vaccination with the Pfizer-BioNTech BNT162b2 mRNA vaccine. Blood, PBMC, and serum samples were collected three weeks (T1) and nine months (T2) after the second dose and three weeks after the booster dose (T3) for the analysis of humoral and cellular immune response. The study was approved by the IRCCS-ISMETT Institutional Research Review Board (IRRB 00/21) and by the Ethic Committee of ISMETT, and all enrolled individuals signed the written informed consent form.



Detection of SARS-CoV-2 Antibodies

Sera samples from subjects enrolled were used to detect anti-spike immunoglobulin. The chemiluminescent immunoassay (CLIA) LIAISON® SARS-CoV-2 S1/S2 IgG (DiaSorin S.p.A.) was used for the quantitative detection of IgG antibodies to S1 and S2 fragments of the viral surface spike protein in the human serum. The test was used on the fully automated LIAISON® XL Analyser (DiaSorin S.p.A.). The SARS-CoV-2 S1/S2 IgG antibody concentrations were expressed as arbitrary units (AU/ml) and the results were graded as follows: Negative (< 12.0 AU/ml), Equivocal (12.0–15.0 AU/ml), and Positive (> 15.0 AU/ml). The analytical performance of the assay has a good correlation to the detection of neutralizing antibodies [94.4% positive agreement to Plaque Reduction Neutralization Test (PRNT90)] and high sensitivity (95.4%) and specificity (98.6%) to ensure accurate results.

The anti-SARS-CoV-2 IgA (EUROIMMUN, Perkin Elmer Company) is an enzyme-linked immunoassay (ELISA) intended for the semiquantitative detection of IgA antibodies to S1 fragments of the viral surface spike protein, in the human serum and plasma. The test was used on the fully automated EUROIMMUN Analyzer I (EUROIMMUN, Perkin Elmer Company). The anti-SARS-CoV-2 ELISA IgA antibody concentrations were expressed as the ratio from the extinction of the sample and that of the calibrator and the results were graded as follows: Negative (< 0.8 Ratio), Equivocal (≥ 0.8 to 1.1 Ratio) and Positive (> 1.1 Ratio) With regard to performance analytical of the assay, good sensitivity (between 88.3% and 96.9%, depending on the time the sample was taken) together with high specificity (98.3%) ensures accurate results. 

In order to exclude asymptomatic infection during the overall period of follow-up, anti-N response was determined on the ARCHITECT Quant test (Abbott) using the chemiluminescent assay anti-SARS-CoV-2-N-domain CMIA (IgG and IgM) (Abbott) and SARS-CoV-2 anti-N ELISpot (see ELISpot paragraph) at T3 (data not shown).



Isolation and Quantification of SARS-CoV-2-Specific B Cells

The venous blood of ICs was collected in K3EDTA tubes (Greiner Bio-One GmbH, Kremsmünster, Austria). Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation on Lympholyte Cell Separation Media (Cedarlane Laboratories Limited, Burlington, ON, Canada). Afterward, CD19+ B cells were separated from PBMCs by immune-magnetic sorting using anti-CD19 magnetic microbeads (REAlease CD19 MicroBeads Kit, Miltenyi Biotec, Auburn, CA, USA). The CD19+ B cells obtained from immune-magnetic sorting displayed a purity yield higher than 98%, which was determined by flow cytometry analysis. The isolated fraction was stained with SARS-CoV-2 spike B Cell Analysis Kit (ref. 130-128-022, Miltenyi Biotec, Auburn, CA, USA) to quantify the SARS-CoV-2-specific B cells at T2 and T3 following the manufacturer’s instructions. Samples were acquired by a MACSQuant Cytometer (Miltenyi Biotec, Auburn, CA, USA) and analyzed with the Kaluza Version 2.1.1 software (Beckman Coulter, CA, USA).



QuantiFERON SARS-CoV-2 Assay

We evaluated the T-cell response at T2 and T3 by using the QuantiFERON SARS-CoV-2 kit (Qiagen, Hilden, Germany). This is an interferon gamma (IFN-γ) release assay, which contains heparinized antigen tubes that allow both to collect whole blood and to stimulate lymphocytes with a combination of three antigen peptides specific to SARS-CoV-2 (SARS-CoV-2 Ag1, Ag2, and Ag3). The SARS CoV-2 Ag1 tube contains CD4+ epitopes derived from the S1 subunit of the spike protein; the SARS CoV-2 Ag2 tube contains CD4+ and CD8+ epitopes from the S1 and S2 subunits of the spike protein; the SARS CoV-2 Ag3 tube contains CD4+ and CD8+ epitopes from S1 and S2 plus immunodominant CD8+ epitopes derived from the whole genome. After stimulation, plasma samples were analyzed for the detection of IFN-γ (IU/ml) using an ELISA-based platform. Samples were processed following the manufacturer’s instructions (QuantiFERON SARS-CoV-2 Starter kit, ref. 626115; QuantiFERON SARS-CoV-2 Extended kit, ref. 626215; QuantiFERON ELISA, ref. 626410; Qiagen, Hilden, Germany). Elevated response was defined as a value at least 0.20 IU/ml greater than Nil (negative control used to subtract IFN-γ not derived from SARS-CoV-2-specific T-cell stimulation) (16).



SARS-CoV-2 ELISpot Assay

T-cell responses at T3 were also evaluated by using the ELISpot assay. Briefly, PBMCs from subjects studied were isolated by density gradient centrifugation from whole blood using a cell preparation tube with sodium citrate (BD Vacutainer ® CPT™), according to the manufacturer’s protocol. PBMCs were counted by using the Sysmex XN-2000™ Hematology System. IFN-γ-secreting T cells were detected by a Human IFN-γ ELISpot plus kit (MABTECH AB, Sweden), according to the manufacturer’s protocol. The assay was performed, in duplicate, stimulating 2.5x105 ± 0.5x105 PBMCs/ml for 20–22 h, at 37°C in a 5% CO2 humidified atmosphere, with 1 µg/ml overlapping peptides spanning SARS-CoV-2 Spike (Mix I and II, respectively, of 158 and 157 peptides derived from a peptide scan, 15mers with 11 aa overlap) or N protein (JPT Peptide Technologies, Germany). The PBMCs were cultured in a RPMI 1640 medium (BIOWEST), supplemented with 5% GemCell U.S. Origin Human Serum AB (BIOVIT) and 1% L-Glutamine (EUROCLONE). Negative control (RPMI + 5% Human Serum AB) and positive controls, such as anti-CD3 and CEFX pepmix (a pool of 176 known peptides from various infectious agents, JPT Peptide Technologies, Germany), were also included. The number of SARS-CoV-2-specific IFN-γ-secreting cells was measured with an ELISpot Reader (Autoimmun Diagnostika (AID) GmbH, Straßberg, Germany) by using the ELISpot Software (AID). Mean spot counts for negative control wells were subtracted from the mean of test wells to generate normalized readings; these are presented as Spot Forming Unit (SFU) per million PBMCs. To determinate the lower limit to indicate a positive response (cutoff), we considered the mean value of responses of unstimulated wells plus 2 standard deviations (SD) (cutoff=121 SFC/106 PBMC).



Activation-Induced Marker (AIM) Memory T-cell Detection

Whole-blood aliquots (60 µl), at T3, were withdrawn from Nil (negative control) and mitogen (positive control) tubes and from the three Ag tubes (20 µl each, mixed together) of the QuantiFERON SARS-CoV-2 kit (Qiagen, Hilden, Germany) before centrifugation, and stained with the following combination of anti-human fluorescent monoclonal antibodies: CD3BV786, CD4FITC, CD8PE, CD137APC, CD69BV711 (Becton Dickinson, San Jose, CA, USA), CD154(CD40L)APC-VIO770, and CD134(OX-40)PE-VIO770 (Miltenyi Biotec, Auburn, CA, USA). Pharm Lyse solution (Becton Dickinson, San Jose, CA, USA) was used to remove red blood cells. Then T cells were analyzed by using a 16-color FACS Celesta SORP flow cytometer (Becton Dickinson, San Jose, CA, USA) with the same instrument setting. At least 104 cells were analyzed using the Kaluza Version 2.1.1 software (Beckman Coulter, CA, USA). Cells were gated on the forward scatter/side scatter cell gate and then on the CD3+CD4+ gate for the quantification of CD40L+CD69+ and CD137+OX-40+ SARS-CoV-2-specific CD4 T cells, and on the CD3+CD8+ gate for the quantification of CD137+CD69+ SARS-CoV-2-specific CD8 T cells.



Statistical Analysis

Statistical analysis has been performed using GraphPad Prism 9.0 (GraphPad Software, USA). Wilcoxon matched-pairs nonparametric test, Pearson and Spearman correlation, and one-way ANOVA tests with multiple comparisons have been used according to the type of samples to compare. Statistical significance was considered at p < 0.05.




Results


Humoral Response Elicited by Booster Dose of Pfizer-BioNTech BNT162b2 mRNA Vaccine

We measured anti-SARS-CoV-2-specific antibodies, in particular IgG and IgA, by using LIAISON® SARS-CoV-2 S1/S2 CLIA (DiaSorin S.p.A.) for the former and ELISA (EUROIMMUN) for the latter. At T1, the median value of specific IgG was 253 AU/ml (SEM=30.23), and it significantly decreased (p=0.0003) to 80.40 AU/ml (SEM=16.48) at T2, while at T3, we observed that the specific IgG significantly increased reaching the median value of 1,590 AU/ml (SEM=156.5) in 100% of the subjects (Figure 1A). Interestingly, we recorded a 20-fold increase between T3 and T2 (p<0.0001) and an 8-fold increase between T3 and T1 (p<0.0001). These results demonstrate the efficacy of the third dose to boost antibody response against SARS-CoV-2. As depicted in Figure 1B, we observed the same trend concerning specific IgA. Indeed, the median ratio was 8.35 (SEM=1.27) at T1, which significantly decreased to 1.10 (SEM=0.33) at T2 (p<0.0001). At T3, specific IgA had a significant upsurge (p<0.0001) compared to T2 reaching a median value of the ratio of 9.8 (SEM=0.52) compared to that observed at T1. These results suggest that the third dose restored the IgA response against SARS-CoV-2.




Figure 1 | Kinetic of total anti-SARS-CoV-2 IgG and IgA serum antibodies levels in seronegative recipients (ICs n=11) of Pfizer-BioNTech BNT162b2 mRNA-based vaccination. The evaluation of both serum antibodies was conducted at three weeks (T1) and nine months (T2) after the second dose, and three weeks after the booster dose (T3). In Figure (A) anti-SARS-CoV-2 S1/S2 IgG levels and in (B) anti-SARS-CoV-2 S1 IgA levels. The dotted lines correspond to IgG (> 15.0 AU/mL) and IgA (>1.1 Ratio) cut-off, respectively. The significance was determined using Tukey’s multiple comparisons test. One-way ANOVA, ***p=0.0002; ****p<0.0001, ns, not significant.





SARS-CoV-2-Specific Memory B Cells Persist After Nine Months From the 2nd Dose and Increased After the Booster Dose

To evaluate the long-term persistency of SARS-CoV-2-specific memory B cells after the second dose, and their kinetics after the booster dose, we assessed the identification and the characterization of these cells in all subjects studied. The SARS-CoV-2-specific B cells were characterized using a SARS-CoV-2-biotinylated-recombinant protein and two distinct fluorescently labeled streptavidin conjugates to make a spike tetramer solution. SARS-CoV-2-specific B cells were evaluated by flow cytometry in all 11 samples for the expression of markers for memory B cells (CD27) and cell surface immunoglobulin isotypes, such as IgG, IgA, and IgM, at T2 and T3. Despite a very significant reduction of circulating anti-spike antibodies (Figures 1A, B), we found that the percentage of SARS-CoV-2-specific memory B cells detected at T2 in our vaccinated subjects is comparable to current data in literature on the non-infected vaccinated (23) and, interestingly, is also comparable to data on COVID-19 convalescent subjects (2). Indeed, as shown in Figure 2A, the percent of SARS-CoV-2-specific memory B cells had a median value of 0.49% (SEM=0.06%) at T2. After the booster dose (T3), this value significantly increases compared to T2 (p=0.002), reaching a median value of 0.81% (SEM=0.14%). The phenotype analysis of spike-specific memory (CD27+) B cells reveals that most of these cells express IgG (median=72.73%, SEM=2.38% at T2; median=77.46%, SEM=2.66% at T3), and the remnants expresses IgA (median=6.29%, SEM=0.91% at T2; median=7.37%, SEM=1.10% at T3) or IgM (median=15.04%, SEM=2.84% at T2; median=12.30%, SEM=2.59% at T3) at both time points, without any significant differences (Figure 2B). Figure 2C depicts a representative flow cytometry analysis used to analyze the memory B-cell subpopulations, and Supplementary Figure 1 shows the complete gating strategy. Briefly, cells were gated on the forward scatter/side scatter cell gate and on 7AAD-negative live cells. Subsequently, CD19+ total B cells were gated on CD27+ memory subsets and then on double-positive streptavidin conjugates for the quantification of spike-specific B cells. On this gate, IgG, IgA, and IgM immunoglobulin surface expressions were quantified.




Figure 2 | SARS-CoV-2-specific memory B cells in seronegative recipients (ICs n=11) of Pfizer-BioNTech BNT162b2 mRNA-based vaccination before (T2) and after (T3) the booster dose. (A) Percentage (%) of SARS-CoV-2 specific B cells before and after the booster dose. (B) Comparison amid T2 and T3 of percentage (%) positive cell to surface immunoglobulin isotypes, IgG, IgA, and IgM. (C) Representative flow cytometry plots (one subject) showing memory B-cell subpopulations. The significance was determined using Wilcoxon matched-pairs test (A) and Sidak’s multiple comparisons test (B), one-way ANOVA, **p=0.0021.





Cellular Response Elicited by Booster Dose Pfizer-BioNTech BNT162b2 mRNA Vaccine

To investigate whether the booster dose of the BNT162b2 Pfizer-BioNTech mRNA vaccine elicits a T-cell response to SARS-CoV-2, we performed a new IFN-γ release assay (QuantiFERON SARS-CoV-2 kit) on the whole blood of all subjects studied at T2 and T3. At T2, we showed a T-cell response, in terms of IFN-γ production, in 2/11 (18%) for Ag1 (Figure 3A), 2/11 (18%) for Ag2 (Figure 3B), and 2/11 (18%) for Ag3 (Figure 3C). A significant IFN-γ response in Ag2 (p=0.031) and Ag3 (p=0.016) tubes was observed at T3, compared to T2, whereas no significant responses were observed in the Ag1 tube. In particular, at T3, 4/11 (36%), 5/11 (45%), and 7/11 (64%) subjects overcame the IFN-γ cutoff (0.2 IU/ml) for Ag1, Ag2, and Ag3, respectively. Moreover, we compared IFN-γ production by both QuantiFERON and ELISpot assays. Spearman’s statistical correlation analysis revealed a positive correlation between the SARS-CoV-2 ELISPOT and SARS-CoV-2 QuantiFERON assay results. As shown in Figure 3D, we found significant correlations between ELISpot and Ag1 (r=0.65, p=0.03), Ag2 (r=0.78, p=0.005), and Ag3 (r=0.91, p=0.0001). These results suggest that about half of the subjects studied did not develop a good T-cell response after the booster dose (Figure 3E). Lastly, to define SARS-CoV-2 memory T cells, we detected on the blood coming from Ag1, Ag2, and Ag3 Quantiferon tubes the frequency of AIM-T cells. Surprisingly, we found that, at T3, all subjects showed the presence of AIM-T cells (Figure 4A), namely, CD40L+CD69+ (median=0.26%, SEM=0.05%; p=0.002) and CD137+OX-40+ (median=0.07%, SEM=0.05%; p=0.002) for CD4+ T cells, and CD137+CD69+ (median=0.53%, SEM=0.14%; p=0.001) for CD8+ T cells, indicative of the presence of SARS-CoV-2-specific memory T-cell compartment (22). Figure 4B depicts a representative flow cytometry analysis used to analyze the memory T-cell subpopulations, including the positive control (Mitogen), and Supplementary Figure 2 shows the complete gating strategy.




Figure 3 | Comparison of QuantiFERON SARS-CoV-2 antigen tube (Ag minus Nil) response, express as IFN-γ (IU/ml), in seronegative subjects (ICs n=11) before (T2) and after (T3) the booster dose of the Pfizer-BioNTech BNT162b2 mRNA-based vaccine. (A) QFN-SARS-CoV-2 Ag1-Nil responses; (B) Ag2-Nil responses; (C) Ag3-Nil responses. The dotted lines, in each graph, correspond to IFN-γ cutoff (0.2 IU/ml). (D) Correlation between IFN-γ-ELISpot and IFN-γ-QFN responses of each specific antigen (Ag1 contains CD4+ epitopes derived from the S1 subunit of the spike protein; Ag2 contains CD4+ and CD8+ epitopes from the S1 and S2 subunits of the spike protein; and Ag3 contains CD4+ and CD8+ epitopes from S1 and S2, plus immunodominant CD8+ epitopes derived from the whole genome). (E) Graphic comparison of IFN-γ-ELISpot and IFN-γ-QFN responses of all subjects studied. The significance was determined using Wilcoxon matched-pairs test, *p = 0.0332 (A–C) and Pearson correlation, *p=0.0332; **p=0.0021; ***p=0.0002.






Figure 4 | Activation-induced memory (AIM)-T cell detection in seronegative recipients (ICs n=11) of Pfizer-BioNTech BNT162b2 mRNA-based vaccination at T3. (A) Comparing of percentage (%) of AIM-T cells in Nil tubes to SARS-CoV-2 antigen using specific marker CD137/OX-40, CD69/CD40L, CD137/CD69 (CD40L is uniquely expressed on activated CD4 T cells; CD69 is an activation marker of both CD4 and CD8 T cells; CD137 and OX-40, both belonging to the TNF receptor superfamily, are also markers of Ag-specific CD8 and CD4 T cells, respectively. In combinations, CD137/OX-40 and CD69/CD40L identify Ag-specific CD4 T cells, while CD137/CD69 identifies Ag-specific CD8 T cells). (B) Representative flow cytometry plots (one subject) showing AIM-T cell subpopulations stimulated or not (Nil) with SARS-CoV-2 antigen and the positive control (Mitogen). The significance was determined using Wilcoxon matched-pairs test,  **p = 0.0021; ***p = 0.0002.






Discussion

In this study, we provided an analysis of the adaptive immune response elicited by Pfizer-BioNTech mRNA BNT162b2 vaccination in a cohort of 11 uninfected ICs. The participants have completed the anti-SARS-CoV-2 vaccination cycle, with the two recommended doses, in January 2021 and received the booster dose between October and November 2021. Three weeks after the first vaccination cycle, all subjects showed an optimal serological response, being positive for both SARS-CoV-2 anti-spike-specific IgG and IgA antibodies. We observed that anti-spike IgG and IgA antibodies drop over a nine-month period in all subjects studied. Nevertheless, about 90% (10/11) and 63% (7/11) of the participants maintained, respectively, a positive IgG and IgA value. Although serum antibodies are the most used biomarker for the evaluation of vaccine efficacy, it emerged that they are not reliable markers able to predict the immune response outcome in response to SARS-CoV2 vaccination. It is well known that serum antibody decline normally occurs in every vaccination due to the decay of short-lived plasma cells (24). The effectiveness of a vaccine depends on its ability to generate a time-enduring immunological memory, which is mediated by long-lived antigen-specific memory B and T lymphocytes. Indeed, the quantitative and qualitative analysis of antigen-specific B and T cells toward a defined antigen allows to assess whether an individual has developed an adaptive immune response to a previous immunization. Essential properties for protective memory immunity are specificity and rapidity of action. On this purpose, memory B cells, differently from memory T cells, can improve their specificity due to repeated steps of selection and somatic hypermutation, which undergo in germinal centers. Moreover, different kinetics, duration, and evolution of memory B and T cells after SARS-CoV-2 infection have been recently demonstrated. Indeed, it has been shown that spike-specific memory B cells were more abundant at 6 months than at 1 month after symptom onset and persist for up to 8 months (1). Conversely, SARS-CoV-2-specific T cells declined with a half-life of 3 to 5 months (1). In our results, obtained at nine months from the second dose of BNT162b2, we report similar findings. In fact, even if anti-spike antibody response contracts, the presence of SARS-CoV-2 memory B cells in all subjects, predominantly IgG+, is indicative of persisting immune memory following a second dose of vaccination. A different situation arises, instead, for the T-cell effector response, as we have shown the ability to produce IFN-γ after stimulation in a small fraction of our studied population (18%) at nine months from the primary vaccine cycle. A pronounced immune response was observed following the booster dose, including a very significant increase in anti-Spike IgG and IgA, of specific memory B cells and of T-cell response. The production of serum IgA, and the presence of IgA-expressing memory B cells, after vaccination, is of great interest because this isotype is the main antibody for protection at mucosal sites, such as the upper respiratory tracts, known to be the site of SARS-CoV-2 entry. However, in order to prevent the viral invasion of the upper airways, mucosal secretory IgA is needed (25). High levels of secretory salivary IgA have been detected in COVID-19 patients (26), but very low concentration was observed in the saliva of vaccinated individuals (27), suggesting less ability of vaccine to induce mucosal immunity. Recently, Piano Mortari et al. showed the increase in salivary IgA in vaccinated healthy individuals with a positive nasopharyngeal swab (28), demonstrating the reaction to the local infection. As a matter of fact, in most cases, vaccinated subjects with a positive nasopharyngeal swab remain asymptomatic or with mild symptoms. It could be hypothesized that part of their protection may be due to the ability of specific memory B cells to migrate to inflamed mucosal tissues, in response to attracting inflammatory molecules, and locally produce IgA. Concerning the T-cell response, after the booster dose, we observed that, despite the fact that half of the subjects did not develop a T-cell effector response, all of them present SARS-CoV-2-specific AIM-T cells, demonstrating the maintenance of long-lived memory T-cell compartment. Probably, shortening time between doses could improve the effectiveness of vaccine on the T-cell response. Although promising, these results are based on a relative short follow-up period from the booster dose and in a small cohort. Further long-term studies are necessary to investigate the duration and pliability of the immune memory induced by vaccines. The integrated study of serum antibodies, memory B cells, effector T-cell response, and memory T cells should help us to understand their time-related different kinetics and duration, with the aim to improve current or future anti-SARS-CoV-2 vaccination strategies and decisions.
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Recent studies provide conflicting evidence on the persistence of SARS-CoV-2 immunity induced by mRNA vaccines. Here, we aim to quantify the persistence of humoral immunity following vaccination using a coronavirus antigen microarray that includes 10 SARS-CoV-2 antigens. In a prospective longitudinal cohort of 240 healthcare workers, composite SARS-CoV-2 IgG antibody levels did not wane significantly over a 6-month study period. In the subset of the study population previously exposed to SARS-CoV-2 based on seropositivity for nucleocapsid antibodies, higher composite anti-spike IgG levels were measured before the vaccine but no significant difference from unexposed individuals was observed at 6 months. Age, vaccine type, or worker role did not significantly impact composite IgG levels, although non-significant trends towards lower antibody levels in older participants and higher antibody levels with Moderna vaccine were observed at 6 months. A small subset of our cohort were classified as having waning antibody titers at 6 months, and these individuals were less likely to work in patient care roles and more likely to have prior exposure to SARS-CoV-2.




Keywords: serology, SARS-CoV-2, healthcare workers, antibodies, microarray, vaccine, mRNA



Introduction

Since the initial 2019 outbreak of the novel beta coronavirus SARS-CoV-2, rapid international spread of the COVID-19 disease has resulted in a global pandemic. In efforts to contain the spread and severity of COVID-19, the FDA approved the emergency distribution of mRNA vaccines BNT162b and mRNA1273 in December of 2020. Both vaccines provide high rates of protective efficacy of up to 95% against the targeted virus strain following two doses administered at least 3-4 weeks apart (1, 2).

Here, we seek to analyze the persistence of SARS-CoV-2 antibody responses induced by 2-dose mRNA vaccines in a health care worker population using a coronavirus antigen microarray. This serological analysis can yield significant insight into comparative antibody responses following vaccination and natural infection. Of particular importance, binding antibodies against SARS-CoV-2 antigens have been shown to correlate strongly with neutralizing antibodies, which are a critical component of clinical immunity (3–6).

In prior studies, subjects who received two doses of mRNA vaccine developed significant levels of IgM and IgG against SARS-CoV-2 spike (S) proteins and receptor-binding domain (RBD) titers (7). Anti-spike protein IgG levels were reported to increase exponentially following initial vaccination but plateau by 21 days. After the second dose, antibody levels increased even further and remained elevated (7, 8). Recent studies provide conflicting evidence on the longitudinal efficacy of the mRNA vaccines- some studies report waning begins as early as 10 weeks (9), others show age (10), vaccine type (11), and prior exposure (11) to be significant factors in the humoral response. Others report waning over the course of 6 months (12, 13), while some report non-waning in both mRNA vaccines and non-mRNA vaccines (14, 15). Here, we evaluate the effect of these factors on humoral immunity up to 6 months following SARS-CoV-2 vaccination.



Methods


Study Population

This study was approved by the institutional review board (IRB) of the University of California Irvine (UCI) prior to initiation of the study. Widespread mRNA vaccination of healthcare workers (HCWs) at UC Irvine Health began in December 2020, administering over 16,000 doses of mRNA1273 (Moderna Inc.) or the BNT162b (Pfizer Inc. and BioNTech Inc.) vaccines within the first 4 months. All HCWs working at the UCI Medical Center, located in Orange County CA, were invited to receive serological testing by providing serum blood samples via fingerstick at the time of vaccination and follow-up testing at approximately 2 months, 4 months, and 6 months post-final dose of vaccination. All blood samples were brought to the Institute for Clinical and Translational Science Core Laboratory at the UCI Medical Center. Serum samples were centrifuged using the Eppendorf 5415R and spun at 3000xg for 5 minutes. Serum was quickly transferred into a clean sterile tube and frozen at -80°C until analyzed for Igs. Reports of their serological test results were returned within 4 weeks of receiving the test. At each assessment, demographic and work-related characteristics, testing frequency, exposure risk, and symptom history were collected via surveys administered prior to serum sample collection. Longitudinal participation was encouraged through an aggressive email campaign as well as ensuring that participants received a report of their antibody titers, but not every subject participated at every time point. A total of 956 HCWs were recruited for longitudinal follow-up. Eligibility for this analysis was restricted to 240 HCWs who provided blood specimens and survey data at multiple time points.



Coronavirus Antigen Microarray

1,559 independent finger stick blood serum samples were collected over the 6-month period for analysis. Specimens were probed and analyzed on a coronavirus antigen microarray (CoVAM) for IgG and IgM antibodies against 37 antigens from SARS-CoV-2, other coronaviruses, and other respiratory viruses using a coronavirus antigen microarray (eFigure 1). The CoVAM contained 10 SARS-CoV-2 antigens including nucleocapsid protein (NP) and several varying fragments of the spike (S) protein, as well as 4 SARS, 3 MERS, 12 Common CoV, and 8 influenza antigens. A full list of antigens used in the assay can be found in Supplementary Table 1. Samples were tested in triplicate.

The data analysis was carried out according to the following general pipeline (see Online-Only Methods for details): For each sample, the average reactivity to the printing buffer was subtracted from each spot. The arrays were normalized according to the composite method described elsewhere (16–18). Reactivity assessment was performed using a logistic regression model consisting of a weighted combination of antigens as described elsewhere (18, 19). In summary, a generalized linear model (GLM) was built using 6 antigens (SARS.CoV.2.S1.RBD.mFc, SARS.CoV.2.Spike.RBD.His.HEK, SARS.CoV.2_S1, SARS.CoV.2.NP, SARS.CoV.2 S2, SARS.CoV.2. S1.HisTag). This model was found to be 93% sensitive and 98% specific in correctly classifying 91 PCR-positive cases and 88 pre-pandemic negative control (18, 19). The model was then used to generate a weighted composite measure of IgG reactivity on all titers, with weights corresponding to each antigen’s relative importance in the model. This composite IgG reactivity measure was scaled up to represent the weighted mean fluorescence intensity (MFI) of all antigens assayed in the CoVAM. Here, we utilized a model containing all SARS-CoV-2 antigens as above with the exception of NP, as this antigen was used to classify prior exposure to SARS-CoV-2 in a subgroup analysis.

To determine the relative anti SARS-CoV-2 antibody reactive levels at the last time point, as well as to identify individuals for whom the antibody levels significantly declined, first all individuals with at least two time points were selected. Then, for each individual, the sample with the closest time point to 80 days was identified. All individuals for whom the last time point coincided with the 80 days post vaccination time point were dropped. Lastly, the individuals were classified as having waning antibodies when, the median signal intensity of all SARS-CoV-2 antigens at the final time point was lower than the median of these antigens at the closest to day 80 time point (a p < 0.05, Wilcoxon test, was considered significant). A boxplot of the median antibody reactivity at the last time point, for all selected individuals can be visualized on Figure 3. Individual demographics for either the waning or non-waning groups obtained from the consent form are listed on Table 3.



Statistical Analysis

In order to characterize SARS-CoV-2 antibody response over time, we fit a linear mixed effect model of the composite IgG reactivity measure using all available data from the n=240 HCWs with at least 2 time points available. Due to the variability in the timing of the tests across individuals, we report the model-estimated composite IgG reactivity means and 95% confidence intervals (CI) at pre-vaccine, 2 months, 4 months and 6 months post-first dose, and compared the changes over time. We then explored differences in long-term antibody response by individual characteristics hypothesized to influence the magnitude and durability of the vaccine-induced antibody response: sex [male or female, by self-report], age [≥55 vs. <55 years, by self-report], HCW role [patient care vs. non-patient care role], race [Asian, Latino, White, Other, by self-report], presence of obesity and/or diabetes, hypertension, vaccine type [mRNA1273 vs. BNT162b], and prior COVID-19 exposure [defined by presence of SARS-CoV-2 NP antibody reactivity at baseline]. We tested each potential moderator individually by fitting the same linear mixed effect model with the inclusion of an interaction term between that variable and time (e.g., time * age≥55 vs. <55 years). All analyses were conducted using R v4.1.1.




Results


SARS-CoV-2 Antibody Levels Persist 6 Months Post-Vaccination

A total of 629 tests were collected from 240 HCWs who provided at least 2 samples (mean number of samples 2.6, range 2-6, Table 1). Antibody responses significantly increased in the 2 months following vaccination (mean [95% CI] composite IgG MFI: baseline: 175 [-63, 308], 2mo: 3829 [3665, 3993]; baseline to 2 months, p<0.001) and increased further at 4 months (mean [95% CI] composite IgG MFI: 4mo: 4471 [4263, 4679]; 2 to 4 months, p<0.001). Antibody levels plateaued at the 4-month timepoint; notably, we observed no evidence of significant waning from 4 to 6 months (p=0.959, Figure 1 and Table 2). Comparisons by sex did not show any significant difference, although men did show a trend towards lower composite IgGs at 6 months (men vs. women at 6 months: p=0.301, Figure 2A). Comparisons by age showed modest waning from 4 to 6 months in the older age group who were ≥55 years; however, these differences were not statistically significant (4 to 6 months among men: p=0.949, Figure 2B and Table 2). No statistically significant differences in antibody levels were observed between participants segregated by patient care role, race, presence of obesity and/or diabetes, or affliction of hypertension (Figures 2C–F and Table 2). Similarly, no statistically significant differences in antibody levels were observed between those who received the BNT162b or mRNA1273 vaccines, although there was a non-significant trend towards higher antibody levels at 6 months with mRNA1273 (Figure 2G). HCWs who had evidence of prior exposure to COVID-19 as defined by NP reactivity at baseline haxd higher composite IgG levels at baseline but did not differ significantly at post-vaccine time points up to 6 months; furthermore, their antibody levels increased significantly post-vaccination (Figure 2H). With respect to individual antigens, vaccine-induced antibodies were directed primarily against the S1 and RBD domains of spike protein, to a lesser extent against the S2 domain, and not at all against the nucleocapsid protein as expected based on design of mRNA vaccines (eFigures 2–4).




Figure 1 | Composite and individual SARS-CoV-2 IgG levels over time for the longitudinal cohort. Background lines (left) representing individual study participants and thick solid line representing mean antibody level at baseline, 2 months, 4 months, and 6 months with error bars representing 95% confidence intervals with heatmap and individual antibody plots.




Table 1 | Characteristics of study participants compared between all study participants and the longitudinal cohort who provided data at multiple time points post vaccination.




Table 2 | Composite SARS-CoV-2 IgG levels compared between time points for subgroups of study participants divided by gender, age, race, occupation role, and presence of co-morbidities.






Figure 2 | Composite SARS-CoV-2 IgG levels over time, with background lines representing individual study participants and thick solid line representing mean antibody level at baseline, 2 months, 4 months, and 6 months with error bars representing 95% confidence intervals, compared for subgroups divided by (A) sex, (B) age, (C) HCW patient care role, (D) race, (E) obesity/diabetes, (F) hypertension, (G) vaccine type, and (H) previous exposure.





SARS-CoV-2 Antibody Waning in Select Individuals

Although the overall reactivity did not seem to significantly wane over the observed 6-month period, as seen on Figure 3, a subset of study participants could be classified as having waning antibodies against SARS-CoV-2 antigens. A significant difference between individuals with waning antibodies and non-waning antibodies was identified for all SARS-CoV-2 antigens (p < 0.05). The observed reactivity differences are more pronounced for S1-containing antigens, although a significant difference was observed for S2 and NP antigens as well. Among 41 individuals being classified as non-waning and 58 as waning, there was no significant difference between the groups when examining age, gender, vaccine type, time since vaccination, or race (Table 3). However, non-waning individuals were less likely to work in patient care roles and were more likely to have presence of NP antibodies.




Figure 3 | SARS-CoV-2 reactivity after 6 months. In blue, are individuals for whom the reactivity did not significantly wane when compared to the day 80 time point. In red are samples for whom the reactivity has declined (p < 0.05).




Table 3 | Demographic variables in patients with and without waning antibody titers.






Discussion

This study utilized a novel immunoassay against 10 different SARS-CoV-2 antigens to measure compositive anti-SARS-CoV-2 IgG levels amongst healthcare workers following vaccination. The test performance of SARS-CoV-2 immunoassays can vary, with more antigens correlating with a higher specificity (20, 21). The CoVAM utilizes multiple antigens to achieve test performance that compares favorably to commercially available assays (18, 22).

Using the CoVAM, we initially observed no significant decline of SARS-CoV-2 antibody levels up to 6 months after the first dose of mRNA vaccine for the general HCW population. Some prior studies show waning of SARS-CoV-2 antibody levels as soon as 10 weeks (9) or 3 months (23) following first dose of mRNA vaccine. We propose that these differences may be due to the use of more antigens in the immunoassay, which is able to detect a broader repertoire of antibodies, and the generalized linear model used to determine composite antibody level, which is able to increase the weight of antibodies specific to SARS-CoV-2. Alternatively, given the high inter-individual variability in antibody levels at all time points, it is possible that this study was underpowered to detect small differences in the antibody response across time points.

Collection of serology samples from patients who had received either the mRNA1273 or the BNT162b mRNA vaccine allowed evaluation of the relative differences in longitudinal antibody levels induced by the two vaccines. Other reports suggested that mRNA1273 may be more effective at sustaining antibody titers long-term (11). No statistically significant differences were observed in antibody responses to the two vaccines at any point time; however, at 6 months post-vaccination, subjects who received the mRNA1273 vaccine showed a non-significant trend towards higher antibody levels compared to those who received the BNT162b vaccine. A follow-up study with a larger sample size may be able to elicit whether this suggested difference is significant.

Although our overall analysis shows no significant decline in 6 months for the general HCW population, a further retrospective analysis identifies a small subset of individuals whose antibodies do in fact wane over the course of the 6 months as compared to the overall cohort. No significant difference was found between the two groups when investigating for age, gender, vaccine type, or race, but surprisingly, waning antibodies were correlated with being involved with a direct patient-care role, being defined as either a nurse, physician, student, or patient care technician. We initially hypothesized that being involved with a patient care role would result in higher, non-waning antibodies, but that is not the case in this study. It is important to note that healthcare workers not involved with patient care were still in contact with patients. In addition, the presence of the NP antibody, which is a marker for prior natural infection with SARS-CoV-2, was higher among non-waning individuals which may be driving the increased persistence of the humoral immune response in these individuals. We hypothesize that workers not involved in patient care may have had less personal protective equipment usage than patient care workers, resulting in a higher prevalence of NP antibody among non-care positions and thus having a higher, non-waning humoral response to the vaccine.

Nearly all immunocompetent individuals develop a humoral immune response following SARS-CoV-2 exposure (24–26). A fraction of our study cohort (20% of the total cohort) included subjects that had received the vaccine after previous exposure to SARS-CoV-2, assessed by presence of antibodies against nucleocapsid protein, which are only found in individuals previously exposed to the virus and not vaccinated individuals. The composite IgG antibody levels were compared between the baseline NP reactive and NP non-reactive participants before and after vaccination. Participants with previous exposure to SARS-CoV-2 had higher IgG antibody levels pre-vaccine (excluding anti-NP antibodies) than participants without prior exposure. The differences in antibody levels between these groups decreased over time and were not statistically significant at any time point following vaccination. Prior studies that report differences in vaccine-induced antibody responses based on prior SARS-CoV-2 exposure focused on shorter time points at 6 to 10 weeks post vaccination (11), it is possible that with a larger sample size, this study would have detected a small difference at early post-vaccine time points, but the observed trends suggest that such a difference does not persist at later post-vaccine time points. Surprisingly, our outreach campaign revealed that many HCWs refused the vaccine due to their prior exposure, believing erroneously that prior exposure is just as effective at eliciting a humoral immune response as vaccination. Our data indicates that even in participants previously exposed to SARS-CoV-2, mRNA vaccination induces a significant increase in humoral immunity, and vaccination produces higher levels of SARS-CoV-2 antibodies compared to prior exposure, corroborating other studies that have found previously infected but unvaccinated individuals to be at a higher risk for contracting severe disease compared to vaccinated individuals (27, 28).

We hypothesized that different subgroups of HCWs would have varying SARS-CoV-2 antibody levels following vaccination, with older individuals having decreasing antibody levels at later time points as observed in prior studies (10, 29, 30). While we observed a trend towards decreasing antibody levels at 6 months post vaccination in participants above the age of 55, this difference was not statistically significant. While other studies examined ages above 65, our study included very few healthcare workers older than 65, so it is possible that the lower age threshold and limited sample size resulted in insufficient power to detect age-related antibody waning. We also stratified healthcare workers by role, hypothesizing that those in patient care roles may have higher antibody levels throughout the 6-month period due to potential exposure to patients with COVID-19. Our data did not show any significant evidence to suggest that patient care role influences antibody levels in the healthcare worker population, suggesting that current approaches to infection prevention among staff in healthcare facilities are effective.

This study is particularly relevant to defining the optimal timing and target populations for additional doses of mRNA vaccine beyond the initial 2-dose series in order to sustain long-term immunity to SARS-CoV-2. Among a cohort of generally immunocompetent healthcare workers, there were some individuals whose antibody levels significantly waned over the course of 6 months. These individuals would likely benefit the most from early administration of additional doses of mRNA vaccine, but further studies are needed to define the optimal approach to identify these individuals with waning antibody levels and to characterize the magnitude of differences in antibody levels that correlate with reduction in clinical immunity.
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Supplementary Figure 2 | Antigen-specific SARS-CoV-2 IgG levels over time, with background lines representing individual study participants and thick solid line representing mean antibody level at baseline, 2 months, 4 months, and 6 months with error bars representing 95% confidence intervals, for (A) NP, (B) S1+S2, and (C) S2 antigens.

Supplementary Figure 3 | Antigen-specific SARS-CoV-2 IgG levels over time, with background lines representing individual study participants and thick solid line representing mean antibody level at baseline, 2 months, 4 months, and 6 months with error bars representing 95% confidence intervals, for (A) S1, (B) S1 with His tag, and (C) S1 with mouse Fc tag antigens.

Supplementary Figure 4 | Antigen-specific SARS-CoV-2 IgG levels over time, with background lines representing individual study participants and thick solid line representing mean antibody level at baseline, 2 months, 4 months, and 6 months with error bars representing 95% confidence intervals, for (A) RBD with His tag produced in HEK-293 cells, (B) RBD with rabbit Fc tag, (C) RBD with mouse Fc tag, and d) RBD with His tag produced in baculovirus antigens.

Supplementary Figure 5 | SARS-CoV-2 reactivity after 6 months. Blue lines indicate individuals for whom reactivity did not significantly wane when compared to the last time point recorded, in red are samples for whom the reactivity has declined (P < 0.05).
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Vaccines against the severe acute respiratory syndrome coronavirus 2, which have been in urgent need and development since the beginning of 2020, are aimed to induce a prominent immune system response capable of recognizing and fighting future infection. Here we analyzed the levels of IgG antibodies against the receptor-binding domain (RBD) of the viral spike protein after the administration of three types of popular vaccines, BNT162b2, mRNA-1273, or Sputnik V, using the same ELISA assay to compare their effects. An efficient immune response was observed in the majority of cases. The obtained ranges of signal values were wide, presumably reflecting specific features of the immune system of individuals. At the same time, these ranges were comparable among the three studied vaccines. The anti-RBD IgG levels after vaccination were also similar to those in the patients with moderate/severe course of the COVID-19, and significantly higher than in the individuals with asymptomatic or light symptomatic courses of the disease. No significant correlation was observed between the levels of anti-RBD IgG and sex or age of the vaccinated individuals. The signals measured at different time points for several individuals after full Sputnik V vaccination did not have a significant tendency to lower within many weeks. The rate of neutralization of the interaction of the RBD with the ACE2 receptor after vaccination with Sputnik V was on average slightly higher than in patients with a moderate/severe course of COVID-19. The importance of the second dose administration of the two-dose Sputnik V vaccine was confirmed: while several individuals had not developed detectable levels of the anti-RBD IgG antibodies after the first dose of Sputnik V, after the second dose the antibody signal became positive for all tested individuals and raised on average 5.4 fold. Finally, we showed that people previously infected with SARS-CoV-2 developed high levels of antibodies, efficiently neutralizing interaction of RBD with ACE2 after the first dose of Sputnik V, with almost no change after the second dose.
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Introduction

In March 2020, the World Health Organization declared the disease caused by a virus from the Coronaviridae family (1), known as the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a pandemic. At the time, there were 20 thousand registered cases of SARS-CoV-2 disease (COVID-19) with less than a thousand deaths. As of March 2022, over 440 million cases are reported with over 6 million deaths registered worldwide.

By March 19th, 2020, the global pharmaceutical industry announced a major commitment to address COVID-19. Vaccines, which have been in development since then, are intended to provide acquired immunity against SARS-CoV-2 among the world population and help conquer the pandemic. Knowledge about the structure and function of coronaviruses causing diseases like severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) (2, 3) aided the accelerated development of various vaccine technologies. Currently, several COVID-19 vaccines have demonstrated efficacy as high as 95% and more during Phase III trials (4–7). As of March 2022, over 10.8 billion doses of COVID-19 vaccines have been administered worldwide. The following vaccines were authorized by at least one national regulatory authority for public use: RNA vaccines (Pfizer–BioNTech BNT162b2, and Moderna mRNA-1273), conventional inactivated vaccines (Sinopharm BBIBP-CorV, Chinese Academy of Medical Sciences vaccine, CoronaVac, Covaxin, WIBP-CorV, CoviVac, COVIran Barakat, Minhai-Kangtai, and QazVac), viral vector vaccines (Oxford–AstraZeneca AZD1222, Gamaleya Sputnik V, Gamaleya Sputnik Light, Convidecia Ad5-nCoV, and Janssen-Johnson & Johnson Ad26.COV2.S), and protein subunit or peptide vaccines (EpiVacCorona, RBD-Dimer ZF2001, Abdala, and Soberana 02). Over three hundred vaccine candidates are at various stages of development (details available at https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines).

A vaccine typically contains an agent that resembles a disease-causing microorganism. It stimulates the immune system to define the agent as a threat to recognize and destroy it in the future (8). Although COVID-19 vaccines do not provide sterilizing immunity in every case, it has been shown that even with breakthrough infections, the viral load in vaccinated individuals is significantly decreased (9) and the risks of transmitting the infection appear to be several times as low (10–12). One of the main immune system responses to vaccines is production of antibodies. It is thus of interest to compare the antibody development characteristics in response to vaccines of various types.

Moderna mRNA-1273 and Pfizer–BioNTech BNT162b2 are RNA vaccines composed of nucleoside-modified mRNA encoding an altered version of the spike protein of SARS-CoV-2, which is encapsulated in lipid nanoparticles (13, 14). Gamaleya Sputnik V, or Gam-COVID-Vac, is a viral two-vector vaccine based on two strains of common cold human adenoviruses, Ad26 and Ad5, also containing a gene encoding the SARS-CoV-2 spike protein (15). All three vaccines require two-part administration, with a booster dose suggested in six months.

The spike (S) glycoprotein in its trimeric form is in charge of the initial interaction of the virus with the receptors of the host cell. S-protein consists of two subunits, S1 and S2, separated by the furin protease cleavage site. Cleavage of the spike protein at this site facilitates viral entry into the cell, and occurs only in SARS-CoV-2, not SARS or MERS, possibly being one of the reasons for the higher infectivity of the former (16). Receptor binding domain (RBD) is a part of the S1 subunit, represented by aminoacids from 333 to 527, that binds the angiotensin converting enzyme 2 (ACE2) receptor on the cell surface. Particular amino acids directly involved in this interaction are 438-506 (RBM) (17). Several structural studies indicated that SARS-CoV-2 has stronger affinity for the ACE2 receptor than SARS (18).

The RBD is known to stimulate production of the IgG antibodies which can bind to the virus and prevent it from attaching to the human ACE2 receptors (19–22), thus anti-RBD IgG are often called neutralizing antibodies. In recent studies, it was shown that about a third of samples from individuals with previous SARS-CoV-2 infection do not seem to contain a detectable amount of the neutralizing antibodies, and that their low or absent titers positively correlate with the possibility of critical illness (patient death) (23). This allows to suggest that obtaining a high level of neutralizing antibodies is a preferable outcome of a vaccination.

In this work, we compared development of the IgG antibodies in different individuals as an immune system response after vaccination with Pfizer–BioNTech, Moderna, or Sputnik V, using a unified ELISA-based assay previously developed in our laboratory. This assay simultaneously tests for antibodies to two types of viral antigens, nucleocapsid protein (N) and RBD (24). To assess the serum neutralization capabilities in individuals vaccinated by Sputnik V, we tested the ability of the respective serum to prevent RBD from binding to the ACE2 receptor, and compared it with that in previously infected patients. We also analyzed the levels of the anti-RBD IgG antibodies developed after vaccination and previous infection with COVID-19, studying groups of patients with light/asymptomatic or moderate/severe courses of the disease. For several patients, we have performed the test multiple times after the vaccination, to reveal the tendency for the antibody levels to drop or raise over time. Finally, we assessed the levels of the anti-RBD IgG antibodies in vaccinated patients who have had COVID-19 prior to vaccination at different time points, as well as the ability of their serum to neutralize interaction with ACE2.



Materials and Methods


Samples

For the vaccine comparison analysis, 79 serum samples from vaccinated individuals were used; 18 samples were obtained from people vaccinated by both doses of BNT162b2 (Pfizer–BioNTech), 16 from vaccinated by both doses of mRNA-1273 (Moderna) and 58 samples from 40 people vaccinated by the Sputnik V (Gam-COVID-Vac, Gamaleya), including 18 samples taken after the first administration of the vaccine and 40 after the second (Supplementary Table S1). The interval between first and second dose of the vaccine was 3 weeks in all cases. In the study comparing effects of the first and the second dose of Sputnik V, the samples were taken exactly 3 weeks after administration of each dose. In all other cases, sampling was performed 2-10 weeks after administration of the second dose of a vaccine or after recovery from the SARS-CoV-2 infection.

To compare the levels of anti-RBD levels within the same individuals over time, additional samples from 17 Sputnik V vaccinated individuals were taken 7-30 weeks after the vaccination.

For the comparison of vaccine-induced and disease-induced antibody development effects serum samples from 40 COVID-19 patients were used, with infection confirmed by RT-PCR, antigen tests, or alternative commercial SARS-CoV-2 antibody tests. Of these, 20 samples belonged to a group of patients with asymptomatic/light course of the disease (who had experienced only anosmia, fatigue, headache, fever below 37.5 C, or had no symptoms), and 20 samples belonged to a group with moderate/severe course of the disease (who had experienced fever above 37.5 C, cough, lung lesions, and, in several cases, were hospitalized) (Supplementary Table S1).

For the neutralization effect study 38 samples from individuals vaccinated with Sputnik V and 16 samples of previously infected individuals (8 samples from asymptomatic/light symptom group and 8 samples from moderate/severe symptom group) were used.

For the study of vaccinated individuals who previously encountered COVID-19 four additional samples were taken, with infection confirmed by RT-PCR or antigen tests.

Blood samples were taken with either venipuncture in a commercial certified laboratory, or with finger prick using 20μl Mitra Cartridge (2-Sampler, Neoteryx, USA) according to the manufacturer’s protocol.

As negative controls, 8 pre-pandemic samples were used, tested HIV- and hepatitis-negative, provided by the Laboratory of cell cultures and cell engineering of the Institute of Cell Biophysics RAS.

All procedures were approved by the Commission on Biosafety and Bioethics (Institute of Cell Biophysics – Pushchino Scientific Center for Biological Research of the Russian Academy of Sciences, Permission no. 1 of June 12, 2020) in accordance with Directive 2010/63/EU of the European Parliament. The patients/participants provided their written informed consent to participate in this study.



Dual-Antigen Testing ELISA Assay

The signal of anti-RBD and anti-N IgG antibodies in the samples was analyzed using the dual-antigen VirIntel assay (24). ELISA was made as described in (20) with minor modifications. In brief, the wells of the plate were filled with 98 μL of PBS-T containing 1% casein (1× Casein in PBS ready to use solution (#37528, Thermo Fisher Scientific, USA) with 0.1% TWEEN-20 added). Then, 2 μL of each sample was added to each well, and the plate was incubated for 2 h at 23°C (RT). If a sample was collected with finger prick, then 200 μL of PBS-T containing 1% casein was added, and blood was extracted via the 1-hour incubation at 37°C and constant shaking. Then 70 μL of the resulting sample was added to each well. After 3 washes with 300 μL of PBS-T, 100 μL of anti-human IgG HRP-conjugated secondary antibody (A01854, GenScript, USA) diluted 1:3000 in PBS-T+1% casein was added to the wells. The plate was incubated for 1 h at 23°C (RT), washed three times with PBS-T and stained with SigmaFast OPD (P9187, Sigma, USA). The resulting absorbance was measured on a Biotek Synergy H1 plate reader (Biotek Instruments, USA) at 490 nm. Each sample was assayed in duplicate.



ELISA Result Analysis

The antibody level for each individual was determined by comparison of the obtained optical density value of the respective sample to the threshold of the assay, as specified in the VirIntel test protocol (24). The ratio of the signal to the threshold for each sample is referred to as the “signal to cut-off ratio” (S/CO) and the result is considered positive if the S/CO is above 1.

Throughout the study, the S/CO for antibodies to both RBD and N antigens were measured for each sample. All three types of studied vaccines (Moderna mRNA-1273, Pfizer–BioNTech BNT162b2 and Gamaleya Sputnik V) are based on the spike protein of the SARS-CoV-2 and were expected to yield antibody production only to the RBD antigen. If the results from the assay were also positive for the N-antigen, we presumed that the respective individual had encountered COVID-19 in the past, during or after the vaccination process. These samples were excluded from further analysis unless otherwise specified within the Results and Discussion sections.



Neutralization Assay

The ability of serum to inhibit the RBD binding to ACE2 receptor was measured using the SARS-CoV-2 Surrogate Virus Neutralization Test (sVNT) Kit (ProteoGenix, France) according to the manufacturer’s protocol.



Statistical Analysis

The statistical significance calculations were done and respective P-values were obtained using the Mann-Whitney U test for comparison of S/CO value distributions between different sets of samples, and using Spearman’s correlation coefficient method for estimating the S/CO difference after first and second administrations of the vaccine in individuals within the Sputnik V vaccinated group, and for assessing correlation between individual’s age and S/CO. P-value of < 0.05 was used as a threshold for statistical significance evaluation.




Results


Antibody Signal for the Sputnik V Vaccinated Individuals After the First and the Second Doses

To analyze the levels of immune response after the first and the second vaccine doses, 18 Sputnik V vaccinated individuals were tested twice: shortly before second vaccination and two to three weeks after. Three tested individuals with highest levels of anti-RBD antibodies were also positive for the anti-N antibodies, which might indicate previous infection with SARS-CoV-2. One more individual had shown positive anti-N results after the second dose, presumably having been infected between the doses. After eliminating these four samples from the dataset, 14 results were left to compare and are shown on Figure 1. Of them, 11 demonstrated positive results for the anti-RBD antibodies after the first dose, with S/CO ratio ranging from 1.21 to 7.45 with an average of 3.31 and a median of 2.62. Three patients tested RBD-negative after the first dose of Sputnik. After two doses all 14 patients were tested positive, ranging from 4 to 16.06. The average signal was 9.59, the median 9.65.




Figure 1 | Comparison of S/CO of IgG anti-RBD antibodies in individuals after first (blue) and second (red) administration of the Sputnik V vaccine. Threshold S/CO value is 1 and is indicated with a black horizontal line.



Overall, the difference between the S/CO result distributions in samples after the first and second dose of Sputnik vaccination as measured by Mann-Whitney test was very prominent (P-value 2.67 × 10−05). The S/CO after the second dose was on average 5.4 times higher (Figure 1). At the same time, Spearman’s coefficient analysis showed that there was no significant correlation between the signal after the first and second dose within individuals (P-value 0.39); for some individuals the signal raised much more drastically (for example, for V15 on Figure 1) than for others (V11 on Figure 1).



Antibody Signal for the Individuals After Two-Dose Vaccination by Sputnik V, Moderna, Pfizer-BioNtech, and Previously Infected Individuals

In all 40 cases of the Sputnik V-vaccinated individuals tested after the second dose, positive results for the anti-RBD antibodies were demonstrated (Figures 1 and 2). However, the S/CO ranged dramatically, with values between 1.06 and 21.0, with the average of 10.95 and median of 11.07.




Figure 2 | Comparison of S/CO for the anti-RBD IgG antibodies in the individuals after light/asymptomatic course of COVID-19 (pink dots, 20 samples), moderate/severe course (red dots, 20 samples), Sputnik V single dose vaccinated (light green dots, 14 samples), Sputnik V both doses vaccinated (dark green dots, 32 samples), Pfizer vaccinated (yellow dots, 15 samples), and Moderna vaccinated individuals (black dots, 15 samples). Error bars show the maximal and the minimal meaning for each group. Boxes represent interquartile range.



Reasonably, highest levels of antibodies were detected in the individuals with positive S/CO for anti-N antibodies. There were 8 such cases, with respective S/CO for the anti-RBD antibodies ranging from 10.51 to 20.52, with an average of 15.1 and a median of 13.7. We excluded these cases from further analysis here. The 32 remaining Sputnik V two-dose vaccinated samples demonstrated results with an average of 9.53 and a median of 9.51. The record case was a S/CO of 21.0.

For the Pfizer-BioNTech vaccinated individuals, 18 out of 18 cases showed positive anti-RBD antibody results (Figure 2). 3 cases demonstrated positive results for the anti-N antibodies, and were further excluded (the respective S/CO for the anti-RBD antibodies in these cases were high, 15.73, 12.92, and 13.06). The resulting range was between 4.98 and 27.63, with the average of 11.99 and median 10.27. The record case was a S/CO of 27.63, the highest result obtained in the whole study.

All 16 Moderna-vaccinated individuals were anti-RBD antibody positive, with one further excluded positive anti-N case with the S/CO for anti-RBD antibodies of 23.72. The range was between 4.95 and 20.37, with an average of 11.32 and a median of 10.01 (Figure 2). The record case was a S/CO of 20.37.

All 40 studied cases of previously infected individuals (who have not been vaccinated) also demonstrated above-threshold results for the RBD antibodies (Figure 2). The average S/CO was 4.69, ranging from 1.01 to 17.03, with a median of 3.10. The patients in our study consisted of two groups, 20 individuals each: a group with moderate or severe symptoms, and a group with light symptoms or a completely asymptomatic course of the disease. The first group had an average S/CO of 2.22 (ranging from 1.01 to 7.07, with a median of 1.7), and the second group had an average S/CO of 7.08 (ranging from 1.52 to 17.03, with a median of 5.88). As measured by the Mann-Whitney test, we observed a significant difference between these signal distributions (P-value 1.3 × 10−05), in consistency with our previous studies (25).



Antibody Signal for the Vaccinated Groups of Individuals of Different Sex and Age

For the 35 fully vaccinated females (9 with Pfizer-BioNTech, 6 with Moderna and 20 with Sputnik V; both doses of vaccine were administered in all cases, N-positive samples were excluded) the average S/CO was 11.37, median 10.08. For the 27 males (6 vaccinated with Pfizer-BioNTech, 9 with Moderna and 12 with Sputnik V) the average S/CO was 10.98, median 9.91. The overall distributions of the respective values did not significantly differ (P-value 0.4) (Supplementary Figure 1).

For the 39 individuals with age less than 50 years the average S/CO was 9.99, median 9.65; for the 23 individuals 50 or older the average S/CO was 13.26, median 10.31. The two distributions of the respective values did not show a significant difference (P-value 0.1). According to Spearman’s coefficient analysis there was no overall correlation between age and RBD signal levels (P-value 0.73).

Similar analysis for each of the three vaccine type groups individually did not demonstrate any significant difference between male/female or younger/older distributions of the S/CO values.



Antibody Signal Variation With Time After Full Sputnik V Vaccination

To understand how the levels of anti-RBD antibodies change with time within the scope of our study, we have taken additional samples from individuals 54 to 205 days after the full Sputnik V vaccination (Figure 3).




Figure 3 | S/CO in 17 individuals measured after full vaccination with Sputnik V at several time points presented as a time course.



Overall, 39 measurements were taken for 17 individuals, at two to four time points for each. In 13 cases the antibody signal dropped over time, and in 9 cases the levels rose. We did not observe a significant correlation between the change in the S/CO and the time between different samplings taken after the vaccination (P-value 0.7).

There was one individual (blue line in Figure 3) with the signal rising by 93% in 70 days, then lowering by 64% in the next 40 days and then, in the next 34 days, rising back by 45%. Since neither symptoms, nor anti-N antibodies were detected, it seems that this person had not been infected with SARS-CoV-2. In another case (red line in Figure 3), where the anti-RBD antibody level rose by 114%, the anti-N antibody result also appeared to be positive. This most likely indicates an encounter with the SARS-CoV-2 infection in the period of time between the two samplings.



Neutralization Effect in Samples From the Sputnik V Vaccinated and Infected Individuals

We have assessed the neutralization capabilities of serum after the Sputnik V vaccination using a surrogate virus neutralization system. It allows measuring the effect of antibodies coupling to the viral antigen and preventing it from binding to the human ACE2 receptor. Samples of 30 anti-N-negative individuals who received both doses of Sputnik V were tested. For all vaccinated patients, the neutralization effect was high and varied between 61.59% and 97.74% with an average of 80.69% and median of 80.51% (Figure 4A).




Figure 4 | (A) Serum of the Sputnik V vaccinated patients efficiently neutralize interaction of the S-protein RBD domain with ACE2 receptor. Bars for the negative controls representing samples before 2019, are in blue, asymptomatic/light symptom patients are in pink, patients with moderate/severe symptoms are in red, and for the Sputnik V vaccinated individuals are in green. Cut-off level of 20% is indicated by the black horizontal line. N-positive patients were excluded from the analysis. (B) Neutralization effect in samples of both-doses Sputnik V vaccinated individuals. No significant correlation was observed between the effect and the antibody signal.



No significant correlation was observed between the neutralization effect and the antibody signal (P-value 0.2) (Figure 4B).

In comparison, the neutralization effect measured for patients who had been infected by the SARS-CoV-2 varied greatly, ranging between 39.03% and 89.31%, with the average for the group with no/light symptoms of 58.38% (median 62.02%) and for the group with moderate/severe symptoms of 72.74% (median 73.98) (Figure 4A), in consistency with our previous studies (25).



Antibody Signal and Neutralization Capabilities for Vaccinated Individuals Previously Exposed to COVID-19

As it has been mentioned previously, the observed immune response upon vaccination was higher in patients with positive S/CO for the N antigen. We tested eight such cases, of which four were confirmed with PCR or antigen test during the disease, two claimed to have symptoms of COVID-19 at 94 to 165 days prior to vaccination, and one (PV8) was presumably infected during vaccination (Figure 5A).




Figure 5 | (A) Time points of Covid-19 symptoms, vaccination and sampling. PV3* - no antibodies and no symptoms before vaccination, but severe “side effects” for a week after the first dose (B) Results for S/CO of IgG anti-RBD antibodies in the individuals with positive results for the anti-N antibodies, after first (blue) and second (red) administration of the Sputnik V vaccine. Grey bar is the anti-RBD level before vaccination. Threshold S/CO value is 1. (C) Inhibition of the RBD interaction with ACE2 in the individuals with positive results for the anti-N antibodies, after the first (blue) and the second (red) administration of the Sputnik V vaccine. Grey bar is the neutralization level before vaccination.



In the last case, PV3*, patient was sampled 150, 120, and 95 days before vaccination, with stable negative results for N-antigen in all cases. No COVID-19 symptoms were reported before the vaccination. After vaccination, the patient developed extensive side effects, with high fever above 38°C for almost a week, possibly indicating infection with SARS-CoV-2 during vaccination or just before it. In line with this assumption, their respective levels of anti-N antibodies measured after the second dose (5 weeks after possible infection) slightly increased, while the anti-RBD levels increased almost 2-fold which can be a combined effect of infection and vaccination (Figure 5B).

We also measured the antibody levels before and after the second dose for two N-positive patients with confirmed infection (PV1 and PV2 in Figure 5). Neither of them demonstrated significant change in the anti-RBD S/CO after the second administration of the vaccine.

Overall, the respective results for N-positive patients were among the highest values obtained for the anti-RBD antibody signals, exceeding the threshold 12-20 times (15.13 times on average, median 13.5) (Figures 1 and 5B). The difference between the distributions of S/CO of the antibodies to the anti-RBD antigen within N-positive and N-negative samples as measured by Mann-Whitney test was very prominent (P-value 0.0001).

The same tendency was observed for the neutralization capability of respective serum (Figure 5C); 6 out of 8 samples were above the calculated median for the N-negative vaccinated individuals, and almost no changes were detected after the second vaccine administration.




Discussion

It has been shown in various studies that Moderna, Pfizer-BioNTech, and Sputnik V vaccines are capable of producing a prominent immune system response, yielding vast development of the anti-spike protein antibodies (6, 15, 26). However, it was of interest to analyze the respective signals using a unified testing system which would allow us to compare them directly. In this study, we have used the VirIntel dual-antigen assay, an ELISA-based system, testing serum simultaneously for the IgG antibodies to the nucleocapsid and the receptor-binding domain of the spike protein (24). This, in particular, allowed us to separate cases of individuals possibly infected by SARS-CoV-2 before the vaccination, who had antibodies to the N-antigen. Our first goal was to compare the anti-RBD IgG antibody levels in samples obtained from the three vaccinated groups. Sex and age of individuals were then assessed as possible factors affecting the antibody levels. Next, we compared vaccinated individuals with two groups of patients previously infected by SARS-CoV-2, with light/asymptomatic or moderate/severe course of the disease. We also assessed the neutralization capabilities of anti-RBD antibodies in Sputnik V vaccinated individuals and how their antibody levels change within several weeks after vaccination. Finally, the antibody levels and neutralization capabilities in several individuals who had been both infected and vaccinated were studied.


Anti-RBD Antibodies Signal Levels Are Similar in Moderna, Pfizer-BioNTech, and Sputnik V Vaccinated Individuals

All three studied vaccines demonstrated a prominent immune system response, yielding the production of IgG antibodies to the viral RBD antigen. All of them require two-dose administration (later, 3rd and/or 4th booster doses were recommended). We first compared the levels of anti-RBD IgG antibodies in the individuals three weeks after the first dose and two or three weeks after the second dose of Sputnik V. After a single dose of Sputnik V only 11 out of 14 individuals demonstrated positive results. After the second dose, all the individuals demonstrated positive results. This highlights the importance of the two-stage vaccination of naive patients.

The signal levels after the second dose of Sputnik V were significantly higher than after the first, on average 5.4 fold. At the same time, we did not observe significant correlation between the signals for first and second sampling within individuals, for some of them the signal raised only slightly, for others more than 7-10 fold. This might reflect the preexisting immunity of respective individuals to either Ad26 or Ad5 (two strains of adenoviruses used for the first and second dose of Sputnik V, respectively)

For individuals vaccinated by both doses of Sputnik V, Moderna or Pfizer-BioNTech a wide range of signals was observed in each group, going up to values exceeding threshold over 20 times, with the Pfizer-BioNTech vaccine showing highest values. These ranges most likely reflect specific features of the immune system of different individuals.

At the same time, the average and median S/CO values of all three groups were similar (Table 1). Moreover, distributions of these values did not demonstrate significant difference (P-value above 0.05 for each possible pair of groups). This finding indicates that all three vaccines not only induce a strong immune system response, but are also comparable with each other. They yield similar levels of anti-RBD IgG antibody production, despite the difference in respective vaccine structures, Moderna and Pfizer-BioNTech being RNA-based vaccines, and Sputnik V an adenovirus vector.


Table 1 | Signal/Cut-off ranges, average and median values of the analyzed sets of samples from vaccinated and previously infected individuals.





Sex and Age Do Not Seem to Affect Anti-RBD Antibody Signals in Vaccinated Individuals

Reports indicate that the number of COVID-19 cases between men and women is similar, but men experience more severe outcomes, including hospitalization, admission to the intensive care unit, and death, the difference in risks being sometimes estimated as two-fold (27). On the other hand, females have been reported to have higher risks of acquiring side effects after vaccination against COVID-19 (28).

It was thus of interest to compare the levels of anti-RBD IgG antibody development in males and females after vaccination. This type of studies have been done for other vaccines; in most cases females have been shown to have greater immune system response (29, 30), in particular, for the influenza vaccine (31), some studies even suggest half-dose vaccination for females to be more adequate (32). The vaccines typically administered to children, such as combination measles, mumps, and rubella (MMR) vaccine also elicited higher antibody development levels in girls (33).

In our study, for the 35 studied fully vaccinated females, the antibody level was on average only 3.5% higher than for the 27 studied males. The distributions of the respective values did not demonstrate a statistically significant difference, thus we did not observe a correlation between sex and the levels of the anti-RBD IgG antibodies of vaccinated individuals.

Aging can also be a significant factor in the immune system response after different types of vaccinations, in particular, reducing the antibody development levels (31, 34–36). SARS-CoV-2 anti-spike IgG antibody levels have been recently shown to be lower for people over the age of 80 vaccinated by the Pfizer-BioNTech vaccine than for people under the age of 60 (36). However, the subject of vaccine-induced immunity correlation with age still remains unclear; other studies have reported that the vaccine efficacy is similar for younger and older cohorts of individuals. In particular, during the clinical trials of the Pfizer-BioNTech vaccine, breaking down the participants by age revealed that of 3,848 vaccine recipients older than 65 years of age only one became infected whereas 19 of 3,880 placebo recipients of that age tested positive. This translated to an estimated efficacy of 94.7%, highly similar with the 95.6% in those aged 16–55 and the 93.7% in those aged 55–65 (37).

In our study, we considered two age groups. For the fully vaccinated individuals with the age of over 50 the average signal was 14% higher than in the younger group, but the two distributions of values did not demonstrate a significant difference (P-value 0.1). Overall correlation between the signal and age values was also not observed (P-value 0.9). In particular, several samples taken from people over the age of 70 yielded results 8-16 times exceeding the threshold value, on a par with people of around 50 or 35 years old. Only one vaccinated individual of over 80 was present in our dataset (vaccinated with Moderna), and their respective anti-RBD S/CO was 6.3, which was, in concordance with the aforementioned study, on the lower scale of the dataset values. At the same time, an over 70 years old patient vaccinated with Sputnik V demonstrated anti-RBD S/CO of 16.06 which is in the upper scale of all results. For future studies, more samples of individuals within the older age group would be required.



Anti-RBD Antibody Signals Are Similar in Vaccinated Individuals and Previously Infected Patients With Moderate or Severe Course of the Disease

It has been shown in previous studies that patients with severe COVID-19 symptoms generally develop more antibodies to the virus than in mild or asymptomatic cases (38, 39). In accordance with this, we have shown significant difference between antibody signal distributions for the two studied groups: with asymptomatic/light course of the SARS-CoV-2 infection and with moderate/severe symptoms, both in this and our previous studies (25).

Further analyzing the IgG anti-RBD results for the group of individuals with moderate/severe symptoms, we have shown that the respective distribution of obtained values also did not significantly differ from any of the studied vaccinated groups. On the other hand, each of the three vaccinated groups demonstrated significant difference with the distribution of values from the group with an asymptomatic/light course of the disease (P-value 3.4e-08, 7.3e-05 and 0.001 for Sputnik V, Moderna and Pfizer-BioNTech vaccinated groups, respectively). These results indicate that the general trend of the development of the IgG antibodies is similar for vaccinated individuals and for previously infected patients, but only with prominent symptoms of COVID-19.



Antibody Signals Do Not Necessarily Lower Within Many Weeks After full Sputnik V Vaccination

Studies about the longevity of the antibody levels to SARS-CoV-2 are not in full agreement, some reporting rapid waning of virus-specific IgG antibodies by several months after the infection (12, 40–42), and others observing stable titers detected over the same periods of time (43–45). In a study on COVID-19 patients with different courses of the disease including death cases, it was suggested that quality rather than quantity of antibodies may predict the outcome of the infection (46). Also, it is now evident that cellular immunity also provides a critical role in the outcomes of SARS-CoV-2 infection (47). On the other hand, low or undetectable titers of antibodies are sometimes a reason for considering vaccination or revaccination, even as the CDC warns against doing so.

It was recently shown that nonhuman primates infected with SARS-CoV-2 after vaccination with spike-based DNA vaccines yielded strong immune responses, including neutralizing antibodies, which possibly indicates that antibody development may in some cases be more effective in preventing than resolving the disease (48). Studies of the mRNA vaccines in humans have demonstrated that antibody levels after the administration seem to be detectable and persistent within several month periods (49, 50), although an overall decline in respective levels has been reported (42, 51). On the other hand, stable titers were reported for the adenovirus-based ChAdOx1 vaccine Oxford–AstraZeneca (52) in some studies; in other recent studies it was shown that these titers decline as well (53). It was thus of interest to assess the changes in antibody levels in the adenovirus-based Sputnik V vaccinated individuals.

Analysis of the serum of 17 Sputnik V fully vaccinated individuals in 7-30 weeks after the initial sampling demonstrated that anti-RBD levels do not have a strict tendency towards lowering with time. In 13 cases the signal dropped, and in 9 cases it rose, and there was no significant correlation between time and signal change (P-value 0.7). In the cases where more than two samplings were taken, all possible scenarios were played out, with signal raising, dropping or first dropping and then raising again and vice versa.

Such variations might reflect individual aspects of one’s immune system or point to an encounter with the SARS-CoV-2 at uncertain time points between samplings, despite no reports of such encounters (no individuals experienced any COVID-19 symptoms). The rise of the anti-RBD antibody signal may indicate the respective immune response upon interacting with the virus and quickly conquering it. In one studied case after the second dose of Sputnik V the anti-nucleocapsid antibody result was positive along with the significant rise of the anti-RBD antibody level (by 113.5%). This most likely indicates that the respective individual unknowingly encountered SARS-CoV-2 infection between the two samplings and here, unlike the other cases, this interaction was long enough for their immune system to produce other kinds of antibodies as well.

Further analysis should include more samples and time points, but these results indicate that the stability of the anti-RBD IgG antibody levels over time after the Sputnik V vaccination is not easily predictable, and most likely depends on the individual characteristics of the immune system. At the same time, the S/CO stayed positive for all studied individuals, for the vast majority of samples exceeding the threshold level over four times even after more than a half year since the vaccination. This points to prominent persistence characteristics of the adenovirus-based vector vaccine Sputnik V in the studied period of time.



Sputnik V Vaccine Effect on Previously Infected Individuals

It has been recently shown that the IgG antibody titers of vaccinated individuals with preexisting immunity can be 10 to 45 times as high as those without it (54), even after administration of a single dose of the mRNA vaccines (50). It was also shown that the second dose does not significantly affect the level of the antibodies within the same individual (54). Moreover, a single immunization boosted neutralizing titers of respective antibodies by up to 1000-fold (55).

In this study we demonstrate that the adenovirus-based Sputnik V yielded similar results. We analyzed 11 samples of 8 vaccinated individuals, which showed positive results for the anti-nucleocapsid antibodies (3 samples were taken after the first dose of the vaccine, 8 after the second). The signal to cut-off ratio values for the N-positive samples taken after the first dose were all quite high (average 15.58), while the signals for the N-negative individuals after the first dose were on average 4.5 times lower. The S/CO values for the N-positive individuals after the second dose of Sputnik V were on average 15.14, thus not showing significant difference compared to the first dose group (the average for the respective N-negative samples was 1.6 times lower).

Overall, we show that individuals who had been previously exposed to COVID-19 demonstrate very high levels of antibodies after the vaccination with Sputnik V, in concordance with the results obtained in other studies for Moderna and Pfizer- BioNTech vaccines (6, 26). This can be explained as a strong response of the immune system, which most likely treats the vaccine at least partially as a SARS-CoV-2 reinfection and yields vast antibody production. Our results indicate that a single administration of the Sputnik V (Sputnik Light) could be a sufficient boost to the immune system for those who have had the SARS-CoV-2 infection, that is in line with other studies on Sputnik Light (54, 56–59).



Neutralization Effects Are High for Sputnik V Vaccinated and Are Comparable With Previously Infected Individuals With Moderate and Severe Course of COVID-19

SARS-CoV-2 infects human cells, at least partially, via the interaction of the viral RBD S-domain with the ACE2 receptors on the cell surface. Respective neutralizing effects, in turn, are shown to be highly predictive in terms of protection against symptomatic course of the COVID-19 (60). Thus, one of the expected outcomes of vaccination should be the ability of serum to efficiently prevent this interaction. Such neutralization effects were demonstrated, in particular, for individuals vaccinated by mRNA-based vaccines (26, 61). In the Sputnik V clinical trials, the seroconversion level in the microneutralization assays with tissue cultures was reported to be 95.38% (4). In (62), eleven candidate vaccines were compared from the viewpoint of peak neutralizing antibody response, and according to the data available at that moment, the highest production of neutralizing antibodies were induced by BBIBP-CorV, AZD1222 and BNT162b2, followed by New Crown COVID-19 and Sputnik V.

In line with this, we observed a high capability of serum from the Sputnik V vaccinated individuals to inhibit the interaction of RBD with ACE2. We have found that the average rate of the inhibition was 81%, which was significantly higher than in the patients with light symptoms (58%), and slightly higher than in patients with a moderate/severe course of COVID-19 (72%). This is in concordance to previous observations for mRNA vaccines (62–64).

Similar to the anti-RBD IgG levels, neutralization effects were very prominent in the vaccinated individuals with previous SARS-CoV-2 infection, with a highest observed effect of 98.02%. In those cases, high neutralization rates were observed after the first dose of Sputnik V and did not significantly change after the second. This supports recent proposals for application of a single dose vaccine boost for previously infected patients (54, 65).
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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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The currently devastating pandemic of severe acute respiratory syndrome known as coronavirus disease 2019 or COVID-19 is caused by the coronavirus SARS-CoV-2. Both the virus and the disease have been extensively studied worldwide. A trimeric spike (S) protein expressed on the virus outer bilayer leaflet has been identified as a ligand that allows the virus to penetrate human host cells and cause infection. Its receptor-binding domain (RBD) interacts with the angiotensin-converting enzyme 2 (ACE2), the host-cell viral receptor, and is, therefore, the subject of intense research for the development of virus control means, particularly vaccines. In this work, we search for smaller fragments of the S protein able to elicit virus-neutralizing antibodies, suitable for production by peptide synthesis technology. Based on the analysis of available data, we selected a 72 aa long receptor binding motif (RBM436-507) of RBD. We used ELISA to study the antibody response to each of the three antigens (S protein, its RBD domain and the RBM436-507 synthetic peptide) in humans exposed to the infection and in immunized mice. The seroreactivity analysis showed that anti-RBM antibodies are produced in COVID-19 patients and immunized mice and may exert neutralizing function, although with a frequency lower than anti-S and -RBD. These results provide a basis for further studies towards the development of vaccines or treatments focused on specific regions of the S virus protein, which can benefit from the absence of folding problems, conformational constraints and other advantages of the peptide synthesis production.
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Introduction

The current SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) pandemic has resulted in devastating social and economic consequences worldwide, in addition to an enormous public health burden. Coronaviruses are single-stranded RNA-enveloped viruses (1). Although this type of viruses is frequently associated with a common cold with mild symptoms in humans, some of them can cause severe respiratory infection and death, mainly in elderly patients and in individuals with several comorbidities, primarily diabetes, obesity, hypertension and other cardiovascular disorders (2–4).

The ongoing coronavirus disease 2019 (COVID-19) is considered one of the world's worst pandemics, with more than 400 million cases and 5.8 million human deaths reported as of February 2022 (5). Since the beginning of the COVID-19 pandemic, the scientific community has focused intense efforts on studying the virus biology, the disease manifestations and management and its prevention (6, 7). In a short time, the SARS-CoV-2 genome, the specificity of its overall structural organization and the atomic 3D structure of the most significant proteins were revealed (8, 9).

One of the critical proteins is a trimeric spike (S) protein that allows this virus to penetrate host cells and cause infection. The S protein trimers protrude from the outer bilayer leaflet and form a characteristic crown-like halo surrounding the viral particle (hence, "corona"). The importance of the SARS-CoV2 S-protein is that it is a large self-assembled homo-trimer protein of about 1,250 aa (8, 9), expressed on the virus membrane and responsible for the virus-cell invasion. The protein is composed of two functional subunits, S1 and S2. The S1 subunit, which forms the globular head of the S protein trimer, contains the receptor-binding domain (RBD) that specifically interacts with the host receptor angiotensin-converting enzyme 2 (ACE2).

The S2 subunits form the stalk of the trimer embedded into the viral envelope. When the S protein binds to the ACE2 receptor, proteases located on the host cell membrane trigger the dissociation of S1 fragments and induce an irreversible refolding of the S2 trimer. The structural rearrangement of S2 brings together the viral and cellular membranes, leading to the fusion of the two bilayers. The atomic 3D structure of the S trimer in the prefusion conformation, the S2 trimer in the post-fusion conformation, and the RBD-ACE2 complex have been determined (10–12) and all have contributed to developing means to control virus spreading. Specifically, these features of the S protein led vaccine companies to choose it for vaccine development (13, 14).

The RBD is a monomeric domain of a smaller size (220 aa) that folds in the same stable 3D structure as part of the complete S protein and as a separate domain (15). Antiviral antibodies and cell mediated responses of multiple specificities are produced during SARS-CoV-2 infection and appear to contribute to protection (16). RBD is not only essential for virus invasion of host cells, but also targets neutralizing antibodies generated during SARS-CoV-2 infection; therefore, RBD represents another promising vaccine candidate (8, 17, 18).

While the rate of infections and deaths rapidly increased worldwide, significant efforts were invested in developing effective tools to promptly confirm diagnosis of the infection i.e., highly sensitive and specific molecular diagnostic methods (19). Likewise, given that vaccines are the primary medical option and most cost-effective means for global control of the pandemic, an unprecedented effort to develop anti-COVID-19 vaccines led to the production, clinical evaluation and approval by regulatory agencies of multiple vaccines. Along this line, given the critical functions of the S protein, the viral surface location, and the availability of detailed structural information, this protein was chosen for vaccine development (9, 20, 22).

As of February 2022, more than ten billion vaccine doses had been delivered globally, and ~60% of the world population had received at least one vaccine dose (5). Moreover, despite specific antiviral drugs having been elusive until recently, two novel antiviral medicines have already been approved by the United States Food and Drug Administration (FDA). Molnupiravir produced by Merck (23), and Nirmatrelvir/Ritonavir (Paxlovid) produced by Pfizer (24) are medicines for oral administration, with high effectiveness to reduce disease severity and prevent deaths (25).

Although the most extensively used vaccines have shown high protective efficacy, their effectivity, particularly the antibody response's longevity and the virus-neutralizing function, appears short-lasting, suggesting the need for new vaccine formulations. Based on the recent advances in understanding the structure and function of S protein, and with the aim of identifying highly effective virus proteins/fragments this work concentrate on further characterization of the S protein, focusing on shorter fragments/domains with vaccine potential. We selected the S-ACE2 receptor binding motif (RBM436-507) which was produced as a single synthetic peptide, along with shorter sequences which were compared in their antigenicity and immunogenicity using sera from humans naturally exposed to COVID-19, and sera from immunized animals. Selected sera were also analyzed for their neutralization activity.



Materials and Methods


Recombinant S and RBD Proteins Production 

Since the S trimer is described as the primary protein responsible for inducing a protective immune response against the SARS-CoV-2 virus, first we produced a secreted and soluble form of this protein self-assembled in the trimer using Chinese Hamster Ovary (CHO) cells as previously described (26). Briefly, the transmembrane domain and the C terminal intracellular tail were removed and replaced by a T4 foldon DNA sequence and an 8xHis tag. A signal peptide sequence was added. To stabilize the prefusion structure of the S trimer in our constructs, we deactivated the original RRA furin cleavage site R by changing it to RGSA. We introduced amino-acid mutations K986P/V987P ("2P") as suggested elsewhere (12). The construct used in this work had the D614G mutation shared by most of the SARS-CoV-2 variant of concern (B.1.1.7 - Alpha, B.1.351 - Beta, B.1.617.2 - Delta, B.1.1.529 - Omicron) widely spread during the 2020-2021 pandemic (27). This S protein construct was established to form trimers predominantly folded in the prefusion conformation (26). In addition, the RBD of the S protein (aa 319-541) was produced as a recombinant product (26) and a series of peptides covering the BIP sequence were synthesized and analyzed.



Peptide Synthesis, Purification and Characterization 

Peptide sequences corresponding to the full RBM436-507 length (72 aa) as well as shorter fragments of 20-22 amino acids (P11-P16) described in Table 1 were synthesized and analyzed. Single cysteine residues in peptides P11, P12, and P13 (486-507, 476-495 and 466-485 of S protein, respectively) were replaced with serine to avoid unwanted spontaneous formation of disulfide dimers. Peptides were prepared by microwave-assisted solid-phase peptide synthesis (MW-SPPS), cleaved from the resin and, in the case of RBM436-507 and P12, oxidized in solution with H2O2 at pH 9.0. (28) Purifications were performed by flash chromatography followed by semi-preparative HPLC to achieve purity >70% (RBM436-507 and P16) or >87% (P11-P15). Final products were characterized by analytical UHPLC coupled with ESI single quadrupole mass spectrometry and/or MALDI-ToF analysis. Analytical data and details on the synthesis and purification procedures are available as Supplementary Information.


Table 1 | Synthesized RBM peptide sequences.





Conformational Studies by Circular Dichroism

The CD spectrum of the RBM436-507 peptide was recorded using quartz cells of 0.1 cm path length with a JASCO J-710 CD spectropolarimeter at 25 °C. The spectrum was measured in the 260−190 nm spectral range, 1 nm bandwidth, 64 accumulations, and 100 nm/min scanning speed. The peptide was dissolved in water to a concentration of 12 μM. The secondary structure content of the peptide was predicted using the online server for protein secondary structure analyses DichroWeb (29). Input and output units and the wavelength step were θ (mdeg) and 1.0 nm, respectively.

The mean residue molar ellipticity [Θ]MR (Y-axis label) was calculated, which is defined as:

	

where: Θ is ellipticity in mdeg, Cr is the mean residue molar concentration, l is the cell path in cm, and Cr = (n x 1000 x Cg)/Mr

where: n is the number of peptide bonds (residue), Cg is the macromolecule concentration (g/ml), Mr is the molecular weight of the peptide.The algorithm used was CDSSTR, and the reference database was set-7 (30).

The normalized root means square deviation (NRMSD) was 0.035.



Human Blood Samples 

A clinical protocol was developed, submitted to and approved by the local Ethical Committees (CEAVNO, Approval # 17522) in Italy and (CECIV, approval # 04-2020) in Colombia. Whole blood (10 mL) was collected from COVID-19 patients from both Italy and Colombia. Samples were collected by arm venipuncture using dry tubes after hospitalization, and upon the patient's written informed consent, socio-demographic data and clinical manifestations were recorded. SARS-CoV-2 infection was confirmed by RT-PCR. Blood was fractionated, and sera were collected and kept frozen at -20oC until use for serology.



Mice Immunization and Sera Collection 

A total of 30 male and female, 6-8 weeks old BALB/c mice of 20 ± 5 g of body weight were randomly selected and distributed in three groups (A, B and C) of 10 animals each. Each group was further divided into experimental (Exp) and control (Ctrl) sub-groups of five mice each and were further immunized with SARS-CoV-19 S (group A) or RDB (group B) recombinant proteins as well as with the synthetic RBM436-507 peptide (group C). Each group of mice was immunized subcutaneously (s.c.) at the base of the tail on days 0, 20 and 40 with 20μg of each antigen diluted in 50 μL PBS and emulsified in Montanide ISA-51 (Seppic Inc., Paris, France) according to the manufacturer's recommendations. Mice were bled from submandibular veins on days 1-2 before the first and third immunizations, 20 days after the third dose and every 60 days until day 140. Whole blood (~100 μL) was collected, and sera were separated by centrifugation and stored frozen at -20°C until use for serological analyses. Animal studies were carried out at the Caucaseco Research Center in Cali (Colombia) and approved by the Animal Ethics Committee of MVDC in Colombia. Animal care, housing, and handling were performed according to institutional guidelines and following the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Serological Analyses


Reactivity of Mouse Antibodies to S and RBD Proteins and RBM436-507 

The reactivity of sera from mice immunized with the S, RBD and RBM436-507 was determined by ELISA, using as antigens the specific immunogens. Briefly, 96-well plates (Nunc-Immuno Plate, Maxisorp, Roskilde, Denmark) were coated with one µg/mL RBM436-507, RBD and Spike Trimer protein, pH 7.4 at 4°C, overnight. After plates were blocked with 5% skim milk solution [PBS 1X, 0.05% Tween 20, (PBS-T)], serum samples were added at 1:100 or three-fold serial dilutions starting at 1:100 in 2.5% skim milk in PBS-T and were incubated for 1 hour. Plates were then washed and incubated with alkaline phosphatase-conjugated anti-mouse IgG antibody (Sigma Chemical Co., St Louis, MO) at a 1:1000 dilution for 1 hour. Reactions were revealed with para-nitrophenyl phosphate substrate (p-NPP) (Sigma Aldrich) and read at 405 nm wavelength (Dynex Technologies, Inc., MRX Chantilly, VA).




ELISA Assays to Analyze Anti-Spike, Anti-RBD and Anti-RBM436-507 Human Antibodies

Nunc Maxisorp polystyrene plates were coated with Spike Trimer (Excellgene, Monthey, Switzerland) or RBD (Excellgene, Monthey, Switzerland) at 1 μg/ml in PBS pH 7.4 (50 μl/well) overnight at 4°C; peptide RBM436-507 coating was at 2 μg/ml in Carbonate buffer, pH 9.6; 20-mers P11-P16 at 10 μg/ml in PBS, pH 7.4. After blocking for 1 hr at room temperature (RT) with PBS pH 7.4, BSA 3% (A4503 - Merck KGaA, Darmstadt, Germany), sera diluted 1/100 in PBS pH 7.4, BSA 1%, Tween-20 0.05% were incubated on the plate (50 μl/well) for 2 hours at RT. After 3 washings with PBS Tween-20 0.05% (150 μl/well), goat anti-human IgG HRP (A0293 - Merck) diluted 1:5000 in PBS BSA 1% Tween-20 0.05% was added to the plates at 50 μl/well and incubated for 2 hours. For IgM and IgA determination, goat anti-human IgM HRP conjugate (A0420 – Merck) or goat anti-human IgA HRP conjugate (A0295 - Merck) diluted 1:20,000 in PBS, BSA 1%, Tween 0.05% were added to the plates. After three washings with PBS Tween-20, 0.05%, enzymatic activity was measured at 450 nm after TMB addition (T4444 - Merck) and blocked by H2SO4 1M.



Inhibition of ACE Binding to RBD With Anti-RBM436-507 Specific Human Antibodies

The ability of anti-RBM436-507 antibodies to inhibit the binding of ACE2 to RBD was evaluated using a modification of the SPIA commercial kit (Diametra Srl, Spello, Pg - Italy, ImmunoDiagnostic System Group). Anti-RBD antibodies were used as a positive control. Anti-N1 (20-mer linear peptide of SARS-CoV-2 nucleocapsid, aa 366-388) and anti-TT (tetanus toxoid) antibodies were used as virus-related and -unrelated negative controls. Specific antibodies were eluted from four sera with high anti-COVID-19 antibody titers using polystyrene plates coated with RBD, RBM436-507, N1 and TT. Briefly, the plates were blocked with PBS BSA 3%, and COVID-19 sera diluted 1/50 in PBS BSA 1% Tween-20 0.05% and incubated for 2 hours at RT. Plates were washed three times with PBS Tween-20 0.05%, and bound antibodies were eluted with 200μl PBS pH 3.0 and immediately neutralized at pH 7.4 with basic phosphate buffer. The concentration of eluted antibodies was evaluated by A280 absorbance measurement with Nanodrop, and binding to the respective antigen was confirmed by indirect ELISA. For ACE inhibition assay, anti-RBD, anti- RBM436-507, anti-N1 and anti-TT eluted antibodies were incubated onto Diametra SPIA plates coated with recombinant RBD. Calibrator and controls were loaded as per the manufacturer's instructions. Ready-to-use ACE2 conjugated with horseradish peroxidase was then added to the wells, and plates were incubated for 90 minutes at 37°C. After washings, plates were incubated with TMB for 15 minutes and acid stop solution was added before reading the absorbance at 450 nm. Results were expressed as percentage inhibition according to the manufacturer's instruction.



Statistical Analysis 

Antibody titers were compared between mouse groups. A descriptive analysis was performed to evaluate differences in humoral immune responses within each group of mice. Kruskal-Wallis was performed to compare the antibody response to each protein, followed by Dunn's multiple comparison test. Results of anti-S, anti-RBD and anti- RBM436-507 antibodies were expressed as Odd Ratio (OR) of a positive internal control set at 1.0. A p-value < 0.05 was considered statistically significant. Data were analyzed and plotted using GraphPad Prism software (version 5.01; GraphPad Software Inc, San Diego, California, USA).




Results


Selection and Circular Dichroism Analysis of RBM436-507 Peptide 

To study the interaction between S and ACE2, we focused on the surface of the RBD involved in the ACE2 receptor binding, which should represent the target of the neutralizing antibodies. Our analysis of the 3D structure of the RBD-ACE2 complex showed that the large part of the RBD interacting surface, the Receptor Binding Motif (RBM), is composed of a 436-507 aa segment (Figures 1A–C). Since peptide synthesis technology has several advantages compared to recombinant proteins (31–34), we selected this RBM region for peptide synthesis and subsequent experimental studies. The central part of RBM436-507 should mimic well the native-like conformation due to a disulfide bond. The peptide flanking parts should be unstructured and highly flexible both in peptides as well as within the 3D structure of the S-protein. In addition to the critical surface localization of the RBM436-507 in the S protein, its amino acid sequence is specific to the SARS-CoV-2 and contains several predicted T-cell epitopes (33). The sequence of RBM436-507 (Table 1) was N-terminal acetylated and C-terminal amidated to avoid including terminal charged groups not present in the native protein.




Figure 1 | 3D structure of the RBD-ACE2 complex and CD of RBM436-507. (A) Atomic 3D structure of the S trimer in the prefusion conformation (27). RBD is shown in ribbon representation (dark green). Region 476-507 is in orange. (B) Complex between RBD (green-orange) and ACE2 receptor (light cyan) (12). (C) Conformation of the RBM peptide (436-507) within the RBD. Cysteine residues are shown as spheres. (D) Circular Dichroism of RBM436-507 synthetic peptide used in this work.



The conformation of RBM436-507 in water at pH 7 was explored by CD spectrometry (Figure 1D). We then evaluated the antigenic properties of this peptide. The absence of a defined minimum around 200 nm, diagnostic of random coil conformation, is compatible with a certain degree of structuration of the peptide. The secondary structure content was predicted based on the CD spectrum using the online server for protein secondary structure analyses, DichroWeb (29): 2% helix, 30% β-strand, 19% β-turn, and 49% random coil. The relatively high percentage of β-strand conformation suggests the intriguing hypothesis that RBM436-507 peptide can partially preserve the extended conformation displayed along most of its sequence within the folded Spike protein (pdb code 6VXX) (8, 21).



Immunogenicity of S, RBD and RBM436-507 in Mice 

As shown in Figure 2, sera from all immunized animals tested by ELISA at 1:100 dilution, in response to the S, RBD and RBM436-507 antigens, indicated specific IgG seroconversion after the first immunization dose. Furthermore, most of them displayed a boosting response after the second immunization dose, with the highest levels against the three proteins observed on day 40. However, while animals immunized with RBM436-507 and RBD developed similar high level antibody profiles (3.0 to 3.5 OD), mice immunized with the S protein displayed significantly lower responses (1.0 to 2.0 OD). For RBM436-507 and RBD, antibodies remained at high levels (>2.0 OD) after day 140, whereas antibodies against the S protein notably decreased (< 0.5 0D) during the same period. None of the control mice immunized with adjuvant alone seroconverted. The antibody titration (three-fold dilutions) using sera collected on day 140 indicated titers of 1:24,300, 1:72,900 to RBM436-507 and RBD respectively, and 1:900 to S (Supplementary Material, Figure S1).




Figure 2 | Immunogenicity of S, RBD and RBM436-507 in mice. Analysis of the antibody response in mice immunized at days 0, 20, 40. (A) Anti-S, (B) Anti-RBD and (C) Anti-RBM436-507. SD is < 20% of the mean.





Reactivity of Mouse Antibodies to S, RBD and RBM436-507 

The analysis of the homologous and cross recognition of the S, RBD and RBM436-507 antigens by antibodies elicited upon mice immunization is shown in Figure 3. ELISA results showed a high homologous sera reactivity but different reactivity with the other proteins/domains. Reactivity of sera diluted at 1:100 showed OD values ranging from 1.2 to 2.0 against the full-length S antigen, 3.2-3.5 to the RBD and 3.0-3-5 to the RBM436-507 fragment. The titration of this homologous reactivity indicated that final reactivity (OD 0,2) at 1:104 dilution to the S protein (Figure 3A), whereas at the final dilution tested (1:104) the OD values were higher for RBD (OD= 2.5-3.0) and RBM (0.5-1.7) (Figures 3B, C, respectively).




Figure 3 | Homologous and cross reactivity of the S, RBD and RBM436-507 antigens with antibodies elicited upon mice immunization. (A–C) show reactivity of anti-S, anti-RBD and anti-RBM436-507 produced in mice with their homologous antigens. (D, G) show cross reactivity of anti-S with RBM and RBD antigens. (E, H) of anti-RBD with S and RBM antigens. (F, I), of anti RBM436-507 with S and RBD, respectively. SD is < 20% of the mean.



Regarding the analysis of the cross reactivity, anti-S antibodies displayed similar recognition of RBD and RBM436-507 (Figure 3), and the anti-RBD antibodies high recognition of both the S- and -RBM436-507 proteins, although the S-protein was better recognized. In contrast, for the anti-RBM436-507 antibodies, only two mice presented cross reactivity with end point of 1:104 whereas the remaining animals of the group presented only weak reactivity at 1:100 dilution. Notably, these antibodies did not cross react with the S-protein (Figures 3D–I).

The final reactivity titer of the anti-S antibodies was 1:104 against the S protein, and 1.8x103 against RBD and RBM436-507. In the case of RBD, mouse immunization elicited a vigorous antibody response (Figure 3) with high optical densities even at 1:104 dilution. Although reactivity to the S protein and the RBM436-507 peptide were lower, recognition remained significant even at dilutions of 1:104 and 5:103, respectively. Sera from mice immunized with RBM436-507 peptide also displayed high reactivity with the homologous peptide and the RBD protein; however, these sera did not react with the S protein (Figure 3). We further analyzed reactivity of anti-RBM436-507 antibodies upon solid-phase capture on ELISA plates followed by glycine elution with its homologous peptide, the RBD and the S proteins. As shown in Figure 4, while there was significant reactivity of eluted antibodies with RBM436-507, no recognition of the motif on the RBD and S proteins was observed.




Figure 4 | Cross-reactivity of S and RBD with ELISA captured RBM436-507. ELISA captured mice anti-RBM436-507 antibodies were eluted with Gly pH 2.5 and used to determine the reactivity with RBM (homologous), and with S and RBD (heterologous) antigens ELISA reaction was developed using rabbit anti-mouse alkaline phosphatase conjugate.





Evaluation of Anti- RBM436-507 Antibodies in Humans

Patient sera were first screened by ELISA using S and RBD proteins and compared to a group of pre-pandemic normal sera. IgG antibody levels higher than the 97.5th percentile of normal sera were detected in 45% (29/64) of patient sera on S and in 53% (34/64) on RBD (Figures 5A, B). A strong positive correlation (p<0,0001) was observed between antibody levels for the two recombinant proteins (Figure 5C).




Figure 5 | Anti-Spike and anti-RBD antibodies in COVID-19 patients. Distribution of anti-S IgG (A) and anti RBD IgG (B) in COVID-19 patients as compared to normal controls (NHS). Correlation of anti-S IgG and anti-RBD IgG in COVID-19 patients (C). p < 0.05 was considered significant.



It has been shown that low pH affects spike structure, favoring a closed conformation of the trimer (34), affecting epitope exposure (16). We thus performed the ELISA assay at acidic pH, obtaining a similar level of antibodies in patient sera (Supplementary Figures 2A, B). Sera from COVID-19 patients and normal subjects were tested by ELISA using RBM immobilized on polystyrene plates (see Materials and Methods for details). IgG anti-RBM436-507 higher than the 97.5th percentile of the healthy population was detected in 21/60 (35%) of the COVID-19 patients. IgG antibody levels were significantly higher in patients than in controls (p<0.05) (Figure 6A) and were correlated with anti-S and anti-RBD antibody levels (p < 0.01) (Figures 6D, E). Anti RBM436-507 of IgM and IgA isotype were also evaluated, with IgM anti- RBM436-507 detected in 7/60 (11.6%) and IgA in 6/60 (10%) (Figures 6B, C). IgM and IgA antibody levels were not significantly different in COVID-19 patients and controls. There was coexpression of anti-RBM436-507 Ig isotypes in COVID-19 samples (Figure 6F).




Figure 6 | Anti-RBM436-507 Ig isotypes in COVID-19 patients. Distribution of anti RBM IgG (A), IgM (B) and IgA (C) in COVID-19 patients is shown compared to normal controls (NHS). Correlation of anti-RBM IgG with anti-Spike (D) or anti-RBD (E) IgG in COVID-19 patients (D). Distribution of anti-RBM antibody isotypes (F). p < 0.05 was considered significant.





Epitope Mapping and Functional Activity of Murine and Human Anti-RBM436-507 Antibodies 

The analysis of the neutralizing activity of antibodies elicited by mouse immunization showed that, for mice immunized with S and RBD, the neutralization was significantly boosted after the second and third doses. Both S and RBD sera induced total neutralization after the third dose and remained high until the last test on day 115. In contrast, antibodies to RBM436-507 reached 40% neutralization, which remained at that level until day 115 (Figures 7A–C).




Figure 7 | Neutralizing ability of antibodies in mice. Neutralizing ability of anti-S (A), anti-RBD (B) and anti-RBM (C) antibodies from immunized mice. Results are shown as the percentage of inhibition of specific antibodies at different days (0, 40, and 115) post-immunization.



To determine whether RBM436-507 represents a target of neutralizing antibodies in natural conditions, we first carried out an extensive ELISA analysis of sera from both COVID-19 patients and immunized mice, and second, we compared the ACE2-RBD binding neutralization by antibodies to the whole RBD and to RBM436-507. In the ELISA analysis of human sera (n= 100) from COVID-19 patients 35 (35%) reacted with the RBM436-507 indicating a lower reactivity than the same sera with the S and RBD. Positive samples displayed distinct reactivity with different regions of RBM436-507, more frequently with the N-terminal portion (P15-P16). Neutralizing activity of anti-RBM436-507 antibodies has been evaluated by inhibition of RBD binding to ACE2, an assay considered a SARS-CoV-2 surrogate virus neutralization test (35–37). Neutralizing antibodies may bind to sequences exposed both in the closed and the open conformation of the S protein or only in the open one; most of these sequences are comprised in RBM436-507. In contrast to human patients, mice immunized with RBM436-507 presented good recognition of RBM436-507 and RBD but no reactivity with S.

Since neutralizing antibodies mostly specific for RBD but also to several targeted epitopes are produced during natural infection (21, 22), in the ACE2-RBD binding neutralization assay, antibodies to the whole RBD and to RBM436-507 were compared. In the case of humans with confirmed COVID-19 infection, sera positive to RBM436-507 were tested using the 20-mer overlapping peptides covering the entire RBM sequence (Table 1). As shown in Figure 8, immune response mainly targets the N terminal domain (P15-P16) rather than the C-terminal part (P11-P12). To evaluate the ability of antibodies to RBD or RBM436-507 sequences to block ACE2 binding to RBD, specific anti-RBD and anti-RBM436-507 antibodies were eluted from COVID-19 positive sera using antigen-coated wells and incubated with labeled ACE2 on solid-phase RBD. Anti-RBD antibodies eluted from 4 COVID-19 sera inhibited the binding of labeled ACE2 to solid-phase RBD (Figure 9). Anti-RBM436-507 antibodies from 2 out of 4 sera displayed some inhibition, higher than anti-N1 and anti-TT control antibodies.




Figure 8 | Fine specificity of anti-RBM436-507 antibodies in COVID-19 patients. Reactivity of anti-RBM positive COVID-19 sera with 20-mers overlapping peptides (P11-P16) covering the entire RBM436-507 sequence. Results are shown as percentage of anti-RBM positive sera reacting with the specific peptide.






Figure 9 | Neutralizing ability of antibodies in Covid-19 patients. Neutralizing ability of antigen eluted anti-S, anti-RBD and anti-RBM antibodies in COVID-19 patients. Results are shown as the percentage of inhibition of ACE-HRP binding to RBD.






Discussion

This study confirmed the high seroreactivity of the full-length S and RBD recombinant proteins and described the immunogenicity of the synthetic RBM436-507 fragment. Moreover, it compared the antibody responses induced by natural human exposure to SARS-CoV-2 with that of rodents experimentally immunized with the three antigens.

Analysis of 3D structures of the S protein and RBD-ACE2 complex led to selecting a RBD 72 aa long segment (RBM436-507) highly specific to SARS-CoV-2 and located in the RBD-ACE2 interface. Importantly, in silico studies confirmed the presence in this protein fragment of multiple immune epitopes (B- and T-cell epitopes) previously identified (33), and our CD data suggested that the RBM436-507 peptide alone can partially preserve the extended beta-conformation observed in the context of the native protein structure. Indeed within the folded Spike protein, two short antiparallel beta sheets are observed (residues 453-454, 492-493 sheet1, and 473-474, 488-489, sheet2) but many other residues are in extended conformation (38/72, 53 %). The RBM436-507 peptide shows a high percentage of random coil conformation (about 50%) as expected for an isolated peptide; however, it maintains about one half of the extended conformation of the segment 436-507 when included in the whole protein which is an interesting result especially considering that many of the epitope residues of RBM that make interactions with a human neutralizing antibody (P2B-2F6 Fab) are in extended conformation, notably K444, N448, L452, V483, E484, F490 and S494 (38)

These features, together with the high RBD immunogenicity during human natural infection, vaccination and animal immunization, as well as the efficient neutralization of the RBD-ACE2 interaction by anti-RBD antibodies, encouraged the search for a smaller fragment with vaccine potential, suitable for production by peptide synthesis technology. It was hoped that the smaller fragment could elicit virus-neutralizing antibodies with similar or superior vaccine performance than the S protein.

The multiple vaccines delivered worldwide are based on the full-length S protein using different technological platforms (39). Although most of them have displayed high protective efficacy, their effectivity, particularly the antibody response's longevity and the virus-neutralizing function, appears short-lasting. Within less than a year of a two doses immunization schedule, a third vaccine dose was required to maintain the protection level; moreover, boosting vaccine doses may be further required to offer functional immunity in the population (40). Because of the vast virus propagation capacity in the population, frequent vaccination generates a significant logistic and global economic challenge; therefore, alternative vaccine platforms are envisioned.

The strong positive correlation of the ELISA seroreactivity of the S (45% = 29/64) and RBD (53% = 34/64) proteins (p<0,0001) is very interesting and confirms the feasibility of using a fragment of the S protein as vaccine. In addition, this result correlates with the highly efficient neutralization induced by mouse anti-S and -RBD sera. Moreover, the IgG ELISA reactivity of these two proteins with COVID19 and pre-pandemic normal sera (>97.5th percentile) indirectly confirmed the response specificity to SARS-COV-2. In contrast, specific IgM and IgA antibodies are less frequent in COVID-19 patients. This latter finding may be explained because in the COVID-19 sera the primary IgM response and IgA had waned. These results support the idea that shorter protein fragments i.e., RBD would have the capacity to stimulate at least a similar immune response to S protein.

We show here that the antibody recognition of RBM436-507 as an isolated fragment, i.e., as RBM436-507 peptide, was present in a fraction of COVID-19 donors. In COVID-19 patients, a polyclonal anti-RBM436-507 antibody response with IgM, IgG and IgA isotypes was detected in one third of the cases, in amounts correlated with the level of anti-RBD and anti-S antibodies. Our finding that COVID-19 patients recognise RBM436-507 and smaller peptides within this sequence is in agreement with a report from 2020 (17) showing that infected subjects produced antibodies to multiple sequences, such as S412-431 and S446-465, that overlap ACE2 contact residues, and S432-451 and S475-494, that are adjacent to critical residues contacted by ACE2, all contained within RBM436-507.

The high level of neutralization achieved by mice sera after the first immunization dose with RBD encouraged selection of a smaller protein fragment with vaccine potential. Complete neutralization is produced after the first immunization with RBD, whereas similar neutralization by anti-S antibodies is only obtained after two immunization doses. In contrast, the poor neutralization of the anti-RBM436-507 antibodies was unexpected and deserves further studies. This result is surprising as there was significant cross reactivity of anti-RBD and anti-RBM436-507.

The neutralizing activity of anti-RBM436-507 antibodies might be associated with the lack of recognition of the full-length S by the anti-RBM436-507 sera. In addition, the high immunogenicity of RBM436-507 mice confirms the presence of T-cell epitopes within this protein segment, as suggested by the analysis performed by Grifoni et al. (33).

Mouse IgG antibodies efficiently reacted with both RBM436-507 and RBD, but not with S. The latter results can be explained by the fact that RBM436-507 represent only 6-7% of the whole protein. Moreover, anti-RBM436-507 specific antibodies elicited by mice immunization only partially inhibited (30-40%) the RBD-ACE2 interaction, while mouse anti S and RBD recognized RBM and induced 100% inhibition of the ligand-receptor interaction. These results suggest that the conformation of isolated RBM436-507 only partially overlaps with the RBM structures present in S or RDB. The relatively high percentage of β-strand conformation suggests that RBM436-507 peptide alone can partially preserve the extended conformation displayed along most of its sequence within the folded S protein (pdb code 6VXX) (21, 23).

In conclusion, our comparative analysis of immunological properties has shown that although RBM436-507 had reduced seroreactivity compared to the S protein and RBD, it could still represent an alternative path for developing virus control means, such as vaccines. The basis for this potential lies in its small size, absence of folding problems, possibility to constraint the RBM conformation in a required state, easy incorporation in different multimeric carriers and advantages associated with peptide synthesis production.

Further studies are needed to strengthen the potential use of RBM436-507 in vaccination strategies.
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Background

Safe and effective vaccines against COVID-19 are critical for preventing the spread of SARS-CoV-2, but little is known about the humoral immune response more than 9 months after vaccination. We aimed to assess the humoral immune response after the first, second, and third (booster) doses of BNT162b2 vaccine in SARS-CoV-2 naïve and previously infected healthcare professionals (HCP) and the humoral immune response after infection in vaccinated HCP.



Methods

We measured anti-spike (anti-S) and anti-nucleocapsid antibodies at different time points up to 12 months in the sera of 300 HCP who had received two or three doses of BNT162b2 vaccine. Mixed-model analyses were used to assess anti-S antibody dynamics and to determine their predictors (age, sex, BMI, and previous infection).



Results

Naïve individuals had statistically lower anti-S antibody concentrations after the first dose (median 253 BAU/ml) than previously infected individuals (median 3648 BAU/ml). After the second dose, anti-S antibody concentrations increased in naïve individuals (median 3216 BAU/ml), whereas the second dose did not significantly increase concentrations in previously infected individuals (median 4503 BAU/ml). The third dose resulted in an additional increase in concentrations (median 4844 BAU/ml in naïve and median 5845 BAU/ml in previously infected individuals). Anti-S antibody concentrations steadily decreased after the second dose and after the third dose in naïve and previously infected individuals. In addition, we found that age had an effect on the humoral immune response. Younger individuals had higher anti-S antibody concentrations after the first and second doses. After infection with the new variant Omicron, a further increase in anti-S antibody concentrations to a median value of 4794 BAU/ml was observed in three times vaccinated HCP whose anti-S antibody concentrations were relatively high before infection (median 2141 BAU/ml). Our study also showed that individuals with systemic adverse events achieved higher anti-S antibody concentrations.



Conclusion

In this study, significant differences in humoral immune responses to BNT162b2 vaccine were observed between naïve and previously infected individuals, with age playing an important role, suggesting that a modified vaccination schedule should be practiced in previously infected individuals. In addition, we showed that the high anti-S antibodies were not protective against new variants of SARS-CoV-2.
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1 Introduction

The pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has greatly affected the normal life of people and the functioning of society (1). One of the key factors to prevent the spread of infection in the population is the use of safe and effective vaccines. Vaccination protects individuals and thus reduces the risk of clinically significant consequences in the event of infection. An additional issue in protecting vaccinated and previously infected individuals is the new variants of the virus, including Omicron, that are emerging in the population (2, 3).

The efficacy of different vaccines has been reported in clinical trials to be 50-95% (4–7). The efficacy of two doses of the vaccine BNT162b2 (Comirnaty, Pfizer and BioNTech), a single-stranded mRNA carrying the spike (S) protein transcript, located in lipid nanoparticles, is 95% (4), while protection against reinfection in previously infected individuals is estimated at 89% (7). The specific antibodies against SARS-CoV-2 produced during infection are antibodies against S and nucleocapsid protein (N) (anti-S and anti-N antibodies), whereas only anti-S antibodies are produced after vaccination with BNT162b2. The duration of protection that an individual develops after vaccination or after overcoming infection is still largely unclear. However, we do know that the primary humoral immune response declines over time (8–10). In addition, information about concentrations of anti-S antibodies sufficient to prevent infection is not known but would be clinically relevant, especially for the new Omicron variant.

Currently, there are limited data on the dynamics and concentrations of anti-S antibodies over a longer period after vaccination. A clinical study investigating antibody responses after initial and booster vaccination with BNT162b2 has shown strong anti-S IgG antibody responses with concentrations exceeding those in COVID-19 convalescent plasma and a decrease in antibody concentrations 85 days after the first dose (11). Longer studies, as presented by Collier et al. showed data in which decreasing vaccine immunity was observed 8 months after vaccination, not only with BNT162b2 but also with other vaccines used (12).

Responses to vaccination also vary widely due to differences between individuals. In some studies, a negative correlations between anti-S antibody concentrations and age were observed (13–16), while one study showed lower magnitude of memory B-cell responses with increasing age (17). Limited information is available on association of adverse events and anti-S antibody concentration. Specifically, Goel et al. found no significant correlation between anti-S antibody concentration and the severity of adverse events (17), while Naaber et al. reported that adverse events correlated positively with anti-S antibody concentration (13).

In our study, we primarily investigated the humoral immune response to the first, second, and third (booster) doses of BNT162b2 vaccine by measuring anti-S antibody concentrations in healthcare professionals (HCP) who were not previously infected with SARS-CoV-2 virus (so-called naïve individuals) and in previously infected individuals. We also examined the 12-month dynamics of anti-S antibody concentrations after the second dose and the 3-month dynamics after the third (booster) dose, as well as the concentrations of anti-S antibodies after infections with SARS-CoV-2 in vaccinated HCP. In addition, we performed a mixed-model analyses to determine the predictors (age, sex, BMI and previous infection) of anti-S antibody concentrations and dynamics. Finally, we compared anti-S antibody concentrations among the group of HCP with systemic, local, and no adverse events after the second dose.



2 Material and Methods


2.1 Sample and Data Collection

HCP, employees of the Division of Internal Medicine University Medical Centre Ljubljana, who had received at least two or three doses of the BNT162b2 mRNA vaccine were included in the study. Participants provided detailed information on their health status (presence of chronic diseases), demographics, lifestyle (age, sex, BMI), occurrence of adverse events after vaccination, and SARS-CoV-2 infection before and during vaccination via questionnaires.

Serum samples from HCP were collected longitudinally from December 2020 to December 2021 at different time points: before the first dose (P0), three weeks after the first dose (P1), approximately three weeks (range 2-5 weeks) after the second dose (P2), three (P3), six (P4), nine (P5) and twelve (P*) months after the first dose; and three weeks (P6) and three months (P7) after the third (booster) dose (Figure 1). Additional samples were collected from January to February 2022 only from HCP infected with SARS-CoV-2 after the last time point (P6 or P7).




Figure 1 | Summary of the study. (A) Group 1: participants with samples in P0, P1, and P2 (n = 41) (B) Group 2: participants with samples in P2, P3, P4, and P5 (at least two samples, n = 288) and (C) Group 3: participants with samples in P5, P6 and P7 (n = 156). Legend: P0 – time point before vaccination, P1 – time point three weeks after first dose, P2 – time point three weeks after second dose, P3 – time point three months after vaccination, P4 – time point six months after vaccination, P5 – time point nine months after vaccination, P* – time point twelve months after vaccination, P6 – time point three weeks after third dose, P7 – time point three months after third dose.



The study was approved by the Slovenian National Medical Ethics Committee (#0120-422/2020/6). Participants signed an informed consent form before recruitment to the study. The study was conducted in accordance with the Helsinki Declaration.



2.2 Antibody Testing

Anti-S antibodies to the S1 subunit and anti-N antibodies were measured by enzyme linked immunosorbent assay (anti-SARS-CoV-2 QuantiVac ELISA (IgG) for detection of anti-S antibodies and anti-SARS-CoV-2 NCP ELISA (IgG) for detection of anti-N antibodies, both from Euroimmun, Germany). Concentrations of anti-S antibodies were used to evaluate the efficacy of vaccination, while the presence of anti-N antibodies indicated symptomatic, PCR-positive individuals and asymptomatic COVID-19 infections. ELISAs were performed according to the manufacturer`s instructions.

The manufacturer has calibrated the units of anti-S antibody concentration to the first World Health Organization (WHO) standard (NIBSC code: 20/136) and recommends reporting results in binding antibody units per milliliter (BAU/ml), with values <25.6 BAU/ml reported as negative. In the case of anti-N antibodies, the ratio <0.8 is considered a negative result.



2.3 Statistics

Statistical significances were determined by nonparametric statistical tests (for independent samples - Mann-Whitney U test and Kruskal-Wallis test with Dunn’s multiple comparison test, for dependent samples – Wilcoxon signed-rank test). Mixed models were used to assess the dynamics of anti-S antibodies (dependent variable) and relate these changes to age groups (<45 years and >45 years), sex, BMI groups (<25 and >25), and previous infections (fixed covariates). GraphPad Prism 8 and SPSS IBM 25 were used for statistical analysis.




3 Results

The study included 300 HCP [female 239 (80%), male 61 (20%), median age 43 (IQR 35-53)]. 292 HCP provided information on chronic diseases and medications. 69/292 (24%) HCP had one or more chronic diseases (arterial hypertension, cardiovascular disease, diabetes, chronic kidney disease, chronic rheumatic disease, inflammatory bowel disease, Hashimoto`s disease, asthma…) and five of them reported receiving immunosuppressive drugs.

The participants were divided into three study groups according to the time points they had their sera collected (Figure 1):

	group 1: 41 participants, with serum samples collected before and following the first and second doses (time points P0, P1 and P2),

	group 2: 288 participants who sent at least two of the four samples after the second dose (time points P2, P3, P4 and P5). Within this group, 22 individuals did not receive a third dose and had their serum collected also after 12 months (P*).

	group 3: 156 participants who sent their serum samples after receiving the third (booster) dose (time point P6) and 69 participants who sent their serum samples 3 months after the third (booster) dose (time point P7).



During our study, eleven HCP were infected between the first and second dose, four between three and nine months, four between nine and twelve months after vaccination and five after the third dose. Between January and February 2022, when the Omicron variant was the predominant one, an additional 27 HCP were infected. The results of their anti-S antibody concentrations are presented separately.


3.1 Humoral Immune Response After Vaccination


3.1.1 Humoral Immune Response After the First Dose

The humoral immune response to the first dose was analyzed in the group, which included 41 HCP, 29 were naïve and 12 were previously infected individuals (8 with known infection confirmed by a positive PCR test before vaccination and 4 asymptomatic individuals with positive anti-S and/or anti-N antibodies before vaccination). Anti-N antibody levels were also tested in these samples. In the previously infected individuals, the median anti-N antibody level was 1.67 (ratio). There was no correlation between anti-N and anti-S antibody concentrations in these 12 participants. Interestingly, we found a negative correlation -0.652 (p=0.02) between anti-S antibody concentrations in P0 and the ratio of anti-S antibody concentrations between P1/P0, suggesting that those with lower anti-S antibody concentrations before vaccination had a higher increase in anti-S antibody concentration after the first dose than those with higher anti-S antibody concentrations before vaccination.

In naïve anti-S antibody concentration before the first dose was median 3.2 BAU/ml and after vaccination 253 BAU/ml, whereas in previously infected individuals it was 90 BAU/ml before and 3648 BAU/ml after the first dose. Thus, individuals with previous infection had significantly higher concentrations of anti-S antibodies before vaccination (p<0.001) and after the first dose (p<0.001) (Table 1 and Figure 2A). Anti-S antibody concentrations increased after the first dose in both naïve (median 79-fold change) and in previously infected individuals (median 52-fold change).


Table 1 | Comparison of anti-S antibody concentrations between naïve and previously infected individuals in all time-points.






Figure 2 | Dynamics of anti-S antibody concentrations after vaccination with BNT162b2 in naïve (green) and previously infected (red) individuals: (A) Group 1: before, after the first and second doses (P0, P1 and P2), (B) Group 2: after the second dose (P2, P3, P4 and P5) and (C) Group 3: after the third dose (P5, P6 and P7). N – naïve individuals (green color), I – previously infected individuals (red color), P0 – time point before vaccination, P1 – time point three weeks after first dose, P2 – time point three weeks after second dose, P3 – time point three months after vaccination, P4 – time point six months after vaccination, P5 – time point nine months after vaccination, P6 – time point three weeks after third dose, P7 – time point three months after third dose.





3.1.2 Humoral Immune Response After the Second Dose

Humoral immune response after the second dose was assessed in 288 HCP, 41 HCP had been previously infected (25 with positive PCR test and 16 with positive anti-N antibodies, with a median anti-N antibody level of 2.23).

Three weeks after the second dose, median concentration of anti-S antibodies was 3216 BAU/ml in naïve individuals and 4503 BAU/ml in previously infected individuals (Table 1 and Figure 2B). However, after the second dose a significant increase (median 13-fold change) was only observed in naïve individuals. In previously infected individuals, an increase after the second dose was not statistically significant. Importantly, antibody concentrations measured in previously infected individuals after the first dose were comparable to those measured in naïve individuals after the second dose (p = 0.83), pointing toward same humoral immune response in second encounter with viral proteins. In naïve individuals, median concentrations of anti-S antibodies at different time points after the second dose showed a decrease and were 1293 BAU/ml at three months, 355 BAU/ml at six months, and 232 BAU/ml at nine months after vaccination. In previously infected individuals, median concentration of anti-S antibodies were 1784 BAU/ml, 563 BAU/ml, and 507 BAU/ml at three, six, and nine months after vaccination, respectively. At all-time points, previously infected individuals had higher anti-S antibody concentrations than naïve individuals (Table 1 and Figure 2B). One naïve participant did not develop anti-S antibodies after vaccination (value < 25.6 BAU/ml), and in two naïve participants anti-S antibody concentrations fell below 25.6 BAU/ml three months after vaccination. It is important to note that, two of these three participants have been treated with immunosuppressive therapy due to chronic diseases, while the third one was not receiving any immunosuppressive drugs.

In addition, 22 individuals who had not yet been vaccinated with the third dose had their sera withdrawn 12 months after they received the first dose. Five of them were previously infected individuals and tthe median concentration of anti-S antibodies was 229 BAU/ml, while the naïve individuals had a median concentration of anti-S antibodies of 83 BAU/ml 12 months after vaccination. Due to the small numbers, no statistical difference between the groups could be detected (Table 1).



3.1.3 Humoral Immune Response After the Third (Booster) Dose

Humoral immune response after the third (booster) dose was assessed in 156 HCP. Among them, 14 HCP had been previously infected (6 with positive PCR test and 8 with positive anti-N antibodies, with a median anti-N antibody level of 1.65).

Three weeks after the third dose, the median concentrations of anti-S were 4844 BAU/ml in naïve individuals and 5845 BAU/ml in previously infected individuals, both groups having an increase in anti-S concentration compared to levels before receiving the third dose. There was a slightly higher median fold change in naïve individuals, that is 22-fold increase in concentrations after the third dose in comparison to concentrations before receiving the third dose, and 17-fold increase in concentrations in previously infected individuals. Three months after the third dose, 69 samples were analyzed, and median concentration of anti-S antibodies was 1951 BAU/ml in naïve individuals and 2586 BAU/ml in previously infected individuals (Table 1 and Figure 2C).



3.1.4 Comparison Between Humoral Immune Responses After the Second and After the Third Dose

In addition, we found that the concentrations of anti-S antibodies were higher after the third dose than after the second dose. This difference was statistically significant in naïve (p<0.001) and previously infected individuals (p=0.033).

Additionally, we found a negative correlation between the ratio of the anti-S antibody concentrations after the third dose and after the second dose (P6/P2 ratio) and the anti-S antibody concentrations after the second dose (r=-0.501, p<0.001), showing that those individuals who had lower concentrations after the second dose had later higher concentration after the third dose. In this part both groups (naïve and previously infected individuals) were combined and analyzed together, as there was no significant difference in the P6/P2 ratio between the groups (p=0.31).



3.1.5 The Influence of Age, Sex, BMI, and Previous Infection on Anti-S Antibody Concentrations and Their Dynamics Using Mixed-Model Analysis

The results of the mixed-model analyses with multiple variables (age groups, sex, BMI groups, and previous infection) are presented in Supplementary Table 1 for groups 1, 2, and 3, first for the entire group and then for the naïve individuals only.

In group 1, we found that previous infection influenced the anti-S antibody concentrations reached after the first and second doses. The results showed that previously infected individuals had higher anti-S antibody concentrations after the first and second dose than naïve individuals. In the group of naïve individuals only, an influence of age was additionally found. That is, individuals in the naïve group who were younger than 45 years had higher anti-S antibody concentrations after the first dose and after the second dose than those who were older than 45 years. Over time, anti-S antibody concentrations in this group increased after the first and second dose until time point P2.

In group 2, anti-S antibody concentrations were related to previous infection and age: individuals younger than 45 years and those with previous infection had higher anti-S antibody concentrations after the second dose. In naïve individuals, age again influenced anti-S antibody concentrations after the second dose. Anti-S antibody concentrations decreased in this group from time point P2 to P5.

Interestingly, in group 3, there was no longer an influence of previous infection, but we found that age and BMI influenced anti-S antibody concentrations after the third dose. Importantly, in this case, individuals older than 45 years and with higher BMI had higher concentrations of anti-S antibodies. In the naïve group, no influence of age was observed. Again, anti-S antibody concentrations decreased after the third dose until time point P7.




3.2 Outcomes of HCP Who Became Infected During the Observation Period

Eleven HCP who were infected with SARS-CoV-2 between the first and second dose had median anti-S antibody concentration after the second dose of 4195 BAU/ml (P2), 1975 BAU/ml (P3), 705 BAU/ml (P4) and 502 BAU/ml (P5) and after the third dose 5658 BAU/ml. Median concentrations after the second dose in these individuals were comparable to previously infected individuals (with infection before vaccination) (no significant differences in P2, P3, P4 and P5) and were higher than in naïve individuals (statistical differences in P3 (p=0.04) and P5 (p=0.03), P2 and P4 – not significant). After the third dose, no statistically significant difference in anti-S antibody concentrations between these HCP and naïve or previously infected individuals was observed.

Four HCP were infected after the second dose (three between 3 and 6 months, and one between 6 and 9 months). Two of them had positive PCR, while two of them had asymptomatic disease. In all these individuals, anti-S and anti-N antibodies increased after their infection. Their median anti-S antibody concentration after vaccination and before infection was 430 BAU/ml which increased to median concentration 2490 BAU/ml after infection.

In addition, four HCP were infected later, between 9 and 12 months after complete vaccination, all four with positive PCR. The median anti-S antibody concentration before infection was 90 BAU/ml at nine months after vaccination and increased to 4942 BAU/ml after infection. The increase after infection was significant and similar to concentrations after the third dose in naïve individuals.

Furthermore, five HCP were infected 3 weeks after the third dose, when their anti-S antibody levels were high (median 3475 BAU/ml).



3.3 Infections in HCP During the Period of High Prevalence of Omicron Variant

Four months after the third dose the Omicron variant became predominant. 27 HCP were infected during the following two-month period. Their median concentration of anti-S antibodies before infection was 2141 BAU/ml (IQR 1536-3194, samples were taken 22.5 days (median) before infection, IQR 17-41 days). After infection, anti-S antibody concentrations increased to a median concentration of 4794 BAU/ml (IQR 3414-5392) (p<0.001).



3.4 Adverse Events and Anti-S Antibody Concentrations After the Second Dose

249/300 (83%) participants properly answered the questionnaire on the occurrence of adverse events. Of these, 135/249 (54%) subjects had no adverse events after vaccination, while 114/249 (46%) subjects reported various adverse events such as headache, fatigue, chills, fever, muscle pain, and redness at the injection site. Subjects with adverse events were divided into two groups according to the occurrence of local or systemic adverse events and compared with subjects reporting no adverse events. Since we had shown that anti-S antibody concentrations differed between patients and naïve subjects, we also considered the latter. We found that naïve individuals with systemic adverse events had higher concentrations of anti-S antibodies at all four time points (P2, P3, P4 and P5) after vaccination (median 3955 BAU/ml, 1651 BAU/ml and 487 BAU/ml and 285 BAU/ml, respectively) compared with those with local adverse events (median 3034 BAU/ml, 1179 BAU/ml and 335 BAU/ml and 205 BAU/ml, respectively) or no adverse events (median 2947 BAU/ml, 1205 BAU/ml, 332 BAU/ml and 218 BAU/ml, respectively). Significant differences were found in P2, P3, and P4, but only between individuals with systemic adverse events and individuals without adverse events, while there was no statistically significant significance in P5 (Figure 3). In contrast, in previously infected individuals, no differences in anti-S antibody concentrations were observed between individuals who reported adverse events and those who did not. The percentage of HCP reporting adverse effects after the second dose was similar in naïve and previously infected individuals (in the naïve group: 54% no adverse events, 10% with local adverse events, 36% with systemic adverse events, in the previously infected group: 58% no adverse events, 12% with local adverse events, 30% with systemic adverse events).




Figure 3 | Anti-S antibody concentrations in individuals with systemic, local and no adverse events after the second dose. Statistical differences were determined by Kruskal-Wallis test together with Dunn’s multi-comparison test (significances on the graphs). AE – adverse events, P2 – time point three weeks after second dose, P3 – time point three months after vaccination, P4 – time point six months after vaccination, P5 – time point nine months after vaccination.






4 Discussion

In our longitudinal study we presented data about the anti-S antibody concentrations up to twelve months after vaccination with two doses of BNT162b2 as well as following the third (booster) dose in HCP (Figure 4).




Figure4 | Key illustration of differences in humoral immune response between naïve individuals (green line) and previously infected individuals (red line) after the first, second and third doses of BNT162b2 (lines connect median anti-S antibody concentrations at different time points) P0 – time point before vaccination, P1 – time point three weeks after first dose, P2 – time point three weeks after second dose, P3 – time point three months after vaccination, P4 – time point six months after vaccination, P5 – time point nine months after vaccination, P6 – time point three weeks after third dose, P7 – time point three months after third dose.



We found that previously infected individuals had higher concentrations of anti-S antibodies after the first dose (median 3648 BAU/ml) than naïve individuals (median 253 BAU/ml). This is consistent with the fact that almost all previously infected individuals already had anti-S antibodies before vaccination (median 90 BAU/ml), so their first vaccination actually represented their second exposure to viral proteins. Therefore, similar concentrations of anti-S antibodies (median 3216 BAU/ml) were found in naïve individuals after the second dose. Appelman et al. reported that antibody concentrations increased 4.1-fold in naïve individuals and 0.97-fold in previously infected individuals after the second dose (18). In our study, the increases were 13- and 1.1-fold, respectively. Some reports indicated that previously infected individuals had higher anti-S antibody concentration after the second dose (19), while one study reported that one week after the second dose, the naïve group and previously infected group had the same median anti-S antibody concentration (20). Overall, it has already been shown that the humoral immune response to vaccination differs significantly between individuals previously infected with SARS-CoV-2 and naïve individuals (17, 19, 21–23). An important finding of this study is that the second dose did not contribute to a significant increase in anti-S antibody concentrations in previously infected individuals and that the second dose may not be essential, as suggested in other studies (17, 24, 25), or may be postponed to a later time. This also justifies vaccination of naïve individuals with two doses, as third encounter in a row does not lead to an additional increase in antibody concentrations.

Consistent with these studies, our study also showed that the concentrations of anti-S antibodies in previously infected individuals after the first dose were comparable to those who had been vaccinated twice without prior SARS-CoV-2 infection. Thus, it can be concluded that infection is equivalent to one vaccination.

In our group, there were two HCP who did not develop anti-S antibodies after vaccination with BNT162b2, most likely because of taking immunosuppressive drugs due to chronic disease. In such cases, passive immunization with monoclonal antibodies, convalescent plasma (26, 27), or antiviral agents such as Remdesivir, Paxlovid is recommended at the onset of the first symptoms of COVID-19 to prevent severe complications.

Anti-S antibody concentrations decreased after 9 months from peak concentrations (median 3216 BAU/ml in naïve individuals and median 4503 BAU/ml in previously infected individuals) to the lowest point of anti-S antibody concentrations (median 232 BAU/ml in naïve individuals and median 507 BAU/ml in previously infected individuals). An additional decrease was observed 12 months after vaccination in 22 HCP, in whom anti-S antibody concentration dropped to a median value of 229 BAU/ml in previously infected, whereas the naïve individuals had a median anti-S antibody concentration of 83 BAU/ml.

The dynamics of humoral immune response in our study are consistent with the results of certain published studies. In a clinical trial of BNT162b2, similar results were obtained on anti-S antibody concentrations, with a significant increase in naïve individuals after the first vaccination (from 1 to 913 U/ml) and after the second vaccination (from 913 to 6466 U/ml – three weeks after the second dose). The decrease from 8279 U/ml, one week after second dose (29 days after the first dose), to 2543 U/ml, 85 days after first dose, was observed in naïve individuals in a clinical study (11).

Shrotri et al. (28) showed a decrease in anti-S antibody concentration from 7506 U/ml to 3320 U/ml from 21-41 days to 70 days after the second vaccination. Favresse et al. found a significant decrease in anti-S antibody concentrations after 3 months (29), and, interestingly Israel et al. showed in their 6-month study, with 2,653 individuals included that antibodies decreased by up to 40% in each subsequent month (30). There is also evidence that the early humoral immune response may be inversely associated with antibody concentrations 90 days after vaccination (31).

Little is known about humoral immune responses after the third (booster) dose. The available data refer to patients with various diseases or specific treatments that inhibit the immune system (32, 33). However, Falsey et al. presented data from a Pfizer clinical trial data with a small number of individuals (34). The recent study from Israel showed that a third dose of BNT162b2 mRNA vaccine is effective in protecting against severe COVID-19-related outcomes, compared with only two doses given at least 5 months earlier, but did not report concentrations of antibodies after the third dose (35). We found that the third dose resulted in an even higher concentrations of anti-S antibodies compared to those measured after the second dose, which is consistent with Falsey et al. (34), and that the naïve and previously infected groups reached similar anti-S antibody concentrations. We also found that those who were less responsive after the second dose had higher concentrations of anti-S antibodies after the third dose. We can explain this phenomenon in part by the kinetics of the humoral immune response after vaccination. The antibody response increases with each vaccine booster and/or infection, but eventually a plateau is reached. Accordingly, in some individuals a plateau may have been reached after the second dose and the third dose did not result in a significant increase, whereas in others the third dose contributed significantly to the antibody response. Another confirmation of this theory is the fact that 8 participants of this study who became infected after full vaccination had anti-S antibody concentrations comparable to those already reached after the third dose. This also indicates that infection could equal one vaccine dose.

As mentioned above, in our real-world study, we found a significant decrease in humoral immune response over a 12-month period. The influence of age, sex, BMI, and previous infection with anti-S antibodies were analyzed with a mixed-model analysis. We found that previously infected individuals had higher anti-S antibody concentrations in group 1 and group 2, whereas this influence was no longer found after third dose (group 3). The reason could be the plateau of the immune system, as described above. In addition, we found that in group 1 (time points P1 and P2) and group 2 (time points P2, P3, P4, and P5) anti-S antibody concentrations were higher in individuals younger than 45 years. Similar results were found in other studies in which anti-S antibody concentrations were lower in the elderly after the second dose (13, 36–38). On the contrary, after the third dose in group 3 (time points P6 and P7), the higher anti-S antibody concentrations were found in the individuals older than 45 years (however, the oldest individuals in our group 3 had 63 years with the median age in the group of 54 years), pointing to effectiveness and relevance of third dose for elder people. However, the influence of age was lost in naïve individuals of group 3. The influence of BMI on anti-S antibody concentrations was observed only in group 3, after third dose. Levin et al. has shown that neutralizing antibodies are influenced by BMI (≥30), but after the second dose, which we did not observe. The mechanism of humoral immune response to SARS-CoV-2 in obese individuals is still unclear. Some studies have also reported lower antibody concentrations in males (28, 36, 38), but this was not the case in our study. One of the reasons for this could be the small number of men who participated in our study.

Another important finding of our study is that the high concentration of anti-S antibodies measured in individuals after they received the third dose of BNT162b2 did not protect them from SARS-CoV-2 infection, the Omicron variant. This is consistent with studies reporting that the current BNT162b2 vaccine does not effectively prevent the infection with the new variants of SARS-CoV-2 (39).

Headache, fatigue, fever, and muscle pain were the most common adverse events reported by 46% of study participants. The proportion of subjects reporting adverse events in other studies varied from 66% to 93% (13, 25). Like one other study, we have shown that the individuals with adverse events had higher concentrations of anti-S antibodies (13).

Our study exhibits several strengths. To our knowledge this is the first study investigating antibody dynamics following vaccination in real-world settings for 12-months using mixed-model analysis. Also, we examined the antibody responses separately in naïve individuals and in previously infected individuals. This has revealed that separate vaccine protocols for naïve and previously infected individuals might be feasible.

This study also has certain limitations. The first limitation is the relatively small number of participants, especially pre-vaccination samples, since the study was conducted at a single center and because of rapid vaccination implementation in our Medical Centre. However, due to urgency of providing information on antibody responses after vaccination, the results of this study are very important as they comprise new and potentially very useful data for future vaccination protocols and thus should be published timely. The second important note is that the study was conducted in an apparently healthy population of HCP and that the disease course of included previously infected individuals was rather mild. Thus we do not provide information on humoral immune response of different patient population. The third limitation of the study is that the neutralizing properties of the antibodies were not evaluated.

Our study contains several important conclusions. First, under real world conditions, we confirmed that the different vaccination schedules are appropriate for previously infected individuals, as their concentrations after the first dose were as high as in naïve individuals after the second dose. Second, we found that anti-S antibody concentrations were consistently higher in previously infected individuals than in naïve individuals at all-time points after the second dose. Third, the humoral immune response decline after the second dose and also after the third dose. Fourth, participants with lower concentrations after the second dose achieved higher concentrations after the third dose. Fifth, age had a significant effect on the humoral immune response after vaccination. Younger individuals had higher anti-S antibody concentrations after the first and second doses. Sixth, 24 HCP became infected during the 1-year observation period, five of whom became infected after the booster dose. Seventh, high anti-S antibody concentrations did not effectively prevent the infection with Omicron variant, and eight, individuals with systemic adverse events achieved higher concentrations after the second dose than those with local or no adverse events.

Our study provides new data on the response to vaccination after three doses of BNT162b2 and reports the decline in anti-S antibodies in naïve and previously infected individuals, comprising real data from a 12-month observation period using mixed-model analysis. Because of the many factors that influence humoral response and the intervariability between individuals, such studies are important to confirm previously reported data and to substantiate the new findings. Furthermore, we show that the high concentrations of anti-S antibodies were not protective against new variants of SARS-CoV-2, indicating the need to optimize vaccines for the different variants.
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mRNA or ChAd0x1 COVID-19 Vaccination of Adolescents Induces Robust Antibody and Cellular Responses With Continued Recognition of Omicron Following mRNA-1273
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Children and adolescents generally experience mild COVID-19. However, those with underlying physical health conditions are at a significantly increased risk of severe disease. Here, we present a comprehensive analysis of antibody and cellular responses in adolescents with severe neuro-disabilities who received COVID-19 vaccination with either ChAdOx1 (n=6) or an mRNA vaccine (mRNA-1273, n=8, BNT162b2, n=1). Strong immune responses were observed after vaccination and antibody levels and neutralisation titres were both higher after two doses. Both measures were also higher after mRNA vaccination and were further enhanced by prior natural infection where one vaccine dose was sufficient to generate peak antibody response. Robust T-cell responses were generated after dual vaccination and were also higher following mRNA vaccination. Early T-cells were characterised by a dominant effector-memory CD4+ T-cell population with a type-1 cytokine signature with additional production of IL-10. Antibody levels were well-maintained for at least 3 months after vaccination and 3 of 4 donors showed measurable neutralisation titres against the Omicron variant. T-cell responses also remained robust, with generation of a central/stem cell memory pool and showed strong reactivity against Omicron spike. These data demonstrate that COVID-19 vaccines display strong immunogenicity in adolescents and that dual vaccination, or single vaccination following prior infection, generate higher immune responses than seen after natural infection and develop activity against Omicron. Initial evidence suggests that mRNA vaccination elicits stronger immune responses than adenoviral delivery, although the latter is also higher than seen in adult populations. COVID-19 vaccines are therefore highly immunogenic in high-risk adolescents and dual vaccination might be able to provide relative protection against the Omicron variant that is currently globally dominant.
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Introduction

SARS-CoV-2 infection in children and adolescents is generally mild, transient and self-limiting, however those with underlying co-morbidities have a higher risk of developing severe and fatal COVID-19 (1–3). As such, vaccination of high-risk children and adolescents against COVID-19 is of considerable importance. Recent studies have indicated mRNA vaccination of adolescents is highly protective against severe and critical COVID-19 (4–6), including in high risk groups (7). The immunogenicity of COVID-19 vaccines in high-risk paediatric groups, however, has not been assessed.

COVID-19 vaccines were first licensed for adults in December 2020 and have proven to be highly effective. In the United Kingdom, the Joint Committee on Vaccination and Immunisation (JCVI) recommended COVID-19 vaccination for older children aged ≥12 years with severe neuro-disabilities at the same time as adults, even though the vaccines were not authorised for this age-group at the time, because they were at higher risk of severe and fatal COVID-19 (1). In March 2021, Public Health England (PHE) (now known as the UK Health Security Agency) initiated the SAFE-KIDS study to assess immune responses in children receiving a COVID-19 vaccine as part of the JCVI recommendation. At the time Moderna (mRNA-1273), and Pfizer-BioNTech (BNT162b2) mRNA vaccines and the AstraZeneca adenoviral-vector (ChAdOx1) vaccine were recommended for adults and high-risk adolescents. Contrary to the marketing authorisation of 3-4 weeks, the JCVI recommended a 12-week interval between COVID-19 vaccine doses. As such, this provided a unique opportunity to compare after one and two doses the relative immunogenicity of adenoviral vector vaccines to mRNA vaccines in adolescence. Currently no comparative data exist.

Here, we provide detailed characterisation of the antibody and cellular immune response to COVID-19 vaccination in fifteen adolescent individuals with severe neuro-disabilities aged 12-16 years. Uniquely, donors received either ChAdOx1 (n=6) or mRNA vaccine (n=8 mRNA-1273, n=1 BNT162b2). Three donors receiving mRNA-1273 had serological evidence of SARS-CoV-2 infection prior to vaccination. Participant characteristics are summarised in Supplementary Table 1, with details of vaccination and sample timing in Figure 1.




Figure 1 | Graphical representation of sample collection and vaccine administration. CoV+mRNA (pink dots) = seropositive adolescents receiving mRNA vaccination (n = 3) mRNA (purple dots) = seronegative adolescents receiving mRNA vaccination (n = 6). ChAdOx1 (blue dots) = seronegative adolescents receiving ChAdOx1 vaccination (n = 6). CoV (grey dots) = naturally infected adolescents with definitive PCR results, for comparison (n = 10). Each dot represents a sample collection. Black triangles indicate time of second dose. Time for all vaccinated donors is relative to administration of first dose. Time of blood sampling for naturally infected donors (CoV) is relative to the date of PCR.





Results


Characterization of Antibody Titres Following First and Second Dose of COVID-19 Vaccination

We firstly determined the antibody response using the Meso-Scale Diagnostics (MSD) assay platform, allowing comparison with other studies using the same platform (8, 9). Samples were assessed longitudinally from baseline. All vaccines induced robust spike-specific (Figure 2A) and receptor-binding domain- (RBD-) specific (Figure 2B) antibodies. mRNA vaccine, however, induced 4.4-fold and 6.6-fold higher spike-specific antibody responses than the adenovirus-based vaccine after the first and second dose, respectively. Individuals who were previously naturally infected prior to vaccination demonstrated a marked increase in antibody levels after the first mRNA vaccine. Spike-specific antibody levels were significantly higher than one or two doses of ChAdOx1, and significantly higher than one dose of mRNA vaccine (p=0.001, 0.004 and 0.003 respectively, one-way ANOVA with Dunnett’s multiple comparisons test). Two doses of mRNA vaccine in previously uninfected individuals achieved similar antibody levels to donors who had received one dose of vaccine after prior natural infection. Antibody levels for all cohorts are shown relative to the WHO reference standard in Supplementary Table 2. Additionally, antibody titres specific for the seasonal human coronaviruses, Influenza-A, -B, and Respiratory Syncytial Virus (common respiratory viruses), were determined and found to be comparable to healthy donors (Supplementary Table 3).




Figure 2 | Antibody responses in adolescents following COVID-19 vaccination. Antibody levels to Spike (A) and RBD (B) measured by MSD assay in adolescents receiving COVID-19 vaccination (ChAdOx1 – seronegative adolescents receiving ChAdOx1 vaccination, (n = 6), mRNA – seronegative adolescents receiving mRNA vaccination (n = 6), CoV+mRNA – seropositive adolescents receiving mRNA vaccination (n = 3), half shaded mRNA symbol indicates the individual who received BNT162b2 vaccine). Antibody levels 2-4 months after natural SARS-CoV-2 infection [CoV, (n = 10)] are shown for comparison. (C, D) Neutralisation of live virus, either B (Wild Type; PHE-2), B.1.1.7 (Alpha), B.1.351 (Beta) or B.1.617.2 (Delta) variants, following first dose (C) or second dose (D). Dotted lines represent upper and lower limits of detection. RM Two-way ANOVA with Geisser-Greenhouse correction and Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



We next assessed functional neutralisation using live wild-type (B), Alpha (B1.1.7), Beta (B1.351) or Delta (B1.617.2) viral variants. For comparison, we also included samples from 10 healthy adolescent donors who had PCR-confirmed SARS-CoV-2 infection 2-4 months before sampling. After the first dose of vaccine, in naïve donors, neutralisation titres (NT50) were similar or below that of natural infection against WT virus. Neutralisation of variants was in general below detection. In contrast, previously infected donors induced high neutralising titres to wild type and all viral variants after one dose (Figure 2C). Following second dose in naïve donors, neutralizing titres were improved, including to variants (Figure 2D). Comparable results were also seen against these and other variants in a ACE2-Spike binding inhibition assay (Supplementary Figure 1). There was considerable variability between donors receiving ChAdOx1 or mRNA vaccine, with the latter inducing higher neutralising titres than the former in this limited cohort.



Characterization of the Cellular Response Following COVID-19 Vaccination

We next investigated the cellular immune response after two vaccine doses (median 23-days, range 20-48), in three ChAdOx1 and seven mRNA vaccinated adolescents, including two with prior infection. The timing of sampling is shown in Figure 1. Spike-specific cellular responses were assessed using an activation-induced marker (AIM) assay to identify T-cells responding to stimulation with a pool of overlapping-peptides from spike protein, an example is provided in Supplementary Figure 2. As previously reported in adults (10), responses were dominated by CD4 T-cells, with ~10-fold lower CD8 T-cell responses. The CD4 T-cell response was higher in mRNA-1273 vaccinated adolescents compared to those vaccinated with ChAdOx1 (Figures 3A, B). Cellular samples were also available after one vaccine dose for adolescents receiving mRNA vaccine, allowing the trajectory of T-cell responses to be assessed. The T-cell response appeared to peak after one dose in the two previously-infected donors. In contrast, the CD4 T-cell response increased significantly (p=0.047, two-tailed paired t-test) following second dose in infection-naïve donors (Figure 3A). Characterisation of the CD4 T-cell response in more detail showed, in all vaccine types, the predominant phenotype was early (CD27+CD28+) effector memory, with elements of central memory, indicating induction of a memory response (Figure 3C). CXCR3 and CCR4 expression characterise Th1 and Th2 CD4+ populations, respectively, and both were represented within the spike-specific response at similar frequencies. CXCR5+ T follicular helper cells were also present within the antigen-specific pool (Figure 3D).




Figure 3 | Initial cellular responses in adolescents following COVID-19 vaccination. Analysis of the T-cell response following the second dose of vaccine. A flow cytometry-based AIM assay was used to identify responding (A) CD4 (CD69+CD40L+) and (B) CD8 (CD69+CD137+) T-cell frequency following overnight stimulation with an overlapping spike peptide pool. Where possible frequency was assessed 6 weeks after first dose _1st or 3 weeks after second dose _2nd. Dots indicate individual donors. n = 3 ChAdOx1 (ChAdOx), n = 5 mRNA and n = 2 CoV+mRNA, half shaded mRNA symbol indicates the individual who received BNT192b2 vaccine. (C) Responding AIM+ CD4 T-cells from donors after second dose, were phenotyped, to assess memory state. Bars represent individual donors receiving the indicated vaccine type, numbers indicate individual donors and show the proportion of the AIM+ CD4 T-cell population with each memory phenotype in each donor. T effector memory (CD45RA-CCR7-, EM) are subdivided as EM1 – CD27+CD28+, EM2 – CD27+CD28-, EM3 – CD27-CD28-, EM4 - CD27-CD28+). (D) the expression of homing and polarisation markers CXCR5, CXCR3, and CCR4 by AIM+ CD4 T-cell population was also assessed and expressed as a proportion of the total AIM+ CD4 T-cell population. Dots indicate individual donors, bars indicate mean ± SD. (E) Supernatant from overnight stimulated cultures were analysed to identify cytokine production. Data was normalised to 1x106 PBMC per well and minus background cytokine production from unstimulated (DMSO) wells. Dots indicate individual donors; bars indicate geometric mean ± geo.SD. Repeated measure two-way ANOVA with Geisser-Greenhouse correction and Tukey multiple comparisons test. *p<0.05.



The cytokine profile of spike-specific T-cells was determined by analysis of supernatant from AIM assay cultures. Type-I cytokines were found at high levels, with IFNγ and IL-2 predominating; release of TNF was also notable, consistent with a Type-I cytokine profile. The level of IFNγ was significantly higher in mRNA vaccinated donors compared to ChAdOx1 (p=0.016, RM two-way ANOVA with Geisser-Greenhouse correction and Tukey’s multiple comparison test), consistent with the higher frequency of responding cells. Cells also demonstrated cytotoxic potential, with release of perforin, granzyme A and B. In contrast, high IL-10 concentrations were also found within the supernatant. There was, however, little evidence of IL-4 production, with levels generally below 10pg/ml, although it is interesting to note increased detection of IL-4 in mRNA-vaccinated individuals which may be associated with the increased proportion of responding cells. This level of IL-4 is not consistent with the high proportion of activated CCR4-expressing cells being Th2-polarised. IL-17A was also detected but below 10pg/ml (Figure 3E). The profile of cytokine release did not change between first and second dose in mRNA vaccinated children (Supplementary Figure 3) and was consistent between naïve and previously-infected individuals.



Durability of Antibody Responses and Neutralisation of Omicron Variant 3 Months Post-Vaccination

Rapid waning of the spike-specific antibody level following vaccination is evident in adults, with the greatest decline seen in the initial period following mRNA vaccination (11, 12). In vaccinated adolescents, there was also reduction of the spike-specific antibody level between first and second dose of mRNA vaccination of naïve adolescent donors (Figure 1A). Irrespective of vaccine type, modest reduction of the spike-specific antibody level was evident 3 months after the second dose, with a 1.5- and 1.8-fold decrease in mRNA and ChAdOx1 vaccinated adolescents respectively (Figure 4A). A greater reduction was evident in RBD-specific antibody levels with a 2.2 - and 1.9-fold reduction following mRNA and ChAdOx1 vaccination respectively (Figure 4B).




Figure 4 | Durability of antibody response and neutralisation of the Omicron variant 3 months after second dose. Antibody levels to Spike (A) and RBD (B) measured by MSD assay in previously seronegative adolescents receiving two COVID-19 vaccinations (ChAdOx1 – (n = 3), mRNA-1273 – (n = 4), either following second dose (Post 2nd), or three months after second dose (3 Mth). Antibody levels 2-4 months following natural SARS-CoV-2 infection [CoV, (n = 10)] are shown for comparison. (C) Neutralising antibody titres quantified using HIV (SARS-CoV-2) pseudotypes bearing the Wuhan spike glycoprotein. Each point represents the mean of three replicates, circles indicate following second dose, triangle three months after second dose. (A–C) Inset show the fold change in geometric mean titre. (D) Neutralising antibody titres quantified three months after second dose in four mRNA-1273 vaccinated individuals using HIV (SARS-CoV-2) pseudotypes bearing either Wuhan, B.1.617.2 (Delta) or B.1.1.529 (Omicron) spike glycoprotein. mRNA1-4 indicate individual donors. Bars indicate mean (± geometric SD). Neutralisation titres 2-4 months following natural SARS-CoV-2 infection [CoV, (n=10)] are shown for comparison. Kruskal-Wallis test with Dunn’s multiple comparison correction.



A direct comparison could now be made between vaccinated donors and the cohort of naturally infected adolescents, as these donors were at a similar timepoint after infection. Antibody levels were significantly higher in the mRNA-1273 vaccinated individuals, compared to naturally infected individuals (p=0.0058, Kruskal-Wallis test with Dunn’s multiple comparisons test). Spike-specific antibody levels were 2.1 and 18-fold higher than the naturally infected donors in the ChAdOX1 and mRNA-1273 vaccinated groups, respectively (Figure 4A; Supplementary Table 2).

We tested whether neutralising antibody titres were retained to a similar degree as total spike- and RBD-specific antibodies at three months after the second dose, using a pseudotyped virus neutralisation assay. Reduction of neutralising titres was evident in both ChAdOx1 and mRNA-1273 vaccinated individuals, compared to titres after the second vaccine dose (Figure 4C). Neutralising titres were reduced by 2.1- and 1.9-fold in mRNA and ChAdOx1 vaccinated adolescents respectively, comparable to the reduction in RBD-specific antibody levels. Neutralisation titres from mRNA-1273 vaccinated individuals, however, remained significantly higher than titres in healthy adolescents 2-4mths after natural infection (n=10), (p=0.019, Kruskal-Wallis test with Dunn’s multiple comparisons test), although considerable variability in titre was evident. Titres from ChAdOx1 vaccinated donors were also similar to natural infection.

The emergence of the Omicron (B.1.1.529) variant has reduced the effectiveness of vaccine protection against infection after two doses of vaccine in adults, requiring further booster vaccinations to elicit higher antibody titres (13, 14). As such, understanding of the longer-term neutralisation of Omicron in vaccinated adolescents is vital. Given this, we tested the neutralisation of Omicron variant in mRNA-1273 vaccinated individuals three months after vaccination. Titres were reduced against Omicron in comparison to the Wuhan sequence, with considerable variation between donors although, importantly, 3 of 4 individuals had measurable neutralisation titres against Omicron (Figure 4D). Indeed, titres from individuals with measurable neutralisation titres against Omicron, were similar to or above titres against Wuhan spike from naturally infected healthy adolescents.



Durability of the T-Cell Response and Response to the Omicron Variant 3 Months After Second Dose

Finally, we examined the T-cell response in three ChAdOx1 and four mRNA-1273 adolescents who had cellular samples available for assessment three months after second vaccination. We assessed responses to pools of overlapping peptides from either Wuhan or Omicron (B.1.1.529) sequence spike protein using IFNγ ELISpot. Consistent with the initial response measured by AIM assay, T-cell responses were higher in mRNA-1273 vaccinated donors, although variation was evident between donors. Importantly all donors irrespective of vaccine type retained robust T-cell responses to Wuhan peptide pools 3 months after vaccination, similar to that previously observed in children following natural infection (Figure 5A) (15). In comparison to the Wuhan sequence, the T-cell response was reduced to Omicron spike peptide pool, with the response on average 84% (range 92.2-76%) of the response to the Wuhan spike peptide pool (Figure 5A). The majority of mutations in the Omicron spike sequence occur in the S1 domain of the spike protein (14). Comparing the response to peptides derived from the S1 and S2 domains of Wuhan and Omicron (B.1.1.529) spike sequence, we found that, while the reduction in total spike response was relatively consistent across donors, the relative reduction in response to S1 and S2 domains showed a degree of donor variation (Figure 5B).




Figure 5 | Cellular responses in adolescents three months after COVID-19 vaccination. (A) Analysis of the T-cell response in ChAdOx1 (n = 3) and mRNA-1273 (n = 4) adolescents three months after second dose. Results from IFNγ ELISpot assay are normalised to the DMSO control and expressed as spot forming cells (sfc) per million input PBMC. Response to overlapping peptide pools from Wuhan (circles) or B1.1.529 (diamonds) sequence spike protein. Results from previously published data from n = 37 seropositive children aged 4-11 are shown for comparison, dotted line indicates response threshold. (B) Shows the relative change in the response to peptide pools containing peptides from the S1 and S2 spike protein domains of Omicron, expressed relative to the size of the response to Wuhan sequence peptide pools. (C, D) A flow cytometry-based AIM assay was used to identify responding CD4 (CD69+CD40L+) and CD8 (CD69+CD137+) T-cell frequency following overnight stimulation with overlapping Wuhan spike peptides in three adolescents who received mRNA-1273 vaccination. (C) Dots indicate individual donors and frequency of AIM+ CD4 and CD8 T-cells following second dose of vaccine (3 weeks) or three months after second dose (3 Mths). (D) AIM+ CD4 T-cells, were phenotyped to assess memory state, bars represent indicate individual donors (numbered 1-3) and show the proportion of the AIM+ CD4 T-cell population. T effector memory (CD45RA-CCR7-, EM) are subdivided as EM1 – CD27+CD28+, EM2 – CD27+CD28-, EM3 – CD27-CD28-, EM4 - CD27-CD28+).



We again used the AIM assay to assess the phenotype of T-cell response at three months. Sufficient cellular samples were available from three mRNA-1273 vaccinated donors. These donors were also assessed ~3 weeks after the second vaccine dose by AIM assay (Figure 3A–C). The CD4 T-cell response was found to be lower in all donors, compared with the earlier peak response. In contrast, an increase in the frequency of AIM+ CD8 T-cells was observed (Figure 5C). Initially following vaccination, AIM+ CD4 T-cells were predominantly effector memory (CD45RA-CCR7-) phenotype (Figure 3C) but, three months after vaccination AIM+ CD4 T-cells were predominantly central (CD45RA-CCR7+) and stem cell memory (CD45RA+CCR7+CD95+) phenotype in all donors (Figure 5D). There was a corresponding reduction in T effector/effector memory phenotype cells. These data, therefore, indicate the successful formation of long-term memory T-cell responses following vaccination.




Discussion

The UK JCVI decision to recommend COVID-19 vaccination for adolescents with neuro-disabilities, soon after COVID-19 vaccines were authorised for adults, provided a unique opportunity to rapidly assess immune responses to two different types of vaccines in this high-risk group in a real-world setting. While there is growing evidence of clinical efficacy of vaccination, there are limited data characterising the immune responses to COVID-19 vaccination in children and adolescents, especially in high-risk groups, and none comparing responses in adolescents who received ChAdOx1 against an mRNA vaccine (4–7). Uniquely, instead of the 3-4 week interval used by most other countries, the JCVI recommendations included a 12-week interval between COVID-19 vaccine doses, to maximise population first dose coverage. In adults, it is now evident that an extended interval schedule provides higher peak antibody responses after the second dose and, potentially, longer duration of protection (16). Importantly, the extended interval also provided a unique opportunity to assess the immunogenicity of the initial vaccine dose, prior to the second dose.

The higher immunogenicity with mRNA vaccine we observed compared to ChAdOx1 vaccine is consistent with data in adults (8, 9, 11, 17), including studies reporting the extended 12-week interval schedule (8, 16). The antibody level after mRNA vaccination was comparable to those previously reported in adults (8), but higher in adolescents than in adults after ChAdOx1 vaccination (9). It is noted the single donor who received BNT162b2 had similar antibody levels as ChAdOx1 vaccinated donors. In adults, the highest antibody levels are reported following mRNA-1273 followed closely by BNT162b2 (13). Further study will be required to define the relative antibody response induced by mRNA-1273, BNT162b2, and ChAdOx1 in larger adolescent cohorts. Our preliminary data, however, indicate that ChAdOx1 may be more immunogenic in adolescents than adults, and confirm that both vaccine types provide robust antibody responses using an extended-interval schedule in these higher-risk adolescents.

Rapid waning of spike-specific antibody level following vaccination is evident in adults, with the greatest decline seen following mRNA vaccination, and the most rapid waning occurring soon after vaccination (11, 12). It was, therefore, encouraging to observe comparatively stable antibody responses between 21 days (range 20-27 days) after the second dose and three months later. Antibody titres reduced by 1.5-fold, compared to an approximate 3.7-fold decline reported in adults receiving an extended-interval BNT162b2 vaccine schedule, measured at similar timepoints using the MSD platform (8). These data showing retained antibody titres are consistent with the better clinical protection in adolescents 3 months after vaccination compared to adults (6).

A key aim of vaccination is the induction of neutralising antibodies. The use of a 12-week vaccination schedule uniquely allowed us to explore the relative immunogenicity of one and two vaccine doses in adolescents. Our data show that a second dose significantly increases immune responses in infection-naïve adolescents, with improved neutralising titres after the second vaccine dose, including to the viral variants tested. While mRNA vaccines induced higher neutralising titres, there was considerable variability between donors, again with the BNT162b2 vaccinated donor being similar to ChAdOx1. We also assessed neutralisation at three months after vaccination, an important point at which to evaluate the durability of response, given the waning in protection observed in adults (11, 18). We chose to use a pseudotype neutralisation assay as isolates of Omicron were not yet available. Both live virus and pseudotype assays give comparable results and are regarded to be well correlated (19), as such these results should be representative of live virus neutralisation assays. Despite the relatively stable total spike-specific antibody responses, there was evidence of waning of neutralisation titres, which mirrored the reduction in RBD-specific-antibody level highlighting the need for further long-term assessment in larger groups of adolescents and children. We have previously shown that antibody responses in children are durable up to 12 months after natural infection (15).

Given the ability of Omicron to evade vaccine immunity (13, 14), it was vital to assess the immune response against this variant. Three months after vaccination provided an informative point to address this. As in adults, Omicron-neutralisation titres were significantly reduced compared to Wuhan (13, 14). However, titres were similar to those seen in adults after booster mRNA vaccination (13), indicating comparable neutralising response in dual vaccinated adolescents. Surprisingly, mRNA-1273 vaccinated adolescents who retained a measurable Omicron neutralising titre, had similar or enhanced titres compared to neutralising titres against Wuhan spike in naturally infected healthy adolescents, highlighting that mRNA-1273 vaccination of adolescents, and likely children, may offer improved and broader immunity to Omicron than natural infection. However, further evaluation of neutralisation titres in larger cohorts and real-world epidemiological studies are required.

Cellular immune responses are ultimately likely to be more durable than antibody responses and provide longer-term protection against severe disease (20, 21). Additionally, T-cells are likely to be less susceptible to changes in viral variants (22). Importantly, we found that, while T-cell responses were reduced towards the Omicron spike sequence when compared to the neutralising antibody response, the T-cell response was retained at a robust level towards the Omicron variant spike peptide pool. The relative reduction in responses to S1 and S2 domains showed donor variation, potentially indicating differences in the epitope and immunodominance of epitopes between donors. The T-cell response was observed to peak after one dose in the two previously-infected children, consistent with results from adults (23), although a larger cohort is required to fully assess this. The CD4 T-cell response in infection-naïve adolescents was, however, significantly enhanced by a second dose of vaccine, again indicating the requirement for two vaccine doses in infection-naïve adolescents.

The T-cell response retained at three months after vaccination was similar to the range of responses observed after SARS-CoV-2 infection in younger children aged 4-11 years, which was also significantly higher than in adults (15). As such, this showed that vaccination elicits robust T-cell responses in adolescents similar to that produced following natural infection. Given the range of responses following natural infection, larger cohorts will be required to assess whether the lower response after ChAdOx1 is a result of differences between vaccine type or donor variation. However, the finding that the mRNA-1273 vaccine generates strong spike-specific cellular responses in adolescents contrasts with previous reports in older adults where cellular responses after ChAdOx1 are somewhat higher than after mRNA vaccination (8, 9, 24). Cellular responses displayed an effector memory phenotype early after the second vaccine, representing recent antigenic stimulation (25), and it was therefore reassuring to observe the formation of a potential long-term memory pool three months later.

Spike-specific T-cells displayed a predominant Type-I cytokine profile, but high IL-10 concentrations were also observed and is noteworthy as this combination has been reported previously as a feature of mild or asymptomatic infection (10, 15, 26). The presence of spike-specific T-cells expressing CCR4 in the absence of IL-4 may also be important as this is a specific phenotypic profile of lung/skin homing (27) rather than Th2 polarisation.

A limitation of this study is the small number of participants, mainly due to very low vaccine uptake in eligible groups during the first 6 months of 2021 (28). While considered as high-risk because of severe neuro-disabilities, our participants are clinically immune competent and their antibody levels against other respiratory viruses were comparable to healthy donors, indicating normal immune function. As such the robust immune responses to SARS-CoV-2 vaccine in these donors should be representative of the general adolescent population. One participant did have Down syndrome, which is associated with unspecified immune dysfunction (29), although our participant mounted a robust immune response after vaccination.

Our study provides a detailed and unique insight into the relative immunogenicity of mRNA and adenoviral-vector vaccines in infection-naïve and previously infected adolescents, following one and two doses of vaccine. Overall, these findings show that COVID-19 vaccination in adolescents can elicit coordinated and durable cellular and antibody responses with activity against Omicron variant. Further investigation in larger cohorts is required to confirm these findings.



Methods


Sample Collection

Eligible children (Supplementary Table 1) aged 12-16 years were recruited into SAFE-KIDS by paediatricians. The current study was reviewed and approved by the PHE Research Ethics and Governance Group (REGG) reference NR0264. Written informed consent was obtained for all participants from parents or guardians.

Blood samples taken at baseline (before or within 48 hours of first vaccination), ~6 weeks follow prime (bleed 2), at boost (bleed 3), ~2-4 weeks following boost (bleed 4) and ~3 months following boost (bleed 5) (Figure 1). The vaccine administered was not pre-determined, children received vaccine as part of the national vaccine campaign, as such vaccine type was dependent on availability at each site. The full SAFE-KIDS protocol is available online at https://www.gov.uk/guidance/covid-19-paediatric-surveillance.

Sero-status was determined as described below using the baseline sample. Nucleocapsid-specific antibody responses were assessed at each timepoint to exclude the possibility of SARS-CoV-2 infection during the study. Routine surveillance PCR testing was not performed during this study.

Convalescent plasma samples were also available from the Born in Bradford study (30). 10 children aged 10-13 years with PCR-confirmed SARS-CoV-2 infection between October and December 2020, had samples taken a median of 18 weeks after PCR (Supplementary Table 1).



PBMC and Plasma Preparation

Lithium Heparin blood tubes were processed within 24hrs of collection. Briefly tubes were spun at 300g for 10mins prior to removal of plasma which was then spun at 800g for 10mins and stored as aliquots at -80°C. Remaining blood was diluted with RPMI and PBMC isolated on ficol density gradient, washed with RPMI and frozen in 90%FBS+10%DMSO, samples were stored in the vapour phase of liquid nitrogen.



Serological Analysis of SARS-CoV-2-Specific Immune Response

Quantitative IgG antibody titres were measured using Mesoscale Diagnostics multiplex assays as previously described (15), following the manufacturer instructions. Briefly, samples were diluted at 1:5000 and added wells of the 96 well plate alongside reference standards and controls. After incubation, plates were washed and anti-IgG-Sulfo tagged detection antibody added. Plates were washed and were immediately read using a MESO TM QuickPlex SQ 120 system. Data was generated by Methodological Mind software and analysed with MSD Discovery Workbench (v4.0) software. Data are presented as arbitrary units (AU)/ml relative to the standard. Anti-Spike and anti-RBD AU/ml were converted to WHO reference standard Binding Antibody units (BAU)/ml using the provided correction values, using the following formula: anti-spike - AU/ml*0.00901=BAU/ml, anti-RBD - AU/ml*0.0272=BAU/ml. Positive and negative cut-off values were used as previously defined (15), using plasma samples taken prior to the pandemic.



Live Virus Neutralisation Assay

Clinical isolates used in the study were provided by Public Health England and Imperial College London. A549-ACE2-TMPRSS2 (31) cells were seeded at a cell density of 1x104/well in 96-well plates 24hrs before inoculation. Serum was titrated starting at a 1:100 dilution-1:6400 dilution. The specified virus was then incubated at an MOI 0.01 with the Serum for 1hr prior to infection. All wells were performed in triplicate. 72hrs later infection plates were fixed with 8% formaldehyde and stained with Coomassie blue for 30 mins. Plates were washed and dried overnight before quantification using a Celigo Imaging Cytometer (Nexcelom) to measure the staining intensity. Percentage cell survival was assessed by comparing the intensity of the staining to uninfected wells. Antibody titre was then estimated by interpolating the point at which infectivity had been reduced to 50% of the value for the no serum control samples.



Pseudotype-Based Neutralisation Assays

Constructs and 293-ACE2 cells were previously described (13, 15). The assay was performed as previously described (13, 15), briefly neutralising activity in each sample was measured by a serial dilution approach. Each sample was serially diluted in triplicate from 1:50 to 1:36450 in complete DMEM prior to incubation with approximately 1x106 CPS (counts per second) per well of HIV (SARS-CoV-2) pseudotypes, incubated for 1 hour, and plated onto 239-ACE2 target cells. After 48-72 hours, luciferase activity was quantified by the addition of Steadylite Plus chemiluminescence substrate and analysis on a Perkin Elmer EnSight multimode plate reader (Perkin Elmer, Beaconsfield, UK). Antibody titre was then estimated by interpolating the point at which infectivity had been reduced to 50% of the value for the no serum control samples.



Spike-ACE2 Receptor Blocking Assay

Inhibition of ACE-2 binding to trimeric SARS-CoV-2 Spike protein from variants of concern were measured using the MSD V-PLEX COVID-19 ACE2 Neutralization Kit (SARS-CoV-2 Plate 13) following manufacturer’s instructions. Briefly, samples were diluted 1:10 in diluent, known neutralizing antibody dilutions were included as a reference standard, and pre-incubated on the plate, which was coated with trimeric spike from SARS-CoV-2 variants. After incubation, Sulfo-tagged Human ACE-2 Protein was added to the plate and incubated for 1 hour. Plates were washed and read immediately using a MESO ™ QuickPlex SQ 120 system. Data was generated by Methodological Mind software and analysed with MSD Discovery Workbench (v4.0) software. Presented data were adjusted for sample dilution and expressed as neutralising antibody ug/ml as determined using the reference standard.



Activation Induced Marker Assay

Cryopreserved PBMC were thawed and rested for at least 6 hours in filtered R10 - RPMI+10%FBS (Sigma). Cells were counted and divided between two wells of a round bottom 96-well plate (1-3x106/well) in a final volume of 200ul, purified anti-CD40 antibody (Biolegend) was included at a final concentration 1μg/ml. Cells were then stimulated with a pool of overlapping peptides from Wuhan sequence SARS-CoV-2 Spike (JPT technologies) at final concentration of 1μg/ml per peptide, or DMSO as an unstimulated control. Cells were incubated at 37°C overnight for 18 hours. Following stimulation, plates were spun for 2 min at 250g, and 150ul of supernatant removed and immediately frozen at -80°C. Cells were transferred to FACS tubes and washed with cold wash buffer (PBS+0.5% BSA+0.1% EDTA), Fc-block was added for 5 minutes (Biolegend), An antibody mastermix was made using 50μl of brilliant staining buffer (BD biosciences) per sample, to which appropriate volumes of antibody were added as shown in Supplementary Table 4. Antibody was added to the cell suspension and cells stained at 4°C for 30 minutes. Cells were then washed and fixed with 1.6% paraformaldehyde for 30 minutes at RT in the dark, washed and run on a BD Symphony A3 flow cytometer (BD Biosciences). Data was collected using BD FACS Diva 8 and analysis was carried out using FlowJo v10.7.1.



Cytokine Release Profiling

Supernatants from AIM assay cultures were assessed using a LEGENDplex CD8/NK cytokine-profile 13-plex kit (Biolegend) following manufacturer’s instructions. Samples were analysed in duplicate. Cytokine levels were normalised to be equivalent to 1x106 cells per well, cytokine levels in DMSO controls were then removed. Data was analysed using LEGENDplex v8.0 Software (Biolegend).



IFN-γ ELISpot

T-cell responses were measured using an IFN-γ ELISpot Pro kit (Mabtech) as previously described (15). Briefly, fresh PBMC were rested overnight prior to assay and 0.25-0.3x106 PBMC were added in duplicate per well containing either pep-mix, anti-CD3 (positive) or DMSO (negative) control. Samples were incubated for 16-18hrs. Plates were developed following the manufacturer’s instructions and read using an AID plate reader (AID).

Pepmixes pool containing 15-mer peptides overlapping by 10aa from either SARS-CoV-2 spike S1 or S2 domains from the Wuhan or Omicron (B1.1.529) variant were purchased from JPT technologies.



Data Visualisation and Statistics

Data was visualised and statistical tests, including normality tests, performed as indicated using GraphPad Prism v9 software. Only results found to be significant (p<0.05) are displayed.




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 human participants were reviewed and approved by PHE Research Ethics and Governance Group (REGG) reference NR0264. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

Conceptualization: AD, GI, PM, and SL. Methodology: AD, CD, and BW. Formal analysis: AD, CD, and BW. Investigation: AD, CD, SS, and NL. Resources: AP, MA, EJ, JGu, PS, ES, SN, GI, IO, BW, JB, SA, JGa, AB, BB, MW, AC, ML, JK, JC, MR, EL, JP, GA, KB, RA, DW, and JW. Data curation: AD and AP. Writing – original draft: AD, AP, PM, and SL. Writing - review and editing: all authors. Visualization: AD, PM, and SL. Supervision: AD, RB, DW, CD, BW, JZ, PM, and SL. Project administration: RB, AP, GI, PM, and SL. Funding acquisition: CD, BW, PM, and SL. All authors contributed to the article and approved the submitted version.



Funding

This work was partly funded by UKRI/NIHR through the UK Coronavirus Immunology Consortium (UK-CIC) (PM). The study was also funded in part by the MRC (MC UU 1201412) (CD and BW).



Acknowledgments

We would like to express our gratitude to the parents and especially children who took part in this study.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.882515/full#supplementary-material



References

1. Wong, BLH, Ramsay, ME, and Ladhani, SN. Should Children Be Vaccinated Against COVID-19 Now? Arch Dis In Childhood (2021) 106:1147–8. doi: 10.1136/archdischild-2020-321225

2. Ward, JL, Harwood, R, Smith, C, Kenny, S, Clark, M, Davis, PJ, et al. Risk Factors for PICU Admission and Death Among Children and Young People Hospitalized With COVID-19 and PIMS-TS in England During the First Pandemic Year. Nat Med (2022) 28(1):193–200. doi: 10.1038/s41591-021-01627-9

3. Smith, C, Odd, D, Hardwood, R, Ward, J, Linney, M, Clark, M, et al. Deaths in Children and Young People in England After SARS-Cov-2 Infection During the First Pandemic Year. Nat Med (2022) 28(1):185–92. doi: 10.1038/s41591-021-01578-1

4. Ali, K, Berman, G, Zhou, H, Deng, W, Faughnan, V, Coronado-Voges, M, et al. Evaluation of Mrna-1273 SARS-Cov-2 Vaccine in Adolescents. N Engl J Med (2021) 385:2241–51. doi: 10.1056/NEJMoa2109522

5. Frenck, RW, NP, K, Kitchin, N, Gurtman, A, Absalon, J, Lockhart, S, et al. Safety, Immunogenicity, and Efficacy of the BNT162b2 Covid-19 Vaccine in Adolescents. N Engl J Med (2021) 385(33):239–50. doi: 10.1056/NEJMoa2107456

6. Tartof, SY, Slezak, JM, Fischer, H, Hong, V, Ackerson, BK, Ranasinghe, ON, et al. Effectiveness of Mrna BNT162b2 COVID-19 Vaccine Up to 6 Months in a Large Integrated Health System in the USA: A Retrospective Cohort Study. Lancet (2021) 398(10309):1407–16. doi: 10.1016/S0140-6736(21)02183-8

7. Olson, SM, Newhams, MM, Halasa, NB, Price, AM, Boom, JA, Sanhi, LC, et al. Effectiveness of BNT162b2 Vaccine Against Critical Covid-19 in Adolescents. N Engl J Med (2022) 386: 713–23. doi: 10.1056/NEJMoa2117995

8. Payne RPayne, RP, Longet, S, JA, A, DT, S, Dejnirattisai, W, Adele, S, et al. Immunogenicity of Standard and Extended Dosing Intervals of BNT162b2 mRNA Vaccine. Cell (2021) 184(23):5699–714. doi: 10.1016/j.cell.2021.10.011

9. Folegatti, PM, Ewer, KJ, Aley, PK, Angus, B, Becker, S, Belij-Rammerstorfer, S, et al. Safety and Immunogenicity of the Chadox1 Ncov-19 Vaccine Against SARS-Cov-2: A Preliminary Report of a Phase 1/2, Single-Blind, Randomised Controlled Trial. Lancet (2020) 396(10249):467–78. doi: 10.1016/S0140-6736(20)31604-4

10. Zuo, J, Dowell, A, Pearce, H, Verma, K, Long, H, Begum, J, et al. Robust SARS-Cov-2-Specific T-Cell Immunity Is Maintained at 6 Months Following Primary Infection. Nat Immunol (2020) 22:620–6. doi: 10.1038/s41590-021-00902-8

11. Shrotri, M, Navaratnam, AMD, Nguyen, V, Byrne, T, Geismar, C, Fragaszy, E, et al. Spike-Antibody Waning After Second Dose of BNT162b2 or Chadox1. Lancet (2021) 398(10298):385–7. doi: 10.1016/S0140-6736(21)01642-1

12. Pegu, A, O’Connell, SE, Schmidt, SD, O’Dell, S, Talana, CA, Lai, L, et al. Durability of Mrna-1273 Vaccine Induced Antibodies Against SARS-Cov-2 Variants. Science (New York NY) (2021) 373(6561):1372–7. doi: 10.1126/science.abj4176

13. Willett, BJ, Grove, J, MacLean, OA, Wilkie, C, Logan, N, Lorenzo, GD, et al. The Hyper-Transmissible SARS-Cov-2 Omicron Variant Exhibits Significant Antigenic Change, Vaccine Escape and a Switch in Cell Entry Mechanism. medRxiv (2022) 03:21268111. doi: 10.1101/2022.01.03.21268111

14. Garcia-Beltran, WF, St. Denis, KJ, Hoelzemer, A, Lam, EC, Nitido, AD, Sheehan, ML, et al. Mrna-Based COVID-19 Vaccine Boosters Induce Neutralizing Immunity Against SARS-Cov-2 Omicron Variant. Cell (2021) 185(3):457–66. doi: 10.2139/ssrn.3985605

15. Dowell, AC, Butler, MS, Jinks, E, Tut, G, Lancaster, T, Sylla, P, et al. Children Develop Robust and Sustained Cross-Reactive Spike-Specific Immune Responses Following SARS-Cov-2 Infection. Nat Immunol (2022) 23:40–9. doi: 10.1038/s41590-021-01089-8

16. Parry, H, Bruton, R, Stephens, C, Brown, K, Amirthalingam, G, Hallis, B, et al. Extended Interval BNT162b2 Vaccination Enhances Peak Antibody Generation in Older People. Medrxiv (2021) 15:21257017. doi: 10.1101/2021.05.15.21257017

17. Sadarangani, M, Marchant, A, and Kollmann, TR. Immunological Mechanisms of Vaccine-Induced Protection Against COVID-19 in Humans. Nat Rev Immunol (2021) 21(8):475–84. doi: 10.1038/s41577-021-00578-z

18. Levin, EG, Lustig, Y, Cohen, C, Fluss, R, Indenbaum, V, Amit, S, et al. Waning Immune Humoral Response to BNT162b2 Covid-19 Vaccine Over 6 Months. N Engl J Med (2021) 385(24):e84. doi: 10.1056/NEJMoa2114583

19. Fenwick, C, Turelli, P, Pellaton, C, Farina, A, Campos, J, Raclot, C, et al. A High-Throughput Cell- and Virus-Free Assay Shows Reduced Neutralization of SARS-Cov-2 Variants by COVID-19 Convalescent Plasma. Sci Transl Med (2021) 13(605). doi: 10.1126/scitranslmed.abi8452

20. Ng, KW, Faulkner, N, Cornish, GH, Rosa, A, Harvey, R, Hussain, S, et al. Preexisting and De Novo Humoral Immunity to SARS-Cov-2 in Humans. Science (New York NY) (2020) 370(6522):1339–43. doi: 10.1126/science.abe1107

21. Tang, F, Quan, Y, Xin, ZT, Wrammert, J, Ma, MJ, Lv, H, et al. Lack of Peripheral Memory B Cell Responses in Recovered Patients With Severe Acute Respiratory Syndrome: A Six-Year Follow-Up Study. J Immunol (Baltimore Md: 1950) (2011) 186(12):7264–8. doi: 10.4049/jimmunol.0903490

22. Skelly, DT, Harding, AC, Gilbert-Jaramillo, J, Knight, ML, Longet, S, Brown, A, et al. Two Doses of SARS-CoV-2 Vaccination Induce Robust Immune Responses to Emerging SARS-CoV-2 Variants of Concern. Nat Commun (2021) 12(1):5061. doi: 10.1038/s41467-021-25167-5

23. Mazzoni, A, Di Lauria, N, Maggi, L, Salvati, L, Vanni, A, Capone, M, et al. First-Dose mRNA Vaccination Is Sufficient to Reactivate Immunological Memory to SARS-CoV-2 in Subjects Who Have Recovered From COVID-19. J Clin Invest (2021) 131(12):e149150. doi: 10.1172/JCI149150

24. Parry, H, Bruton, R, Stephens, C, Brown, K, Amirthalingam, G, Otter, A, et al. Differential Immunogenicity of BNT162b2 or ChAdOx1 Vaccines After Extended-Interval Homologous Dual Vaccination in Older People. Immun Ageing (2021) 18(1):34. doi: 10.1186/s12979-021-00246-9

25. Turner, JS, O’Halloran, JA, Kalaidina, E, Kim, W, Schmitz, AJ, Zhou, JQ, et al. SARS-CoV-2 mRNA Vaccines Induce Persistent Human Germinal Centre Responses. Nature (2021) 596(7870):109–13. doi: 10.1038/s41586-021-03738-2

26. Le Bert, N, Clapham, HE, Tan, AT, Chia, WN, Tham, CYL, Lim, JM, et al. Highly Functional Virus-Specific Cellular Immune Response in Asymptomatic SARS-CoV-2 infectionSARS-CoV-2–Specific T Cells in Asymptomatic. J Exp Med (2021) 218(5):e20202617. doi: 10.1084/jem.20202617

27. Mikhak, Z, Strassner, JP, and Luster, AD. Lung Dendritic Cells Imprint T Cell Lung Homing and Promote Lung Immunity Through the Chemokine Receptor Ccr4. J Exp Med (2013) 210(9):1855–69. doi: 10.1084/jem.20130091

28. Aiano, F, Campbell, C, Saliba, V, ME, R, and Ladhani, SN. COVID-19 Vaccine Given to Children With Comorbidities in England, December 2020–June 2021. Arch Dis Child (2021) 107(3):e16. doi: 10.1136/archdischild-2021-323162

29. Dieudonné, Y, Uring-Lambert, B, Jeljeli, MM, Gies, V, Alembik, Y, Korganow, A-S, et al. Immune Defect in Adults With Down Syndrome: Insights Into a Complex Issue. Front Immunol (2020) 11: doi: 10.3389/fimmu.2020.00840

30. Bird, PK, McEachan, RRC, Mon-Williams, M, Small, N, West, J, Whincup, P, et al. Growing Up in Bradford: Protocol for the Age 7–11 Follow Up of the Born in Bradford Birth Cohort. BMC Public Health (2019) 19(1):939. doi: 10.1186/s12889-019-7222-2

31. Rihn, SJ, Merits, A, Bakshi, S, Turnbull, ML, Wickenhagen, A, Alexander, AJT, et al. A Plasmid DNA-Launched SARS-CoV-2 Reverse Genetics System and Coronavirus Toolkit for COVID-19 Research. PLoS Biol (2021) 19(2):e3001091. doi: 10.1371/journal.pbio.3001091




Conflict of Interest : MR received funding for the COV-BOOST trial under contract via University Hospital Southampton NHS Foundation Trust, Funded by the UK NIHR/Vaccine Task Force (NIHR203292). Post-marketing surveillance reports on pneumococcal and meningococcal infection have been provided to vaccine manufacturers for which a cost recovery charge was made to GSK and Pfizer.

The remaining 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.


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 © 2022 Dowell, Powell, Davis, Scott, Logan, Willett, Bruton, Ayodele, Jinks, Gunn, Spalkova, Sylla, Nicol, Zuo, Ireland, Okike, Baawuah, Beckmann, Ahmad, Garstang, Brent, Brent, White, Collins, Davis, Lim, Cohen, Kenny, Linley, Poh, Amirthalingam, Brown, Ramsay, Azad, Wright, Waiblinger, Moss and Ladhani. 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.




BRIEF RESEARCH REPORT

published: 23 June 2022

doi: 10.3389/fimmu.2022.907343

[image: image2]


Individuals With Weaker Antibody Responses After Booster Immunization Are Prone to Omicron Breakthrough Infections


Birte Möhlendick 1*, Ieva Čiučiulkaitė 1, Carina Elsner 2, Olympia E. Anastasiou 2, Mirko Trilling 2, Bernd Wagner 3, Denise Zwanziger 4, Karl-Heinz Jöckel 5, Ulf Dittmer 2 and Winfried Siffert 1


1 Institute of Pharmacogenetics, University Hospital Essen, University of Duisburg-Essen, Essen, Germany, 2 Institute for Virology, University Hospital Essen, University of Duisburg-Essen, Essen, Germany, 3 Department of Clinical Chemistry and Laboratory Medicine, University-Hospital Essen, University of Duisburg-Essen, Essen, Germany, 4 Department of Endocrinology, Diabetes and Metabolism and Division of Laboratory Research, University-Hospital Essen, University of Duisburg-Essen, Essen, Germany, 5 Institute of Medical Informatics, Biometry and Epidemiology, University of Duisburg-Essen, Essen, Germany




Edited by: 

Pedro A. Reche, Complutense University of Madrid, Spain

Reviewed by: 

Massimo Pieri, University of Rome Tor Vergata, Italy

Javier Carbone, Gregorio Marañón Hospital, Spain

*Correspondence: 
Birte Möhlendick
 birte.moehlendick@uk-essen.de

Specialty section: 
 This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology


Received: 29 March 2022

Accepted: 27 May 2022

Published: 23 June 2022

Citation:
Möhlendick B, Čiučiulkaitė I, Elsner C, Anastasiou OE, Trilling M, Wagner B, Zwanziger D, Jöckel K-H, Dittmer U and Siffert W (2022) Individuals With Weaker Antibody Responses After Booster Immunization Are Prone to Omicron Breakthrough Infections. Front. Immunol. 13:907343. doi: 10.3389/fimmu.2022.907343




Background

Despite the high level of protection against severe COVID-19 provided by the currently available vaccines some breakthrough infections occur. Until now, there is no information whether a potential risk of a breakthrough infection can be inferred from the level of antibodies after booster vaccination.



Methods

Levels of binding antibodies and neutralization capacity after the first, one and six month after the second, and one month after the third (booster) vaccination against COVID-19 were measured in serum samples from 1391 healthcare workers at the University Hospital Essen. Demographics, vaccination scheme, pre-infection antibody titers and neutralization capacity were compared between individuals with and without breakthrough infections.



Results

The risk of developing an Omicron breakthrough infection was independent of vaccination scheme, sex, body mass index, smoking status or pre-existing conditions. In participants with low pre-infection anti-spike antibodies (≤ 2641.0 BAU/ml) and weaker neutralization capacity (≤ 65.9%) against Omicron one month after the booster vaccination the risk for developing an Omicron infection was 10-fold increased (P = 0.001; 95% confidence interval, 2.36 - 47.55).



Conclusion

Routine testing of anti-SARS-CoV-2 IgG antibodies and surrogate virus neutralization can quantify vaccine-induced humoral immune response and may help to identify subjects who are at risk for a breakthrough infection. The establishment of thresholds for SARS-CoV-2 IgG antibody levels identifying “non”-, “low” and “high”-responders may be used as an indication for re-vaccination.
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1 Introduction

Despite the undeniable success of anti-Coronavirus disease 2019 (COVID-19) vaccines, some breakthrough infections occur. So far, the predisposing factors remain largely elusive. The lack of knowledge is based on three factors: (I) Retrospective surveillance studies lack clinical specimens predating the infection event. (II) Post-infection immune profiling is necessarily confounded by anamnestic immune responses. (III) Breakthrough infections are rare events. Thus, only well-powered prospective studies enroll sufficient participants to allow for a stratification according to the occurrence of breakthrough infections and a look-back assessment of pre-infection immunity. Here we report, to our knowledge for the first time, on such humoral immune responses being present in boostered vaccinees prior to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) breakthrough infection with the Omicron variant.

Only two days after its description, the variant B.1.1.529 was declared as a variant of concern and designated with the Greek letter Omicron on November 26, 2021 (1). Omicron is highly transmissible, able to evade the immune system and currently approved vaccines are less effective against this variant (2–6).

The increased number of breakthrough infections observed during the Omicron wave allowed us to analyze pre-infection immune responses in a comprehensive longitudinal monocentric observational study cohort. Also, we were able to determine a threshold for anti-spike antibody levels and neutralization capacity at which the risk for a breakthrough infection significantly increases.



2 Methods


2.1 Study Cohort

Since April 2021, we have recruited 2526 healthcare workers at the University Hospital Essen (Essen, Germany) as participants for a comprehensive study on immune responses to vaccines against COVID-19.

Up to now 1391 participants have received their third SARS-CoV-2 vaccination (booster) with an mRNA vaccine after a first and a second vaccination with either mRNA (BNT162b2, BioNTech SE or mRNA-1273, Moderna Inc.), an adenoviral vector vaccine (AZD1222, AstraZeneca), or a combination of both. All individuals were vaccinated in accordance with recommendations of the national vaccine commission (STIKO). Study participants had to self-administer rapid SARS-CoV-2 nucleocapsid protein antigen tests at least twice a week since December 1, 2021. All subjects completed questionnaires at regular intervals delivering information on demographics, general health, and any known SARS-CoV-2 infection including symptoms and course of disease.

Between November 29, 2021, and March 5, 2022, 102 (7.3%) participants self-reported a SARS-CoV-2 infection. All infections were confirmed by real-time reverse transcription-PCR (RT-PCR). In 16 individuals (15.7%), an infection with the Omicron variant (B.1.1.529; BA.1 or BA.1.1) was confirmed by sequencing. Except for one case which occurred before the last week of December 2021, all other cases were observed when the Omicron variant was already predominantly or exclusively detected in healthcare workers and patients at the University Hospital Essen (Supplementary Figure 1). Our observations are consistent with the data reported by the Robert Koch Institute for Germany during this period (7). Thus, it is very unlikely, that variants other than Omicron contributed significantly to herein analyzed breakthrough infections. Association of age, body mass index (BMI, kg/m2) to breakthrough infection were estimated by Mann-Whitney test. P-value, odds ratio (OR) and 95% confidence interval (CI) were calculated for association of sex, pre-existing conditions, smoking status, or vaccination scheme to SARS-CoV-2 vaccination breakthrough infection.



2.2 Laboratory and Statistical Methods


2.2.1 SARS-CoV-2 Spike Protein Immunoassay

The determination of anti-spike SARS-CoV-2 antibody concentrations was performed at specific time points (Supplementary Figure 2) using SARS-CoV-2 S1 RBD IgG/sCOVG test on Siemens Atellica® IM System (Siemens Healthcare GmbH, Erlangen, Germany) according to the manufacturers’ instructions. Results of anti-spike antibody levels were given in binding antibody units per milliliter serum (BAU/ml). The detection limit for positivity was 21.8 BAU/ml.

Distribution of data was assessed by Shapiro-Wilk test prior association analysis. Data were not normally distributed (P < 0.0001). Association of anti-spike antibody levels with vaccination breakthrough was estimated by Mann-Whitney test. To determine a threshold above which the risk for a breakthrough infection significantly increases, the frequency distribution of anti-spike antibody levels at the 25% percentile (2816.0 BAU/ml) of all study participants one month after booster vaccination was analyzed and P-value by Fisher’s exact test as well as OR and 95% CI were calculated. Sensitivity and specificity of the selected cut-off were estimated by ROC analysis (sensitivity = 0.8; specificity = 0.6).



2.2.2 SARS-CoV-2 Nucleocapsid Protein Immunoassay

All samples were also analyzed at the same time points (Supplementary Figure 2) for SARS-CoV-2 IgG antibodies against the nucleocapsid protein on the Architect i2000SR system (CoV-2 IgG, Abbott Diagnostics, IL, USA) to detect participants with previous SARS-CoV-2 infection. An index of ≥ 1.4 specimen calibrator (s/c) was considered as positive for a previous infection.



2.2.3 SARS-CoV-2 Surrogate Neutralization Test (sVNT)

To detect circulating neutralizing antibody against SARS-CoV-2 which block the interaction between wild type (WT)- or Omicron-receptor binding domain (RBD; Accession #P0DTC2) we used a SARS-COV-2 surrogate virus neutralization test (sVNT; GenScript Biotech, Leiden, Netherlands). sVNTs have a high sensitivity and specificity and show a good correlation to conventional plaque reduction neutralization tests (8, 9) and, thus, can be used as a substitute test for cell-based neutralization assays.

All available samples of infected individuals (N = 62) one month after booster vaccination were analyzed and compared with a non-infected cohort (N = 53) matched in age, sex and vaccination scheme. Association of anti-spike antibody titers to breakthrough infection as seen in the complete cohort could be confirmed in this selected cohort (Supplementary Figure 4, 3477.0 BAU/ml vs 6935.0 BAU/ml, P < 0.0001).

Samples were diluted 1:576 for WT-RBD and 1:9 for Omicron-RBD and then incubated with the horseradish-peroxidase (HRP)-conjugated WT- or Omicron-RBD. The mixture was added to a capture plate coated with human ACE2 receptor protein (hACE2). Circulating neutralization antibodies which bound to the HRP-RBD complexes remained in the supernatant, whereas unbound WT- or Omicron-HRP-RBD were captured on the plate. After washing, 3,3’,5,5’-Tetramethylbenzidine (TMB) solution was added to the plate as a substrate for HRP. After the reaction was quenched by adding a stop solution, absorbance at 450 nm was measured on a microplate reader (FLUOstar Omega, BMG Labtech, Ortenberg, Germany). The absorbance of the sample is inversely correlated to the neutralization capacity of the sample. The inhibition rates (%) as an expression of the neutralization capacity for WT- and Omicron-RBD of the sample was calculated against negative control, respectively.

Distribution of data was assessed by Shapiro-Wilk test prior association analysis. Data were not normally distributed (P < 0.0001). Association of inhibition rate against Omicron-RBD and breakthrough infection risk was calculated by Mann-Whitney test. To determine a threshold above which the risk for a breakthrough infection significantly increases we analyzed the frequency distribution of inhibition rates at the 25% percentile (65.9%) in the breakthrough infection cohort compared to the matched controls one month after booster vaccination and calculated P-value by Fisher’s exact test, OR and 95% CI. Combined risk estimation was performed with cases and matched controls of the breakthrough infection cohort. Frequency distributions at the 25% percentiles of antibody titers (2641.0 BAU/ml, sensitivity = 1.0; specificity = 0.7 as estimated by ROC analysis) plus inhibition rates against Omicron-RBD (65.9%, sensitivity = 0.9; specificity = 0.7 as estimated by ROC analysis) were analyzed to determine a threshold above which breakthrough infection risk increases significantly.





3 Results

Between November 29, 2021, and March 5, 2022, 102 (7.3%) participants reported an RT-PCR-confirmed SARS-CoV-2 infection, whereas 1289 (92.7%) participants remained uninfected. On average, breakthrough infections occurred after 52 days (10 - 127) after the booster vaccination. With the exception of a slightly but significantly younger age (37 vs. 41 years, P = 0.004) SARS-CoV-2-infected subjects did not differ regarding vaccination scheme, sex, BMI, smoking status, or any other pre-existing conditions from the non-infected subjects (Supplementary Table 1).

The source of infection remained elusive for 28 subjects (27.4%). The majority of individuals reported that they had been infected in the familial or domestic environment (53.0%). In 27.0% of these cases, the infection could be traced back to other SARS-CoV-2-positive household members, such as the partner or roommates, and in 26.0% of the cases to a contact with their SARS-CoV-2-positive child. Eleven percent of the participants reported being infected while traveling or sporting activity. Only 8.0% of the subjects self-reported being infected at work.

All infections were described as a mild to moderate ″cold-like″ illness without a need for hospitalization. On average, symptoms lasted for six days (0 - 22 days), with rhinitis (53.9%), sore throat (52.9%), headache or cough (both 45.1%), and fatigue (34.3%) being the most prevalent symptoms. Other symptoms typically associated with COVID-19 such as fever (21.6%), dyspnea (15.7%), dysosmia (9.8%), and dysgeusia (6.9%) were rarely observed. Ten individuals (9.8%) remained asymptomatic.

We stratified our cohort according to the occurrence of an Omicron breakthrough infection, and then applied a look-back assessment to compare pre-infection antibody titers at various time points after vaccination but prior to infection (Supplementary Figure 2). Anti-spike antibody titers were indistinguishable between individuals with and without a later Omicron breakthrough infection after the first as well as one and six month after the second vaccination (Supplementary Figure 3).

In clear contrast we observed a significant difference in anti-spike antibody levels one month after the booster vaccination between subjects with and without breakthrough infection before they became actually infected (3477.0 BAU/ml vs 4733.0 BAU/ml, P = 0.02; Figure 1A).




Figure 1 | (A) Comparison of anti-spike antibody titers in study participants, with (+, grey boxplots) or without (o, white boxplots) breakthrough infection after the third vaccination. Antibody levels were determined one month after the third vaccination (booster). Median values between infected (3477.0 BAU/ml) and non-infected (4733.0 BAU/ml) individuals differed significantly (Mann-Whitney test; P = 0.02). (B) Comparison of neutralization capacity as measured by inhibition (%) against Omicron in the study participants with breakthrough infection (+, grey boxplots) with matched non-infected controls (o, white boxplots) after booster vaccination. Median inhibition rates between infected (77.1 %) and non-infected (88.5%) individuals differed significantly (Mann-Whitney test; P = 0.002). (C) Comparison of anti-spike antibody levels (BAU/ml) with inhibition rates (%) against Omicron-RBD in breakthrough infection cohort (+) and matched non-infected controls (o) by. The red dashed line indicates the 25% percentile (65.9 %) of inhibition rate. The blue dashed line denotes the 25%percentile (2641.0 BAU/ml) of anti-spike antibody level.



Study participants with an anti-spike antibody level of 2816.0 BAU/ml or less had a 2-fold increased risk for a breakthrough infection compared to individuals with antibody levels exceeding this cut-off (OR: 2.12, 95% CI: 1.24 - 3.58, P = 0.01).

Remarkably, inhibition rates against Omicron in the sVNT were also significantly lower in infected individuals prior to infection (77.1% vs 88.5%, P = 0.002; Figure 1B). Subjects with inhibition rates of 65.9% or less had a 3.6-fold increased risk for a breakthrough infection compared to SARS-CoV-2-negative study participants (OR: 3.61, 95% CI: 1.42 - 9.01, P = 0.01).

Subsequently, we combined the inhibition rates obtained in the sVNT together with anti-spike antibody levels of both infected and non-infected individuals (Figure 1C) and estimated the risk for breakthrough infections at low anti-spike binding titers and sVNT inhibition rates. Individuals with anti-spike antibody titers of 2641.0 BAU/ml or less plus a sVNT inhibition against Omicron of 65.9% or less showed a 10-fold increased risk for breakthrough infection compared with individuals with titers above these thresholds (OR: 10.4, 95% CI: 2.36 - 47.55).



4 Discussion

To the best of our knowledge, this is the first comprehensive study reporting lower antibody levels and a diminished neutralization capacity in individuals prior to a SARS-CoV-2 breakthrough infection with the Omicron variant compared to non-infected individuals based on a cohort of uniformly boostered vaccinees. Our data suggest that routine anti-SARS-CoV-2 IgG antibody determinations in combination with sVNT can identify subjects who are at a higher risk for a breakthrough infection.

Although a weaker immune response upon COVID-19 vaccination has been described for particular groups, like elderly or immune-compromised individuals (10–13), we observed differences in immune response independent from these factors. Genetic variations might explain some of the differences in the strength of innate immune response (14).

Higher humoral immune responses as determined by antispike-antibody determinations and sVNT tests have been reported for boostered vaccinees by several studies (15–20). Additionally, a higher immune response in boostered vaccinees compared to individuals, who only have been vaccinated twice, against the Omicron variant, which nevertheless is weaker than against the wild type virus, has been reported as well (21, 22). However, no thresholds for a higher probability of SARS-CoV-2 breakthrough infection have been established based on other comprehensive longitudinal studies so far.

Up to now, testing of anti-SARS-CoV-2 antibodies or neutralization capacity is not routinely performed after vaccination and, thus, “non”- or “low”-responders who might require a re-vaccination remain unidentified. Otherwise, the interval to re-vaccination in individuals with “high” response might be extended. Therefore, further studies are urgently needed to set a threshold for “non”, “low” and high” vaccination response to better plan vaccination strategies.
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Introduction

Globally, large-scale COVID-19 vaccination programs are in progress to control the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic (1). As of February 10, 2022, 10.3 billion doses of the vaccines have been administered globally (2). Reactive hyperplasia of the ipsilateral axillary lymph nodes is a side effect of vaccination (3), which has been reported in 0.3% of the participants in the clinical trial of Pfizer (4, 5). Additionally, it has been reported to be rare in the trials of Moderna, Novavax, Sinovac, Johnson & Johnson, and AstraZeneca vaccines (6–10). In reality, the rate is likely to be higher. The Centers for Disease Control and Prevention of the United States (CDC) have reported 11.6 and 16.0% of axillary swelling or tenderness after receiving the first and second doses of Moderna, respectively (11). The frequency of imaging-detected lymphadenopathy ranged between 14.5 and 53% (12). This side effect is a frequent finding after COVID-19 vaccination.

Herein we present a misdiagnosed case of remote lymphadenopathy after receiving the CoronaVac vaccine from Sinovac. We highlight its prolonged course, discuss the clinical findings and imaging features, and analyze our misdiagnosis in combination with a relevant literature review.



Case Description

A 34-year-old woman presented with left axillary pain for a week and transient fever (38.6°C) for a day. She denied a medical history of allergic disease, tuberculosis, past malignant tumors, recent infection, trauma, specific medication history, and travel or social history. She received the first and second doses of CoronaVac 5 and 4 months ago, respectively, with both doses delivered to the left deltoid muscle. The possibility of side effects was neglected, as the detection exceeded the expected time interval for an adverse reaction to the vaccine. Physical examination revealed left axillary swelling and tenderness with no localized skin or soft tissue lesions, particularly on the head, neck, chest, or left arm.

Ultrasonography (US) revealed multiple abnormal left axillary lymph nodes with “alarming” signs (Figures 1A, 2A–C). The relevant diagnostic workup revealed the following: complete blood count (CBC) demonstrated a slight decrease in eosinophils (0.01 × 109/L), the computed tomography (CT) of the head, neck, and chest was normal, and the US of the thyroid, breast, and lymph nodes in other parts of the body and abdomen was also normal (Figure 2E). Contrast-enhanced ultrasonography (CEUS) using SonoVue (sulfur hexafluoride microbubbles, Bracco, Netherlands) revealed an internal hypoperfusion area (Figure 1α). The sign was misinterpreted as an alarming “necrotic” change and “evidence” of tuberculosis. A US-guided fine-needle aspiration (Figure 2D) of one abnormal lymph node (different to the largest one) was performed to confirm the diagnosis; however, the Xpert MTB/RIF assay was negative for the tuberculous gene, the cell smear demonstrated neutrophils and lymphocytes, and the T-cell spot (T-SPOT TB) test and purified protein derivative test were also negative. Thus, tuberculosis and malignancy were excluded, lymphadenopathy was inferred to be bacterial, and treatment with cefaclor (750 mg per os, twice daily for 7 days) was given. The puncture site was fully recovered, but the abnormal lymph nodes never demonstrate a remission.




Figure 1 | Successive ultrasonography (US) and contrast-enhanced ultrasonography (CEUS) images of the same largest lymph node, with dynamic changes during progression and regression. (A) The initial US showed the lymph node was in deep position, flat oval in shape, 40 mm on the long axis and 15 mm on the short axis, with a long/short ratio of >2. The lymphatic cortex was notably thickened to 12 mm and presented as a homogeneous hypoechoic area with a visible lymphatic hilum. (B) The second US showed indistinctive decrease in cortical thickness and the same lymph node size from the previous examination. (C) The third US in the follow-up showed a distinctive decrease in lymph node size and cortical thickness having irregular shape. (D) The last US showed normalized lymph node (indicated by hollow arrows). (α) The initial diagnosis of CEUS was based on centripetal perfusion enhancement in the asynchronous type, with a notable area in the deviated center showing hypoperfusion, covering half of the area of the lymph node. (β) The second CEUS showed distinctive decrease in hypoperfusion area. (γ) The third CEUS in the follow-up showed normalized enhancement and near invisibility of the hypoperfusion area (indicated by arrows).






Figure 2 | (A–E) Images of multiple abnormal lymph nodes (indicated by arrows) at 4 months after vaccination. (A) One small abnormal lymph node in the nearly spherical shape, with a long/short ratio of <2, the notably thickened lymphatic cortex with an invisible lymphatic hilum, yet superb microvascular imaging confirmed the blood distribution of hilar type. (B, C) Elastography of one of the same abnormal lymph nodes. (B) Shear wave elastography demonstrated a modulus of 9.7 kPa. (C) Real-time tissue elastography demonstrated the hardness ranging from ‘median’ to ‘soft’. (D) US-guided fine-needle aspiration of one superficial lymph node. (E) Computed tomography demonstrated the left axillary lymphadenopathy. (F) Hematoxylin and eosin staining under 100x magnification showed reactive hyperplasia.



At 1 week later, the patient presented with transient febrile (40.5°C) again. The US features of the abnormal lymph nodes remained nearly the same, whereas CEUS revealed a noticeable reduction in the hypoperfusion area (Figures 1B, β). The laboratory investigations revealed the following parameters: CBC demonstrated decreases in white cell count (3.13 × 109/L), lymphocyte count (0.59 × 109/L), hemoglobin (113 g/L), and hematocrit value (33.8%); the peripheral smear showed normal erythrocyte and leucocyte morphology; the coagulation function showed an increase in D-dimer concentration (1.55 mg/L), fibrinogen (3.92 g/L), and prothrombin time (14.6 s); the liver function test showed an increase in lactic dehydrogenase (762 U/L); the inflammatory biomarkers of procalcitonin (PCT, 0.13 ng/ml), serum ferritin (SF, 354.5 ng/ml), and erythrocyte sedimentation rate (ESR, 69 mm/h) were increased, whereas C-reactive protein and the rheumatoid factors were normal. Immunological tests exhibited negative values for specific infections, including serum IgM antibody titers against influenza virus A/B, parainfluenza virus, respiratory syncytial virus, Epstein–Barr virus, adenovirus, legionella pneumophila, Mycoplasma pneumoniae, Chlamydia pneumoniae, Rickettsia, IgG against hepatitis virus C, syphilis, and HIV antibodies. The quantifications of serum hepatitis B surface antigen (0.00 IU/ml), blood cytomegalovirus DNA (<1.0 × 103), blood Epstein–Barr virus DNA (<1.0 × 103), and serum fungus (1, 3)-β-D glucan (<10 pg/ml) were negative. The aerobic and anaerobic blood cultures were negative for pathogens. The nasopharyngeal swab for the SARS-CoV-2 nucleic acid PCR test was negative for the ORFlab and N genes. The suspicion of infected lymphadenitis was essentially excluded, and the only remaining concern was histiocytic necrotizing lymphadenitis.

The patient was anxious due to the prolonged diagnostic course and requested a histopathological examination. Macroscopically, the resected abnormal lymph node was soft and yellow-grayish; the microscopy revealed nonspecific reactive hyperplasia (Figure 2F), and the immunohistochemistry was negative for tumors. All possible concerns were ruled out except for the idea that vaccination history was reconsidered as the cause. All medical interventions were suspended. In the follow-up at 6 months after vaccination, US demonstrated a notable decrease in the size and cortical thickness of the largest lymph node; the previous hypoperfusion area shown on CEUS was hardly visible (Figures 1C, γ). Her laboratory tests of CBC and inflammatory markers were normal. The US indicated complete resolution on the second follow-up at 8 months after vaccination (Figure 1D). The lymphadenopathy was finally attributed to COVID-19 vaccine side effects based on clinical, laboratory, imaging, and histopathological findings, and this was confirmed in the prognosis. The timeline of diagnosis, interventions, and prognosis for this case is shown in Figure 3.




Figure 3 | Timeline of diagnosis, interventions, and prognosis. US, ultrasonography; CEUS, contrast-enhanced ultrasonography.





Discussion


Duration

A prolonged course most characterized the presented case of remote reactive lymphadenopathy after COVID-19 vaccination. The symptoms and signs were noticed 4 months after receiving the second dose of CoronaVac, after which the patient improved in 6 months and recovered in 8 months. To our knowledge, no cases of such a remote nature have been previously reported.

In CDC reports, lymphadenopathy occurred within 2 to 4 days after vaccination with Moderna and lasted for 1 to 2 days (11), and the duration in radiologic observational reports was longer (between 4 days and 10 weeks) (12–18). However, most of these cases were retrospective studies in the patients who recently received the COVID-19 vaccine and underwent positron emission tomography (PET). Therefore, there could be selection bias, short observational periods, and lack of reports involving other imaging modalities. This case may be an exception due to individual differences. Nonetheless, the existence of such a prolonged course challenged the current perception about the duration of this side effect.



Guidelines

Based on the abovementioned observations, current guidelines emphasize the timing for imaging after COVID-19 vaccination. A multidisciplinary expert panel recommended the postponement of imaging for at least 6 weeks after completion of the vaccination (19). The Breast Imaging Society also recommended a scheduling exam conducted at 4–6 weeks following the second dose for screening and a short-term follow-up examination at 4–12 weeks for ipsilateral axillary adenopathy patients who received the COVID-19 vaccine within 4 weeks (20). The recommended timing is practical; however, it cannot encompass exceptional situations, and a cautious approach is needed when facing lymphadenopathy potentially related to vaccines, even in unexpected situations.



Analysis of Misdiagnosis

This lymphadenopathy case was particularly unusual because the detection occurred outside of the expected time interval with the presence of other clinical findings, of which we were not aware. In hindsight, most of the diagnostic interventions were unnecessary, which resulted in physical and psychological burdens on the patient. Additionally, the misinterpretation of hypoperfusion on CEUS as “perfusion defect” supported the misdiagnosis, as it often suggests “necrosis” of tuberculous or malignant lymphadenopathy (21). Therefore, we must emphasize the importance of rational and subtle image interpretations to avoid both over- and underdiagnosis.

A limitation of this case was the lack of evidence of nucleic acid elements or SARS-CoV-2 antigen on PCR, western blot, or immunohistochemistry tests, which was mainly due to the misdiagnosis that resulted in all of the chosen tests being conducted to verify inflammation or tumors. We propose that biopsy of needle aspiration for PCR or western blot testing would be practical for future diagnostic quandaries that need genetic verification. Additionally, activated lymphocytes should also be examined as an important indicator.



Imaging Modalities

An accurate diagnosis of lymphadenopathy after vaccination is important. In this case report, we discussed the diagnostic perplexity in an individual without combined medical conditions, whereas reports have also focused on cancer patients (12, 13, 15, 22). A modeling study suggested a large proportion of missed cancer diagnoses due to the pandemic (23). Therefore, subtle imaging interpretation is crucial in patient management.

Concerning imaging-detected reactive lymphadenopathy after COVID-19 vaccination, the majority of cases were identified on PET scans, mainly during cancer surveillance. This condition normally involved transient 18-fluorine-fluorodeoxyglucose (18F-FDG) uptake in ipsilateral lymph nodes, ranging from intense to gradually regressed after administration (13, 19, 22, 24–26). However, the maximal standardized uptake value (SUVmax) should not be solely used to differentiate between benign and malignant lymph nodes (14). There were attempts to improve the diagnostic rate by comparing the SUVmax of the ipsilateral lymph nodes to the contralateral lymph nodes (27) as well as the increased uptake in the deltoid muscle (28, 29) or using different tracers (30). PET is the most sensitive imaging modality for differentiating lymphadenopathy, whereas the radioactive nature and high cost are limitations.

Few of the cases were detected via magnetic resonance imaging (MRI) (31, 32), CT (15), and mammography (33). These techniques are common diagnostic workups that provide relevant information, especially in the case of breast or lung cancers which often involve axillary lymph node metastasis. They provide good overall observations but relatively few morphological details of abnormal lymph nodes compared to the US (34). Additionally, they cannot provide metabolic features compared to PET (35).



Role of US

The US has a high diagnostic value in the screening, evaluation, and follow-up of lymphadenopathy (36); it presents high-resolution images of superficial lymph nodes with subtle morphological details that CT or MRI may not have been able to assess (37). We reviewed the full-text accessible literature on US-detected reactive lymphadenopathy after COVID-19 vaccination with a complete vaccination history and explicit image description. The US findings are shown in Table 1 (34, 38–46). In general, the size, shape, cortex-hilum structure, vascularity patterns, and stiffness of lymph node were essential signs to consider. Rational judgments should be made based on the combined information. It should be noted that there were “alarming” signs mentioned, such as spherical shape, thickened lymphatic cortex, hilum absence, and peripheral vascularity, which have often been observed in malignant or specifically infected lymph nodes (37).


Table 1 | Ultrasonographic features of 10 published articles on COVID-19 vaccine-related lymphadenopathy (only full-text accessible articles between January 1 and December, 2021 with complete vaccination history and US image description were included).



In this case, the patient underwent 4 successive US examinations that demonstrated dynamic changes during progression and regression. Initially, the US showed increases in the number and size of abnormal lymph nodes, with notably thickened lymphatic cortex (Figures 1A, 2A–C). Regarding the progression of the largest lymph node, the second US showed an indistinctive decrease in cortical thickness, whereas the nodal size remained almost the same. Both size and cortical thickness markedly decreased and eventually resolved at the follow-up examination (Figures 1A–D). Based on these trends, we supposed that the thickened cortex might be related to nodal hyperplasia, and it began to subside in the early stage of nodal regression. The decrease in cortical thickness in the US may be an early imaging sign of improvement that should be considered.



CEUS Findings

To our knowledge, this case was the first to report the CEUS findings of reactive lymphadenopathy after COVID-19 vaccination. The patient underwent 3 successive CEUS scans that also demonstrated dynamic changes. Initially, CEUS demonstrated hypoperfusion in the deviated center of the largest lymph node. It was markedly narrowed in the second CEUS and became nearly invisible in the third exam (Figures 1α–γ). In hindsight, we noted that the initial hypoperfusion area overlapped with the most thickened cortex; moreover, it regressed even earlier than the cortex attenuation. A decrease of hypoperfusion may be an even earlier sign of improvement. We speculated that the COVID-19 vaccine might stimulate immune cells in the nodal cortex, which leads to excessive pressure on tissue microcirculation. The insufficiency of perfusion was represented as filling insufficiency on CEUS. However, this was merely a conjecture regarding pathogenesis without the support of systematic research, and further work is required to elucidate this mechanism.



Concomitant Manifestations

In this case, accompanying manifestations interfered with the diagnosis, including transient fever, decreased white cell and lymphocyte counts, increased inflammatory markers (ESR, PCT, and SF), and abnormal coagulation function. A previous study reported a decrease in lymphocytes after COVID-19 vaccination (26), and elevated PCT and CRP were independent risk factors for death in patients with COVID-19 (47). As all tests for specific infections were negative, and the patient fully recovered without medical intervention, we retrospectively supposed that these manifestations were also vaccine reactions. However, local and systemic inflammatory reactions after COVID-19 vaccination should be transient, and further studies are needed to describe remote reactions after COVID-19 vaccination. Additionally, the patient presented with mild anemia in the second CBC, possibly due to malnutrition because of anxiety.



Vaccine Type

Concerning the type of COVID-19 vaccine that causes reactive lymphadenopathy, there have been more than 2,000 reported cases after mRNA vaccines and 14 reported cases after adenoviral vectored vaccines (12, 22), yet there have been no specific case reports related to protein subunit vaccines. In theory, regardless of the type, all COVID-19 vaccines might cause reactive lymphadenopathy, and this case can serve as a supplement to observational side effect studies.




Conclusion

Radiologists and clinicians should recognize that reactive lymphadenopathy has become frequently observed in association with the general administration of COVID-19 vaccines. It should be considered a frequent and important differential diagnosis. Rational judgment should be made in the context of vaccination information and subtle imaging interpretations. Herein we propose the existence of a prolonged course of this side effect, the value of US as a diagnostic workup and evaluation, and the first introduction of CEUS through the presented case.
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Introduction

Vaccination is an effective strategy for preventing SARS-CoV-2 infection and associated mortality. Renal Transplant Recipients (RTRs) are vulnerable to acquiring infection and high mortality due to their immunocompromised state. Varying responses to the different vaccines, depending on types of vaccines and population, have been reported. Vaccines supply is also limited. The current study evaluated the seroconversion rate after SARS-CoV-2 infection and 2 doses of either COVAXIN™ or COVISHIELD™ vaccination in RTR.



Methods

The serum anti-SARS-CoV-2 spike protein neutralizing antibody titer was measured in 370 RTRs who acquired SARS-CoV-2 infection (n=172), yet not vaccinated; and those vaccinated with COVAXIN™ (n=78), and COVISHIELD™ (n=120) by chemiluminescence microparticle immunoassay methods from serum.



Result

Overall, the seroconversion rate either after vaccination or infection was 85.13% (315/370). The vaccine-associated seroconversion was 80.30% (159/198). SARS-CoV-2 infection-associated seroconversion was 90.69% (156/172), COVISHIELD™ associated seroconversion was 79.2% (95/120), and COVAXIN™ associated seroconversion was 82.05% (64/78). The median IgG titer in the SARS-CoV-2 infection group was 646.50 AU/ml (IQR: 232.52-1717.42), in the COVAXIN™ group was 1449.75 AU/ml (IQR: 400.0-3068.55), and the COVISHIELD™ vaccination group was 1500.51 AU/ml (IQR: 379.47-4938.50). The seroconversion rate and antibody titers were similar irrespective of the place of sampling. Patient’s age-associated seroconversion in <45 years was 88.01% (213/242), 45.1-60 years was 83.18% (94/113), and > 60 years was 58.3% (7/12).



Conclusions

Both infection and vaccination induce robust antibody formation in RTRs. The seroconversion rate after SARS-CoV-2 infection was higher but with a lower antibody titer than vaccines. The vaccines, COVAXIN™ and COVISHIELD™, induce more elevated antibody titers than natural infection. The seroconversion rate and antibody titer in Indian RTRs appears to be better than in the western population, irrespective of their vaccination status.





Keywords: vaccination, anti- SARS-CoV-2 antibody, humoral immunity, COVISHIELD™, COVAXIN™



Introduction

Vaccination is one of the most effective strategies in preventing SARS-CoV-2 infection and transmission during a pandemic (1–3). There has been the emergence of multiple SARS-CoV-2 variants and repeated infection episodes in several people. However, the vaccines prevented morbidity, hospitalization, and mortality of patients suffering from coronavirus diseases 19 (COVID19). Several vaccines have been developed against the SARS-CoV-2 virus in multiple countries, including India. The high demand for vaccines from across the world has limited the availability of vaccines in low resources countries (4). Well-validated mRNA-based vaccines BNT162b2 (Pfizer-BioNTech, USA) are mainly limited to developed countries. The vaccines have shown high seroconversion rate in the general population up to the tune of 95%, however, had a poor seroconversion rate in renal transplant recipient (RTR) (5–7). Data of mRNA-based vaccination showed a 48% of seroconversion rate in RTRs after the 28th day of the 2nd dose of vaccination (1, 6, 8).

Adenovirus vector-based vaccines ChAdOx1-nCOV (COVISHIELD™, AstraZeneca–Oxford University and Serum Institute, India) and inactivated whole virus-based BBV-152 (COVAXIN™, The Bharat Biotech, India) vaccine are available in India. These vaccines have also shown a good seroconversion rate in a healthy population (2). However, the seroconversion data is limited to a small single-center study in RTRs (9). A single-center study showed seroconversion of about 70% in RTRs, which is higher than that reported from mRNA-based vaccines (1, 10). A lesser amount of antibody formation and poor seroconversion rate after vaccination and SARS-CoV-2 infection is expected in RTRs because of immunosuppressive medicines (1, 6, 7). A reduction of immunosuppression may boost the antibody formation in these patients, although this may pose patients at risk of allograft rejection.

Few studies have reported the incidence of allograft rejection after the vaccination (1, 11, 12). Notably, a 100% seroconversion rate was observed after a single vaccination dose in RTRs, infected previously with SARS-CoV-2 (13, 14). Elicitation of antibodies after vaccination depends on the (i) nature of the antigens and adjuvants, (ii) dose of antigen, and (iii) mode of vaccine delivery (15). The antigenic material used in mRNA-based, vector-based, and inactivated whole virus-based vaccines are known to be different. Therefore, it may be interesting to hypothesize and study whether a whole inactivated virus-based vaccine-like BBV-152 (COVAXIN™) may be more effective in immunocompromised RTRs, who are at a higher risk of acquiring SARS-CoV-2 infection and develop severe COVID-19 and related mortality. The cause for such heterogeneous response to vaccination in RTRs may vary on the duration and degree of immunosuppression (8). Developing and testing the efficacy of other vaccines in antibody formation remained a high priority research area. In the present two center studies, we aimed to study the overall seroconversion rate after (i) two doses of anti-SARS-CoV-2 vaccination and (ii) SARS-CoV-2 infection among non-vaccinated RTRs. Further, we have carefully evaluated the potential association of clinical variables influencing antibody formation in RTRs.



Materials and Methods


Patient Population

A total of 370 RTRs were included in the study from two centers, Medanta Medicity hospital Gurugram, New Delhi, India, a private sector tertiary care center, and Sanjay Gandhi Postgraduate Institute of Medical Sciences, Lucknow, India, a public sector tertiary care teaching institute between 1st June 2021 to 30th November 2021. This study was approved by the Institutional Ethics Committee and adhered to the ethical standards of the declaration of Istanbul and Helsinki. The ethics approval code was 2021-36-IP-EXP-36. All patients were reverse transcriptase-polymerase chain reaction (RT-PCR) negative at the time of sample collection. The demographic and clinical details were noted at the time of sample collection from the patient’s medical record. The prior history of SARS-CoV-2 infection was 78 (range, 56-90) days. Vaccination history and associated side effects fever, myalgias, headache, back pain, body ache, and giddiness were obtained from each participating individual. The type and dose of vaccines were confirmed from the vaccination certificate issued by the Ministry of Health and Family Welfare, Government of India. RTRs who had SARS-CoV-2 infection and yet not received vaccines and those who received two doses of vaccines were asked for the blood sampling for anti-SARS-CoV-2 spike protein IgG measurement. The mean gap between two doses of either brand of vaccination and samples collection was 21.10 ± 4.27 days. The median interval between 1st and 2nd dose for COVISHIELD™ vaccine was 69 (range, 42-112) days, and for COVAXIN™, it was 36 (range, 28-42) days.

For the analysis purpose, patients were categorized into three groups. Group-1, those who had a history of SARS-CoV-2 infection yet did not receive any dose of vaccines (n=172). Group-2, those who had received 2 doses of COVAXIN™ (n=78), and Group-3, those who had received 2 doses of COVISHIELD™ vaccine (n=120).



Anti-SARS-CoV-2 Spike Protein IgG Titer Measurement by Chemiluminescence Immunoassay Methods

A five ml blood sample was collected in a plain vial with blood clot activating factors and centrifugation at 1500RPM for 5 minutes. The serum was separated and stored at -800C. Anti-SARS-CoV-2 spike protein IgG titer was determined using the chemiluminescent magnetic microparticle Immunoassay (CMIA) analyzer per the manufacturer’s instruction (Abbott diagnostic, Ireland).

In brief, in this process, the first serum anti-SARS-CoV-2 IgG antibody was captured on an antigen-coated paramagnetic microparticle bead and buffer. The non-specific binding was removed by the washing. The antigen-antibody complex mixture was further incubated with acridinium labeled anti-human IgG conjugate. The complex mixture was again washed with buffer to remove non-specific binding. Further, a pre-trigger and trigger solution of hydrogen peroxide and sodium hydroxide was added, resulting in a chemiluminescent mixture on the Architect platform (Abbott diagnostic, Ireland). The intensity of the chemiluminescent mixture was measured in a relative light unit (RLU) that was directly proportional to the concentration of anti-SARS-CoV-2 antibody present in the serum. The sample’s RLU values were normalized with the calibrator RLU as per the World Health Organization standard (16, 17).



Statistical Analysis

Statistical analysis was performed using the SPSS software version 20 (IBM corporation, Armonk, NY, USA). Kruskal Wallis test was used to compare the median of nonparametrically distributed variables between the groups. Median and interquartile range was calculated for the antibody titer. For the comparison of continuous variables among the group, a one-way analysis of variance (ANOVA) was applied. The mean and standard deviation was calculated. The Chi-square test or the Fischer exact test was used per the application required to compare the categorical variables. Multivariate analysis was also performed for variables predicting seroconversion. Graphs were plotted with Prism version 8 for Windows, GraphPad Software, La Jolla, CA, USA.




Results


Demographic and Clinical Characteristics of the Patients

Demographic and clinical profiles of the patients are given in Table 1. Eighty-five (317/370) percent of patients were male, and 46.48% (172/370) had previous SARS-CoV-2 infection without a history of any dose of vaccination. Of these, 21.08% (78/370) of patients were vaccinated with COVAXIN™, and 32.43% (120/370) patients were vaccinated with COVISHIELD™. The mean age of the patients was 40.84 years and the median post-transplant period to sample collection for testing anti-SARS-CoV-2 spike protein IgG was 78.99 months. All patients were live-related renal allograft recipients, and the majority, 93.78% (347/370) were ABO compatible RTRs.


Table 1 | Demographic and clinical characteristic of patients in SARS-CoV-2 infection and Vaccination.





Anti-SARS-CoV-2 Spike Protein-Specific IgG Seroconversion Rate Among RTRs

The overall cumulative seroconversion rate, either due to vaccination or infection, was 85.13% (315/370). The vaccine-associated seroconversion was 80.30% (159/198). The SARS-CoV-2 infection-associated seroconversion was 90.69% (156/172); COVISHIELD™ vaccination-associated seroconversion was 79.2% (95/120), and the COVAXIN™ associated seroconversion was 82.05% (64/78). However, the antibody titer was higher after vaccination than the titer developed only with natural SARS-CoV-2 infection. The median IgG titer in the SARS-CoV-2 infection group was 646.50 AU/ml (IQR: 232.52-1717.42). In the COVAXIN™ group, was 1449.75 AU/ml (IQR: 400.00-3068.55) and in the COVISHIELD™ vaccination group was 1500.51 AU/ml (IQR: 379.47-4938.50). (Table 2, Figure 1). Further, we compared the percentage of seroconversion and antibodies titer at two different centers. Vaccination associated seroconversion rate was similar between both the center. COVAXIN™ associated seroconversion was 83.9% (47/56) at SGPGIMS compared to 82.05% (64/78) at Medanta Medicity. COVISHIELD™ associated seroconversion in SGPGIMS was 73.8% (31/42) compared to 77% (17/22) in the Medanta Medicity. Table 3.


Table 2 | $Anti-SARS-CoV-2 antibody titer and seroconversion among renal transplant recipients.






Figure 1 | Anti-SARS-CoV-2 spike protein antibody titer in RTRs infected with SARS-CoV-2 or vaccinated with 2 doses of either COVISHIELD™ or COVAXIN™ vaccine.




Table 3 | $Seroconversion and antibody titer after vaccination at both center.





Clinical Variables Associated With Seroconversion

The clinical variables associated with seroconversion rate are shown in Table 4. Patients with age <45 years had a seroconversion rate of 88.01% (213/242). In the age group 45.1-60 years, seroconversion was 83.18% (94/113), and in patients with age >60 years, seroconversion was only 58.3% (7/12). Older patients had a poor seroconversion rate. There was no impact of BMI, post-transplant interval, gender, blood groups, immunosuppressive regimen, and serum creatinine values on seroconversion (Table 4).


Table 4 | Clinical variables associated with seroconversion among the group.





Predictor Clinical Variables for Seroconversion on Multivariate Analysis

On multivariate analysis, we observed that the age of the recipients was the significant predictor for seroconversion (B=0.041, Exp (B)=1.04; P=0.004). Other variables like BUN, serum creatinine, total leukocyte count, hemoglobin, BMI, post-transplant gap, eGFR, and trough tacrolimus level were not the predictors of seroconversion (Table 5).


Table 5 | Multivariate analysis predicting seroconversion in RTRs.





Side Effects of Vaccination

The major side effects reported by the RTRs for both of the vaccines (COVISHIELD™ and COVAXIN™) were similar. RTRs vaccinated with COVISHIELD™, the mild degree fever was in 13.3%, myalgias in 24.16%, headache in 15.8%, back pain in 4.1%, body- ache in 10%, and giddiness in 12.5%. Whereas RTRs vaccinated with COVAXIN™, the mild degree fever was observed in 10.2%, myalgias in 23.07%, headache in 10.2%, back pain in 3.8%, body ache, and giddiness in 14.10%. In our cohort, no RTRs experienced any major side effects, such as blood clots or thrombotic microangiopathy, similar to the healthy population reported in other studies (18, 19) (Table 6).


Table 6 | Side effects associated with vaccination.






Discussion

The current two-center study found that both COVISHIELD™ and COVAXIN™ yielded robust seroconversion up to 80.3% in RTRs at both centers. We also observed that the elderly of more than 60 years had a poor seroconversion rate. The seroconversion rate is inferior to the general population but higher than that reported from mRNA-based vaccines in RTRs from western population studies.

The poor seroconversion is expected in RTRs because of an immunocompromised state because of immunosuppressions like calcineurin inhibitors, mycophenolate mofetil, and corticosteroids. Studies have shown that the use of mycophenolate mofetil significantly hampers the seroconversion after vaccination in RTRs (5, 20). All our patients were on mycophenolate mofetil at the time of sampling. Therefore, antibody formation is less than that expected in the general population (1). However, the SARS-CoV-2 infection alone induced seroconversion in 90% of patients, similar to seroconversion in liver transplant recipients (21). The data from mRNA-based vaccines BNT162b2 (Pfizer–BioNTech, USA) showed a 48% seroconversion rate in RTRs after vaccination, which increased to 49-64% after 3rd dose of vaccination (22, 23). The seroconversion in Indian RTRs appeared much higher than in the European and the USA renal transplant cohorts in both scenarios after infection and vaccination (24–26). The reason for blunted seroconversion in the western population is not known. One of the factors could be the older age of allograft recipients and mainly deceased donor transplantation. Our results found that the seroconversion rate decreased significantly with the increase in the recipient’s age (Table 2). Further, multivariate analysis showed age as the best predictor of overall seroconversion. Similar findings were also observed in other studies (24, 25). In our cohort, the median age of the patient was 40.50 years, which was younger than German and UK transplant cohorts (median age 54 and 57 years) (24, 25). The relatively depressed immune system of older people with top-up immunosuppression may have resulted in poor immune response (27). Another important factor associated with seroconversion is the body mass index (BMI) of patients. A poor seroconversion has been reported in obese persons (28). Although, we did not find any difference in seroconversion between lean and obese RTRs. Although, obese patients tended to increase seroconversion rates, similar to the finding by Maria et al. (7). The deceased donor-associated transplant may be another important factor that may influence seroconversion. All patients underwent live-related renal transplantation in our study, and overall, 85.13% (315/370) of patients developed antibodies. In the UK and the German-based cohorts, most patients were undergone deceased donor-organ transplantation (24, 25). Deceased donor-associated allograft recipients usually receive a higher degree of immunosuppression to avoid the risk of rejection. It may be another reason for the lower seroconversion rate in western organ transplant recipients. In our study, the graft dysfunction measured in terms of BUN, Creatinine, and e GFR was not associated with seroconversion. A few studies have shown an association of seroconversion with graft dysfunction. Patients with lower eGFR had poor seroconversion (29, 30). The finding may be because of the fact that the RTRs included in our study had relatively better graft function with a mean serum creatinine value of 1.34 ± 0.60 mg/dl. The longer duration of transplantation indicates a larger duration of immunosuppression, which reduces the chance of antibody formation (29).

One of the exciting findings in our study was the higher seroconversion rate (79.2%) after COVISHIELD™ vaccination at both centers, while the seroconversion rate was only 44% the UK study (31). Besides the age factors, BMI of patients, living versus deceased donor RTS, the seroconversion was also determined by several other factors like genetic makeup of an individual, exposure to antigens, gut microbiota, etc. The vigorous immune response against vaccination in Indian patients may be due to a higher immune response to the pathogens. One of the possible reasons could be Bacille Calmette-Guerin (BCG) vaccination in all RTRs. BCG to prevent tuberculosis disease (TB) is universally given to every child soon after birth in India and other Asian countries with a high prevalence of tuberculosis (32). BCG provokes a non-specific immunity. The cross-protective effects of the BCG vaccine on non-tuberculosis-related diseases are well established (33). The cross-protective effect may be in response to trained innate immune memory (33). It is characterized by non-permanent epigenetic reprogramming of macrophages that leads to increased inflammatory cytokine production and consequently potent immune responses. BCG vaccination was associated with a lower incidence of sepsis and respiratory tract infections that reduced child mortality (34). It has also been observed that BCG vaccination protects against various viral infections such as influenza virus, yellow fever virus, herpes simplex viruses, respiratory syncytial virus, and human papilloma virus (35). The findings confirm a non-targeted beneficial effect of BCG vaccination (33).

The immune system imposes a vigorous response against the SARS-CoV-2 for its clearance, and as a result, there is profuse neutralizing anti-spike IgG antibody formation (36). The higher titer of neutralizing antibody titer in patients with either brand of vaccines in India compared to titers after natural SARS-CoV-2 infection suggests antigenicity of the adjuvants and viral components in sensitization of the immune system for seroconversion is important. This finding gives the clue about designing population-specific vaccines with natural viral components and potent antigenic adjuvants. The seroconversion rate was higher with natural infection but the antibody titer was lower than that occurred after vaccination. The lower antibody titer may be due to the waning of the antibody over time (3, 37). It is speculated that whole virus-based vaccines may induce the robust seroconversion and elicitation of antibody titer as reflected in our finding (Table 2) (10).

As SARS-CoV-2 virus induce innate immune components leading to proinflammatory cytokines secretion such as IL-1β, and IL-18 (Cytokine storm) (38). A higher inflammatory state leads higher seroconversion rate after vaccination in solid organ transplant recipients (39). A study showed a 100% seroconversion rate in RTRs after the first dose of mRNA-based vaccination in previous SARS-CoV-2 infected patients (13). Again, suggesting the importance of the co-stimulating effect of viral components in seroconversion. Alternatively, reducing the immunosuppressive dose may help in raising the antibody titer. Although, it may increase the chances of rejection. Alternatively, using more antigenic material in vaccine preparation may improve the vaccine efficacy for these patients. The present two-center study confirms the finding of our single-center study of higher seroconversion rate with COVISHIELD™ and COVAXIN™ in living donor renal transplant patients in India (10). The side-effects profile suggests the safety of these vaccines in RTRs. It is also prudent to understand whether a single dose of vaccination is sufficient in a previously infected person or whether complete vaccination with two doses is required. It is particularly important for low-middle income and resource-limited countries where vaccination of the entire population is still a dream. Owing to the fourth wave of SARS-CoV-2 infection, vaccination with either of these two vaccines will be helpful in elicitating the effective SARS-CoV-2 neutralizing antibody in population.



Conclusions

Both infection and vaccination induce robust antibody formation in RTRs. SARS-CoV-2 infection induces a higher seroconversion but poor antibody titer. The vaccines induce more elevated antibodies titer than natural infection. The response rate in Indian RTRs appears better than the western population.
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In light of the decreasing immune protection against symptomatic SARS-CoV-2 infection after initial vaccinations and the now dominant immune-evasive Omicron variants, ‘booster’ vaccinations are regularly performed to restore immune responses. Many individuals have received a primary heterologous prime-boost vaccination with long intervals between vaccinations, but the resulting long-term immunity and the effects of a subsequent ‘booster’, particularly against Omicron BA.1, have not been defined. We followed a cohort of 23 young adults, who received a primary heterologous ChAdOx1 nCoV-19 BNT162b2 prime-boost vaccination, over a 7-month period and analysed how they responded to a BNT162b2 ‘booster’. We show that already after the primary heterologous vaccination, neutralization titers against Omicron BA.1 are recognizable but that humoral and cellular immunity wanes over the course of half a year. Residual responsive memory T cells recognized spike epitopes of the early SARS-CoV-2 B.1 strain as well as the Delta and BA.1 variants of concern (VOCs). However, the remaining antibody titers hardly neutralized these VOCs. The ‘booster’ vaccination was well tolerated and elicited both high antibody titers and increased memory T cell responses against SARS-CoV-2 including BA.1. Strikingly, in this young heterologously vaccinated cohort the neutralizing activity after the ‘booster’ was almost as potent against BA.1 as against the early B.1 strain. Our results suggest that a ‘booster’ after heterologous vaccination results in effective immune maturation and potent protection against the Omicron BA.1 variant in young adults.
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Introduction

Vaccination against the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the key strategy to control the coronavirus disease 2019 (COVID-19) pandemic (1) and has already reduced incidences, hospitalizations, and deaths in several countries (2). Unfortunately, waning humoral immunity over time (3) and the emergence of immune evasive SARS-CoV-2 variants of concern (VOC) (4) impair vaccine effectiveness (5) and allow rebounds in infection rates (6, 7). The winter of 2021/2022 and the following summer came with the challenge of decreasing population immunity as initial vaccinations date back to early 2021 and the sudden appearance and rapid spread of the highly mutated immune evasive Omicron VOC (PANGO lineages B.1.1.529; BA.1, BA.2 and BA.3, BA.4, BA.5) (8–16). Therefore, ‘booster’ vaccinations are of enormous relevance to reestablish efficient protection (17, 18) and have been shown to induce humoral and cellular immune responses also against the Omicron VOC (9–14, 16, 19–21). ‘Boosters’ are performed as additional single vaccinations with a vaccine not necessarily matching the previous regimen. Generally, boosting triggers humoral and cellular responses. However, the degree might vary dependent on the specific combination of the initial vaccination regimen and the ‘booster’ vaccine (22). In at least 11 states of the European Union, individuals have received an initially unscheduled heterologous primary vaccination regimen consisting of a ChAdOx1 nCoV-19 (Vaxzevria, AstraZeneca) prime followed by a BNT162b2 (Comirnaty, BioNTech/Pfizer) boost after 8–12 weeks (23). This schedule had not been evaluated in clinical trials before application, but proven effective (24). The immunological responses were even superior to homologous vaccinations (25–28). However, the effect of a ‘booster’ following this regimen has not yet been described.

Here, we closely monitored the antibody titers and memory T cell immunity in a heterologously vaccinated cohort of young adults (25) over 7 months of follow-up and assessed the effect of a BNT162b2 ‘booster’. Our data show that immunity gradually declines over the course of 5.5 months but antibody and memory T cell responses are restored and increased after the ‘booster’. Responsive T cells recognized all SARS-CoV-2 variants, while the Omicron BA.1 VOC efficiently evaded neutralization by antibodies induced by initial vaccination. Strikingly, in this young cohort of heterologously vaccinated individuals where the primary vaccination had a longer interval than typically in homologous vaccinations, the ‘booster’ induced humoral immune responses that neutralized the Omicron BA.1 VOC almost as effectively as the early B.1 strain.



Materials and methods


Study design

Our cohort of 26 hospital employees who received a primary vaccination consisting of a ChAdOx1 nCoV-19 prime followed by a BNT162b2 boost after an 8-week interval has been previously described (25) (Table 1). Of these individuals, 23 agreed to participate in a follow-up study determining the course of immunity over time. Participants were eligible for recruitment if they had received a primary ChAdOx1 nCoV-19 BNT162b2 prime-boost vaccination. SARS-CoV-2 infections were determined by medical history and by measuring anti-SARS-CoV-2-nucleocapsid antibody levels before beginning and at the last time point of the study. One convalescent individual was detected and excluded from all statistical analyses. At 6.5 months after the primary vaccination, 18 participants decided to get a BNT162b2 ‘booster’ vaccination. Serum samples were taken every 1.5–2.5 months. In addition, of those participants who received a ‘booster’, 12 agreed to donate peripheral blood mononuclear cells (PBMCs).


Table 1 | Study participants:.





Vaccine reactogenicity

Solicited adverse reactions (SAR) were self-reported by the participants via questionnaire following the ‘booster’ vaccination. Participants were asked to list symptoms, their duration (<1 h, few hours, 1 day or more than 1 day), and severity (mild (grade 1), moderate (grade 2), severe (grade 3)). Grading criteria were adapted from the US Department of Health and Human Services CTCEA (Common Terminology Criteria for Adverse Events, v4.03) (29), with grades 1–2 being considered for some symptoms, grade 1–3 for most, as previously described (25).



Collection of serum and PBMC samples

At 5.5 months after the heterologous primary vaccination, and 2 weeks (antibody titers peaked around 14–19 days post initial heterologous vaccination (25)) after the BNT162b2 ‘booster’ (7 months post primary vaccination), blood was drawn into S-Monovette® Serum Gel (Sarstedt) or S-Monovette® K3 EDTA tubes. Serum gel collection tubes were centrifuged at 1,500 × g at 20°C for 15 min, aliquoted, and stored at -20°C until further use. PBMCs were obtained from EDTA tubes using density gradient centrifugation by Pancoll human (Pan Biotech, Germany), and erythrocytes were removed by ACK lysis buffer (Lonza, Walkersville, MD, USA). Mononuclear cells were counted for viability using a Countess II Automated Cell Counter (Thermo Fisher) with trypan blue stain and were cryopreserved in aliquots of up to 1 × 107 cells in 10% DMSO in heat-inactivated FCS.



Determination of antibody titers

IgG and IgM titers were measured as units per ml (U/ml) which correlates 1:1 with the WHO standard unit for the SARS-CoV-2 binding antibody units per ml (BAU/ml). To this end, serum was analysed using the commercial electrochemiluminescence Elecsys Anti-SARS-CoV-2 S immunoassay (Roche, Mannheim, Germany) by a cobas® e801 immunoassay analyser according to the manufacturer’s instructions (Roche).



Cell culture

Vero E6 (African green monkey, female, kidney; CRL-1586, ATCC, RRID : CVCL_0574) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) which was supplemented with 10% heat-inactivated foetal calf serum (FCS), 100 units/ml penicillin, 100 µg/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1× non-essential amino acids. HEK293T (human, female, kidney; ACC-635, DSMZ, RRID: CVCL_0063) cells were grown in DMEM with supplementation of 10% FCS, 100 units/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine. All cells were grown at 37°C in a 5% CO2 humidified incubator. Cell lines were recently purchased from the indicated companies and used without further authentication. All cell lines were regularly tested for mycoplasma contamination and remained negative.



Preparation of pseudotyped viral particles

Expression plasmids for vesicular stomatitis virus (VSV, serotype Indiana) glycoprotein (VSV-G) and SARS-CoV-2 spike variants Wuhan-Hu-1 D614G (B.1) (30), Delta (B.1.617.2) (31), and Omicron (B.1.1.529.1; BA.1) (9) (codon-optimized; with a C-terminal truncation for increased pseudovirus packaging) have been described elsewhere (32). Transfection of cells was carried out by Transit LT-1 (Mirus). Rhabdoviral pseudotype particles were prepared as previously described (33). A replication-deficient VSV vector in which the genetic information for VSV-G was replaced by genes encoding two reporter proteins enhanced green fluorescent protein and firefly luciferase (FLuc) and VSV∗ΔG-FLuc (34) (kindly provided by Gert Zimmer, Institute of Virology and Immunology, Mittelhäusern, Switzerland (34)) was used for pseudotyping. One day after transfection of HEK293T cells to express the viral glycoprotein, they were inoculated with VSV∗ΔG-FLuc and incubated for 1–2 h at 37°C. Then the inoculum was removed, cells were washed with PBS, and fresh medium was added. After 16–18 h, the supernatant was collected and centrifuged (2,000 × g, 10 min, room temperature) to clear cellular debris. Cell culture medium containing anti-VSV-G antibody (I1-hybridoma cells; ATCC no. CRL-2700) was then added to block residual VSV-G-containing particles. Samples were then aliquoted and stored at -80°C.



Pseudovirus neutralization assay

For pseudovirus neutralization experiments, Vero E6 cells were seeded in 96-well plates 1 day prior (6,000 cells/well) in medium containing 2.5% FCS. Heat-inactivated (56°C, 30 min) sera were serially titrated (fourfold titration series with seven steps + buffer only control) in PBS, pseudovirus stocks added (1:1, v/v), and the mixtures incubated for 30 min at 37°C before being added to cells in duplicates (final on-cell dilution of sera: 20; 80; 320; 1,280; 5,120; 20,480; 81,920-fold). After an incubation period of 16–18 h, transduction efficiency was analysed. For this, the supernatant was removed, and cells were lysed by incubation with Cell Culture Lysis Reagent (Promega) at room temperature. Lysates were then transferred into white 96-well plates, and luciferase activity was measured using a commercially available substrate (Luciferase Assay System, Promega) and a plate luminometer (Orion II Microplate Luminometer, Berthold). For analysis of raw values (RLU/s), the background signal of an uninfected plate was subtracted and values normalized to pseudovirus treated with PBS only. Results are given as serum dilution resulting in 50% pseudovirus neutralization (PVNT50) on cells, calculated by non-linear regression ([Inhibitor] vs. normalized response – Variable slope) in GraphPad Prism Version 9.1.1.



Determination of SARS-CoV-2 spike-specific CD4+ and CD8+ T cell responses by intracellular cytokine staining (ICS)

Cryopreserved PBMCs of study participants were thawed and rested overnight at 37°C with 1 µl/ml of DNase (DNase I recombinant, RNase-free (10,000 U) Roche), in RPMI medium supplemented to contain a final concentration of 10% FCS, 10 mM HEPES, 1× MEM non-essential amino acids (Corning Life Sciences/Media Tech Inc., Manassas, VA), 1 mM sodium pyruvate (Lonza, Walkersville, MD, USA), 1 mM penicillin/streptomycin, and 1× 2-mercaptoethanol (Gibco, Invitrogen, Carlsbad, CA, USA). Stimulation of PBMCs for detection of cytokine production by T cells was adapted from Kasturi et al. (2020) (35). Briefly, 1 × 106 PBMCs were cultured in 200 μl final volume in a 96-well U bottom plate in the presence of 1 µg/ml anti-CD28 and anti-CD49d (BioLegend) under the following conditions: a) negative DMSO control, b) 2 μg/ml SARS-CoV-2 spike peptide pools (1-315 peptides from Wuhan-Hu-1, Delta (B.1.617.2), and Omicron (B.1.1.529.1; BA.1) SARS-CoV-2 spike, JPT Germany), c) 2 μg/ml of CEFX Ultra Super Stim peptide pool (176 peptide epitopes for a broad range of HLA subtypes of 18 different infectious agents including clostridium tetani, coxsackievirus B4, influenza A virus, haemophilus influenza, helicobacter pylori, human adenovirus 5, human herpesvirus 1/2, human herpesvirus 3, human herpesvirus 4, human herpesvirus 5, human herpesvirus 6, human papillomavirus, JC polyomavirus, measles virus, rubella virus, toxoplasma gondii, and vaccinia virus, JPT Germany) as SARS-CoV-2 vaccination-independent control of d) positive control phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and ionomycin (500 ng/ml). Cells were cultured for 2 h before adding 10 μg/ml brefeldin A (Sigma-Aldrich, St. Louis, MO) for an additional 5 h. Cells were then washed with PBS and prestained for dead cells (Live/Dead Fixable; Aqua from Thermo Fisher) and for the chemokine receptor 7 by APC/Cy7-anti-human CCR7 (clone G043H7) for 30 min at 37°C, 5% CO2. Cells were incubated with surface antibody cocktail (prepared in 1:1 of FACS buffer and brilliant staining buffer) for 30 min at room temperature with BV510-anti-human CD14 (clone M5E2), BV510-anti-human CD19 (clone HIB19), AF700 anti-human CD3 (clone OKT3), BV605 CD4 (clone OKT4), PerCP-Cy5.5 CD8 (clone RPA-T8), and PE/Fire 700-anti-human CD45RA (clone HI100) from BioLegend. Next, cells were fixed using Cytofix/Cytoperm buffer (BD Biosciences, CA) for 20 min at room temperature and then kept in FACS buffer at 4°C overnight. Perm/Wash (1×, BD Biosciences, CA) was used for cell permeabilization for 10 min at room temperature followed by intracellular staining for 30 min at room temperature with AF647 anti-human IFNγ (clone 4S.B3) and AF488 anti-human IL-2 (clone MQ1-17H12) from BioLegend, and PE/Cy7 anti-human TNFα (clone Mab11) from Thermo Fisher Scientific. Up to 100,000 live CD3+ T cells were acquired on an LSRFortessa flow cytometer (BD Biosciences), equipped with FACSDiva software. Analysis of the acquired data was performed using FlowJo software (version 10.7.1). The background was corrected by subtracting the signal of the DMSO control from the spike-treated cells.



Statistical analysis

The SARS-CoV-2 convalescent individual was excluded in all statistical analyses. Non-parametric Spearman rank correlation was used to check for possible associations at single blood sample measurements. To include neutralizing antibody titers lower than the detection limit of 20, values were set to 10. Longitudinal antibody measurements were analysed by means of a mixed linear regression model including a random intercept to account for the repeated-measure structure of the underlying data. The mixed linear model approach enabled to simultaneously account for possible confounding due to participants’ age and for the presence of missing data (36). Therefore, no formal imputation of missing interim values was required. Comparison between variants and of T cell responsiveness was done by the Mann–Whitney-U test because of skewed distributions and with Wilcoxon signed-rank test for matched pairs. A two-sided alpha error of 5% was applied to analyses. All analyses were done by GraphPad Prism version 9.1.1 for Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.com, R (version 4.0.1) and SAS (version 9.4).




Results

A previously described cohort of 26 individuals, of whom one had a history of SARS-CoV-2 infection, received a primary vaccination of a heterologous ChAdOx1 nCoV-19 prime and BNT162b2 boost within an 8-week interval in early 2021 (25). We performed a follow-up study of this young cohort (23 participants, median age 29.5 years, Table 1) for a duration of 7 months after primary vaccination and analysed humoral and cellular immunity over time, as well as reactogenicity and immune responses after a BNT162b2 ‘booster’ vaccination 6.5 months later (18 participants).

The ‘booster’ vaccination was well tolerated and associated with a lower overall reactogenicity compared to the initial two heterologous doses (25). The major solicited adverse reactions were pain at the injection site (94%, 17/18 participants), fatigue (44.4%, 8/18), and headache (33.3%, 6/18). No serious adverse events were observed (Figure 1).




Figure 1 | Reactogenicity of a ‘booster’ after heterologous primary vaccination. Solicited adverse reactions following BNT162b2 ‘booster’ vaccination. Percentages of n = 18 participants with individual symptoms following vaccination are shown. Severity is graded on a scale of 1–2 (for some symptoms) or 1–3 (for most), as adapted from the Common Terminology Criteria for Adverse Events (US Department of Health and Human Services, Version 4.03).



As described previously (25), 2 weeks after primary vaccination, the cohort showed median cumulative anti-SARS-CoV-2-spike IgM and IgG (IgM/G) titers of 8,815 (1,206–19,046) BAU/ml, which decreased to 2,039 (235–5,926) BAU/ml over the course of 3 months. In the (slightly smaller) follow-up cohort, they further declined to 1,120 (125–3,287) BAU/ml after 5.5 months, corresponding to an eightfold decrease (Figure 2A). After 6.5 months, 18 of the participants (median 1,243 BAU/ml) received a BNT162b2 ‘booster’. Two weeks later, the median IgM/G titers had increased by 21-fold to 25,775 BAU/ml (2,092–49,627; p < 0.001, mixed model) in boosted individuals, while further decreasing to 753 (474–3,076, p = 0.0186, mixed model) BAU/ml in non-boosted participants (Figure 2A). This corresponds to a 34-fold higher median titre in the boosted versus non-boosted group at the 7-month time point (p = 0.0033, mixed model) and exceeds the initial titers determined after the primary vaccination by ~2-fold [median 11,339 BAU/ml (25)].




Figure 2 | Humoral immunity against SARS-CoV-2 after heterologous vaccination followed by a ‘booster’ vaccination. (A) Quantification of cumulative anti-SARS-CoV-2 spike IgG and IgM responses as binding antibody units per ml (BAU/ml) by immunoassay with (+b) or without (-b) ‘booster’ after 6.5 months. (B) VSV-based B.1, Delta, and Omicron (BA.1) SARS-CoV-2 spike pseudovirus neutralization assay. Titers expressed as serum dilution resulting in 50% pseudovirus neutralization (PVNT50) were obtained from three experiments in duplicate infections. Triangle indicates SARS-CoV-2 convalescent individual, who was excluded from all statistical analyses. Dashed horizontal lines indicate lower limit of detection. Samples were obtained from n = 23 participants. Booster samples were taken 2 weeks after vaccination. Longitudinal antibody measurements were analysed by means of a mixed linear regression model. (C) Data from (B) illustrated as paired values pre and post ‘booster’. (D) Spearman correlation of IgG/IgM and neutralizing titers and (E) between neutralizing titers, two-tailed p values, dashed lines indicate 95% confidence interval. ***p < 0.001, **p < 0.01, *p < 0.05, ns, not significant..



Using vesicular stomatitis virus (VSV)-based pseudoviruses (PVs) carrying the SARS-CoV-2 spike protein, we analysed the neutralizing activity of the sera. Two weeks after the primary vaccination, median 50% pseudovirus neutralization (PVNT50) titers against PV carrying the SARS-CoV-2 Wuhan-Hu-1 D614G (B.1) spike protein were 2,418 (350–6,383). PVNT50 titers remained stable for 1.5 months but decreased 12-fold to 204 (24–601) over the course of 5.5 months (Figure 2B, p < 0.0001, mixed model). In comparison, titers against the Delta VOC after 5.5 months were eightfold lower with median titers of 24 (<20–481) (Figures 2B, S1, p < 0.0001, mixed model). In contrast to studies on homologous vaccinations, but in line with other studies on sera from heterologously vaccinated individuals (9, 15, 37), median neutralization titers of 345 (<20–4541) were already detected against the Omicron BA.1 VOC 2 weeks after primary vaccination in 15/16 (94%) participants. These titers decayed to <20 (<20–299) after 5.5 months, with 12/22 (55%) participants showing no detectable neutralizing activity at all. This corresponds to a 7–20-fold immune evasion compared to B.1 (Figures 2B, S1, p < 0.0001, mixed model). After the ‘booster’, titers against the B.1 variant increased ninefold to 1,929 (474–4,942), 45-fold to 1,094 (51–2,895) for Delta, and >88-fold to 1,768 (<20–3,760) against BA.1 (Figures 2B, C, S1, p < 0.0001, mixed model). Strikingly, the neutralizing titers 2 weeks after the ‘booster’ against Delta and BA.1 were similar and only slightly lower than for B.1 (Figures 2B, C, S1, p = 0.9608, p = 0.0198, p = 0.0211, mixed model). At 5.5 months after primary vaccination, the neutralizing activity correlated weakly with IgM/G titers; however, after the ‘booster’ (7 months after primary vaccination), the correlation was highly significant for all variants, indicating that induction of high titers is associated with potent neutralization (Figure 2D, r ≥ 0.73, Spearman). Notably, the neutralizing titers obtained for the three variants correlated only weakly before but became strongly significant after the ‘booster’ immunization (Figure 2E, r ≥ 0.73, Spearman). These results indicate that the ‘booster’ induces broadly neutralizing antibodies that are even effective against the highly divergent Omicron BA.1 variant. Results were not confounded by participant age or sex.

To evaluate cellular immunity, we isolated peripheral blood mononuclear cells (PBMCs) from blood samples provided by 12 participants 5.5 months after the primary vaccination, as well as samples 2 weeks after the ‘booster’. Cells were exposed to pools of 315 peptides spanning the spike sequences of SARS-CoV-2 Wuhan-Hu-1 (Wu), Delta (B.1.617.2), or Omicron (B.1.1.529.1; BA.1) and analysed for intracellular cytokines IFNγ, IL-2, and TNFα. Increased cytokine production upon peptide stimulation was evaluated to determine responsive and spike-specific CD4+ and CD8+ memory T cells (Figures S2, S3). At 5.5 months after primary vaccination, only five of the 12 donors showed remaining CD4+ memory T cells responding to either spike peptide stimulation by IL-2 or TNFα production, respectively (Figure 3). In contrast, most participants (10 of 12) showed remaining memory CD4+ T cells responding by IFNγ production (median 0.005%–0.011% reactive cells). Notably, the magnitude of responses to SARS-CoV-2 BA.1 spike did not differ from Wu or Delta (Figure 3, p > 0.05, Mann–Whitney-U), indicating efficient cross-reactivity. After the ‘booster’, spike-specific IFNγ CD4+ memory T cell responses and the fraction of reactive cells further increased to 11 of 12 participants and the median ranged from 0.02% to 0.04% responsive cells for the spike peptide variants (p = 0.0273, p = 0.0137, p = 0.0098; Wilcoxon signed-rank). However, CD4+ T cells responding by IL-2 or TNFα secretion were not affected by the ‘booster’. CD8+ memory T cells showed a longer durability and typically remained reactive over the course of 5.5 months, with 8 of 12 participants responding to Wu, Delta, or BA.1 spike peptide challenge by IL-2 (0.004%–0.009%), all by TNFα (0.027%–0.052%) and IFNγ production (0.055%–0.081%) (Figure 3). Again, the ‘booster’ significantly enhanced IFNγ responses for all variants (0.105%–0.208%) (Figure 3, p = 0.0005, p = 0.0049, p = 0.0137; Wilcoxon signed-rank). IL-2 and TNFα responses also showed an increase, but not significant. Stimulation with a pool of 176 peptide epitopes from 18 infectious agents (CEFX) confirmed that the ‘booster’ did not unspecifically affect T cell responses. Of note, 11 of 12 participants developed CD4+ and all participants CD8+ T cell memory against BA.1. Altogether, 5.5 months after heterologous vaccination participants showed stable CD8+ memory T cell levels but a decreased humoral and CD4+ memory T cell immunity. A BNT162b2 ‘booster’, however, reactivated and enhanced T cell immunity and induced potent antibody responses also against the Omicron BA.1 VOC.




Figure 3 | SARS-CoV-2 spike-specific CD4+ and CD8+ memory T cell responses after heterologous vaccination followed by a ‘booster’ vaccination. PBMCs isolated from samples of n = 12 study participants were obtained 5.5 months after the heterologous primary vaccination, and 2 weeks after the BNT162b2 ‘booster’ (7 months post primary vaccination). PBMCs were stimulated with SARS-CoV-2 Wuhan-Hu-1 (Wu), Delta, or Omicron (BA.1) spike peptide-pool (left panels) or control pools of different infectious agents (CEFX, right panels) and cytokine production determined by flow cytometry. CD4+ (upper panel) and CD8+ (lower panel) memory T cells were gated and analysed for IFNγ, IL-2, and TNFα cytokine production. Cytokine+ T cells were background-corrected for unstimulated cells (Figures S2, S3), and zero values set to 0.001%. Wilcoxon matched-pair signed-rank test compares cytokine-positive cells before and after the ‘booster’. Mann–Whitney-U test compares cytokine-positive cells post ‘booster’ between variants. ***p < 0.001, **p < 0.01, *p < 0.05, ns, not significant.





Discussion

Heterologous primary ChAdOx1 nCoV-19 prime, BNT162b2 boost vaccination induces potent immune responses against SARS-CoV-2 (25–28) resulting in effective protection from COVID-19 (24). Data about long-term immunity and protection conferred by this vaccination regimen, as well as reaction toward a ‘booster’ vaccination and its efficacy toward the Omicron VOC, are, however, scarce, in particular for younger individuals (24). T cells generally show broad cross-reactivity against SARS-CoV-2 variants (25, 38) including Omicron (39–41), which is expected, because the majority of mutations in the Omicron spike are not located in known T cell epitopes (42, 43) and because the large HLA allele diversity on population level makes T cell evasion unlikely (44). In contrast, BA.1 showed neutralization-evading properties (9–14, 20, 21) which consequently results in loss of protection from symptomatic infection (45–47). Thus, ‘booster’ vaccinations are performed aiming for enhanced immune protection especially from Omicron (9–14, 16, 19–21). ‘Booster’ vaccinations after homologous BNT162b2 or ChAdOx1 nCoV-19 vaccination regimen have been described as safe (22) and shown to restore protection from the Delta VOC (17, 18) and to reduce Omicron breakthrough infections and the secondary attack rate (48).

We here show for a young cohort with a median age of 29.5 years that heterologous primary vaccination already resulted in antibody titers with moderate Omicron BA.1-neutralizing activity, which declined over the course of 5.5 months to levels hardly neutralizing this VOC. In line, spike-specific CD4+ memory T cells showed remaining but limited reactivity 5.5 months after heterologous vaccination. However, CD8+ memory T cells remained responsive and also reacted to BA.1 spike epitopes. This is in line with the observation that individuals that received homologous primary vaccination remain partly protected from hospitalization upon Omicron infection (49–51) but also with the fact that Omicron shows increased breakthrough infections (52). The ‘booster’ resulted in lower reactogenicity than determined in the first two vaccinations (25) and elicited both high antibody titers and enhanced memory T cell responses against the tested SARS-CoV-2 variants including BA.1. Strikingly, the induced neutralizing antibodies were as potent against BA.1 as against Delta and almost as potent as against B.1. This is in contrast to earlier studies focusing on homologous short-interval primary vaccinations that also found ‘boosters’ to induce BA.1-neutralizing titers but where this variant still shows some degree of evasion (9–14, 20, 21). This highlights the major benefits of a third dose regimen (50, 51, 53) especially after heterologous primary vaccination in young adults to protective humoral and cellular immunity against SARS-CoV-2 variants.

In this cohort, the BNT162b2 ‘booster’ induced titers that were neutralizing BA.1 almost as potently as B.1. In light of the immune evasive properties of Omicron and the results from studies on homologous vaccinations, this finding is somewhat surprising. As potential confounding factors, unnoticed SARS-CoV-2 infection of the participants was excluded by nucleocapsid antibody detection and adequate sensitivity of the used neutralization assay has been validated previously (54). Therefore, this exceptionally efficient neutralization of BA.1 is most likely due to the extremely high antibody levels after the ‘booster’ as well as the long-term germinal center reaction, ongoing affinity maturation after vaccination (55), and reactivation of memory B cells (56). The Delta VOC was also potently neutralized after the ‘booster’, resulting in titers that were lower than against B.1 but similar to BA.1, indicating immune evasion by these VOCs but at the same time a broad cross-reactivity of ‘booster’-induced antibodies. These remarkable potent and broadly active antibodies might be a result of the heterologous vaccination where DNA and mRNA vaccines encoding non- and pre-fusion-stabilized spike protein variants are mixed (57). Another explanation for the strikingly effective neutralization of the Omicron BA.1 VOC might be the relatively young age and associated potent immunity (58–61) of the here analysed cohort with median age of 29.5 years. Also timing might play a role, as the intervals in the primary vaccination and between the ‘booster’ influence humoral as well as cellular responses (62, 63). Studies on homologous primary BNT162b2 vaccinations with a 3-week interval detected neutralizing titers of 306–604 against B.1 but only undetectable-13 against BA.1 (9–11, 20, 21). In our study, we already detected a titre of 345 after primary vaccination, and similar results have been obtained in other studies looking at BA.1 neutralization of sera from heterologously ChAdOx1-BNT162b2-vaccinated individuals with an interval of 8–12 weeks (9, 15, 37). This is in line with the finding that longer intervals in heterologous or homologous primary vaccinations result in higher neutralization capacities of SARS-CoV-2 VOCs (21, 28, 62, 64–66). This might be attributed to ongoing antibody maturation before primary boost (55, 56, 67) as has also been observed for vaccination against influenza virus (68). Thus, the typically longer interval within heterologous primary vaccination might result in affinity maturation already before the second vaccine dose and explain the strikingly potent cross-neutralization of BA.1 after the ‘booster’.

After the ‘booster’, memory CD4+ T cells became strongly reactive toward SARS-CoV-2 spike peptides of all variants. Also the reactivity of the residual CD8+ T cells was further enhanced by the ‘booster’ dose, which agrees with data after homologous primary vaccinations showing that a third dose enhances preexisting cellular responses (69, 70). The finding that SARS-CoV-2-specific T cells are generally reactive to spike peptides derived from the Omicron VOC is supported by recent data (19, 40, 70) and suggests that the ‘booster’ might also enhance protection of Omicron-infected individuals from severe disease (71).

The Omicron VOC seems to form a new antigenic cluster (72–74), of which the BA.2 variant has rapidly expanded, now followed by BA.5. First results indicate that neutralization capacity is similar between BA.1 and BA.2 (75, 76) and lower against BA.5 (77, 78); however, the general cross-reactivity of T cells suggests that the ‘booster’ is likely also effective against these variants. Therefore, it will now be of importance to elucidate the longevity of humoral and cellular immunity after the ‘booster’ against circulating variants and most importantly its durable effectiveness in preventing infection and disease (79). In addition, fourth vaccine doses (80) or an adaptation of the vaccines to BA.1 (81) need yet to be proven useful to provide effective protection from these old and new variants. Yet unvaccinated individuals might benefit from an updated vaccine that establishes a high degree of protection against Omicron already after two doses. Altogether, our results suggest that a ‘booster’ 6 months after initial heterologous vaccination of young adults induces good humoral and cellular protection against SARS-CoV-2 Omicron, even though the antigen of immunization is the ancestral Wuhan-Hu-1 spike. Thus, a ‘booster’ following the heterologous vaccination is highly warranted especially in the light of the immune evading Omicron variants.
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Lung surfactant protein D (SP-D) and Dendritic cell-specific intercellular adhesion molecules-3 grabbing non-integrin (DC-SIGN) are pathogen recognising C-type lectin receptors. SP-D has a crucial immune function in detecting and clearing pulmonary pathogens; DC-SIGN is involved in facilitating dendritic cell interaction with naïve T cells to mount an anti-viral immune response. SP-D and DC-SIGN have been shown to interact with various viruses, including SARS-CoV-2, an enveloped RNA virus that causes COVID-19. A recombinant fragment of human SP-D (rfhSP-D) comprising of α-helical neck region, carbohydrate recognition domain, and eight N-terminal Gly-X-Y repeats has been shown to bind SARS-CoV-2 Spike protein and inhibit SARS-CoV-2 replication by preventing viral entry in Vero cells and HEK293T cells expressing ACE2. DC-SIGN has also been shown to act as a cell surface receptor for SARS-CoV-2 independent of ACE2. Since rfhSP-D is known to interact with SARS-CoV-2 Spike protein and DC-SIGN, this study was aimed at investigating the potential of rfhSP-D in modulating SARS-CoV-2 infection. Coincubation of rfhSP-D with Spike protein improved the Spike Protein: DC-SIGN interaction. Molecular dynamic studies revealed that rfhSP-D stabilised the interaction between DC-SIGN and Spike protein. Cell binding analysis with DC-SIGN expressing HEK 293T and THP- 1 cells and rfhSP-D treated SARS-CoV-2 Spike pseudotypes confirmed the increased binding. Furthermore, infection assays using the pseudotypes revealed their increased uptake by DC-SIGN expressing cells. The immunomodulatory effect of rfhSP-D on the DC-SIGN: Spike protein interaction on DC-SIGN expressing epithelial and macrophage-like cell lines was also assessed by measuring the mRNA expression of cytokines and chemokines. RT-qPCR analysis showed that rfhSP-D treatment downregulated the mRNA expression levels of pro-inflammatory cytokines and chemokines such as TNF-α, IFN-α, IL-1β, IL- 6, IL-8, and RANTES (as well as NF-κB) in DC-SIGN expressing cells challenged by Spike protein. Furthermore, rfhSP-D treatment was found to downregulate the mRNA levels of MHC class II in DC expressing THP-1 when compared to the untreated controls. We conclude that rfhSP-D helps stabilise the interaction between SARS- CoV-2 Spike protein and DC-SIGN and increases viral uptake by macrophages via DC-SIGN, suggesting an additional role for rfhSP-D in SARS-CoV-2 infection.




Keywords: innate immune system, collectins, rfhSP-D, SARS-CoV-2, COVID-19, cytokine response



Introduction

Pathogen recognition receptors (PRRs) are germline-encoded host sensors that detect pathogen-associated-molecular patterns (PAMPs) (1). PRRs play a vital part in the regular functioning of the innate immune system (2). They are expressed by innate immune cells, including dendritic cells (DCs), macrophages, neutrophils and monocytes (3). Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) are key PRRs involved in host immunity against pathogens (4). Although CLRs are primarily expressed on myeloid cells such as DCs and macrophages, they vary between cell types, allowing specific immune response modifications upon target recognition (5). Receptors such as Dectin-2, Mincle, MGL (Macrophage galactose lectin), Langerin and DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecules-3-Grabbing Non-integrin) are CLRs that play a major role in the recognition of pathogenic fungi, bacteria, parasites, and viruses (6). The interaction of these CLRs with their ligands allows DCs to moderate the immune response towards either activation or tolerance, which is done through antigen presentation in lymphoid organs and the release of cytokines (7). DCs are responsible mainly for initiating antigen-specific immune responses. Therefore, they are localised at and patrol the sites of first contact with a pathogen, such as mucosal surfaces, including the pulmonary and nasopharyngeal mucosa. Likewise, alveolar macrophages are present in the lung alveoli (8).

DC-SIGN is a surface molecule on DCs that binds to the cell adhesion molecule ICAM-3 on T cells, enhancing DC-T cell contact (9). DC-SIGN is a 44 KDa type II integral membrane protein with a single C-terminal CRD (carbohydrate recognition domain) supported by an α-helical neck region with 7 and a half tandem repeats of a 23 amino-acid residue sequence (10, 11). A single transmembrane region anchors the protein, a cytoplasmic domain with recycling, internalisation, and intracellular signalling characteristics (11, 12). DC-SIGN forms oligomers on the cell surface, which improves the avidity of ligand binding and the specificity towards multiple repeated units that are likely to be related to the microbial surface features (13). Recently, DC-SIGN has been associated with promoting cis/trans infection of several viruses such as HIV, Cytomegalovirus, Dengue, Ebola and Zika (14–18). The ability of DCs to transmit HIV-1 to CD4+ lymphocytes via DC-SIGN coupled with normal DC trafficking suggests that binding of the virus to DC-SIGN could be important in mucosal transmission of HIV-1 because DC-SIGN+ DCs are present in the lamina propria at the mucosal surfaces (19). Recently, DC-SIGN has been reported to bind and enhance Severe acute respiratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2 infection independent of ACE2 expression (20).

Another CLR molecule is human surfactant protein D (SP-D). SP-D belongs to the collectin family with a crucial role in pulmonary surfactant homeostasis and mucosal immunity. SP-D is primarily synthesised and secreted into the air space of the lungs by alveolar type II and Clara cells. Its primary structure is organised into four regions: a cysteine-rich N-terminus, a triple-helical collagen region, a neck region, and a C-terminal C-type lectin or CRD. SP-D binds to glycosylated ligands on pathogens and initiates opsonisation, aggregation, and direct killing of microbes, facilitating their clearance by phagocytic cells such as macrophages. SP-D was also recently found to bind to the Spike protein of SARS-CoV-2, and inhibit viral replication in Caco-2 cells by promoting viral aggregation in vitro (21). A recombinant fragment of human SP-D (rfhSP-D), composed of homotrimer neck, CRD, and eight N-terminal Gly-X-Y regions, has been shown to have comparable immunological activities to native SP-D (22). It was shown to bind the HA protein of IAV and act as an entry inhibitor of IAV infection on A549 lung epithelial cells (23). Furthermore, rfhSP-D binds to gp120 and inhibits HIV-1 infectivity and replication in U937 monocytic cells, Jurkat T cells and PBMCs, inhibiting HIV-1 triggered cytokines storm (24). Importantly, rfhSP-D can directly bind to DC-SIGN. This interaction modulates HIV-1 capture and transfer to CD4+ T cells (25). Recently, it has been shown rfhSP-D acts as an entry inhibitor of SARS-CoV-2 infection in Vero cells and HEK293T cells expressing ACE2 and TMPRSS2 (26, 27).

SARS-CoV-2, the causative pathogen of Coronavirus Disease 2019 (COVID-19), has resulted in around three million mortality worldwide (28, 29). The most common symptoms are fever, fatigue, and dry cough. The virus has been classified into Alpha, Beta, Gamma, Delta and Omicron variants based on mutations (30, 31). Some individuals can develop severe respiratory distress (32). SARS-CoV-2 is an enveloped RNA virus that uses a homotrimeric glycosylated spike (S) protein to interact with host cell receptors and promote fusion upon proteolytic activation (33). The transmembrane protease TMPRSS2 is known to mediate proteolytic cleavage at the S1/S2 and S2 domains. The receptor binding domain (RBD) is released by S1/S2 cleavage for high-affinity interaction with ACE2, whereas the S2 domain is released by S2 cleavage for effective virus fusion with the plasma membrane (23, 24). As a result, the virus is internalised by the host cells, resulting in viral replication. New copies of SARS-CoV 2 are internalised to infect more cells, increasing the viral load in the lungs, exacerbating the pro-inflammatory response, and extending the cellular and epithelial lung damage (34).

The sequence of events around the Spike protein/ACE2 interaction is well established; however, much remains to be unravelled about additional factors facilitating the infection, such as SARS-CoV-2 delivery to the ACE2 receptor (35). Indeed, Spike protein from both SARS-CoV and SARS-CoV-2 have similar affinity for ACE2 but show very different transmission rates (36, 37). The enhanced transmission rate of SARS-CoV-2 relative to SARS-CoV might result from an efficient viral adhesion through host-cell attachment factor, which may promote efficient infection of ACE2+ cells (38, 39). In this framework, DC-SIGN bearing DCs and alveolar macrophages can play a role both in viral attachment and immune activation in the lungs (40–42).

Several studies have established the immune surveillance role of SP-D in terms of its ability to recognise viruses and modulate unwanted inflammatory responses (21, 25–27, 43–46). The interaction between SP-D and DC-SIGN during HIV-1 infection further provides an insight into the ability of SP-D to block DC-SIGN-mediated viral pathogenesis (25). In case of SARS-CoV-2, SP-D and rfhSP-D have been shown to bind to the S protein of the virus and inhibit viral infection and replication (21, 26, 27). Furthermore, DC-SIGN has also been reported to act as a facilitator and an entry receptor for SARS-CoV-2 infection, independent of ACE-2 expression (20, 47, 48). Thus, this study aimed to investigate the effects of rfhSP-D on DC-SIGN-mediated SARS-CoV-2 infection. Additionally, since DC-SIGN is highly expressed by DCs and macrophages, the study also explored the role of rfhSP-D on SARS-CoV-2 viral uptake by macrophage-like cells.



Materials and methods


Cell culture

HEK 293T cells were maintained in growth media, Dulbecco’s Modified Eagle’s Medium (DMEM) with Glutamax (Gibco) supplemented with 10% v/v foetal bovine serum (FBS), 100U/ml penicillin (Gibco), and 100µg/ml streptomycin (Gibco). The cells were cultured at 37°C in the presence of 5% v/v CO2 until they were 70% confluent. HEK 293T cells were transiently transfected with a plasmid expressing human DC-SIGN (HG10200-UT; Sino Biological), using Promega FuGENE™ HD Transfection Reagent (Fisher Scientific). Next day, the cells were washed and cultured in the presence of hygromycin to select DC-SIGN expressing HEK-293T cells (DC HEK) (Thermo Fisher Scientific). Similarly, THP-1 cells were cultured in growth media. THP-1 cells were induced PMA to express DC-SIGN surface molecules (10 ng/mL) in combination with IL-4 (1000 units/mL) and incubated for 72 h (49).



Expression and purification of a recombinant fragment of human SP-D (rfhSP-D) containing neck and CRD regions

A recombinant fragment of human SP-D (rfhSP-D) was expressed under bacteriophage T7 promoter in Escherichia coli BL21 (λDE3) pLysS (Invitrogen), transformed with plasmid containing cDNA sequences for neck, CRD regions and 8 Gly-X-Y repeats of human SP-D (26). Briefly, a primary inoculum of 25 ml bacterial culture was inoculated into 500 mL of Luria-Bertani (LB) broth containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol (Sigma-Aldrich), and grown to OD600 of 0.6. The bacterial culture was then induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma -Aldrich) for 3 hours. The bacterial cell pellet was harvested and resuspended in lysis buffer [50 mM Tris-HCl pH 7.5, 200 mM NaCl, 5 mM EDTA pH 8, 0.1% Triton X–100, 0.1 mM phenyl-methyl-sulfonyl fluoride (PMSF), 50µg/ml lysozyme] and sonicated (ten cycles, 30 seconds each). The sonicate was centrifuged at 12000 x g for 30 minutes, followed by solubilisation of the pellet containing inclusion bodies in refolding buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM 2-Mecraptoethanol) containing 8M urea. The solubilised fraction was dialysed stepwise against refolding buffer containing 4M, 2M, 1M and 0M urea. The clear dialysate was loaded onto a maltose-agarose column (5ml; Sigma-Aldrich). The bound rfhSP-D was eluted using 50 mM Tris-HCl pH 7.5, 100 mM NaCl and 10 mM EDTA. The eluted fractions were then passed through a polymyxin B column in sodium deoxycholate buffer (Pierce™ High-Capacity Endotoxin Removal Spin Columns, Thermo Fisher) to remove endotoxin. The endotoxin levels were measured using ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit (Genescript). The amount of endotoxin present in the rfhSP-D batches was ~4 pg/µg of rfhSP-D.



Expression and purification of soluble tetrameric DC-SIGN

The pT5T construct expressing tetrameric form of human DC-SIGN was transformed into Escherichia coli BL21 ((λDE3). Protein expression was performed using bacterial culture in LB medium containing 50 µg/ml ampicillin at 37°C until OD600 reached 0.7. The bacteria culture was induced with 10 mM IPTG (Sigma -Aldrich) and incubated for 3 h at 37°C. Bacterial cells (1 L) were centrifuged at 4,500 x g for 15 min at 4°C. Next, the cell pellet was treated with 22 ml of lysis buffer containing 100 mM Tris-HCl pH 7.5, 0.5 mM NaCl, 2.5 mM EDTA pH 8, 0.5 mM PMSF, and 50µg/ml lysozyme, and left to stir for 1 h at 4°C. Cells were then sonicated for 10 cycles for 30 s with 2 min intervals. The sonicated suspension was spun at 10,000 g for 15 minutes at 4°C. The inclusion bodies present in the pellet were solubilised in 20 ml buffer containing 10 mM Tris-HCl, pH 7.0, 0.01% β-mercaptoethanol and 6 M urea by rotating on a shaker for 1 h at 4°C. The mixture was then centrifuged at 13,000 x g for 30 min at 4°C. The supernatant was drop-wise diluted fivefold with loading buffer containing 25 mM Tris-HCl pH 7.8, 1 M NaCl and 2.5mM CaCl2 with gentle stirring. This was then dialysed against 2 L of loading buffer with three buffer changes every 3 h. Following further centrifugation at 13,000 x g for 15 min at 4°C, the supernatant was loaded onto a mannan-agarose column (5 ml; Sigma) pre-equilibrated with loading buffer. The column was washed with five-bed volumes of the loading buffer, and the bound protein was eluted in 1 ml fractions using the elution buffer containing 25 mM Tris-HCl pH 7.8, 1 M NaCl, and 2.5 mM EDTA. The absorbance was read at 280 nm, and the peak fractions were frozen at -20°C. The purity of the protein was analysed by 15% w/v SDS-PAGE.



ELISA

Decreasing concentrations of recombinant DC-SIGN or rfhSP-D (2, 1, 0.5 or 0 µg 100µl/well) were coated on polystyrene microtiter plates (Sigma-Aldrich) at 4°C overnight using carbonate/bicarbonate (CBC) buffer, pH 9.6 (Sigma-Aldrich). The microtiter wells were washed three times next day with PBST Buffer (PBS + 0.05% Tween 20) (Fisher Scientific). The wells were then blocked using 2% w/v BSA in PBS (Fisher Scientific) for 2 h at 37°C and washed three times using PBST. Constant concentration (2 µg 100µl/well) of recombinant SARS-CoV-2 spike protein (RP-87680, Invitrogen) was added to the wells. After a 2-h incubation at 37°C, the wells were washed with PBST to eliminate any unbound protein. Polyclonal rabbit anti-SARS-CoV-2 spike (NR-52947, Bei-Resources) was used to probe the wells (1:5,000) in PBS and incubated for an additional 1 h at 37°C. Goat anti-rabbit IgG conjugated to horseradish peroxidase (HRP) (1:5,000) (Promega) was used to detect the bound protein. The colour was developed using 3,3’,5,5’-tetramethylbenzidine (TMB) (Biolegend), and the reaction was stopped using 1M H2SO4 (50 µl/well; Sigma-Aldrich) and read at 450 nm spectrophotometrically.

For competitive ELISA, microtiter wells were coated overnight at 4°C with DC-SIGN protein (2 µg; 100 µl/well) and blocked. A fixed concentration of SARS-CoV-2 Spike protein (2µg; 100µl/well) and decreasing concentration (4.0, 2.0, 1.0, 0.5, 0 µg; 100µl/well) of rfhSP-D in calcium buffer, was added to the well as competing proteins. The plate was incubated at 37°C for 1.5 h and then at 4°C for another 1.5 h. To remove any unbound protein, the wells were rinsed three times with PBST. Next, the wells were probed with polyclonal rabbit anti-SARS CoV-2 spike (1:5,000) in PBS and incubated for an additional 1 h at 37°C. The bound protein was detected using goat anti-rabbit IgG conjugated to HRP (1:5000), and the colour was developed using TMB (100 µl/well). The reaction was stopped using 1M H2SO4 (50 µl/well; Sigma-Aldrich). The plate was read at 450 nm using a microplate reader (BioRad).



Cell binding assay

SARS-CoV-2 spike pseudotypes were produced as previously described (44). Briefly, HEK 293Tcells were cultured in growth media to 70-80% confluence at 37°C under 5% v/v CO2. Cells were co-transfected using FuGENE® HD Transfection Reagent (Promega) with Opti-MEM® diluted plasmids (450 ng of pCAGGS-SARS-CoV-2 spike, 500ng of p8.91-lentiviral vector and 750 ng of pCSFLW). The transfected cells were incubated for 48h at 37°C under 5% v/v CO2. Post incubation, the medium containing the pseudotypes was harvested without disturbing the cell monolayer. The medium was then passed through a syringe driven 0.45 μm filter to remove any cell debris and the pseudotypes were harvested and stored at -80°C until further use.

DC-HEK and DC-THP-1 cells were seeded in microtiter wells separately in growth medium (1 x 105 cells/well) and incubated overnight at 37°C. The wells were washed three times with PBS, then rfhSP-D (20 µg/ml), pre-incubated with SARS-CoV-2 spike pseudotypes, were added to the corresponding wells and incubated at room temperature (RT) for 2 h. The microtiter wells were rinsed three times with PBS and fixed with 1% v/v paraformaldehyde (PFA) for 1 min at RT. The wells were washed again with PBS and incubated with polyclonal rabbit anti-SARS-CoV-2 spike (1:200 diluted in PBS) and incubated for 1 h at 37°C. After washing three times with PBST, the corresponding wells were probed with Alexa Fluor 488 conjugated goat anti-rabbit antibody (Abcam) diluted in PBS (1:200) for 1 h at RT. Readings were measured using a Clariostar Plus Microplate Reader (BMG Labtech).



Fluorescence microscopy

DC-HEK cells were cultured on 13 mm glass coverslips to form a monolayer, followed by incubation with SARS-CoV-2 spike pseudotypes (50µl) at 37°C. For 30 min, cells were rinsed with PBS and fixed using 1% w/v PFA for 1 min. The cells were washed three times with PBS, then blocked with 5% w/v BSA in PBS (Fisher Scientific) for 30 minutes. The cells were incubated for 30-min with mouse anti-human DC-SIGN antibodies to detect DC-SIGN and rabbit anti-SARS-CoV-2 Spike antibodies. Next, cells were washed and incubated with a staining buffer containing Alexa Fluor 647 conjugated goat anti-mouse antibody (Abcam), Alexa fluor 488 conjugated goat anti-rabbit antibody (Abcam), and Hoechst (Invitrogen, Life Technologies). This incubation was done in the dark for 45 min. After rinsing with PBS, the mounted coverslips were visualised under a Leica DM4000 microscope.



Luciferase reporter activity assay

SARS-CoV-2 spike pseudotypes, pre-incubated with rfhSP-D (20µg/ml), were added to DC-HEK and DC-THP-1 cells separately in a 96-well plate and incubated at 37°C for 24 h. The medium was removed, and cells were washed twice with PBS to remove any unbound SARS-CoV-2 spike pseudotypes and rfhSP-D. Fresh growth medium was added and incubated at 37°C for 48h. The cells were washed, and luciferase activity (RLU) was measured using ONE-Glo™ Luciferase Assay System (Promega) and read on Clariostar Plus Microplate Reader (BMG Labtech).



Quantitative qRT-PCR Analysis

DC-HEK and DC-THP-1 cells (0.5 X 106) were seeded overnight in growth medium. Next day, SARS-CoV-2 Spike protein (500 ng/ml) was pre-incubated with rfhSP-D (20 µg/ml) for 2h at RT and added to DC-THP-1 cells in serum-free medium. Post incubation at 6h, 12h, 24h and 48h, the cells were washed with PBS gently and pelleted. GenElute Mammalian Total RNA Purification Kit (Sigma-Aldrich) was used to extract the total RNA. After RNA extraction, DNase I (Sigma-Aldrich) treatment was performed to remove any DNA contaminants, then the amount of RNA was quantified at A260 nm using a NanoDrop 2000/2000c (ThermoFisher). The purity of RNA was assessed using the ratio A260/A280. Two micrograms of total RNA were used to synthesize cDNA, using High-Capacity RNA to cDNA Kit (Applied Biosystems). The primer BLAST software (Basic Local Alignment Search Tool) was used to design primer sequences as listed in Table 1. qRT-PCR assay was performed using the Step One Plus system (Applied Biosciences). Each qPCR reaction was conducted in triplicates, containing 75 nM of forward and reverse primers, 5 µl Power SYBR Green Master Mix (Applied Biosystems), and 500 ng of cDNA. qPCR samples were run for 50°C, and 95°C for 2 and 10 min, followed by running the amplification template for 40 cycles, each cycle involving 15 s at 95°C and 1 min at 60°C. 18S rRNA was used as an endogenous control to normalise the gene expression.


Table 1 | Forward and reverse primers used for RT-qPCR.





Molecular docking

Tripartite complex models of DC-SIGN tetramer, Spike trimer and rfhSP-D trimer were predicted through blind molecular docking using ZDOCK module of Discovery Studio 2021. The structural coordinates for DC-SIGN (CRD), spike and rfhSP-D were retrieved from PDB with IDs as 1K9I, 6XM3, and 1PW9, respectively. Docking was performed in two stages. In the first stage, DC-SIGN (CRD) tetramer was blind docked individually with rfhSP-D trimer (complex A) and spike trimer (complex B). The top ranked poses were analysed for intermolecular interactions and corroborated based on previous studies (25).

In the second stage, the selected docked pose of complex A was further blind docked with spike trimer to build a tripartite complex of DC-SIGN (CRD), Spike and rfhSP-D (complex C). The tripartite complex was selected based on the docking score and intermolecular interactions that were in agreement with reports (26).



Molecular dynamics (MD) simulation

MD simulations for the complexes B, C1 and C2 were performed using GROMACS v2020.6 (50). The force field AMBER99SB was applied with improved protein side-chain torsion potentials (51). All the three complexes were solvated in triclinic periodic box condition using TIP3P water molecules with a distance of 1.5 nm from the center of the complex. Complexes were neutralized by adding Na+ counter ions and subsequently minimized for 5000 energy steps using steepest descent algorithm with a tolerance of 1000 kJ/mol/nm. Equilibration was performed using NVT and NPT ensembles for 50,000 steps. Finally, MD was run at constant temperature (300 K) and pressure (1 atm) for 20ns. The analyses of obtained MD trajectories were carried out using GROMACS utility tools.



Statistical analysis

Graphs were generated using GraphPad Prism 8.0 software. The statistical significance was considered as indicated in the figure legends between treated and untreated conditions. Error bars show SD or SEM as stated in the figure legends.




Results


Both DC-SIGN and rfhSP-D bind to SARS-CoV 2 spike protein

An indirect ELISA was performed by coating microtiter plates with decreasing concentration of either rfhSP-D or DC-SIGN and probing with anti-SARS-CoV-2 spike antibody to confirm the protein-protein interaction between the two proteins. Both DC-SIGN (Figure 1A) and rfhSP-D (Figure 1B) independently exhibited a dose-dependent increase in binding at all tested concentrations. Since both rfhSP-D and DC-SIGN bound SARS-CoV-2 Spike protein independently, a completive ELISA was performed to evaluate if rfhSP-D would interfere with the binding between Spike protein and DC-SIGN. As a matter of fact, addition of rfhSP-D enhanced the binding of DC-SIGN to the Spike protein in a dose-dependent manner (Figure 1C).




Figure 1 | rfhSP-D promotes interaction between SARS-CoV-2 Spike protein and DC-SIGN. The binding of immobilised DC-SIGN (A) or immobilised rfhSP-D (B) to SARS-CoV-2 spike protein was analysed by ELISA. Microtiter wells were coated with a decreasing concentration of DC-SIGN or rfhSP-D (2, 1, 0.5 or 0 µg per well) proteins and incubated with a constant amount of SARS-CoV-2 Spike protein (2 µg per well). Both proteins were found to bind Spike protein in a dose-dependent manner. Competitive ELISA (C) was performed to analyse the effect of rfhSP-D on DC-SIGN: Spike protein interaction. rfhSP-D brought about increased binding between Spike protein and DC-SIGN. Since increasing the concentration of rfhSP-D was found to increase the detectable amount of Spike protein, it seems to suggest the existence of distinct binding sites for the Spike protein on both C type lectins. The data were expressed as a mean of three independent experiments done in triplicates ± SEM.





rfhSP-D treatment enhances DC-SIGN mediated binding and uptake of SARS-CoV-2 pseudotyped viral particles

Since rfhSP-D was found to interact with DC-SIGN and Spike protein, we evaluated the ability of rfhSP-D to mediate the binding of SARS-CoV-2 to DC-SIGN expressing cells. HEK 293T cells were transfected with a construct containing a DNA sequence of full-length human DC-SIGN to induce DC-SIGN cell surface expression. As previous studies have established the ability of SARS-CoV-2 spike protein to bind DC-SIGN, the binding of the SARS-CoV-2 spike protein-expressing pseudotypes to DC-HEK cells was also confirmed microscopically (Figure 2). To assess the effect of rfhSP-D on pseudotypes binding to DC HEK cells, the cells were challenged with rfhSP-D (20µg/ml) treated SARS-CoV-2 Spike protein-expressing pseudotype. Increased binding (~50%) in the treated samples (DC-HEK + SARS-CoV-2 spike Pseudotypes + rfhSP-D) compared to their untreated counterparts (DC-HEK + SARS-CoV-2 spike Pseudotypes) was observed (Figure 3A). The quantitative evaluation of the binding of the pseudotypes was also performed using THP-1 cells treated with PMA and IL-4 to induce the expression of native DC-SIGN. A similar result was obtained using DC-SIGN expressing THP-1 macrophage-like cells. rfhSP-D treatment was found to increase the binding efficiency of the pseudotypes to the THP-1 cells expressing DC-SIGN by ~25%, compared to the untreated controls (Figure 3B).




Figure 2 | Binding of SARS-CoV-2 Spike-Pseudotypes to DC-SIGN expressing cells. DC-HEK cells were incubated with SARS-CoV-2 Spike Pseudotypes for 30 min at 37°C. Spike Pseudotypes challenged DC-HEK cells were fixed with 4% paraformaldehyde, washed, and blocked with 5% FCS. The cells were probed with rabbit anti-SARS-CoV-2 Spike antibody and mouse anti-DC-SIGN to detect the presence of Spike-Pseudotypes and DC-SIGN expressed on the cells, respectively. Alexa Fluor 647 conjugated goat anti-mouse antibody (Abcam), Alexa fluor 488 conjugated goat anti-rabbit antibody (Abcam), and Hoechst (Invitrogen, Life Technologies) were used to detect the primary antibodies and nucleus.






Figure 3 | rfhSP-D promotes interaction between SARS-CoV-2 Spike Pseudotypes and DC-SIGN expressing cells. DC-HEK cells (A) and DC-THP-1 cells (B) were treated with rfhSP-D and SARS-CoV-2 Spike-Pseudotypes. The cell binding was analysed using Alexa Fluor 488 (FTIC) and Alexa Fluor 647 (APC); the fluorescence intensity was measured using a GloMax 96 Microplate Luminometer (Promega). An increased fluorescence intensity was observed in DC-HEK and DC-THP-1 cells treated with 20 µg/ml of rfhSP-D compared to cells challenged with Spike pseudotypes alone. Experiments were conducted in triplicates, and error bars represent ± SEM. Unpaired t-test was used to calculate the significance (*p < 0.05, **p < 0.01, and ***p < 0.001) (n = 3). (0, untreated sample; 20, treated sample).



To evaluate the impact of rfhSP-D on the transduction of pseudotypes to DC-HEK cells, the cells were treated with rfhSP-D (20µg/ml) and challenged with SARS-CoV-2 Spike protein-expressing pseudotypes for 24h. Higher luciferase activity (~190%) in the treated samples (DC-HEK + SARS-CoV-2 spike pseudotypes + rfhSP-D) as compared with their untreated counterparts (DC-HEK + SARS-CoV-2 spike pseudotypes) was noticed (Figure 4A). A similar observation was made using DC-SIGN expressing DC-THP-1 cells compared to untreated controls. rfhSP-D treatment increased the transduction effectiveness of the pseudotypes in DC-THP-1 cells by ~ 90% (Figure 4B).




Figure 4 | rfhSP-D enhances SARS-CoV-2 Spike pseudotype transduction by DC-HEK and DC-THP-1 cells. Purified Spike pseudotypes were used to transduce DC-HEK (A) and DC-THP-1 cells (B), and the luciferase reporter activity was measured. Higher levels of luciferase reporter activities were observed in DC-HEK and DC-THP-1 cells when treated with 20 µg/ml of rfhSP-D compared to cells challenged with Spike pseudotypes only. Experiments were conducted in triplicates, and error bars represent ± SEM. Unpaired t-test was used calculate the significance (*p < 0.05, **p < 0.01, and ***p < 0.001) (n = 3).





rfhSP-D modulates pro-inflammatory cytokines and chemokines response in SARS-CoV-2 spike protein challenged DC-HEK cells

Pro-inflammatory cytokines and chemokines such as TNF-α, IFN-α, RANTES, and NF-κB transcription factors characterise SARS-CoV-2 infection in the lower respiratory epithelium that express DC-SIGN. DC-HEK cells were challenged with SARS-CoV-2 Spike protein pre-incubated with rfhSP-D to assess the effect of rfhSP-D on the pro-inflammatory cytokines/chemokines released during SARS-CoV-2 infection. The total RNA extracted from the cells was then used in qRT-PCR, with cells challenged with SARS-CoV-2 Spike protein that had not been treated with rfhSP-D serving as the control. rfhSP-D treatment decreased mRNA levels of TNF-α, IFN-α, RANTES, and NF-κB in DC-HEK cells that were challenged with Spike protein. TNF-α mRNA levels were reduced by (~ -3.3 log10) (Figure 5C), while IFN-α mRNA levels were downregulated (~ -2.1 log10) (Figure 5B). As RANTES is induced by detection of viral components within infected cells, rfhSP-D treatment reduced the mRNA levels of RANTES in DC-HEK cells challenged with Spike (~ -1.3 log10) (Figure 5D). Antiviral cytokines/chemokines are regulated by the transcription factor NF-κB; NF-κB mRNA levels were also reduced (~ -1.2 log10) (Figure 5A).




Figure 5 | rfhSP-D downregulates pro-inflammatory cytokines and chemokines in DC-HEK cells. SARS-CoV-2 Spike protein incubated with 20μg/ml of rfhSP-D was used to challenge DC-HEK cells. Cells were harvested at 6 h to analyse the expression of cytokines. RNA was purified and converted into cDNA. The gene expression levels of NF-κB (A), IFN-α (B), TNF-α (C), and RANTES (D) were assessed using RT-qPCR. 18S rRNA was used as an endogenous control. The relative expression (RQ) was calculated using cells challenged with Spike protein untreated with rfhSP-D as the calibrator. The RQ value was calculated using RQ = 2−ΔΔCt. Assays were conducted in triplicates, and error bars represent ± SEM. Significance was determined using the two-way ANOVA test (**p < 0.01, and ****p < 0.0001) (n = 3).





Modulation of immune response in SARS-CoV-2 spike protein-challenged DC-THP-1 cells by rfhSP-D

Lung macrophages secrete pro-inflammatory mediators such as IL-1, IL-6, IL-8, and TNF-α in response to SARS-CoV-2 infection. To further understand the role of rfhSP-D in modulating the production of pro-inflammatory cytokines/chemokines from lung macrophage expressing DC-SIGN during SARS-CoV-2 infection, rfhSP-D treated/untreated SARS-CoV-2 Spike protein was used to challenge DC-THP-1 cells. qRT-PCR was used to assess the mRNA levels of pro-inflammatory cytokines and chemokines in cells after treatment at 6h and 12h time points (Figure 6). In DC THP-1 cells challenged with Spike protein, rfhSP-D treatment reduced mRNA levels of IL-1, IL-6, IL- 8, TNF-α, and NF-κB (Figure 6). mRNA levels of NF- κB at 6h were slightly reduced (~ -1 log10). At 12 h, it was significantly downregulated (~ -4 log10) in rfhSP-D treated DC-THP-1 cells challenged with Spike protein (Figure 6A). Cells challenged with Spike protein and treated with rfhSP-D at 6h and 12h exhibited a reduction in the gene expression levels of TNF-α (~ -3.1 log10 and ~ -6.8 log10, respectively) (Figure 6B). In rfhSP-D treated DC-THP-1 cells challenged with Spike protein, IL-1β mRNA levels were reduced (~ -2.5 log10) after 6 h and (~ -4 log10) 12 h after treatment (Figure 6C). Furthermore, IL-6 levels were significantly downregulated at 12h (- 5 log10) in rfhSP-D treated DC-THP-1 cells challenged with Spike protein (Figure 6D). Reduced levels of IL-8 at 6h (~ -2.3 log10) and 12h (~ -4.8 log10) were detected in DC-THP-1 cells challenged with Spike protein and treated with rfhSP-D (Figure 6E). MHC class II molecules play a key role in bridging innate and adaptive immunity during anti-viral immune response. rfhSP-D reduced MHC class II expression levels at 6 (- 2 log10) and 12h (- 2.7 log10) in DC-THP-1 cells challenged with Spike protein (Figure 6F).




Figure 6 | rfhSP-D modulates immune response in DC-THP-1 cells. SARS-CoV-2 Spike protein incubated with 20μg/ml of rfhSP-D was used to challenge DC-THP-1 cells. Cells were harvested at 6h, 12h, 24h, and 48h to analyse the expression of cytokines and MHC class II. Cells were lysed, and purified RNA was converted into cDNA. The expression levels of NF-κB (A), TNF-α (B), IL-1β (C), IL-6 (D), IL-8 (E) and MHC class II (F) were measured using RT-qPCR, and the data were normalised against 18S rRNA expression as a control. Experiments were conducted in triplicates, and error bars represent ± SEM. The relative expression (RQ) was calculated using cells challenged with Spike protein untreated with rfhSP-D as the calibrator. RQ = 2− ΔΔCt was used to calculate the RQ value. Significance was determined using the two-way ANOVA test (**p < 0.01, and ****p < 0.0001) (n = 3).





SP-D interacts with RBD and DC-SIGN interacts with NTD of SARS-CoV-2 spike protein

DC-SIGN and SP-D are known to interact through their CRDs (25). This interaction was observed in complex A (docked pose 2) of the current study (Figure 7A; Table 2). The binding site of DC-SIGN (CRD) and Spike protein is not known; therefore, a blind docking approach was attempted to generate complex B. Analysis of the top ranked docked pose of complex B revealed that NTD (N-terminal domain) of spike protein interacted with the CRD domain of DC-SIGN (Figure 7B; Table 2). Since it was known that Spike protein interacted with SP-D through its receptor binding domain (RBD) (26), we postulated that Spike protein could interact with both SP-D and DC-SIGN (CRD) through two distinct RBD and NTD domains, respectively. This inference is further supported by the in vitro observation that binding of DC-SIGN to Spike protein was enhanced by rfhSP-D (Figure 1C). Tripartite complex was generated by docking complex A (DC-SIGN and SP-D) with Spike protein. The top two docked poses (complexes C1 and C2) were analysed for intermolecular interactions (Figure 8; Table 2). In both C1 (Figure 8A) and C2 (Figure 8B) complexes, DC-SIGN (CRD) interacted with NTD domain of Spike protein. In C1, there were no molecular interactions between Spike protein and rfhSP-D (Figure 8A; Table 2). In C2, Spike protein interacted with rfhSP-D through RBD (Figure 8B; Table 2).




Figure 7 | DC-SIGN interacts with both SP-D and SARS-CoV-2 spike. Docked poses of (A) complex A, and (B) complex B selected for docking and MD simulations respectively. In complex B, spike interacts with DC-SIGN (CRD) through the NTD domain (orange).




Table 2 | Interaction analysis of the docked complexes of DC-SIGN, spike and SP-D.






Figure 8 | Tripartite complex of SP-D, DC-SIGN and SARS-CoV-2 Spike. Docked poses of tripartite complexes selected for MD simulation analysis. In complex C1, DC-SIGN (CRD) interacts with NTD of spike (A); and in complex C2, DC-SIGN (CRD) interacts with NTD of spike and SP-D interacts with RBD of spike (B).





SP-D stabilises DC-SIGN and SARS-CoV-2 spike protein interaction

MD simulations were performed to assess the effect of SP-D on DC-SIGN (CRD) and Spike protein interaction. The root mean square deviation (RMSD) of complexes C1 and C2 was less than complex B through the course of simulation, indicating that the binding of SP-D enhances the stability of DC-SIGN and spike interaction (Figure 9A). This observation was supported by potential energy (PE), distance, and H-bond profile. Trajectory analysis of PE, intermolecular distance and H-bonds between DC-SIGN and spike indicated higher stability of C1 and C2 complexes as compared to B (Figures 9B, 10A–C, 10D–F). Between the tripartite complexes, C1 exhibited slightly better stability than C2 (Figures 9, 10). These analyses suggest that the interaction of DC-SIGN and spike gets stabilized in the presence of SP-D.




Figure 9 | SP-D stabilises SARS-CoV-2 Spike interaction with DC-SIGN. Comparative MD simulation profile for complexes B, C1 and C2 of (A) root mean square deviation (RMSD) and (B) potential energy (PE). RMSD and PE of C1 and C2 are lesser than B indicating stability of tripartite complexes.






Figure 10 | SP-D stabilises SARS-CoV-2 Spike interaction with DC-SIGN. Comparative MD simulation profile of complexes B, C1 and C2 for average distance (A–C) and H-bonds (D–F) between DC-SIGN and spike. The intermolecular distance is conserved across the simulation period for tripartite complexes C1 and C2 as compared to complex (B) The number of intermolecular H-bonds between DC-SIGN and spike are also higher for complexes C1 and C2 as compared to (B) These observations indicate the stabilising effect of SP-D on spike and DC-SIGN (CRD) interaction.






Discussion

Specific molecular structures on the surfaces of pathogens (PAMP) are directly recognised by pattern recognition receptors (PRRs) (4). PRRs serve as a link between nonspecific and specific immunity. PRRs can exert nonspecific anti-infection, anti-tumour, and other immune-protective actions by recognising and binding non-self ligands (52). CLRs are PRRs, which use calcium to recognise carbohydrate residues on harmful bacteria and viruses (53). DC-SIGN and SP-D are CLRs that play an important role in anti-viral immunity, including SARS-CoV-2, the causative agent of coronavirus induced illness 2019 (COVID-19) (54, 55). The availability of virus receptors and entry cofactors on the surface of host cells determines tissue tropism for many viruses (56, 57). We found rfhSP-D potentiated SARS-CoV-2 binding and entry to DC-SIGN expressing cells. Furthermore, rfhSP-D treatment was also found to impair downstream signalling induced by the binding of Spike protein to DC-SIGN resulting in the downregulation of pro-inflammatory mediators’ gene expression. However, further experiments using DC-SIGN expressing cells challenged with rfhSP-D treated SARS-CoV-2 clinical isolates need to be undertaken to confirm the rfhSP-D mediated cytokine modulation observed. Our findings elucidate a novel interaction between rfhSP-D, DC-SIGN and SARS-CoV-2, which may uncover therapeutic potential for controlling SARS-CoV- 2 infection and subsequent cytokine storm.

DC-SIGN, widely expressed on DCs and alveolar macrophages in the lungs, interacts with SARS-CoV-2 through Spike protein (47). DC-SIGN has previously been shown to interact with SARS-CoV, HIV-1 and Ebola virus (41, 58, 59). SARS-CoV uses DC-SIGN for entry into DCs (47). In addition to its role as a virus attachment receptor, DC-SIGN has been implicated in triggering DC maturation, myeloid cell cytokine response, and T cell priming. Another CLR, SP-D, has been shown to have antiviral properties against SARS-CoV-2, HIV-1 and IAV infection (43, 45). We previously demonstrated that rfhSP-D reduced SARS-CoV-2 S1 protein binding to HEK293T cells overexpressing ACE2 receptors and infection in A549 cells by restricting viral entry (27). However, the role of SP-D in SARS-CoV-2 and DC-SIGN interaction is not well understood.

The binding of the SARS-CoV-2 Spike protein to the host cell via the ACE2 receptor is one of the critical steps in the SARS-CoV-2 infection (60). The receptor binding motif (RBM) (455- 508) within the RBD of S1 protein interacts with the virus-binding residues consisting of Lys31, Glu35, and Lys353 of dimeric ACE2 (61). Although the sequence of events around the Spike protein/ACE2 association is becoming more evident, additional factors that aid infection remains unknown, for example, SARS-CoV-2 transport to the ACE2 receptor (36). Both SARS-CoV and SARS-CoV-2 Spike proteins have the same affinity for ACE2, but the transmission rate are drastically different (37). It has been suggested that the higher transmission rate of SARS-CoV-2 compared to SARS-CoV is due to more efficient viral adherence via host-cell attachment factors, leading to improved infection of ACE2 expressing cells (38, 39). DC-SIGN has also been identified as a SARS-CoV Spike protein receptor capable of enhancing cell entry in ACE2+ pneumocytes via DC transfer (40). Recently, it has been shown that DC-SIGN binds to SARS-CoV-2 Spike protein and promotes trans-infection (20). In this study, we investigated the potential of rfhSP-D in inhibiting SARS-CoV-2 binding and entry into DC-SIGN expressing cells. Targeting viral entry into a host cell is a new approach for developing antiviral drugs that could interfere with viral propagation early in the SARS-CoV-2 viral cycle (62). We have independently confirmed the previously reported interaction between SARS-CoV-2 and rfhSP-D or DC-SIGN (20, 26, 27).

Here, we show that rfhSP-D enhances the binding of the SARS-CoV-2 Spike to DC-SIGN. This is further confirmed by in-silico molecular dynamics studies which indicate that SP-D stabilises the binding interactions between DC-SIGN CRD and N-terminal domain of SARS-CoV-2 Spike protein. The consequence of this tripartite complex involving DC-SIGN, SARS-CoV-2 Spike protein and rfhSP-D on viral infection was assessed using SARS-CoV-2 Spike protein-expressing replication-incompetent lentiviral pseudotyped viral particles since they are a safe alternative to the live virus. Using these pseudotypes, we demonstrate that rfhSP-D enhances spike protein binding and uptake in DC-SIGN expressing cells. A significant increase in spike protein binding and transduction was observed compared to untreated samples (Cells + SARS-CoV-2) to rfhSP-D (20 µg/ml) treatment. It has been shown previously that SP-D enhances the clearance of IAV from the lung in vivo (44). Similarly, the interaction of rfhSP-D with DC-SIGN may augment SARS-CoV-2 binding and uptake by macrophages, indicating that rfhSP-D may promote the clearance of SARS-CoV-2 via DC-SIGN.

The effect of rfhSP-D on gene expression levels of pro-inflammatory mediators in SARS-CoV-2 Spike protein challenged DC-HEK and DC-THP-1 cells were investigated in the current study. To our knowledge, this is the first study looking at the impact of rfhSP-D on DC-SIGN cells challenged with SARS-CoV-2. rfhSP-D showed anti-inflammatory effects on DC-SIGN expressing cells, as evident from the reduction in the levels of cytokines/chemokines such as TNF-α and IL-8.

DC-SIGN present on DC surface has been implicated in activating the STAT3 pathway during viral infection (63, 64). STAT3 plays a crucial role in activating transcription factor NF-κB in SARS-CoV-2 infection in myeloid cells, which may trigger subsequent cytokine production and stimulate pathological inflammation (65, 66). The activation of NF-κB in viral infection induces gene expression of a wide range of cytokines (e.g., IL-1, IL-2, IL-6, IL-12, TNF-α, LT-α, LT-β, and GM-CSF), and chemokines (e.g., IL-8, MIP-1, MCP1, RANTES, and eotaxin) (67). These inflammatory mediators are involved in antiviral immunity and essential for infection resistance (67). Nevertheless, in moderate and severe SARS-CoV 2 infection, the activation of NF-κB in various cells, including macrophages in the lungs, liver, kidney, central nervous system, gastrointestinal system, and cardiovascular system, results in the production of IL-1β, IL-6, IL-8, and TNF- α (68). This may result in cytokine storm and organ failure, and consequently, morbidity and mortality (68, 69). Immunomodulation at the level of NF-κB activation and inhibitors of NF-κB degradation may reduce the cytokine storm and lessen the severity of SARS-CoV-2 infection (68, 70). Pro-inflammatory mediators have been shown to be induced by SARS-CoV-2 Spike protein in THP-1 cells as in vitro model for lung macrophages (71). In this study, the inflammatory response was evaluated via measuring the gene expression levels of NF-κB in DC-HEK and DC-THP-1 challenged with SARS-CoV 2 spike protein. Our findings show that rfhSP-D downregulates the gene expression levels of NF-κB in DC-HEK and DC-THP-1 challenged with SARS-CoV-2 Spike protein. Thus, rfhSP-D suppresses pro-inflammatory immune response in DC-SIGN expressing immune cells.

Another critical element in the pathophysiology of SARS-CoV-2 infection is TNF-α, which is produced in the airway by macrophages, mast cells, T cells, epithelial cells, and smooth muscle cells (4, 72). TNF-α synthesis is predominantly stimulated by PAMPs through NF-κB activation (73). Various studies have reported that patients with severe SARS-CoV-2 infection display elevated plasma levels of TNF-α (74–76). This causes airway inflammation due to recruitment of mostly neutrophils (77). In addition, TNF-α stimulates the production of cytokines like IL-1β and IL-6 (78). DC-HEK and DC-THP-1, challenged with SARS-CoV-2 Spike protein, pre-treated with rfhSP-D, caused downregulation in the gene expression levels of TNF-α as compared to rfhSP-D-untreated cells. The results suggest an important immunomodulatory role of rfhSP-D in SARS-CoV-2-mediated inflammation.

IL-1β is released following activation of the inflammasome in response to a variety of infections, including SARS-CoV-2 (79). When compared to non-infected subjects, high levels of IL-1β were found in the plasma of severe as well as moderate CoVID-19 cases (75). Cell pyroptosis is a highly inflammatory form of programmed cell death typically seen with cytopathic viruses. An increase in IL-1β production is a downstream sign of pyroptosis (80). As a result, pyroptosis plays an essential role in the pathogenesis of SARS-CoV-2 and is a likely trigger for the uncontrolled inflammatory response (81). In this study, DC-THP-1 cells challenged by Spike protein, pre-treated with rfhSP-D, exhibited low mRNA levels of IL-1β as compared to the control. Thus, rfhSP-D may reduce the unnecessary inflammatory response to SARS-CoV-2 infection via reduction in IL-1β production.

IL-6 is a glycoprotein that regulates the immune system, haematopoiesis, inflammation and is a major player in SARS-CoV-2 infection (82). Many cell types, including T and B lymphocytes, monocytes/macrophages, DCs fibroblasts and endothelial, express IL-6 (82, 83). A higher level of IL-6 in the plasma has been linked with the severity of SARS-CoV-2 infection (84, 85). rfhSP-D-treated DC-THP-1 cells challenged by Spike protein showed downregulation of IL-6 transcripts as compared with untreated cells. This suggests a role for SP-D in preventing IL-6 immunopathogenesis due to SARS-CoV2.

IFN-α is a cytokine mainly secreted by virus-infected cells associated with stimulation of immune response and limiting viral infection (86). Nonetheless, elevated expression levels of IFN-stimulated genes (ISGs) are triggered by SARS-CoV 2, which exhibits immunopathogenic potential (58). IFN-α expression levels are downregulated in rfhSP-D treated DC-HEK cells challenged with SARS-CoV-2 spike protein compared to the control. The results suggest rfhSP-D may elevate immunopathological potential of SARS-CoV-2.

Another element that may aid viral infectivity of DCs is MHC class II molecule. SARS-CoV-2 has been shown to upregulate MHC class II gene expression (87). High expression level of MHC class II molecules on the surface of antigen-presenting cells is crucial for regulating and inducing an adaptive immune response to respiratory viruses (88). However, limited-expression levels of MHC class II molecules on type II alveolar cells and macrophages improve respiratory viral disease outcomes (89). The binding of SARS-CoV-2 Spike protein to THP-1 cells polarises towards M1-like phenotype together with an increase in MHC class II molecules (71). DC-THP-1 cells challenged with SARS-CoV-2 Spike protein and treated with rfhSP-D showed downregulation of MHC class II mRNA expression levels. Thus, SP-D may have a role in modulating antigen presentation in order to avoid an unwanted and exaggerated adaptive immune response.

Chemokines, such as IL-8 and RANTES, are vital for recruiting inflammatory cells from the intravascular space across the endothelium and epithelium to the inflammation site (90). IL-8, commonly known as CXCL8, is a crucial mediator of inflammation with a direct chemotactic and priming action on neutrophils (91). In addition, IL-8 induces NETosis (Neutrophil extracellular traps/NETs). SARS-CoV-2 infected patients exhibit elevated levels of citrullinated histone H3 (Cit-H3) and myeloperoxidase (MPO)-DNA, which are specific markers of NETs that may cause organ damage (92). DC-THP-1 challenged with Spike protein and treated with rfhSP-D had low mRNA levels of IL-8 as compared to the control. There appears a role for SP-D in preventing IL-8-associated pathogenies due to SARS-CoV-2.

RANTES is a chemokine that has been linked with enhanced pathogenicity and mortality in SARS-CoV-2 infection (93). Compared to healthy control, SARS-CoV-2 infected patients contain higher serum RANTES and IL-6 levels which correlated with severity of CoVID-19 (94). In this study, the mRNA expression levels of RANTES were found to be considerably downregulated in DC-HEK cells challenged with Spike protein and treated with rfhSP-D. Thus, SP-D may modulate leukocyte recruitment to infection areas.

Thus, the results of this study help support the hypothesis that rfhSP-D facilitates the binding and uptake of SARS-CoV-2 pseudotypes and downregulates the virus-induced inflammatory response in DC-SIGN expressing cells. However, further study is required to assess the expression of DC-SIGN in individuals with mild/severe SARS-CoV-2 infection. SARS-CoV-2 is also known to affect organs other than the lungs. Thus, it is imperative to study the possibility of viral transfer to secondary sites via DC-SIGN and the effect of SP-D on this process. Furthermore, the interaction of rfhSP-D and/or DC-SIGN with the Spike protein of various SARS-CoV-2 variants and lineages need to be investigated to explore the viability of rfhSP-D as a universal treatment against SARS-CoV-2 infection. Additionally, the effects of rfhSP-D mediated DC-SIGN: SARS-CoV-2 interaction needs to be studied in the lung microenvironment using established animal models for COVID-19 such as Hamsters, Mouse, Ferret, Mink, Tree Shrew, and Non-human Primates.

In conclusion, our study reveals that rfhSP-D can effectively increase the binding and uptake of SARS-CoV-2 by DC-SIGN expressing cells. We also show that rfhSP-D causes substantial downregulation of pro-inflammatory cytokines such as IL-1β, TNF-α and IL-6, and chemokines like IL-8 and RANTES, in DC-SIGN expressing cells. These findings provide further credence to the evidence that rfhSP-D has a significant protective role against lung viral infection and immunopathogenesis. Our data suggests that rfhSP-D stabilises the interaction between SARS-CoV-2 Spike protein and DC-SIGN and helps in enhancing viral uptake by macrophages, suggesting an additional role for rfhSP-D in SARS-CoV-2 infection.
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Background

SARS-CoV-2 induces a spectrum of clinical conditions ranging from asymptomatic infection to life threatening severe disease. Host microRNAs have been involved in the cytokine storm driven by SARS-CoV-2 infection and proposed as candidate biomarkers for COVID-19.



Methods

To discover signatures of circulating miRNAs associated with COVID-19, disease severity and mortality, small RNA-sequencing was performed on serum samples collected from 89 COVID-19 patients (34 severe, 29 moderate, 26 mild) at hospital admission and from 45 healthy controls (HC). To search for possible sources of miRNAs, investigation of differentially expressed (DE) miRNAs in relevant human cell types in vitro.



Results

COVID-19 patients showed upregulation of miRNAs associated with lung disease, vascular damage and inflammation and downregulation of miRNAs that inhibit pro-inflammatory cytokines and chemokines, angiogenesis, and stress response. Compared with mild/moderate disease, patients with severe COVID-19 had a miRNA signature indicating a profound impairment of innate and adaptive immune responses, inflammation, lung fibrosis and heart failure. A subset of the DE miRNAs predicted mortality. In particular, a combination of high serum miR-22-3p and miR-21-5p, which target antiviral response genes, and low miR-224-5p and miR-155-5p, targeting pro-inflammatory factors, discriminated severe from mild/moderate COVID-19 (AUROC 0.88, 95% CI 0.80-0.95, p<0.0001), while high leukocyte count and low levels of miR-1-3p, miR-23b-3p, miR-141-3p, miR-155-5p and miR-4433b-5p predicted mortality with high sensitivity and specificity (AUROC 0.95, 95% CI 0.89-1.00, p<0.0001). In vitro experiments showed that some of the DE miRNAs were modulated directly by SARS-CoV-2 infection in permissive lung epithelial cells.



Conclusions

We discovered circulating miRNAs associated with COVID-19 severity and mortality. The identified DE miRNAs provided clues on COVID-19 pathogenesis, highlighting signatures of impaired interferon and antiviral responses, inflammation, organ damage and cardiovascular failure as associated with severe disease and death.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of coronavirus disease 2019 (COVID-19), induces a spectrum of clinical conditions ranging from asymptomatic infection to life threatening severe disease, characterized by respiratory failure, shock and multi-organ dysfunction requiring admission in the intensive care unit (ICU). Old age, male sex, presence of co-morbidities like hypertension, diabetes, immunosuppression, defective interferon (IFN) response and genetic predisposition, have been identified as risk factors for severe COVID-19 and associated with increased mortality (1–3).

Several studies searched for diagnostic biomarkers of severe COVID-19 and for prognostic biomarkers of ICU admission and risk of death. For example, abnormal levels of several clinical and laboratory parameters, such as renal dysfunction, elevated C reactive protein (CRP) and D-dimer levels, high serum levels of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) were identified as predictors of worsening outcome in COVID-19 (4, 5). Systems biological analysis identified increased plasma levels of inflammatory mediators and defects of type I IFN response as associated with severe COVID-19 (6), while single cell transcriptomics of immune cells in critically ill COVID-19 patients identified increased expression of genes involved in cell cycle regulation, cell-specific activation markers, and antibody processing within B-, T-, and NK-cell subsets in patients who survived (7).

Circulating microRNAs (miRNAs) have been proposed as candidate biomarkers for clinical conditions, such as malignancy, cardiovascular diseases, and infectious diseases (8–11), including COVID-19 (12). MiRNA are small non-coding RNA molecules of about 22 nucleotide in length, generated from the endogenous cellular mRNAs, long noncoding RNAs, and tRNAs (13). These small RNA molecules play a key role in the fine tuning of cell functions by suppression of protein synthesis from target mRNAs (14). Host miRNAs exert an important role in innate and adaptive immune cell development, especially during infections, (11) and have been involved in the cytokine storm driven by SARS-CoV-2 infection and proposed a candidate diagnostic and prognostic biomarkers in COVID-19 patients (15–24).

In this study, we analyzed by small RNA-sequencing a large cohort of COVID-19 patients at the time of hospital admission and healthy controls (HC) to identify signatures of circulating serum miRNAs associated with SARS-CoV-2 infection, disease severity and mortality. To search for possible sources of the differentially expressed (DE) serum miRNAs, we analyzed their expression in relevant human cell types in vitro upon SARS-CoV-2 infection and IFN type I treatment.



Materials and methods


Ethics statement

All subjects or their legal representatives provided written informed consent. Serum samples were collected at admission and stored in Tropica Biobank (BBMRI-eric ID: IT_1605519998080235) upon use. The study, which was conducted in accordance with the ethical principles of the Declaration of Helsinki, was approved by the local Ethics Committee (Comitato Etico per la Sperimentazione Clinica delle Province di Verona e Rovigo) on November 24, 2020 (study protocol n 63471).



Study subjects

The study population included 89 COVID-19 patients, who were admitted at the IRCCS Sacro Cuore Don Calabria hospital, Negrar, Verona, Italy, in the period between May 2020 and December 2020. Inclusion criteria for the study were age ≥18 years and diagnosis of SARS-CoV-2 infection confirmed by molecular testing on nasopharyngeal swabs. As exclusion criteria, pregnant women were not enrolled. Disease severity was scored into mild, moderate, and severe at the time of hospital admission according to World Health Organization COVID-19 disease severity classification criteria (25). In particular, individuals who tested positive for SARS-CoV-2 using a virologic test (i.e., a nucleic acid amplification test or an antigen test) but had no symptoms consistent with COVID-19 were classified as asymptomatic or with presymptomatic infection; individuals who had any of the various signs and symptoms of COVID-19 (e.g., fever, cough, sore throat, malaise, headache, muscle pain, nausea, vomiting, diarrhea, loss of taste and smell) but who did not have shortness of breath, dyspnea, or abnormal chest imaging were classified as mild COVID-19; individuals who showed evidence of lower respiratory disease during clinical assessment or imaging and who had an oxygen saturation (SpO2) ≥94% on room air at sea level were classified as moderate COVID-19; individuals who had SpO2 <94% on room air at sea level, a ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) <300 mm Hg, a respiratory rate >30 breaths/min, or lung infiltrates >50% were classified ad severe COVID-19; individuals who had respiratory failure, septic shock, and/or multiple organ dysfunction were classified as cases of critical COVID-19. No cases of asymptomatic infection or critical COVID-19 at the time of hospital admission were enrolled in the study. Peripheral blood samples were collected at the time of hospital admission, and before starting medications. Sera were separated from whole blood by centrifugation for 15 min at 3,000 rpm at 4°C and stored at -80°C until processing. Serum samples from 45 healthy volunteers collected before September 2019 and stored at -80°C were used as negative control group (25 females, 20 males; median age 45, range 24-76).



Small RNA library preparation and quantification for next generation sequencing

Small RNA libraries from serum samples were obtained using QIAseq® miRNA Library kit (Qiagen, Hilden, Germany), according to the manufacturer protocol. NGS Library Quality Control (QC) analysis and quantification were performed before sequencing: a) High sensitivity DNA electrophoresis by LabChip GX Touch Nucleic Acid Analyzer (PerkinElmer, Massachusetts, USA) using HT DNA 5K/RNA LABCHIP kit (D-MARK Biosciences, Toronto, Canada) according to the manufacturer’s instructions. We obtained typical electropherograms from small RNA libraries that show a peak between 170-180 bp corresponding to miRNA-sized library; b) quantitative polymerase chain reaction (qPCR) according to the manufacturer’s protocol, using three different primers provided by QIAseq® miRNA Library kit (Qiagen): the first, called NGS 3C Primer, for assessing the performance of 3’ adapter ligation; the second, NGS 5C Primer, for assessing the performance of 5’ adapter ligation and the third, NGS RTC Primer, for the performance of reverse transcription reaction. We obtained a value of threshold cycle (CT) less than 28 indicating all these steps were performed correctly. NGS library concentration was determined by Qubit dsDNA HS assay (Thermo Fisher Scientific) by Qubit® 4.0 Fluorimeter, according to the manufacturer’s protocol.



Small RNA library sequencing

Equimolar amounts (1 nM) of pooled libraries normalized to 10 nM were generated to sequence in multiplexing. PhiX DNA 1.5 pM was added to pooled libraries prior to sequencing at a final concentration of 10% in order to increase the sequence diversity of the libraries. Pooled small RNA libraries (1.7 pM) were sequenced using NextSeq™ 550 System (Illumina, San Diego, California, USA) following manufacturer’s instructions. NextSeq 500/550 High Output Kit v2.5 (75 Cycles) was used for sequencing in single reads of 75 pb fragments for small RNA library. This flow cell allows generating around 400 million reads per run, therefore 45 libraries per run were loaded to guarantee around 9 million reads per sample. Calculation of qualitative scores of the NGS runs (cluster density, Passing Filter clusters, % PF, and Q-score) was done with the Real-Time Analysis software (Illumina) and checked by using the Illumina Sequencing Analysis Viewer (Illumina). In our experiments, we obtained 10,313.55 ± 142.6 Kreads/sample, with an optimal cluster density (242.67± 5.03 K/mm2), high % PF (80.38 ± 1.12) and Q30 (Q-Score) with an average value of 91.93% ± 0.58. Finally, the data were collected as FastQ files.



Bioinformatics analysis of mature miRNAs

Reads in fastq files were processed using CLC Genomics Workbench 21.0.3 (Qiagen), a bioinformatics software that provides specific pipelines for small RNAs analysis. Adapter sequences were trimmed and sequences <15 nucleotides or without adapter nor unique molecular index were discarded. A sequential alignment strategy was used to map sequences on the reference GRCh38 human genome, using miRBase v.22.1 as annotation model (26). All the sequences recognized in miRBase were retrieved as mature miRNAs. Before normalization and DE analysis, data were filtered to include small RNAs with a minimum number of reads count (mean read count) >2. DE analysis was performed using Generalized Linear Model (GLM) and Trimmed mean of M-values (TMM) normalized counts (CPM) as input data, considering significant Benjamini-Hochberg adjusted p-values ≤ 0.05.



Bioinformatics analysis of isomiRNAs

At first, reads in fastq files were processed by Cutadapt v2.5 (27) to trim the adapter and filter good quality reads (mean base Qphred > 30 and length range between 10 and 35 nucleotides). After quality control with FastQC (28), reads were mapped using IsoMiRmap v5 (29) both on the GRCh38 human genome assembly and the known hairpins sequences in miRBase v22. According to the IsoMiRmap method, isomiRs were identified, assigning universally unique identifiers, and quantified. Finally, the expression matrix with raw counts of exclusive-isomiRs was normalized for sequencing depth and RNA composition and DE isomiRs were assessed with DESeq2 v1.30.1 (30), considering significant Benjamini-Hochberg adjusted p-values ≤ 0.05.



Identification of miRNA putative gene targets and network analysis

Gene targets for candidate miRNAs were identified using bioinformatics tools with online target prediction algorithm, MIENTURNET and miRWalk 3.0 (31, 32). Significant target genes for these miRNAs were selected using gene set enrichment analysis (GSEA) and implemented with Search Tool for the Retrieval Interacting Genes (STRING) v11.5, through gene ontology (GO) functional analysis and annotation databases, i.e., KEGG pathways (33), WikiPathways (34), and Disease Ontology (35), FDR<0.05. Visualization summary networks were created by Cytoscape v3.9.0 (36).



Cells and culture conditions

Vero E6 cells (CRL-1586, American Type Culture Collection, ATCC, Manassas, VA) and Calu-3 cells (HTB-55, ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific) supplemented with 20% v/v of filtered fetal bovine serum (FBS, Thermo Fisher Scientific), 1% v/v penicillin/streptomycin (Pen/Strep, Thermo Fisher Scientific) and 1% v/v of GlutaMAX supplement (Thermo Fisher Scientific). Human epithelial colorectal adenocarcinoma cell line Caco-2 (HTB-37, ATCC) was cultured in Minimum Essential Medium (Thermo Fisher Scientific) supplemented with 20% FBS, 1% Pen/Strep, and 1% GlutaMAX supplement. Primary human umbilical vein endothelial cells (HUVEC), pooled from multiple donors, were supplied by Invitrogen (Thermo Fisher Scientific) cryopreserved at the end of the primary culture stage. These cells were cultured in adhesion in Medium 200 (M200, Thermo Fisher Scientific), supplemented with 1% v/v Large Vessel Endothelial Supplement (LVES 50x, Thermo Fisher Scientific) and 1% v/v Pen/Strep. Peripheral blood mononuclear cells were purified by Ficoll-Paque PREMIUM (Merck) gradient from healthy blood donors and grown in RPMI 1640 Medium (Thermo Fisher Scientific) supplemented with 10% FBS, 1% Pen/Strep, 1% GlutaMAX and 1% Hepes. For the experiments, cells were seeded in 6-well or 12-well plates and maintained at 37°C in a humidified 5% CO2 incubator.



SARS-CoV-2 infection and IFN-α treatment experiments.

The SARS-COV-2 isolate (lineage B1) used in infection experiments was obtained from a nasopharyngeal swab collected for diagnostic purpose. The virus was propagated in Vero E6 cells, titrated by end-point dilution assay. A lysate from uninfected Vero-E6 cells was used as a mock infection control. Infection was done at the indicated MOI for 1.5 h at 37°C to allow the adsorption of the virus. Then, the viral inoculum was removed, the cells were washed two times with PBS, and fresh medium with FBS added. Viral load was measured in cell supernatant by 50% tissue culture infective dose (TCID50) assay, as previously described (37). Viral RNA load was quantified in cells and cell supernatant by qRT-PCR. Immunofluorescence staining of SARS-CoV-2 Nucleocapsid protein was done with a rabbit monoclonal primary antibody (40143-R019; Sino Biological Inc., Beijing, China) at the dilution of 1:1000 and anti-rabbit IgG Alexa Fluor-546 secondary antibody (goat, 1:2000, Thermo Fisher Scientific). Images were achieved by Nikon Eclipse Ti confocal microscope and acquired using Nis-Element software (Nikon, Tokyo, Japan). For type I IFN stimulation experiments, cells were treated for 24 h with human recombinant IFN-α2 (Merck & Co., White House Station, NJ, USA) using a final concentration of 1,000 U/mL.



Real-time RT-PCR analyses

Total RNA was isolated from the cells using miRNeasy Tissue/Cells advanced Mini Kit (Qiagen) and reverse transcribed to cDNA by using Murine Leukemia Virus (MuLV) reverse transcriptase (Thermo Fisher Scientific). Expression of IFIT1, IFIT2, IL6, IL1B, TLR7, TLR8, RIG-I, and MDA5 mRNA was determined by real-time RT-PCR, as previously described (37). For miRNA analysis, cDNA for miRNAs was generated using TaqMan Advanced miRNA cDNA Synthesis kit (Thermo Fisher Scientific) according to manufacturer’s instructions. Then, miRNA levels were determined by real-time RT-PCR using TaqMan Fast Advanced Master mix and TaqMan Advanced miRNA Assays (Thermo Fisher Scientific) as indicated by the manufacturer. RNU6B was used as internal control for normalization of miRNA expression. Expression changes relative to mock were determined by the 2-ΔΔCT method.



Statistical analysis

Power analysis for NGS data was computed as previously reported (38, 39). Sample size was estimated to be at least 20 subjects per group to reach the desired power of 90%, with a standard deviation (SD) estimated at 0.5, an average power with FDR of 0.05 and fold change of 2. Since our experimental design for NGS analysis provides 89 COVID-19 patients, divided into groups of more than 25 individuals, and 45 healthy controls, the sample size was considered large enough to reach the required power.

Comparisons among groups were done by Pearson’s χ2 test, one-way ANOVA, Student’s t test, non-parametric Wilcoxon-Mann-Whitney test, Kruskal–Wallis test, receiver operating characteristic (ROC) curve analysis, multiple logistic regression analysis, and Kaplan-Meyer survival curve analysis, as appropriate. Comparisons among multiple groups were corrected with Turkey or Bonferroni-Dunn methods. For analysis across multiple miRNAs, raw p-values were corrected for multiple testing by the Benjamini-Hochberg FDR method. Relationships between variables were assessed by Pearson correlation and Spearman’s correlation, as appropriate. Results were considered statistically significant with a P value ≤ 0.05.



Data visualization

All the graphs and statistical analysis were done using Prism GraphPad 9.2 (Graph-Pad Software, Inc. La Jolla, CA, USA). Data in graphs and tables are reported as median and IQR, number (n) and percentage (%), mean ± standard deviation (SD), geometric mean ± SD of geometric mean. Networks of miRNA gene targets were visualized by Cytoscape v3.9.0 (36).




Results


Patient demographics, clinical and laboratory findings, and disease course

Overall, 89 patients with laboratory-confirmed diagnosis of acute SARS-CoV-2 infection were enrolled in the study, including 26 with mild COVID-19, 29 with moderate disease, and 34 with severe disease. Demographic and clinical features of COVID-19 patients are summarized in Table 1. The severity of COVID-19 was significantly associated with male sex, longer hospitalization, intensive care unit (ICU) admission, and death or long-term sequelae (Table 1 and Supplementary Figure 1). The results of routine laboratory tests, which were performed at the time of hospital admission, when serum samples were also collected, are shown in Table 1 and Supplementary Figure 2. The absolute number of leukocytes, the levels of CRP and the levels of creatine phosphokinase (CPK) were significantly higher in patients with severe COVID-19 than in moderate and mild COVID-19 groups.


Table 1 | Demographics data, clinical characteristics and laboratory findings in patients with SARS-CoV-2 infection at the time of hospital admission (n = 89).





Association of serum miRNAs with COVID-19 and disease severity

Analysis of small RNA sequencing data obtained from serum of COVID-19 patients and HC identified 161 miRNAs that were consistently expressed across groups. Principal component analysis (PCA) showed that their expression profile well discriminated between COVID-19 patients and HC (Figure 1A). DE analysis identified 23 upregulated miRNAs and 27 downregulated miRNAs in COVID-19 patients vs. HC (Figures 1B, C and Supplementary Table 1). ROC curve analysis of the DE miRNAs identified several miRNAs that could discriminate between COVID-19 patients, regardless of disease severity, and HC with high sensitivity and specificity. Among these miRNAs, high levels of miR-320 family members and miR-483-5p and low levels of miR-30d-5p, miR-25-3p, miR-93-5p, miR-16-5p showed >90% sensitivity and >90% specificity in discriminating between COVID-19 patients and HC (Table 2).




Figure 1 | Differentially expressed serum miRNAs in COVID-19 patients. (A) Unsupervised principal component analysis of miRNA expression profiles in COVID-19 and HC samples (phenotype); condition is red for HC and blue, green, violet for COVID-19 severity. (B) Volcano plot of 161 miRNAs analyzed for differential expression (DE); vertical lines delineate > ± 2-fold change; horizontal line delineate adjusted p < 0.05. Adjusted p-values using Generalized Linear Model and trimmed mean of M-values normalized counts were used as input data and adjusted for multiple testing using the Benjamini–Hochberg false discovery rate (FDR) method; light blue dots indicate downregulated miRNA and red dots upregulated miRNAs. (C) Scatter dot plots of candidate DE serum miRNAs in COVID-19 patients. MicroRNA expression is reported as Log10 counts per million reads (Log CPM). Panels I and II show miRNAs that were up- and downregulated in severe, moderate and mild COVID-19 vs. HC, while Panels III and IV show DE miRNAs in severe COVID-19 vs. moderate and mild disease. Geometric mean values with 95% confidence interval (95% CI) are indicated by lines and error bars. Pairwise comparison between groups was done by Kruskal Wallis test for multiple comparisons, considering Benjamini-Hochberg adjusted p-values ≤ 0.05. Groups include healthy controls (Control, n = 45), mild COVID-19 (Mild, n = 26), moderate COVID-19 (Moderate, n = 29), and severe COVID-19 (Severe, n = 34). ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. Since Panels I and II include miRNAs that were DE in all COVID-19 groups (mild, moderate and severe) vs. HC, statistical significance is indicated only for comparisons among COVID-19 groups. (D) Candidate miRNA biomarkers to classify severe COVID-19 vs. mild/moderate COVID-19. P values and receiver operating characteristic (ROC) curves were calculated by multiple logistic regression analysis. AUROC, area under the ROC curve; PPV, positive predictive power; NPV, negative predictive power.




Table 2 | ROC curve analysis of differentially expressed serum microRNAs in COVID-19 patients vs. healthy controls.



Furthermore, comparative analysis of serum miRNA levels among COVID-19 patients in accordance with disease severity (mild, moderate, and severe disease) identified as upregulated in patients with severe COVID-19 miR-21-5p, miR-22-3p, miR-29c-3p, miR-92a-3p, miR-101-3p, miR-194-5p, miR-378a-3p, miR-451a, miR-486-5p, miR-501-3p, and as downregulated let-7e-5p, miR-20a-5p, miR-23b-3p, miR-146a-5p, miR-155-5p, miR-224-5p, miR-339-5p and miR-4433b-5p (Figure 1C). Among these DE miRNAs, ROC curve analysis identified a group of miRNAs that could discriminate between severe COVID-19 and moderate/mild COVID-19 (Table 3). In particular, high levels of miR-22-3p and miR-21-5p showed about 90% sensitivity and >50% specificity, while low levels of miR-224-5p and miR-155-5p showed low sensitivity but >85% specificity in discriminating between severe COVID-19 and moderate/mild COVID-19. Multiple logistic regression analysis showed that a signature combining these four miRNAs improved the classification performance (area under the ROC curve, AUROC = 0.88, 95% CI 0.80-0.95, p<0.0001; negative predictive power 82.1% and positive predictive power 82.0%). Classification performance was further improved by a signature comprising the 17 DE miRNAs reported in Table 3 (AUROC = 0.96, 95% CI 0.93-0.99, p<0.0001; negative predictive power 85.3% and positive predictive power 90.9%) (Figure 1D).


Table 3 | ROC curve analysis of DE serum miRNAs in severe COVID-19 vs. mild and moderate COVID-19.





Circulating isomiR signatures in COVID-19 patients according to disease severity

-.2IsomiRs are miRNA isoforms produced during miRNA maturation that differ from their canonical counterpart in length at their 3’ or 5’ end and/or in their internal sequence. IsomiRs have variable expression in different organs and tissue types and may differ in their targeted mRNA spectrum (42). Since small RNA sequencing can identify isomiRs, we searched for DE isomiRs in our dataset. DE analysis and PCA showed that also serum isomiR levels clearly discriminated COVID-19 patients from HC, while differences among severe, moderate and mild COVID-19 conditions were less clear (Figures 2A, B). DE analysis between all COVID-19 patients and HC identified 122 DE serum isomiRs (58 upregulated and 64 downregulated). Among these DE isomiRs, 32 were highly expressed (above average values) and showed absolute log2 fold change >1 (Figure 2C and Supplementary Table 2). Among DE isomiRs, the top upregulated serum isomiRs in COVID-19 patients included isoforms of miR-320 family members and miR-483-5p, while the maximum downregulated serum isomiRs in COVID-19 patients included isoforms of miR-486-5p and miR-16-5p (Supplementary Table 2). Comparison between severe and mild COVID-19 identified 57 DE serum isomiRs, including 29 highly expressed isomiRs (above average values) with absolute log2 fold change >0.5, among which isoforms of miR-21-5p, miR-451a, and miR-22-3p as the most upregulated and isoforms of let-7 family members and miR-146a-5p among the most downregulated (Figure 2D and Supplementary Table 3).




Figure 2 | Serum isomiR analysis in COVID-19 patients. (A) Venn diagram showing the 165 isomiRs detected by small RNA-seq in serum samples of all individuals belonging to at least one condition. Conditions included healthy control (HC, n = 45), mild COVID-19 (n = 26), moderate COVID-19 (n = 29), and severe COVID-19 (n = 34). (B) Unsupervised principal component analysis of the isomiR expression profiles in COVID-19 and HC samples (phenotype); condition is red for HC and blue, green, violet for COVID-19 severity. Heatmaps (C) of the 32 differentially expressed (DE) serum isomiRs between COVID-19 and HC (p-value ≤ 0.01, absolute log2 Fold Change (Log2FC) ≥ 1) and (D) of the 29 DE serum isomiRs between severe and mild COVID-19 (p-value ≤ 0.05, absolute Log2FC ≥ 0.5); standardized expression; the baseMean column on the left indicate the mean expression for each isomiR in all samples.





Signaling networks of COVID-19-associated serum miRNAs

Network analysis of the genes targeted by DE miRNAs in COVID-19 vs. HC is represented in Figures 3A, B and in Supplementary Tables 4, 5. These networks included genes involved in cell response to oxidative stress, autophagy, mitophagy, apoptosis, cell senescence, and angiogenesis. In particular, the upregulated miR-320 family targets several genes involved in antiviral defense, such as genes encoding cytokines, chemokines and cytokine receptors (IFNL1, CCL5, IL2RB), C-reactive protein (CRP), ferritin light chain (FTL), cytochrome c (CYCS), matrix metalloproteinase 2 (MMP2), and proteins involved in intracellular trafficking (ARF1, DTCN5, SEC24A, SLC26A2). Additional targets of this miRNA family include the angiotensin II receptor AGTR1, genes involved stress response and angiogenesis (FKBP5, PDGFB, VHL), and in cell proliferation (CRK, E2F2, ERBB2, IGF2, MAX, RPS6KA11). Targets of the upregulated miR-483-5p involved in antiviral response and angiogenesis are shared with miR-320 family gene targets. MiR-21-5p and miR-22-3p, both upregulated in COVID-19 patients, target several genes involved in cell signaling, cell proliferation and angiogenesis (e.g., HIF1A, MYC, SP1, SMAD7, VHL). MiRNAs that were downregulated in serum of COVID-19 patients mainly target genes promoting angiogenesis (e.g., VEGFA, ANGPT2, COL4A1, FGF2, ZEB1), apoptosis, autophagy, stress response (e.g., ATG12, ATG14, ATG2B, SOD2, TXNIP), and inflammation (e.g., CXCL9, CXCL10, IL1R1, TNF). The SARS-CoV-2 receptor gene ACE2 was targeted by miR-93-5p and miR-185-5p, both downregulated in COVID-19 patients.




Figure 3 | Signaling networks of COVID-19-associated serum miRNAs. Networks of putative target genes for circulating miRNAs that were significantly upregulated (A) and downregulated (B) in COVID-19 patients vs. healthy controls (HCs) and significantly upregulated (C) and downregulated (D) in patients with severe COVID-19 vs. patients with mild/moderate COVID-19. Methods for target gene identification and selection and network visualization are described in the Methods section.



Network analysis of the DE miRNAs in severe COVID-19 compared with mild and moderate COVID-19 are shown in Figures 3C, D and Supplementary Tables 6, 7. Upregulated miRNAs in severe COVID-19 target key antiviral response genes (CCL4, CCL5, IFNG, STAT1, TLR3, TLR7), genes involved in myocardial disease (MMP2, MMP9), lung disease (PTEN, HMGB1, SIRT1, HIF1A, BSG, AKT1, ERBB2), cell response to stress, autophagy, cell senescence, and angiogenesis (e.g., IGF1R, FOXO1, PTEN, PIK3R1, CDKN1A, SIRT1, AKT1) (Figure 3C), while downregulated miRNAs target genes encoding pro-inflammatory factors (IL6, TNF, CXCL8, CXCL10) and involved in respiratory failure, acute respiratory distress syndrome, pulmonary fibrosis, myocardial infarction, and peripheral vascular disease (CXCR4, CXCL8, NFKB1, STAT1, ICAM1, SMAD2, IL6, RHOA, CCND1, PLAUR) (Figure 3D).



Association of laboratory parameters and serum miRNAs with COVID-19 clinical course

To identify biomarkers that could predict the risk of a worsened disease progression, such as ICU admission, death or development of long-term sequelae, we analyzed the results of routine laboratory tests and the levels of circulating miRNAs according to these outcome parameters. This analysis showed that COVID-19 patients admitted at ICU had significantly higher levels of serum miR-22-3p, miR-101-3p, and miR-451a, and lower levels of miR-155-5p at the time of hospitalization than patients who did not require ICU care (Figure 4A). At variance, no routine laboratory parameters were significantly associated with the risk of ICU admission.




Figure 4 | Serum microRNAs associated with intensive care unit (ICU) admission and outcome in COVID-19 patients. (A) Box and whiskers plot of differentially expressed (DE) miRNAs between COVID-19 patients hospitalized at ICU (ICU, n = 28) and not hospitalized at ICU (No ICU, n = 61). Wishers represent 10-90 percentile; p values indicated by * were determined by unpaired Mann Whitney test. (B) Box and whiskers plot of leukocyte counts and DE miRNAs among COVID-19 patients who recovered (Recovery, n = 61), showed COVID-19-related sequelae (Sequelae, n = 16) or had died (Death, n = 12) by day 90 after hospitalization. Wishers represent 10-90 percentile; p values indicated by * were determined by Kruskal Wallis test for multiple comparisons, considering two stage linear step-up procedure of Benjamini, Krieger and Yekutieli adjusted p-values ≤0.05. One-way ANOVA p value results of comparisons among the three groups are shown in the graphs. (C) Survival curve analysis of serum miRNAs significantly associated with the risk of death at 28 days after hospitalization. Comparisons between groups were made by Log-rank test or Gehan-Breslow-Wilcoxon test. P values are shown in the graphs and statistical significance was defined by p <0.05. Cut-off values for low and high miRNA levels in serum were determined by ROC curve analysis. (D) Candidate miRNA biomarkers to predict the risk of death in COVID-19 patients. P value and receiver operating characteristic (ROC) curve were calculated by multiple logistic regression analysis. AUROC, area under the ROC curve; PPV, positive predictive power; NPV, negative predictive power. The five serum miRNAs include miR-1-3p, miR-23b-3p, miR-141-3p, miR-155-5p, and miR-4433b-5p. (E) Correlation matrix between serum miRNAs and laboratory parameters in COVID-19 patients (n = 89). The heatmap represents Spearman r values of miRNAs showing one or more statistically significant correlation with any laboratory parameter. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.



Regarding COVID-19 outcome, a significant association was found with the absolute leukocyte count, since patients with long-term sequelae and those who died had increased leukocyte count (Figure 4B). Among miRNAs, low levels of miR-1-3p, miR-23b-3p, miR-141-3p, miR-155-5p, and miR-4433b-5p were significantly associated with COVID-19-related sequelae and/or death (Figure 4B).

Survival curve analysis confirmed that high leukocyte count (>9 × 10^9/L) and low serum levels of miR-1-3p, miR-23b-3p, miR-141-3p, miR-155-5p, and miR-4433b-5p at the time of hospital admission were associated with increased mortality evaluated at 28 days after hospitalization (Figure 4C). Multiple logistic regression analysis showed that a signature combining high leukocyte count with low levels of these five miRNAs was a good predictor of mortality (AUROC 0.95, 95% CI 0.89-1.00, p<0.0001; negative predictive power 78% and positive predictive power 94%) (Figure 4D).



Correlation between circulating miRNAs and laboratory parameters in COVID-19 patients

To determine if the DE circulating miRNAs in COVID-19 patients were associated with inflammation, coagulation disorders, and myocardial damage, we performed correlation analysis between miRNAs and the laboratory parameters reported in Table 1. This analysis identified statistically significant positive correlations between the absolute leukocyte count and miR-3615 levels; between CRP, ferritin, LDH (inflammatory biomarkers) and the miR-320 family and miR-3615; between miR-21-5p and IL-6 and CPK (biomarkers of inflammation and myocardial damage, respectively). At variance, statistically significant negative correlations were found between miR-101-3p and fibrinogen and between miR-151a-3p and miR-4433b-3p and inflammation and myocardial damage biomarkers (procalcitonin, IL-6, and troponin) (Figure 4E).

Correlation analysis among the DE miRNAs in patients with severe COVID-19 displayed a strong positive association among members of the miR-320 family, miR-423-5p, and miR-3615 and between miR-16-5p and miR-451a, suggesting that these miRNAs might be co-regulated (Supplementary Figure 3).



MicroRNAs associated with sex and age of COVID-19 patients

Analysis of serum miRNAs according to sex of COVID-19 patients showed that the levels of several miRNAs resulting upregulated in COVID-19 vs. HC or in severe vs. mild/moderate COVID-19 (miR-21-5p, miR-22-3p, miR-92a-3p, miR-101-3p, miR-320a-3p, miR-423-5p, miR-451a, miR-486-5p, miR-501-3p, miR-3615) were significantly higher in males than in females. Moreover, serum levels of miR-223-3p, which was downregulated in COVID-19 patients vs. HC, were significantly lower in males than in females (Figure 5A). Analysis of serum miRNAs according to age found a statistically significant negative correlation between miR-92a-3p and COVID-19 patients’ age (Figure 5B).




Figure 5 | Analysis of serum miRNAs according to sex and age of COVID-19 patients. Serum miRNAs resulting significantly upregulated or downregulated in COVID-19 patients vs. healthy controls (HC) were included in the analyses. The red asterisk indicates miRNAs resulting significantly upregulated in patients with severe COVID-19 vs. mild/moderate COVID-19. (A) Comparison of serum miRNA levels between male (M, n = 62) and female (F, n = 27) COVID-19 patients was done by Mann-Whitney test. *p<0.05; **p<0.01; ***p<0.001. (B) Correlation between serum miRNA levels and age (years) of COVID-19 patients (n = 89) was done by Spearman rank correlation analysis. F, female; M, male. r: Spearman’s correlation coefficient. A statistically significantly correlation was found for miR-92a-3p.





Evaluation of the DE miRNAs in in vitro cell models

In COVID-19 patients, circulating miRNAs could derive from cells, tissues, and organs that are directly damaged by SARS-CoV-2 infection or indirectly affected by innate immune and inflammatory responses to viral infection. To investigate the possible origin of the DE serum miRNAs, we analyzed expression of these miRNAs in human lung epithelial cancer cell line (Calu-3), human epithelial colon carcinoma cell line (Caco-2), human umbilical vein endothelial cells (HUVEC), and human PBMCs after infection with SARS-CoV-2 or treatment with type I IFN. These cells were characterized by different permissiveness to SARS-CoV-2 infection and replication (SARS-CoV-2 could efficiently infect and replicate in Calu-3 cells and, less efficiently, in Caco-2 cells, Figures 6A, B), responsiveness to IFN type I (Calu-3 cells did not respond to treatment with IFN-α2b, Figure 6C), and induction of IFN and inflammatory responses upon SARS-CoV-2 infection (induction of the viral sensors RIG-I and MDA5, the IFN response markers IFIT1 and IFIT2, and the inflammatory markers IL-6 and IL-1β in Calu-3 and in PBMCs, but not in Caco-2 and HUVEC, Figure 6C) and IFN type I stimulation (Calu-3 cells did not respond to IFN-α2b, Figure 6C). Analysis by qPCR of a subset of the DE serum miRNAs identified in COVID-19 patients showed variable expression in baseline conditions among cell types, suggesting tissue-specific expression (e.g., high levels of miR-21-5p in Caco-2 and Calu-3, miR-25-3p and miR-30d-5p in Caco-2, miR-92a-3p and miR-125b-5p in HUVEC, and miR-146a-5p in PBMCs, Figure 7A). Changes of miRNAs induced by SARS-CoV-2 infection were more prominent in the highly permissive Calu-3 cells than in other cell lines, with up-regulation of miR-320a-3p, miR-320b, miR-423-5p, miR-483-5p, miR-185-5p, miR-146a-5p, and miR-155-5p, while other miRNAs (miR-22-3p, miR-125b-5p, and miR-101-3p) were downregulated at 24 hpi, when cells showed cytopathic effects (Figure 7B). Treatment with IFN-α2b for 24 h led to upregulation of miR-21-5p in Caco-2, miR-483-5p in HUVEC, and miR-29c-3p, miR-378a-3p, and miR-146a-5p in PBMCs. At variance, treatment led to downregulation of miR-423-5p and miR-29c-3p in Caco-2 and downregulation of miR-30d-5p, miR-93-5p, miR-101-3p, miR-185-5p in HUVEC and PBMCs (Figure 7C).




Figure 6 | Modelling SARS-CoV-2 infection and IFNα stimulation in different human cell types. (A) Representative confocal microscopy images of lung carcinoma epithelial cells Calu-3, colon carcinoma epithelial cells Caco-2, human umbilical vein endothelial cells HUVEC, and peripheral blood mononuclear cells (PBMC) infected with SARS-CoV-2 or mock infected. Cells were stained with anti-SARS-CoV-2 nucleoprotein antibody (red) at 24 hours post infection. Nuclei were stained with draq5 (blue). 20× magnification. (B) Kinetics of SARS-CoV-2 replication in Calu-3, Caco-2, HUVEC, and PBMC. Viral load was measured by TCID50 assay in cell culture supernatant collected at different hours post infection (hpi) with SARS-CoV-2 at MOI 0.1 or 2. Viral titer is represented as mean ± SD of Log TCID50 values obtained from two experiments conducted in triplicate. (C) Expression of the IFN stimulated genes IFIT1 and IFIT2, the pro-inflammatory cytokine genes IL6 and IL1B, and the ssRNA sensor genes TLR7 and TLR8 in HUVEC, PBMC, Caco-2 and Calu-3 cells at 24 hpi with SARS-CoV-2 at MOI 01 or 2 or treatment with IFN-α2b 1000 U/mL. mRNA expression was measured by real-time RT-PCR and represented as mean ± SD of log2 fold change vs. mock (calculated with the 2-ΔΔCT method) obtained from two experiments conducted in triplicate. Comparison between groups (infected or treated cells vs. mock) was down by Mann-Whitney U test. *p<0.05.






Figure 7 | MicroRNA expression following SARS-CoV-2 infection and IFNα stimulation in different human cell types. The miRNAs investigated in vitro were selected among the differentially expressed (9 upregulated and 9 downregulated) serum miRNAs identified by the study in COVID-19 patients vs. healthy controls (HC). (A) Heatmap representing baseline miRNAs expression in lung carcinoma epithelial cells Calu-3, colon carcinoma epithelial cells Caco-2, human umbilical vein endothelial cells HUVEC, and peripheral blood mononuclear cells (PBMC). Data represent -ΔCT values of miRNA normalized to the endogenous control RNU6B in triplicate samples. The color scale bar represents -ΔCT values. (B) Heatmap representing miRNA fold change in cells infected with SARS-CoV-2 at MOI 0.1 or 2 vs. mock infected cells at 6 h and 24 h post infection. mRNA expression was measured by real-time RT-PCR and represented as mean log2 fold change vs. mock (calculated with the 2-ΔΔCT method) obtained from two experiments conducted in triplicate. The color scale bar represents mean log2 fold change vs. mock. (C) Heatmap representing miRNA fold change in cells treated for 24 h with IFNα 1000 U/mL vs. mock treated cells. mRNA expression was measured by real-time RT-PCR and represented as mean log2 fold change vs. mock (calculated with the 2-ΔΔCT method) obtained from two experiments conducted in triplicate. The color scale bar represents mean log2 fold change vs. mock.






Discussion

In this study, we investigated a cohort of COVID-19 patients at the time of hospital admission to discover signatures of DE circulating miRNAs associated with COVID-19 severity and disease outcome. The results of this study identified serum miRNA profiles, which could discriminate between COVID-19 and HC, between severe COVID-19 and moderate/mild disease, or predict the risk of ICU admission, COVID-19 related sequelae and death (Figure 8A). Expression analysis of DE miRNAs in relevant cell types in vitro upon SARS-CoV-2 exposure or type I IFN treatment provided hints to their possible sources (Figure 8B).




Figure 8 | MicroRNAs modulated in COVID-19 patients. (A) Illustration of the study design and results, highlighting relevant serum miRNAs that were differentially expressed between COVID-19 patients vs. HC and between severe COVID-19 vs. mild and moderate COVID-19. The figure also shows serum miRNAs significantly associated with the risk of intensive care unit (ICU) hospitalization and death in COVID-19 patients, as well as male sex and age. (B) Illustration of the results of in vitro experiments, summarizing the effects of SARS-CoV-2 infection and IFN-α2b treatment on human lung (Calu-3), colon (Caco-2), endothelial (HUVEC), and peripheral blood mononuclear cells (PBMCs). Upregulated and downregulated miRNAs are represented in red and blue, respectively.



Through small RNA sequencing of serum miRNAs, we showed that miR-320 family members and miR-483-5p were the maximally upregulated serum miRNAs in COVID-19 patients in comparison with HC. In the literature, miR-320 family members were found as upregulated in plasma of patients with COVID-19 and especially in those with severe COVID-19 compared to those with moderate disease (17). High levels of miR-320b and miR-483-5p were also associated with increased risk of in-hospital mortality in COVID-19 patients (41) and upregulated in extracellular vesicles-enriched sera of atherosclerotic patients, indicating a possible role in vascular and endothelial injury (42). In our study, the levels of serum miR-320 family showed a positive correlation with inflammatory and tissue injury biomarkers, suggesting a role for these miRNAs in inflammatory response. Particularly strong was the positive correlation between miR-320 family and LDH, which is pathognomonic for pyroptosis and other forms of necrotic cell death and associated with severe COVID-19 (43). Interestingly, in vitro experiments showed that both miR-320 and miR-483-5p were significantly upregulated in lung Calu-3 cells upon SARS-CoV-2 infection.

The maximally downregulated miRNAs in serum of COVID-19 patients vs. HC included miR-30d-5p, miR-25-3p, miR-93-5p, miR-16-5p, miR-101-3p, miR-185-5p, miR-425-5p, miR-451a, miR-20a-5p, and miR-151-3p, which could discriminate between COVID-19 patients and HC with AUROC >0.90. These miRNAs target several pro-inflammatory cytokine and chemokine genes (e.g., TNF, CCL2, CXCL9, CXCL10, IL10, VEGFA) as well as cytokine and chemokine receptors and transduction factors (IL1R1, IL2RA, IFNAR2), reported as upregulated and associated with mortality in COVID-19 patients (44, 45). Genes involved in angiogenesis, immune cell proliferation and regulation, apoptosis, autophagy, and oxidative stress (e.g., ACE2, ANGPT2, BCL2, FGF2, HGF, TP53, and ZEB1) represented additional targets of the downregulated miRNAs in COVID-19. Since down-regulation of miRNAs leads to the up-regulation of their target genes, repression of these miRNAs in COVID-19 may contribute to the impaired innate and adaptive immune responses, the excessive systemic inflammation, the cytokine storm and cardiovascular injury that characterizes COVID-19 (46, 47).

While a miRNA signature could clearly discriminate between COVID-19 and HC, the differences in serum miRNA profile between severe COVID-19 cases and mild/moderate cases were subtle. Patients with severe COVID-19 had higher serum levels of a set of miRNAs, including miR-21-5p and miR-22-3p, which were also upregulated in COVID-19 patients vs HCs, in agreement with literature data (18). MiR-21-5p has been implicated in different regulatory pathways and high circulating levels were associated with lung disease and cardiac fibrosis (48, 49). Accordingly, in our COVID-19 cohort, miR-21-5p levels showed positive correlations with serum IL-6 and CPK, which are biomarkers of inflammation and myocardial damage, respectively. MiR-22-3p negatively regulates type I IFN and inflammatory cytokine production (50–52) and high circulating levels of miR-22-3p were found to predict COVID-19 mortality (17) and heart failure (53). In our study, network analysis showed that miR-21-5p and miR-22-3p share targets involved in cell signaling, cell proliferation and angiogenesis.

Additional upregulated miRNAs in severe COVID-19 compared to mild/moderate disease included miR-101-3p, miR-194-5p, miR-451a, miR-486-5p, miR-29c-3p, and miR-501-3p, while levels of circulating let-7e-5p, miR-20a-5p, miR-23b-3p, miR146a-5p, miR-155-5p, miR-224-5p, miR-339-5p, and miR-4433b-5p were significantly downregulated. Relevant targets of the up-regulated miRNAs include several genes involved in antiviral innate immune response (e.g., IFNG, TLR3, TLR7, CCL4, CCL5), while down-regulated miRNAs target pro-inflammatory cytokine and chemokine genes (e.g., IL6, TNF, NFKB1, CXCL8, CXCL10, VEGFA), which are upregulated in severe COVID-19 patients and associated with mortality (5, 45, 46). Thus, since miRNAs inhibit their target gene expression, the modulated miRNAs in severe COVID-19 would lead to the inhibition of antiviral response and to the induction of inflammation. Let-7 family is induced by IL-15 signaling in natural killer T cells, leading to IFN-γ production (54). Specifically, let-7e-5p targets RIPK1, CASP8, and TNF, which control signaling pathways leading to inflammation and apoptotic or necroptotic cell death. In our study, let-7e-5p levels were increased in serum of patients with mild and moderate COVID-19, but not in patients with severe disease. Likewise, other key miRNAs regulating innate antiviral response, i.e., miR-23b-3p, miR-92a-3p, miR-101-3p, miR-155-5p, miR-224-5p, miR-451a, and miR-486-5p, were modulated in patients with mild/moderate COVID-19 but not in those with severe disease. This finding is in agreement with the activation of effective antiviral responses in patients with mild and moderate COVID-19, but not in patients with severe disease, who typically have impaired innate immunity (55).

In this study, some of the circulating miRNAs that were associated with severe disease were also predictive of the clinical course and disease outcome. In particular, the levels of miR-22-3p, miR-101-3p and miR-451a were significantly higher and miR-155-5p significantly lower in patients hospitalized in ICU than in those not requiring ICU. In addition, a signature characterized by low levels of miR-1-3p, miR-23b-3p, miR-141-3p, miR-155-5p and miR-4433b-5p and high leukocyte count predicted an increased risk of COVID-19-related sequelae and/or death. Dysregulation of these miRNAs was observed is physiological and pathological processes such as immunity, inflammation, and cardiovascular diseases. In our study, circulating miR-101-3p levels showed a negative correlation with fibrinogen levels, which were low in severe COVID-19 patients and associated with poor prognosis (56). Increased serum levels of miR-101-3p were observed also in neonatal sepsis (57). MiR-451a, mostly expressed in blood cells and released in extracellular vesicles, attenuates type I IFN and IL-6 responses (58, 59) and was reported to progressively decrease with COVID-19 severity (19–21). MiR-155-5p plays a key role in the homeostasis and function of the immune system (60). It is highly expressed in activated B-cells and T-cells and in monocytes/macrophages and targets a variety of genes (61), resulting in enhancement of type I IFN signaling and subsequent innate and adaptive immune responses (62). In agreement with our data, significantly lower levels of serum miR-155-5p were found in patients with severe COVID-19 and in those who died (63). Regarding the other miRNAs associated with the risk of death and/or sequelae, miR-1-3p is muscle-specific and its expression is diminished in heart disease (64); miR-23b-3p promotes cell differentiation and inhibits cell proliferation and angiogenesis (65); miR-141-3p targets the chemokine gene CXCL12 (66), which plays a key role in immune cell recruitment and is upregulated in severe COVID-19 (67); miR-4433b-5p is significantly down-regulated in COVID-19 patients requiring supplementary oxygen therapy (68), but its functions remain unknown. Our study showed a statistically significant negative correlation between miR-4433b-3p and inflammation and myocardial damage biomarkers suggesting it might have a role in cardiac function. This miRNA, as well as the other miRNAs predictive of mortality, warrant further research as potential therapeutic targets, once their functions in health and disease are elucidated.

Analysis of the DE serum miRNAs according to sex of COVID-19 patients, regardless of disease severity, highlighted an association between male sex and the dysregulated miRNA signature observed especially in severe COVID-19. Male patients had higher levels of serum miRNAs implicated in pro-inflammatory responses (such as miR-miR-21-5p, miR-320a-3p, miR-101-3p) and lower levels of serum miR-223-3p, which was downregulated in COVID-19 patients and identified as a negative regulator of pro-inflammatory cytokine secretion and NLRP3 inflammasome activation in the lung of SARS-CoV-2 infected mice (15). In our study, serum levels of miR-92a-3p negatively correlated with patients’ age and were down-regulated in patients with mild/moderated COVID-19 but not in those with severe disease. Interestingly, this miRNA was found to be highly expressed in mesenchymal stem-cell-derived extracellular vesicles and to target both a conserved 3’-untranslated region of SARS-CoV-2 genome and inflammatory response genes (69).

Taken together, our results from the clinical study showed that COVID-19 patients had a circulating miRNA signature characterized by upregulation of miRNAs associated with lung disease, vascular damage and inflammation and downregulation of miRNAs that inhibit expression and activity of pro-inflammatory cytokines and chemokines, angiogenesis, and stress response. Compared to patients with mild/moderate COVID-19, patients with severe COVID-19 and hospitalized in ICU had a circulating miRNA signature indicating a profound impairment of innate and adaptive immune responses, inflammation, cytokine storm, lung fibrosis and heart failure. A subset of the DE miRNAs predicted mortality in COVID-19 patients.

Circulating miRNAs are released by various cell types, mostly macrophages, lymphocytes, endothelial cells, and platelets, but also by passive leakage from damaged cells as a consequence of tissue injury, inflammation, necrosis, or apoptosis (70).

To search for the possible source of the DE circulating miRNAs in COVID-19 patients, we analyzed the expression of these miRNAs in vitro in relevant cell types, i.e., lung carcinoma epithelial cells Calu-3, colon carcinoma epithelial cells Caco-2, endothelial cells HUVEC, and PBMCs, characterized by different tissue origin, permissiveness to SARS-CoV-2 infection and replication, capacity to sense RNA viruses and trigger antiviral response, and integrity of type I IFN response pathway. These cells are representative of the main tissues involved in COVID-19 pathogenesis, i.e., the pulmonary epithelium, which is the primary target of SARS-CoV-2 infection and injury, and the gut epithelium, which is also productively infected by SARS-CoV-2 in vivo (71). Endothelial cells express low levels of ACE2 and TMPRSS2 (72) and are poorly susceptible to SARS-CoV-2 infection (71). However, endothelial cells are involved in COVID-19 pathogenesis with endothelitis and thrombo-embolic manifestations and, in animal models, SARS-CoV-2 spike protein or its S1 subunit can cause endothelial damage (73, 74). Blood cells are not productively infected by SARS-CoV-2 but can sense the virus activating innate antiviral responses (55). Accordingly, our experiments showed that Calu-3 cells were permissive to SARS-CoV-2 replication, which induced CPE and triggered IFN and inflammatory responses. The virus replicated less efficiently in Caco-2 cells without CPE nor induction of IFN or inflammatory response. PBMC stimulation with SARS-CoV-2 induced the expression of IFN stimulated genes (ISGs), while HUVEC were not infected by SARS-CoV-2 nor responded to the virus.

The results of miRNA analysis in these in vitro models highlighted cell-specific differences of miRNA levels in baseline conditions. Upon SARS-CoV-2 infection, most changes in intracellular miRNA levels occurred in the highly permissive epithelial lung carcinoma cell line Calu-3. In these cells, SARS-CoV-2 infection upregulated miR-185-5p, miR-320, miR-423-5p, and miR-483-5p, which promote inflammation and inhibit antiviral responses, as well as miR-146a-5p and miR-155-5p, which act antagonistically to produce a robust inflammatory response (11). Upregulation of miR-155-5p following SARS-CoV-2 infection was previously described in Calu-3 cells and associated with induction of antiviral and pro-inflammatory responses triggered by sensors of RNA viruses (75). Conversely, SARS-CoV-2 infection of Calu-3 cells led to down-regulation of miR-22-3p and miR-125b-5p. These miRNAs play a key role in the regulation of cell self-renewal, differentiation, autophagy and their overexpression lead to uncontrolled cell proliferation and defective differentiation via TGFβ and Wnt signaling pathways and DNA methylation (11). This miRNA signature was in agreement with the robust activation of the ISGs IFIT1 and IFIT2 and the pro-inflammatory cytokine genes IL6 and IL1B and upon SARS-CoV-2 infection, which was conceivably sensed by RIG-I and MDA5. The colon carcinoma cell line Caco-2, which is permissive to SARS-CoV-2 but unable to activate innate antiviral and IFN responses, and the non-permissive HUVEC and PBMCs did not show relevant changes of miRNA expression upon SARS-CoV-2 infection. However, theses miRNA responses may not be totally representative of miRNA expression profiles in healthy primary lung cell or gut cells experiencing SARS-CoV-2, since the colorectal and lung cells used in this study were derived from cancer cell lines. Likewise, the umbilical endothelial cells might not be representative of the endothelial cells in the lung vasculature and PBMCs may not fully represent local immune-inflammatory cells in the alveoli.

Treatment with IFN-α modulated expression of some of the selected DE miRNAs in the IFN-responsive Caco-2, HUVEC and PBMCs, but not in Calu-3 cells, characterized by a poor response to type I IFN stimulation. In Caco-2, HUVEC, and PBMC, several miRNAs downregulated in COVID-19, such as miR-93-5p, miR-185-5p, and miR-101-3p, were consistently downregulated by IFNα stimulation. In PBMC, IFNα treatment upregulated miR-29c-3p (upregulated in serum of COVID-19 patients), which is known to target the IFN receptor IFNAR1 as negative feedback to limit type I IFN response (76), as well as miR-146a-5p and miR-378a-3p, which, respectively, inhibit TLR-mediated innate immune responses (11) and promote NET formation by granulocytes in sepsis (77). Another overexpressed miRNA in the serum of COVID-19 patients with severe disease, miR-483-5p, was markedly induced by IFN-α treatment of HUVEC endothelial cells and by SARS-CoV-2 infection in Calu-3 cells. Overexpression of this miRNA, which leads to suppression of cell proliferation and production of inflammatory cytokines (78) was observed in the lung tissues of mice with sepsis-induced acute lung injury (79).

In conclusion, this study discovered signatures of circulating miRNAs associated with COVID-19 severity and mortality, which warrant further investigation and validation as candidate prognostic biomarkers. The identified DE circulating miRNAs provided clues on COVID-19 pathogenesis, highlighting signatures of impaired IFN and antiviral responses, inflammation, organ damage and cardiovascular failure as associated with severe disease and death. In vitro experiments showed that some of these miRNAs were modulated directly by SARS-CoV-2 infection or indirectly by IFN.
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Background

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused significant loss of life and property. In response to the serious pandemic, recently developed vaccines against SARS-CoV-2 have been administrated to the public. Nevertheless, the research on human immunization response against COVID-19 vaccines is insufficient. Although much information associated with vaccine efficacy, safety and immunogenicity has been reported by pharmaceutical companies based on laboratory studies and clinical trials, vaccine evaluation needs to be extended further to better understand the effect of COVID-19 vaccines on human beings.



Methods

We performed a comparative peptidome analysis on serum samples from 95 participants collected at four time points before and after receiving CoronaVac. The collected serum samples were analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) to profile the serum peptides, and also subjected to humoral and cellular immune response analyses to obtain typical immunogenicity information.



Results

Significant difference in serum peptidome profiles by MALDI-TOF MS was observed after vaccination. By supervised statistical analysis, a total of 13 serum MALDI-TOF MS feature peaks were obtained on day 28 and day 42 of vaccination. The feature peaks were identified as component C1q receptor, CD59 glycoprotein, mannose-binding protein C, platelet basic protein, CD99 antigen, Leucine-rich alpha-2-glycoprotein, integral membrane protein 2B, platelet factor 4 and hemoglobin subunits. Combining with immunogenicity analysis, the study provided evidence for the humoral and cellular immune responses activated by CoronaVac. Furthermore, we found that it is possible to distinguish neutralizing antibody (NAbs)-positive from NAbs-negative individuals after complete vaccination using the serum peptidome profiles by MALDI-TOF MS together with machine learning methods, including random forest (RF), partial least squares-discriminant analysis (PLS-DA), linear support vector machine (SVM) and logistic regression (LR).



Conclusions

The study shows the promise of MALDI-TOF MS-based serum peptidome analysis for the assessment of immune responses activated by COVID-19 vaccination, and discovered a panel of serum peptides biomarkers for COVID-19 vaccination and for NAbs generation. The method developed in this study can help not only in the development of new vaccines, but also in the post-marketing evaluation of developed vaccines.
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Introduction

Coronavirus disease 2019 (COVID-19) has caused considerable loss of life and property since its outbreak. To curb the pandemic, physical strategies, such as personal protective equipment distribution, social distancing rules and quarantine policies, have been widely implemented. Compared with physical strategies, herd immunity is a critical approach to control the pandemic. To date, different types of COVID-19 vaccines have been developed, approved, and widely distributed across the world, such as mRNA vaccines (Pfizer–BioNTech and Moderna), adenovirus vector vaccines (Oxford–AstraZeneca), inactivated virus vaccines (Sinovac and Sinopharm), etc. (1). Based on these licensed vaccine products, herd immunization has been boosted. As of July 2022, University of Oxford confirmed that more than 12 billion doses of COVID-19 vaccine have been administered worldwide (2) and the number is increasing continuously. Nevertheless, in response to the urgent and huge demand for COVID-19 vaccines, the development cycle of vaccines was greatly compressed (3). Besides, the natural immune response induced by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is still not fully understood. Given the paucity of development experience and the greatly shortened vaccine development time, there is a lack of thorough knowledge on the immune response induced by COVID-19 vaccination.

Vaccine efficacy and safety are the most important factors to be considered (4, 5). The immunogenicity of vaccine is frequently evaluated, involving both humoral and cellular immune response analyses (6). Immunogenicity is a sophisticated and informative indicator that is associated with the vaccine-induced immune responses and their change over time (6). For the assessment of immunogenicity, production of antibody is measured (7). Antibody monitoring, particularly on total antibody (TAbs) and neutralizing antibody (NAbs), is the primary laboratory strategy to test the protective ability of vaccines against SARS-CoV-2 (8, 9). There are several methods to measure NAbs. The common ones are plaque reduction neutralization test (PRNT), fluorescent neutralization assay (FNA), microneutralization assay (MNA), pseudovirus neutralization assay (PSVNA), and surrogate virus neutralization test (SVNT) (10). PRNT is the gold standard to evaluate immune protection using live virus (11), but need to be accomplished in bio-safety level 3 (BSL-3) laboratory, which limits its application scenario (8). FNA can provide equivalent results to PRNT, but sometimes it also needs to be performed in BSL-3 laboratory (8). MNA involves live SARS-CoV-2 virus as well, and is limited not only by safety risks but also by the disadvantages of time-consuming and high cost. Compared to PRNT, MNA and FNA, PSVNA is a safe method to test NAbs in Biosafety Level 2 (BSL2) laboratory by using pseudo virus without replicating ability. PSVNA is of high sensitivity, accuracy, and repeatability (12), but requires complicated procedure. SVNT has the characteristics of high-throughput and easy-to-operate without the requirement of live virus, and it also detects designated NAbs (8). To date, the currently used methods of NAbs analysis are mainly limited by the requirement of bio-safety laboratory, throughput, time costs and economic costs (8, 11, 13). Development of new strategies is of interest for the ongoing vaccine evaluation work with mass vaccination efforts underway.

Apart from antibody monitoring, cellular immune responses are also widely monitored for vaccine development (14, 15). Prendecki et al. showed that mRNA (BNT162b2, mRNA-1273) and viral-vector vaccines can elicit strong T cell response against SARS-CoV-2 (16). A recent article evaluated the T cell response induced by BBIBP-CorV (Sinopharm, inactivated virus) with a focus on IFN-γ (17). Recently, Zhao et al. reported the humoral and cellular immune responses of 136 participants activated by two-dose of CoronaVac after 1, 3, 6, and 12 moths (18). Jiang et al. reported the immune features of CoronaVac based on 13 healthy people and 12 people that recovered from COVID-19 infection (19). Although pharmaceutical companies have reported the efficacy, safety and immunogenicity of COVID-19 vaccines based on laboratory studies and clinical trials, additional vaccine evaluation is needed to better understand the effect of COVID-19 vaccines on human beings, and new strategies for the evaluation of immune response against vaccines are needed.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is widely used in clinical scenarios, particularly microbial identification and biomarker discovery, due to its advantages, such as rapid analysis, high-throughput, easy operation, low-cost in consumables, etc. The peptide mass fingerprint generated by MALDI-TOF MS can describe a complex mixture of proteolytically derived peptides in human body fluids associated with biological events happening throughout the whole body. Many studies have reported that MALDI-TOF MS can be used to diagnose diseases, such as multiple myeloma (20), liver cancer (21), prostate cancer (22), active mycobacterium tuberculosis (Mtb) infection (23), etc., by screening a panel of protein and peptide biomarkers in human body fluids. Responding to the COVID-19 pandemic, MALDI-TOF-based serum peptides fingerprint, i.e., MALDI-TOF-based serum peptidome profiling, has been developed for the rapid screening of COVID-19 infectious people and COVID-19 illness severity (24, 25). MALDI-TOF MS combining liquid chromatography-tandem mass spectrometry (LC-MS/MS) has also been performed on serum and nasopharyngeal swabs from COVID-19 patients (24–27) to identify potential biomarkers of SARS-CoV-2 infection. Herein, we performed a comparative peptidome analysis on human serum before and after receiving CoronaVac.



Materials and methods


Sample collection and storage

Ninety-five participants were recruited. The subjects had no previous infection with COVID-19 and no COVID-19 vaccination before the study. The whole sampling was accomplished between February and April 2021. During this period, all participants were injected with a two-dose COVID-19 inactivated vaccine (CoronaVac, Sinovac Biotech Co., Ltd, Beijing, China) in Chongqing General Hospital, and four batches of blood samples were collected before and after vaccination. The sampling time was determined as day 0 (on the day but before the first injection), day 21 (3 weeks after the first injection, and on the day but before the second injection), day 28 (1 week after the second injection) and day 42 (3 weeks after the second injection). After centrifugation at 2264 g for 10 min and sterilization at 56°C for 30 min, the serum samples were aliquoted and frozen at −80°C until use. Erythrocyte-lysed whole blood was prepared from the samples collected on day 0 and day 28, and immediately subjected to lymphocytes subpopulation analysis.



Immunogenicity profiling

TAbs and NAbs were analyzed for all the collected serum at the four time points. TAbs were quantified using TAbs chemiluminescence reagent kits (Xiamen Wantaicare Company, batch 20210101, Xiamen, China) on an automated chemiluminescence immunoassay analyzer (Xiamen Youmic Company, Caris 200, Xiamen, China). Negative and positive TAbs were determined according to the instructions provided with the kit. NAbs were quantified using chemiluminescence reagent kits targeting at SARS-CoV-2 receptor binding domain (RBD) (Shenzhen Yahuilong company reagent, batch 20210101, Shenzhen, China) on an automated chemiluminescence analyzer (Shenzhen Yahuilong Biotechnology Co., Ltd., iFlash 3000-A, Shenzhen, China). Negative and positive NAbs were determined according to the instructions provided with the kit.

Cytokines were analyzed for serum sample collected on day 0 and day 28 by cytokines assay kits (Weimi Bio-Tech Co., Guangzhou, China) using a BD FACS CantoII flow cytometer (Becton, Dickinson and Company, Franklin Lakes, New Jersey, U.S.) following the manufacturer’s’ instructions. The kits included 14 types of microbeads with distinct fluorescence intensities and coated with, respectively, specific antibodies against IL-17F, IL-21, IL-2, IL-4, IL-5, IL-6, IL-8, IL-1β, IL-17A, IL-10, TNF-α, TNF-β, IL-12p70 and IFN-γ. After incubation with serum sample, the immunocomplex was further combined with PE fluorescently labeled detection antibody to form a double-antibody sandwich complex, and the fluorescence intensity of the complex was analyzed by flow cytometer to quantify the cytokines. The data were analyzed using the FCAP Array Software v3.0.

Lymphocytes subpopulation were analyzed by a MultiTEST TM IMK kit (Becton, Dickinson and Company, Franklin Lakes, New Jersey, U.S.) using a BD FACS CantoII flow cytometer (Becton, Dickinson and Company, Franklin Lakes, New Jersey, U.S.) following the manufacturer’s’ instructions. Absolute counts of T lymphocytes (CD3+), B lymphocytes (CD19+), helper T lymphocytes (CD3+CD4+), cytotoxic T lymphocytes (CD3+CD8+), and natural killer (NK) cells (CD16+CD56+) were quantified in erythrocyte-lysed whole blood samples collected on day 0 and day 28.



MALDI-TOF MS analysis

For all the samples, 5 µl serum was diluted 10 times using dilution buffer (PMFpre kit 1010305, Bioyong Technologies Inc., Beijing, China), and 10 µl of the diluted serum was mixed with 10 µl sinapinic acid matrix. One µl of the mixture was dropped on a sample spot of a stainless-steel target plate. The sample was dried at room temperature followed by MALDI-TOF MS (Clin-TOF-II; Bioyong Technologies Inc., Beijing, China) analysis under the linear positive mode. The mass spectrometer was calibrated with a standard calibration mixture of peptides and proteins. The calibration tolerance was 500 ppm. The mass range was m/z 3,000 to m/z 30,000. Each spectrum was accumulated from 50 positions of a sample spot with 10 laser shots per position.



MALDI-TOF MS data processing and analysis

Raw data of MALDI-TOF MS were processed by an R package, MALDIquant (28), with operations including sqrt transformation, savitzkyGolay smoothing with a halfWindowsize of 5, and SNIP baseline correction. Then, peak detection was performed using the MAD method with a halfWindowsize of 20 and a signal-to-noise (S/N) threshold of 6. Minifrequency was set as 0.25. Peaks were then binned by binPeaks with a tolerance of 0.005 for all samples. Mass range was from 3,000 m/z to 30,000 m/z. The data obtained as a matrix table was then further processed by log 2 transformation, quantile normalization, and missing values imputing using Metaboanalyst (29) (McGill University, Montreal, Canada, https://www.metaboanalyst.ca/).



Statistical analysis

Unsupervised and supervised statistical analysis was performed using Metaboanalyst, including principal component analysis (PCA), partial least squares-discriminant analysis (PLS-DA) and volcano plot. Significant MALDI-TOF feature peaks were determined by PLS-DA (VIP > 2.0) and volcano plot (FC > 1.5, p-value < 0.05). P-value was calculated by the Wilcoxon test to confirm the significant difference of feature peaks between the same set of people at different time points, or by the Mann-Whitney test to confirm the significant difference of feature peaks between two independent sets of samples, i.e., between the NAbs positive and negative groups.



Proteomic analysis

The serum samples from three participants (Sample 23, 41, 78) were selected for proteomic analysis, since the samples showed intensive significant MALDI-TOF MS feature peaks (identified using the statistical analysis method described in 2.5). The samples were mixed, and four mixed samples at four collection time points were obtained (day 0, day 21, day 28 and day 42). For each sample, abundant proteins were removed using High Select Top14 Abundant Protein Depletion Mini Spin Columns (A36370, Thermo Fisher Scientific, Waltham, MA, USA). The remaining samples were then dissolved in a protein lysis solution containing 8M urea (U6504, Sigma-Aldrich Co., St. Louis, MO, USA) and 0.1% SDS (L6026, Sigma-Aldrich Co., St. Louis, MO, USA). BCA quantification kit (P0010, Beyotime Biotechnology, Beijing, China) was used to quantify the final protein concentration of all samples. After tris (2-carboxyethyl) phosphine (TCEP, Thermo Fisher Scientific, Waltham, MA, USA) reduction at 37°C for 1 h and iodoacetamide (IAA, Sigma-Aldrich Co., St. Louis, MO, USA) alkylation at 25°C for 1 h, 6 volume of pre-cooled acetone was added to precipitate proteins at −20°C for 4 h. The precipitate was collected by centrifugation and washed twice with 90% pre-cooled acetone. Then the protein samples were re-dissolved in 100 μl ammonium bicarbonate solution (25 mM). Proteome sequencing grade trypsin (Hualishi scientific, Beijing, China) was added at 1:50 (w:w) enzyme-to-sample ratio for protein digestion at 37°C overnight. After digestion, a C18 column (Thermo Fisher Scientific, Waltham, MA, USA) was used for desalting followed by peptide quantification using Pierce™ quantitative colorimetric peptide assay (Thermo Fisher Scientific, Waltham, MA, USA). Afterwards, the samples were lyophilized by an LNG-T98 freeze concentration centrifugation dryer (Taicang Huamei, Taicang, Jiangsu, China) for further LC-MS/MS analysis.

The processed samples were then redissolved in 0.1% formic acid (FA) aqueous solution (solvent A) to a concentration of 0.5 μg/μl. Four μL of the sample was injected into an Orbitrap Fusion Lumos spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled with a nanoLC system (Thermo-ESAY-nLC, Thermo Fisher Scientific, Waltham, MA, USA) using a 25 cm analytical column (75 μm inner diameter, 1.9 μm resin, Dr Maisch, Ammerbuch-Entringen, Germany), and separated using a 120-minute gradient. The flow rate of the nanoLC was maintained at 600 nL/min and the column temperature was 50°C. Water and ACN (both containing 0.1% FA) were used as solvents A and B, respectively, with the following gradient elution program: 0-4-79-108-110-120 min, 4%-7%-20%-30%-90%-90% of solvent B, with an electrospray voltage of 2.2 kV. The mass spectrometer was operated in data independent acquisition mode with MS and MS/MS automatically switched. The parameters were (1) MS: scan range (m/z) = 350-1500; resolution = 120,000; AGC target = 40,0000; maximum injection time = 50 ms; (2) HCD-MS/MS: resolution = 30,000; AGC target = 20,000; collision energy = 32%; maximum injection time = 72 ms (3) DIA: Variable isolation windows; 1 m/z overlap per window; number of windows = 60.

Raw MS data were used to search against the Homo sapiens database downloaded from UniProtKB (20,600 entries) using Spectronaut (version 15.2, Biognosys, Schlieren, Switzerland). Default parameters were retained except the quantitative method was set as the first level.



Annotation of MALDI-TOF MS feature peaks and bioinformatic analysis

Matching between the MALDI-TOF mass spectra feature peaks and the proteomic analysis results was performed under the criteria: the molecular weight of an identified protein/protein fragment was consistent with the m/z of the MALDI-TOF MS peak within a tolerance of 2000 ppm; only the charge state of 1+ was considered for MALDI-TOF MS peaks; the quantity changes of the protein/protein fragment by LC-MS/MS showed the same trend as the intensity change of the matched MALDI-TOF MS peak. If more than one protein/protein fragment matched to the feature peak under the given criteria, priority was given to the protein fragments containing N or C terminal, and then the one with the smallest mass difference. The gene ontology (GO) enrichment analysis was performed by Metascape (30) involving all the identified features.




Results


Cohort establishment and immunogenicity analysis

An overview of the study design is shown in Figure 1. Ninety-five participants (21-59 years) accepted two doses of CoronaVac vaccines. Among the 95 participants, the percentage of male (42%) and female (58%) was balanced, with 29% people aged 20-30, 17% people aged 30-40, 19% people aged 40-50 and 35% aged over 50 years (Table S1). Regarding past medical history, one of the subjects had coronary artery disease and four had hypertension or diabetes. After vaccination, records showed few symptoms of adverse reactions among the 95 participants. There were two cases of muscle aches, three cases of injection site pain or itching, one case of dizziness and palpitations, without any fever cases. More demographic information of the participants can be found in Table S1. Blood samples were collected from the participants during the 6-week recovery phase. Pre-vaccinated blood samples were also collected as the control group. Finally, four batches of blood samples were collected on day 0 (on the day but before the 1st injection), day 21 (on the day but before the 2nd injection), day 28 and day 42 (Figure 1A). Sera were separated from the blood samples (Figure 1B) and analyzed by MALDI-TOF MS (Figure 1C). Statistical analysis was performed on the MALDI-TOF mass spectra for the identification of significant features related to CoronaVac vaccination and NAbs generation (Figures 1D, E).




Figure 1 | Study design. (A) Ninety-five participants were recruited and received two doses of CoronaVac vaccines. Blood samples were collected at four time points before and after vaccine injection. (B) Serum separation. (C) MALDI-TOF MS and immunogenicity analysis on all the collected serum samples. (D) MALDI-TOF MS data processing using MALDIquant and Metaboanalyst. (E) Feature selection based on volcano plot and variable importance in projection (VIP) scores by PLS-DA. Hierarchical cluster analyses (HCA) showed the intensity distribution of the selected features among samples. Peaks with an asterisk are peaks of higher intensity filtered by the signal-to-noise ratio and are included in the analysis. Peaks without an asterisk are by default noise peaks and are not included in the analysis.



The immunogenicity profiling of antibodies, cytokines and lymphocyte was performed to quantify TAbs, NAbs, IL-17F, IL-21, IL-2, IL-4, IL-5, IL-6, IL-8, IL-1β, IL-17A, IL-10, TNF-α, TNF-β, IL-12p70, IFN-γ, CD3+, CD19+, CD3+CD4+, CD3+CD8+, and CD16+CD56+ (Figure 1C). From Figure S1A, it can be observed that the positive rates of TAbs (TAbs positive: s/co ≥ 1.00) and NAbs (NAbs positive: ≥10.00 AU/mL) were zero on day 0 and were both below 40% on day 21. TAbs positive rate climbed up to over 80% on day 28 and over 90% on day 42. The high positive rate of TAbs on day 42 indicated that the immune response was activated by COVID-19 vaccination for most participants. For NAbs, the positive rate was consistently below 50% until day 28, and ascended to 73% on day 42, with 26 people still NAbs negative. Within the 26 negative NAbs people, the distribution of female (54%) and male (46%) was almost even (Figure S1B). However, more than half (54%) of the people were over 50 years old (Figure S1C), while the people > 50 years old only accounted 35% of the whole cohort. People aged 50-59 had lower rates of NAbs production than those aged under 50 (Table S1).

Serum cytokine profiling revealed that IL-21 and IL-8 increased significantly comparing day 28 to day 0, while IL-17F, IL-17A, IL-10, IL-12p70, TNF-α, TNF-β and IFN-γ decreased significantly, when considering all the participants (Figure S2). When considering separately the group with age > 50 and those with age < 50, the overall regulation trend kept consistent but IL-21, IL-17A, IL-10 and IFN-γ were only significant in the group with age < 50 (Figures S3 and S4). Lymphocyte subpopulation analysis demonstrated the significant up-regulation of CD3+CD4+ and significant down-regulation of CD3+CD8+, CD19+ and CD16+CD56+ comparing day 28 to day 0 considering all the participants (Figure S2). The significant regulation of CD19+ and CD16+CD56+ were only observed for the group with age < 50; while the significant regulation of CD3+CD4+ was only observed for the group with age > 50 (Figre S3 and S4).



Vaccination-induced serum peptidome change

A total of 380 mass spectra were collected from the 95 participants. The extracted peaks of the mass spectra are shown in supplementary Data S1. After vaccination, the number of peaks increased (Figure S5), indicating the increase of serum peptides expression. 327 peaks were obtained after peak alignment within the mass range of m/z 3,000 to m/z 30,000 (m/z, mass-to-charge ratio). Raw mass spectra of Sample 58 at four time points are shown in Figure 2. A global view of the four MALDI-TOF mass spectra revealed a high similarity of serum peptidome pattern before and after vaccination (Figure 2A). Nevertheless, a few peaks, such as m/z 13,761, m/z 13,882, m/z 13,939, m/z 14,044, m/z 14,091, m/z 14,150 and m/z 28,195 were downregulated after vaccination (Figure 2B).




Figure 2 | (A) The representative MALDI-TOF mass spectra of one participant at four time points pre-vaccination and post-vaccination. (B) Partial enlarged view of (A). The mass spectra were normalized against the strongest peak. r.i.: relative intensity.



Principal component analysis (PCA) was performed on the collected serum peptidome profiles. As shown in Figure 3, day 0 can be clearly discriminated from day 21, day 28 and day 42. The degree of discrimination diminished with the increase of time interval. Day 0 and day 21 presented the largest difference. In contrast, the MALDI-TOF mass spectra from day 21, day 28 and day 42 cannot be well distinguished by PCA (Figure 3). These results demonstrated that the serum peptidome was significantly changed before and after vaccination, the changes were more significant in short term, and the differences were not from batch bias effect. To further demonstrate the classification, a heat map of cluster analysis was performed on the collected serum peptidome profiles, which showed that the pre-vaccine samples clustered mostly together (Figure S6).




Figure 3 | Principal component analysis (PCA) of the MALDI-TOF MS-based serum peptidome profiles collected at 4 time points before and after vaccination: (A) between day 0 and day 21; (B) between day 0 and day 28; (C) between day 0 and day 42; (D) between day 21 and day 28; (E) between day 21 and day 42; (F) between day 28 and day 42. The shadow ovals represent 95% confidence interval.



With the significant difference in serum peptidome before and after vaccination, significant MALDI-TOF MS features associated with the vaccination were mined. The feature selection procedure is illustrated in Figure 4A. Day 28 and day 42 with full doses of vaccination were chosen to identify distinctive features compared to day 0. The top 15 contributory features with the highest VIP scores in PLS-DA analysis between day 0 and day 28 are shown in Figure S7A. The up and down regulations of mass spectrometry features by volcano-plot analysis between day 0 and day 28 are shown in Figure S7B. By taking the intersection of the candidate features selected by both PLS-DA and volcano-plot, a group of 12 candidate significant features between day 0 and day 28 was obtained (Table S2). Similarly, the same inclusion criteria were used for feature selection between day 0 and day 42 (Figure S7C for PLS-DA and Figure S7D for volcano-plot analysis). A group of 11 candidate features was obtained (Table S3). Combining the features between day 0 and day 28, as well as between day 0 and day 42, a panel of 13 vaccine features were determined. Cluster analysis of the 13 feature peaks among all the samples is visualized as a heat map (Figure 4B). It was observed that most of the 13 feature peaks were downregulated after vaccine injection. The downregulated peaks include m/z 3025, m/z 13,761, m/z 13,882, m/z 13,939, m/z 14,044, m/z 14,092, m/z 14,150, m/z 15,124, m/z 15,868 and m/z 28,195. Only three peaks were upregulated, including m/z 3198, m/z 3213 and m/z 6609. The relative intensities of the 13 feature peaks before vaccination and during the 6-week recovery phase after vaccination are shown in Figure S8. Proteomic analysis was performed to identify the 13 MALDI-TOF MS feature peaks of vaccination. The features were identified as component C1q receptor (m/z 6609), CD59 glycoprotein (m/z 14,150), mannose-binding protein C (MBL) (m/z 14,092), platelet basic protein (m/z 13,882), CD99 antigen (m/z 3025), Leucine-rich alpha-2-glycoprotein (LRG1) (m/z 28,195), and hemoglobin (Hb) subunits (m/z 14,044, m/z 15,124 and m/z 15,868) (Table S4). The identified proteins showed significant down-regulation after vaccination, except component C1q receptor. Gene ontology (GO) enrichment analysis revealed that these identified proteins have a close relationship with the pathways of oxygen transport, neutrophil degranulation, complement system, and hemostasis (Figure 4C).




Figure 4 | Selection of feature peaks of vaccination. (A) A general scheme of sample collection, data processing and feature selection. (B) Cluster analysis of the 13 feature peaks of vaccination among all the samples. (C) The Gene Ontology (GO) enrichment analysis by Metascape involving all the identified features.





Correlation between serum peptidome profile and NAbs generation by vaccination

Serum samples from day 42 with the NAbs positive rate of 73% were selected to study the correlation between MALDI-TOF serum peptidome profile and NAbs generation. All the samples were divided into two cohorts, NAbs positive and NAbs negative on day 42. As shown in Figure 5A, PLS-DA analysis of the MALDI-TOF mass spectra cannot well differentiate the two cohorts. Then, gender-specific PLS-DA analyses were conducted. When the 55 female samples were analyzed, the classification performance was significantly enhanced, as shown in Figure 5B. The overlap of the 95% confidence interval of the NAbs positive and NAbs negative included only 6 positive and 2 negative samples. When the 40 male samples were analyzed, the overlap of the 95% confidence interval of the NAbs positive and NAbs negative included 7 positives and 6 negatives samples, as shown in Figure 5C. Better classification performance could be achieved with the gender-specific analyses, and the classification performance was better for female than male, indicating that gender can be a significant factor influencing the serum peptidome related to NAbs generation.




Figure 5 | Classification of NAbs positive and negative based on MALDI-TOF MS serum peptidome. (A) PLS-DA analysis of all the 95 samples collected on day 42 to classify NAbs positive and negative; (B) PLS-DA analysis of 55 samples collected on day 42 from female individuals to classify NAbs positive and negative; (C) PLS-DA analysis of 40 samples collected on day 42 from male individuals to classify NAbs positive and negative; (D) a general scheme for feature selection and model establishment to classify NAbs positive and negative; (E) heat map of six feature peaks of NAbs generation among all the training samples; (F) performance of four classification models on the 14 test samples for NAbs generation prediction. N: negative, P: positive, RF: random forest, PLS-DA: partial least squares discriminant analysis, SVM: linear support vector machine, LR: logistic regression. The colored ovals represent 95% confidence interval.



The samples collected on day 42 from female participants were then selected to explore the feasibility of building a classification model to identify NAbs generation based on MALDI-TOF serum peptidome. Figure 5D summarized the steps of feature selection and model establishment. All the 55 samples from female participants were divided into a training set (41 samples, 10 negative and 31 positive) and a test set (14 samples, 4 negative and 10 positive). Six significant feature peaks were obtained from the training set, including m/z 3496, m/z 6609, m/z 6980, m/z 9928, m/z 13,939 and m/z 14,083 (Figure S9; Table S5). As the heatmap represented, 4 features (m/z 6609, m/z 6980, m/z 13939 and m/z 14,083) were more abundant in the females with NAbs negative, and 2 features (m/z 3496 and m/z 9928) were more abundant in the females with NAbs positive (Figure 5E). With the 6 features, we tried to build a classification model to distinguish females with and without NAbs production. Verification was carried out on the 14 unlabeled test samples (Table S6). Four machine learning methods consisting of random forest (RF), PLS-DA, linear support vector machine (SVM) and logistic regression (LR) were employed to build the models, and compared in the aspects of accuracy, sensitivity, specificity and precision. The results showed that all algorithms had a high precision of over 70% but a relatively low specificity of 50% (Figure 5F). The accuracy, precision and sensitivity of the RF-based model all outnumbered 70%, better than LR, linear SVM and PLS-DA-based models (Figure 5F). By proteomic analysis, four feature peaks were identified as proteins or protein fragments, including integral membrane protein 2B (m/z 6980), complement component C1q receptor (m/z 6609), platelet factor 4 (PF4) (m/z 9928) and MBL (m/z 14,083) (Table S7).




Discussion

In this study, we profiled the serum peptidome changes induced by CoronaVac vaccination by MALDI-TOF MS, and correlated the significant changes in serum peptidome with the immune protection effect. The significant figures related to vaccination were identified as proteins or protein fragments closely associated with the pathways of oxygen transport, neutrophil degranulation, complement system, and hemostasis. We have also profiled the TAbs and NAbs generation, as well as serum cytokines and lymphocytes subpopulations. The regulation of serum cytokines and lymphocytes subpopulations also suggested neutrophil degranulation.

Modulation of CD3+CD8+ T cells detected in our study provides evidence of stimulated neutrophil under the influence of CoronaVac. Different evidence provided by proteomic, hematological and inflammatory analyses supported a significant increase of neutrophils in severe COVID-19 patients (31), and high level of neutrophils were found in the bronchoalveolar lavage of COVID-19 patients (32–34). A clinical study on COVID-19 hospitalized patients emphasized that the development and activation of neutrophil is a prominent signature of critically ill patients (35). IL-8 is a key chemokine recruiting neutrophils (36). It was reported that IL-8 can act as a marker of COVID-19 severity from non-hospitalized, non-ICU to ICU patients (35). A study confirmed the high IL-8 levels and increased number of neutrophils comparing COVID-19 patients with healthy controls (37). Yadav et el. reported that IL-8 and RBD IgG elevated in rhesus macaques with the administration of inactivated SARS-CoV-2 vaccine BBV152 (36). We also observed the significant upregulation of IL-8 in human serum after CoronaVac vaccination. Similar to COVID-19 infection, neutrophil degranulation was probably activated by the administration of CoronaVac.

Platelet basic protein, CD59 glycoprotein, LRG1 and complement component C1q receptor are proteins associated with neutrophil degranulation, and are significantly correlated with CoronaVac injection. Platelet basic protein is a platelet-derived growth factor belonging to the CXC chemokine family. It has been reported that the protein can down-regulate the function of neutrophil, and can desensitize platelet-derived neutrophil-activating peptide 2–induced neutrophil degranulation (38). In our study, we observed the significant downregulation of platelet basic protein, which can benefit the activation of neutrophil. CD 59 glycoprotein can protect host cells from lysis by complement system attack and is involved in lymphocyte signal transduction. A study of transcriptional profiling indicated that the complement gene of CD59 glycoprotein down-regulated in COVID-19 patients, compared with negative controls (39). Here, we observed downregulation of CD59 glycoprotein after injection of the inactivated SARS-CoV-2 vaccine. LRG1 is a member of the leucine-rich repeat (LRR) family proteins. A proteomic study pointed out that LRG1 upregulated in severe COVID-19 patients as a function of IL-6 levels (40). This is opposite to the regulation direction in CoronaVac vaccinated people found in our study. Also, the changes of IL-6 in serum after vaccination were not significant in our study. Complement component C1q receptor, which is a critical protein belonging to the complement system, upregulated in human blood after receiving the inactivated virus vaccine. The protein can enhance antibody neutralization activity by binding to antibodies (41–43). It is released from its synthetic place in liver to bloodstream, and the process can be accelerated by virus infection (44). A clinical study focusing on the immunology of 71 confirmed COVID-19 cases found that complement component C1q dropped in severe COVID-19 patients significantly compared with mild-ill patients (31). The CoronaVac-induced regulation of complement C1q subcomponent was also detected by Jiang et al (19).

A recent study profiled the changes of the complement system signaling and associated inflammatory mediators between COVID-19 patients and healthy controls (37). The complement system is part of the immune system that enhances the clearance of antibodies and phagocytes, promotes inflammation, and attacks the cell membranes of pathogens. Complement system is a component of native plasma that plays key roles in human immunity, especially in innate immune response (42, 45), and can neutralize enveloped or non-enveloped viruses in case of virus infection (42). Following infection, macrophages are induced by the complement system anaphylatoxins to generate pro-inflammatory cytokines and chemokines. Our study showed that the complement system can be activated by CoronaVac vaccination. There are three complement system activation pathways, including the classical, the alternative and the MBL pathways (42, 46). The upregulation of complement component C1q receptor demonstrated the activation of the classical pathway of the complement system. We found that the level of MBL protein descended after CoronaVac vaccination. MBL is a pattern recognition molecule of the innate immune system. Jiang et al. detected the changes of mannan-binding lectin serine proteases induced by CoronaVac (19). The reduction of MBL serum level or MBL protein concentration has been observed in SARS patients compared to healthy people (45, 47). There were studies reporting that MBL can activate the complement system by binding to SARS-CoV and SARS-CoV-2 spike protein (45, 48, 49). Yu et al. pointed out that recombinant SARS-CoV-2 proteins can activate MBL and hence the MBL pathways for the complement system activation (50). Based on the previous reports, we speculate that inactivated coronavirus in the vaccine may retain the activity of binding MBL, and the complement system can also be activated by vaccination via the MBL pathway.

It is worth noting that the subunits of Hb alpha and Hb beta were significantly downregulated in the CoronaVac vaccinated people. Hb is mainly made up of alpha and beta subunits and iron-containing heme groups. The plummet of hemoglobin subunits prompted that Hb in blood descended after vaccination with the inactivated virus. Previous studies have shown that Hb decreased in COVID-19 infected patients, especially in severely ill patients (51). Wenping Zhang et al. proposed Hb as one of the diagnosis indicators to predict the severity of COVID-19 patients (52). The decline of hemoglobin concentration may correspond to an aggravated clinical condition of patients (51, 53, 54). In the early stage of COVID-19 outbreak, a hypothesis that COVID-19 virus may bind to hemoglobin, release iron ions from porphyrin and damage the oxygen binding ability of hemoglobin was proposed (55). The hypothesis attracted many researchers to focus on studying the interaction between Hb and coronavirus (38, 53, 56). However, no study can reveal the binding mechanism between Hb and coronavirus to date. The change of Hb after vaccination deserves more attention, and long-term surveillance of COVID-19 vaccine safety is necessary, especially on people with hemoglobin-related diseases.

Our study also revealed the downregulation of CD99 antigen. CD99 is involved in T-cell adhesion processes. In 2021, Siwy et al. demonstrated highly significant reduction of CD99 in severe/critical COVID-19, indicating the reduction of endothelial integrity and interference with transendothelial migration of monocytes, neutrophils, and T-cell recruitment (57). The reduction of CD99 in inactivated virus vaccinated people should be further studied.

This study profiled serum cytokines and lymphocyte subpopulation between day 0 and day 28, i.e., before vaccination and one week after complete vaccination. Significant variation of a number of cytokines and lymphocyte subpopulations was observed, suggesting a potential role of helper/inducer T lymphocytes and suppressor/cytotoxic T lymphocytes during the CoronaVac-induced immunization. The regulation was more significant in the relatively young participants (< 50 years) than the middle-aged participants (50-59 years). Since the cytokines were measured from serum without the knowledge of production cells and were only measured on two days, further information on the role of the cytokines in CoronaVac vaccination cannot be obtained in this study. Zhao et al. (18) and Jiang et al. (19) have studied the regulation of cytokines and lymphocytes induced by CoronaVac in a comprehensive way in their respective studies. Jiang et al. characterized the lymphocyte subpopulations before and after vaccination, and found that after the second vaccination, CD8+ cytotoxic T cell levels decreased and the serum NAbs titers increased (19), in consistent with our results, which can suggest a balance between cellular and humoral immune responses dominating at early and late stages of vaccination, respectively.

The analysis of antibody among different age groups revealed that the middle-aged people, especially for people older than 50, displayed the lowest positive rate of NAbs after completion of the CoronaVac vaccination. Indeed, the World Health Organization’s Emergency Use Listing (EUL) authorized the use of CoronaVac in June 2021 with the finding that there is a gap in evidence of the CoronaVac effectiveness for adults over 60 years. An early to mid-stage trial conducted by Sinovac suggested that the immune response of elderly subjects was slightly lower than that of young people. A case-control study observed that the vaccine efficiency descended with increasing age among the elderly people (≥70 years) in Brazil(2021). Recently, a significant reduction in T-cell and antibody responses to inactivated coronavirus vaccination has been reported in people aged 55 years or older (58). With much attention that has been paid to the immune response of elderly people (≥60 years) after vaccination, the protection effectiveness of CoronaVac against SARS-CoV-2 in middle-aged people (50-59 years) deserves more attention.

We tried to distinguish NAbs generation based on serum peptides mass fingerprinting. However, the differentiation performance was not efficient for all samples. Interestingly, gender specific models performed better for the differentiation of NAbs positive and negative individuals, especially on samples from female, demonstrating that gender is a significant factor influencing the serum peptidome correlation to NAbs generation. Comorbidities, such as obesity, have been reported to lower immune response (57). There were only 2 participants with body mass index (BMI) > 30 kg/m2 out of the 95 subjects in our study (Table S1). Therefore, obesity factors were not analyzed in association with vaccine immune response.

According to the results of feature annotation by proteomic analysis, NAbs generation is associated with integral membrane protein 2B, complement component C1q receptor, platelet factor 4 (PF4) and MBL. The correlation between complement component C1q and MBL with the immunogenicity via the activation of the complement system has been discussed above. For integral membrane protein 2B, a recent serological study demonstrated that the antibodies produced by COVID-19 patients showed an unexpected immune response against integral membrane proteins, which can be used to detect SARS-CoV-2 variants or test vaccine effectiveness (59). We found that integral membrane protein 2B was less abundant in the NAbs positive individuals. There have been studies confirming the relationship between NAbs generation induced by COVID-19 vaccination and PF4, and we observed more abundant PF4 in the NAbs positive individuals. Platelets are primarily associated with thrombosis (60). Thrombo-inflammation can be induced by platelet activation, and PF4 levels upregulate significantly in COVID-19 patients and especially critically ill patients (52, 60–63). Positive PF4 can also be induced by adenoviral vector COVID-19 vaccine or RNA COVID-19 vaccine with low clinical relevance. Vaccine-induced immune thrombotic thrombocytopenia (VITT) seldomly occurs after vaccination (64). However, a recent study reported the formation of antigenic complexes between vaccine components and PF4 on the platelet surface driven by electric charge after receiving ChAdOx1 nCoV-19 (AstraZeneca) vaccine, which eventually lead to VITT (65). Whether there is the generation of these similar complexes after receiving CoronaVac vaccine remains to be studied.

There are also limitations of the current study. We performed an observational study to characterize the changes of human serum peptidome after receiving deactivated virus COVID-19 vaccine. The recruited participants were mainly young and middle-aged adults. Only limited information on cytokines and lymphocytes was obtained. We detected the generation of NAbs by immunoassay to assess the immune protection ability induced by CoronaVac. Live virus assays, such as PRNT, is the gold standard to evaluate immune protection, but are restricted by biosafety. False positive antibody test results could be obtained by the immunoassay-based methods due to the insufficient specificity of assay kits. On the other hand, false negative results may also be obtained due to improper specimen handling which can lead to low concentration of antibodies extracted. Nevertheless, in most cases, the measurement of NAbs is still considered as an effective mean of immune protection assessment. The performance of the established model for NAbs generation prediction based on serum peptidome is still unsatisfactory, and the analysis of patient demographic characteristics is not sufficiently in-depth. In the future, it is important to carry out validation work on the NAbs generation assessment methods with large sample sizes and multicenter clinical trials. Long-term serum sampling after COVID-19 vaccination should also be performed to enable an in-depth mapping of the serum peptidome dynamic response to COVID-19 vaccination.

In summary, the method developed in this work can monitor the serum peptidome changes induced by CoronaVac injection and can identify features associated with vaccination and NAbs generation. Similar study can also be applied to other COVID-19 vaccines or vaccines for other infectious diseases. With the method, immune responses induced by vaccination can be conveniently monitored. It is also possible to assess vaccine safety by the method. Pre-marketing studies cannot fully guarantee the safety of a vaccine, and follow-up studies should be conducted to re-evaluate the efficacy and safety of vaccines after the product being licensed. The new method developed in our study has the advantage of high throughput, low cost and easy-operation, thereby is especially suitable for large-scale post-marketing monitoring of the efficacy and safety of developed vaccines
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Purpose

To investigate the clinical predictors of in-hospital mortality in hospitalized patients with Coronavirus disease 2019 (COVID-19) infection during the Omicron period.



Methods

All consecutive hospitalized laboratory‐confirmed COVID-19 patients between January and May 2022 were retrospectively analyzed. All patients underwent accurate physical, laboratory, radiographic and echocardiographic examination. Primary endpoint was in-hospital mortality.



Results

74 consecutive COVID-19 patients (80.0 ± 12.6 yrs, 45.9% males) were included. Patients who died during hospitalization (27%) and those who were discharged alive (73%) were separately analyzed. Compared to patients discharged alive, those who died were significantly older, with higher comorbidity burden and greater prevalence of laboratory, radiographic and echographic signs of pulmonary and systemic congestion. Charlson comorbidity index (CCI) (OR 1.76, 95%CI 1.07-2.92), neutrophil-to-lymphocyte ratio (NLR) (OR 1.24, 95%CI 1.10-1.39) and absence of angiotensin-converting enzyme inhibitors (ACEI)/angiotensin II receptor blockers (ARBs) therapy (OR 0.01, 95%CI 0.00-0.22) independently predicted the primary endpoint. CCI ≥7 and NLR ≥9 were the best cut-off values for predicting mortality. The mortality risk for patients with CCI ≥7, NLR ≥9 and not in ACEI/ARBs therapy was high (86%); for patients with CCI <7, NLR ≥9, with (16.6%) or without (25%) ACEI/ARBs therapy was intermediate; for patients with CCI <7, NLR <9 and in ACEI/ARBs therapy was of 0%.



Conclusions

High comorbidity burden, high levels of NLR and the undertreatment with ACEI/ARBs were the main prognostic indicators of in-hospital mortality. The risk stratification of COVID-19 patients at hospital admission would help the clinicians to take care of the high-risk patients and reduce the mortality.
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Introduction

The novel B.1.1.529 severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) variant was first detected in South Africa and was named Omicron by WHO on Nov 26, 2021 (1).

This variant has many mutations in the spike gene, which may reduce the effectiveness of available vaccines and antibody therapeutics (2).

Due to the variant’s increased transmissibility (3) and ability to evade immunity conferred by previous infection or vaccination (4), a rapid increase in SARS-CoV-2 infections was observed in all WHO regions (5), and at the beginning of 2022 Omicron accounted for more than 89% of sequenced samples globally (6).

With the pandemic still growing worldwide and with the limited healthcare capacity, early prediction of COVID-19 severity and mortality is crucial for improving management and treatment of infected patients (7).

Population studies (8) suggest that the risk of severe outcomes following infection with Omicron might be lower than that observed for previous variants such as Delta, and this risk is attenuated further in those who have received a booster vaccination (9).

However, the total number of hospital admissions and deaths due to Omicron might still be substantial, depending on the role exerted by age and comorbidities in influencing disease severity.

As far as we know, data on outcomes following Omicron infection in older populations with high rates of comorbidity are scanty.

Given the large number of elderly patients with multiple comorbidities who were referred to the Pneumology Division of our Institution during the last few months, we hypothesized that clinical factors as the number of comorbidities, the inflammatory status and the current medical treatment could have contributed to different outcomes.

Accordingly, the present study was primarily designed to investigate the main independent predictors of in-hospital mortality in a retrospective cohort of COVID-19 patients admitted to the Pneumology Division during the Omicron dominant period.



Methods


Study population

All consecutive COVID-19 patients who were admitted to the Pneumology Division of the MultiMedica IRCCS (Milano, Italy) from January 1 to May 15, 2022 (the Omicron dominant period), entered this retrospective observational study.

The inclusion criteria were: 1) confirmed SARS-CoV-2 infection by reverse-transcriptase polymerase chain reaction (RT-PCR) assays on material collected by a nasopharyngeal and oropharyngeal swab; 2) patients who were hospitalized; 3) patients who underwent chest X-rays (CXR) on the day of hospital admission.

Patients with negative results for SARS-CoV-2 infection by RT-PCR, patients who died on admission, patients without baseline data or transferred to other designated hospitals during hospitalization were excluded from the analysis.

Following patients’ characteristics were collected from the medical records: age; gender; body surface area (BSA); body mass index (BMI); information about COVID-19 vaccination (subjects vaccinated with 3 doses, with 2 doses, with 1 dose or unvaccinated, respectively); relevant cardiovascular risk factors (hypertension, type 2 diabetes mellitus, smoking, dyslipidemia); electrocardiographic (ECG) data (cardiac rhythm and heart rate); main comorbidities, such as chronic obstructive pulmonary disease (COPD), history of coronary artery disease (CAD), previous stroke/transient ischemic attack (TIA), peripheral vascular disease, chronic kidney disease (CKD), cancer, chronic cognitive deficit; blood tests comprehensive of complete blood count for determining hemoglobin concentration, white blood cells (WBCs) count and neutrophil-to-lymphocyte ratio (NLR), serum levels of creatinine and estimated glomerular filtration rate (eGFR) (10), serum levels of C-reactive protein (CRP), procalcitonin, D-dimer, high-sensitivity (HS) troponine I and N-terminal pro-B-type natriuretic peptide (NT-proBNP); the medical treatment at hospital admission and the COVID-19 in-hospital treatment; finally, the length of hospitalization or days until hospital death.

All hospitalized COVID-19 patients included in the present study underwent accurate anamnesis, objective examination, CXR and/or CT scan, ECG and conventional two-dimensional (2D) transthoracic echocardiography (TTE). COVID-19 patients who died during the hospitalization and those who were discharged alive were separately analyzed. The study design flowchart is depicted in Figure 1.




Figure 1 | The study design flowchart. 2D, two-dimensional; CXR, chest X-rays; CT, computed tomography; ECG, electrocardiography; RT-PCR, reverse-transcriptase polymerase chain reaction; TTE, transthoracic echocardiography.



All procedures were performed according to the ethical standards of the institutional research committee and to the Declaration of Helsinki (1964) and its subsequent amendments or equivalent ethical standards. The study protocol was authorized by the local Ethics Committee (Committee′s reference number 436.2020) and the need for informed consent was not required due to the retrospective nature of the study.



Comorbidity assessment

To assess the comorbidity burden, the Charlson comorbidity index (CCI) was retrospectively calculated for each COVID-19 patient. The CCI assigned 1 point for each of the following comorbidities: previous or actual myocardial infarction, history of congestive heart failure, peripheral vascular disease, dementia, cerebrovascular disease, chronic lung disease, connective tissue disease, ulcer, chronic liver disease, diabetes; 2 points for each of hemiplegia, moderate or severe kidney disease, diabetes with end-organ damage, tumor, leukemia, lymphoma; 3 points for moderate or severe liver disease; and 6 points for tumor metastasis or AIDS (11).



Radiographic examinations

Radiology data were collected from the Radiology department of our Institution. All COVID-19 patients underwent CXR at hospital admission, and were evaluated for the presence of unilateral or bilateral pneumonia, pulmonary hilar congestion, unilateral or bilateral pleural effusion, or for the absence of pulmonary alterations (negative examination). Computed tomography (CT) pulmonary angiography was performed only in patients with clinical or laboratory suspicion of pulmonary embolism complicating COVID-19 pneumonia. In selected cases, high resolution computed tomography (HRCT) was also performed.



Conventional transthoracic echocardiography and lung ultrasound

Echocardiograhic examinations were performed by two sonographers and by an expert cardiologist (AS) by using Philips Sparq ultrasound machine (Philips, Andover, Massachusetts, USA) with a 2.5 MHz transducer.

Following 2D echocardiographic parameters were retrospectively recorded: left ventricular ejection fraction (LVEF) estimated with the biplane modified Simpson’s method (12); average E/e’ ratio, as index of left ventricular diastolic function (13); systolic pulmonary artery pressure (SPAP), derived by the modified Bernoulli equation, where SPAP = 4 x (tricuspid regurgitation velocity)2 + right atrial pressure (14). The latter was estimated from inferior vena cava diameter and collapsibility.

Finally, the presence of multiple B-lines, which are the sonographic sign of lung interstitial syndrome (15), was researched from the anterior, lateral and posterior chest, by using Philips Sparq ultrasound machine (Philips, Andover, Massachusetts, USA) with a 12-4 MHz linear transducer. A number of three or more B lines in any given region was considered a pathological finding.



Primary endpoint

The present study was primarily designed to identify the independent predictors of “in-hospital mortality” in a retrospective cohort of COVID-19 patients.

Details concerning the causes of death of COVID-19 patients were determined by accessing medical records available in the hospital archive and/or from telephone interviews.



Statistical analysis

To calculate the sample size of COVID-19 patients included in the present study, we hypothesized that COVID-19 patients with higher comorbidity burden (as expressed by CCI) might have a significantly increased risk of “in-hospital mortality” than those with lower comorbidity burden. Statistical power analysis revealed that a sample size of 20 COVID-19 patients who died in hospital and 54 COVID-19 patients discharged alive from hospital reached 80% of statistical power to detect a 3 points difference in the CCI between the two groups of patients with a standard deviation (SD) of 3.0 for each parameter, using a two-sided equal-variance t-test with a level of significance (alpha) of 5%.

For the whole cohort of COVID-19 patients and for the two groups of dead and alive patients, continuous data were summarized as mean ± SD, while categorical data were presented as number (%).

The correlation between CCI and NLR in the whole study population was assessed by Spearman Correlation Coefficient.

Univariate logistic regression analysis was performed to evaluate the effect of the main demographic, clinical, biochemical, and instrumental variables, on the occurrence of the primary endpoint, in our cohort of COVID-19 patients. For each variable investigated, correspondent odds ratios with 95% confidence intervals (CIs) were calculated. Only the variables with statistically significant association on univariate analysis (p value <0.05) were thereafter included in the multivariate logistic regression model.

The receiver operating characteristics (ROC) curve analysis was performed to establish the sensitivity and the specificity of the continuous variables that resulted independently associated with the above-mentioned endpoint. Area under curve (AUC) was estimated. The optimal cutoff of these predictors was calculated using the maximum value of the Youden Index (determined as sensitivity + [1-specificity]).

Statistical analysis was performed with SPSS version 26 (SPSS Inc., Chicago, Illinois, USA), with two-tailed p values below 0.05 deemed statistically significant.




Results

Between January 1 and May 15, 2022, a total of 74 consecutive laboratory‐confirmed COVID-19 patients (mean age 80.0 ± 12.6 yrs, 45.9% males) were retrospectively analyzed.

Twenty COVID-19 patients (27% of total) died during the hospitalization, whereas the remaining 54 patients (73% of total) were discharged alive.

Table 1 summarizes baseline clinical characteristics of the whole study population and of the two groups of COVID-19 patients.


Table 1 | Baseline clinical characteristics of the whole study population and of the two groups of COVID-19 patients.



Overall, our series of hospitalized COVID-19 patients had advanced age, normal BMI (24.5 ± 4.8 Kg/m2), mild-to-moderate prevalence of the most common cardiovascular risk factors and high comorbidity burden, as assessed by CCI (7.4 ± 3.1). Approximately one-third of COVID-19 patients (35.1%) completed the vaccination cycle, 27% of total received 2 doses of COVID-19 vaccine, 14,9% of total received 1 dose of COVID-19 vaccine and the remaining 23% were unvaccinated. As expected, the prevalence of unvaccinated subjects was significantly higher among dead patients in comparison to those discharged alive (40.0 vs 16.7%, p = 0.03).

Compared to COVID-19 patients discharged alive from hospital, those who died in hospital were significantly older (85.1 ± 10.6 vs 78.1 ± 13.1 yrs, p = 0.03) and with a predominance of males (70.0 vs 37.0%, p = 0.01). Distribution of the common cardiovascular risk factors was similar in the two groups of patients. Analysis of comorbidities revealed that patients who died had a significantly greater comorbidity burden than those discharged alive (CCI 9.8 ± 2.7 vs 6.5 ± 2.8, p <0.001). Notably, dead patients showed a significantly increased prevalence of history of CAD, peripheral vascular disease and chronic kidney disease.

Concerning medical treatment at hospital admission, a general underprescription of cardioprotective drugs was observed in COVID-19 patients. Indeed, less than half of patients were regularly treated with beta blockers (39.2%) and angiotensin-converting-enzyme inhibitors (ACEI)/angiotensin receptor blockers (ARBs) (44.6%), and less than one third of patients received antiplatelets (27%), anticoagulants (21.6%), calcium channel blockers (20.3%) and statins (28.4%). The underprescription of cardioprotective drugs was particularly evident among patients who died. Only 5%, 10% and 20% of them did regular use of ACEI/ARBs, statins and beta blockers respectively, at hospital admission.

Symptoms and signs at hospital admission, biochemical parameters, main instrumental findings, and finally details regarding the in-hospital medical treatment of COVID-19 infection, are listed in Table 2.


Table 2 | Symptoms and signs at hospital admission, blood tests, radiographic, ECG and echographic data, and details concerning the in-hospital treatment of COVID-19 infection detected in the whole study population and in the two groups of COVID-19 patients.



Main symptoms detected in COVID-19 patients at hospital admission were dyspnea (63.5%) and dry cough (47.3%); 45.9% of patients had fever. The prevalence of asymptomatic patients was significantly greater among those patients who were discharged alive (31.5 vs 5.0%, p = 0.01), whereas the dyspnea was much more commonly observed among those patients who died during hospitalization (85.0 vs 55.5%, p = 0.02). Blood pressure values were similar in the two groups of COVID-19 patients and only two cases of arterial hypotension (systolic blood pressure <100 mmHg) were reported.

As regards blood tests results, our study group was found with a significant increase in serum levels of inflammatory biomarkers, as WBCs, NLR, CRP, procalcitonin, with a mild chronic renal failure, and finally with a marked increase in serum levels of D-dimer and NT-proBNP. In comparison to COVID-19 patients who were discharged alive, those who died had significantly higher serum levels of WBCs (12.6 ± 5.9 vs 9.7 ± 4.7 × 109/L, p = 0.03), NLR (23.6 ± 14.8 vs 7.0 ± 6.6, p <0.001) and NT-proBNP (2915.7 ± 4356.6 vs 1120.6 ± 2553.0 pg/ml, p = 0.03) and significantly impaired renal function (eGFR 48.0 ± 34.9 vs 69.6 ± 27.0 ml/min/m2, p = 0.006). On the other hand, serum levels of CRP, procalcitonin, HS troponin and D-dimer were similar in the two groups of patients.

On CXR/CT scan, 37.8% of the whole study population was diagnosed with bilateral pneumonia, whereas an acute pulmonary embolism was diagnosed in only 4% of COVID-19 patients, probably due to an extensive prophylactic anticoagulation regimen. The prevalence of bilateral and/or unilateral pneumonia did not differ between dead and alive COVID-19 patients. The latter were more frequently diagnosed with unilateral and/or bilateral pleural effusion. Radiological examinations were totally normal in approximately one-third of alive COVID-19 patients.

The prevalence of atrial fibrillation on ECG was 18.9% of the entire cohort of patients, without statistically significant difference between the two groups of patients (30 vs 14.8%, p = 0.14). However, Group 1 patients had significantly higher heart rate (93.4 ± 20.7 vs 82.2 ± 18.1 bpm, p = 0.02) than Group 2 patients.

On 2D-TTE, LVEF (52.5 ± 12.3%) was substantially preserved in the entire study group and a mild increase in left ventricular filling pressures (LVFP), expressed by the average E/e’ ratio (13.4 ± 5.2), and SPAP (39.5 ± 10.6 mmHg) was observed. COVID-19 patients who died during the hospitalization were diagnosed with significantly lower LVEF (41.7 ± 14.0 vs 56.5 ± 8.8%, p <0.001), significantly higher average E/e’ ratio (15.9 ± 5.0 vs 12.6 ± 5.1, p = 0.02) and significantly increased SPAP (47.7 ± 13.2 vs 36.5 ± 7.7 mmHg, p <0.001), in comparison to COVID-19 patients discharged alive. On lung ultrasound, three or more B-lines were detected in 28.4% of the whole study group, with significantly increased prevalence in patients who died in comparison to those who were discharged alive (50 vs 20.4%, p = 0.01).

Concerning COVID-19 in-hospital treatment, great majority of patients were treated with subcutaneous enoxaparin (82.4%), intravenous dexamethasone (75.7%), intravenous antibiotics (75.7%) and intravenous diuretics (67.6%). Those patients who died were more commonly treated with high-flow oxygen therapy (60.0 vs 22.2%, p = 0.002), intravenous dexamethasone (95.0 vs 68.5%, p = 0.02), intravenous antibiotics (95.0 vs 68.5%, p = 0.02) and intravenous diuretics (90.0 vs 59.2%, p = 0.01) than those who were discharged alive.

Finally, the length of hospital stay was not significantly different in the two groups of patients (10.5 ± 6.2 vs 12.7 ± 10.3 days, p = 0.37).

Figure 2 illustrates the strong correlation between CCI score and NLR (r = 0.85) observed in the whole study population.




Figure 2 | The correlation between CCI score and NLR in the whole study population, assessed by Spearman Correlation Coefficient. CCI, Charlson comorbidity index; NLR, neutrophil-to-lymphocyte ratio.



On univariate logistic regression analysis (Table 3), following variables were independently correlated with the primary endpoint “in-hospital mortality”: vaccination with 3 doses (OR 0.14, 95%CI 0.03-0.66, p = 0.01); CCI (OR 1.57, 95%CI 1-22-2.03, p <0.001); NLR (OR 1.19, 95%CI 1.09-1.29, p <0.001); eGFR (OR 0.97, 95%CI 0.95-0.99, p = 0.009); LVEF (OR 0.89, 95%CI 0.84-0.94, p <0.001); SPAP (OR 1.11, 95%CI 1.05-1.18, p <0.001); ACEI/ARBs therapy (OR 0.03, 95%CI 0.01-0.27, p = 0.001); finally, high-flow oxygen therapy (OR 3.56, 95%CI 1.22-10.4, p = 0.02).


Table 3 | Univariate and multivariate logistic regression analysis performed for identifying the main independent predictors of in-hospital mortality in our cohort of hospitalized COVID-19 patients.



On multivariate logistic regression analysis (Table 3), CCI (OR 1.76, 95%CI 1.07-2.92, p = 0.02) and NLR (OR 1.24, 95%CI 1.10-1.39, p = 0.001) were linearly correlated with the outcome “in-hospital mortality”, whereas ACEI/ARBs therapy (OR 0.01, 95%CI 0.00-0.22, p = 0.006) showed a strong inverse correlation with the primary endpoint.

ROC curve analysis highlighted following cut-off values for CCI (≥7; 95% sensitivity and 67% specificity; AUC = 0.81) and NLR (≥9; 100% sensitivity and 78% specificity; AUC = 0.91), as the cut-off values with the best sensitivity and specificity for predicting the outcome “in-hospital mortality” in our study population (Figure 3).




Figure 3 | ROC curve analysis of CCI (A) and NLR (B). CCI, Charlson comorbidity index; NLR, neutrophil-to-lymphocyte ratio; ROC, receiver operating characteristic curve.



A chart of risk stratification of in-hospital mortality drawn for our series of hospitalized COVID-19 patients by using CCI, NLR and ACEI/ARBs therapy, is illustrated in Figure 4. The mortality risk for patients with CCI ≥7, NLR ≥9 and without ACEI/ARBs therapy was very high (86%); for patients with CCI <7, NLR ≥9, with (16.6%) or without (25%) ACEI/ARBs therapy was intermediate; for patients with CCI <7, NLR <9 and with ACEI/ARBs therapy was of 0%.




Figure 4 | Chart of risk stratification of in-hospital mortality for our series of hospitalized COVID-19 patients by using CCI, NLR and ACEI/ARBs therapy. ACEI, angiotensin-converting-enzyme inhibitors; ARBs, angiotensin receptor blockers; CCI, Charlson comorbidity index; NLR, neutrophil-to-lymphocyte ratio.





Discussion

The present study carried out on a retrospective cohort of 74 hospitalized COVID-19 patients during the Omicron dominant period revealed that: 1) the in-hospital mortality rate was 27% for the overall sample (20 of 74 patients); 2) compared to patients who were discharged alive, those who died during hospitalization were significantly older, had significantly greater prevalence of incomplete anti-COVID-19 vaccination, showed significantly higher comorbidity burden (as expressed by CCI), increased inflammatory biomarkers (especially WBCs and NLR), marked radiographic and echographic congestive signs, and were generally underprescribed with cardioprotective drugs (especially ACEI/ARBs) at hospital admission; 3) the baseline CCI and NLR were strongly correlated each other in the whole study group; 4) the main independent predictors of “in-hospital mortality” were the CCI, the baseline NLR and the undertreatment with ACEI/ARBs at hospital admission; notably, a CCI score ≥7 and a NLR ≥9 were the best cut-off values for predicting the outcome.

The overall in-hospital mortality rate detected in our series of COVID-19 patients was higher than that observed in previous studies which included younger patients (16, 17) and similar to that observed in other studies which enrolled geriatric patients with several comorbid conditions (18, 19).

During the last two years, a great number of studies reported that advanced age, male sex and multiple comorbidities, such as diabetes, cardiovascular, cerebrovascular, and respiratory diseases, are independent risk factors of mortality for COVID-19 patients (20–30). On the other hand, other studies showed that comorbidities were not effective predictors of mortality in these patients (31, 32). These different findings were likely related to different study designs and/or populations, or to the influence of confounding factors.

In the present study, to evaluate the influence of comorbidities on the patients’ outcome we employed the Charlson Comorbidity Index (CCI) score, a well-validated, simple and valid method for estimating risk of death from comorbid disease (11). It summarizes a number of comorbidities, each given a weighted integer from one to six depending on the severity of the morbidity. Consistent with previous studies (7, 33–36), we demonstrated that a higher CCI is strongly associated with increased mortality in COVID-19 patients. In our findings, the ROC curve analysis showed that a CCI threshold ≥7 yielded the best cut-off point for predicting mortality in COVID-19 patients.

Our results also revealed that various inflammatory biomarkers, such as WBCs, NLR, CRP, and procalcitonin, were elevated in the great majority of hospitalized COVID-19 patients. However, logistic regression analysis highlighted that, among these inflammatory biomarkers, only the NLR was independently associated with the primary endpoint in our retrospective cohort of patients.

The NLR, easily calculated from a routinely blood test by dividing absolute neutrophil count by absolute lymphocyte count, is a biomarker of systemic inflammation (37). The high NLR results from increased neutrophil count and decreased lymphocyte count. It’s related to the inflammatory response which stimulates the production of neutrophils and speed up the apoptosis of lymphocytes (38).

NLR has been widely used for predicting in-hospital mortality not only in infectious diseases but also in malignancy, cardiovascular diseases, intracerebral hemorrhage, polymyositis and dermatomyostis (39–43).

Concerning COVID-19 patients, several studies demonstrated that higher NLR levels on admission were associated with severe COVID-19 and mortality (16, 44–46).

In determining the optimal cut-off value of NLR for predicting outcome in COVID-19 patients, NLR values ranging from 3.3 to 5.9 predicted severity in some studies (47, 48), whereas higher NLR values ranging from 7.9 and 11.8 predicted mortality in other studies (49, 50). In our findings, a cut-off value of NLR ≥9 was the best cut-off value for predicting mortality.

The increase in serum levels of NLR indicates an imbalance in the inflammatory response where inflammatory factors related to viral infection, such as interleukin-6, interleukin-8, and granulocyte colony-stimulating factor, stimulate neutrophil production (47) and, in contrast, systemic inflammation accelerates lymphocyte apoptosis, depresses cellular immunity, decreases CD4+, and increases CD8+ suppressor T-lymphocytes (51, 52).

Bacterial co-infections due to low immune functions would be another possible reason for explaining the increased levels of NLR and other inflammatory biomarkers, such as CRP and procalcitonin, in COVID-19 patients with severe disease manifestation.

High levels of NLR may also be related to different combinations of comorbidities, as detected in our study population. Interestingly, we observed a strong correlation between NLR and CCI in hospitalized COVID-19 patients, suggesting that aging and comorbidities sinergically contribute to a higher basal proinflammatory status (53). It’s known that, at baseline state, the lungs of old individuals show increase in levels of complement and surfactant proteins and pro-inflammatory cytokines (54, 55). These factors can contribute to both pulmonary and systemic exacerbated inflammatory response in older individuals and seem to play a role in increasing susceptibility to respiratory infections (53).

Another important prognostic indicator assessed by our logistic regression analysis was the undertreatment with ACEI/ARBs at hospital admission in COVID-19 patients. Indeed, the mortality rate was significantly lower in patients chronically treated with ACEI/ARBs in comparison to patients not treated with ACEI or ARBs. Our findings would support the assumption that the up-regulation of angiotensin-converting enzyme (ACE)-2, a carboxypeptidase that cleaves angiotensin II into angiotensin- (1–7, 56, 57), induced by both ACEIs (58–60) and ARBs (61), could be potentially useful in the clinical course of SARS-CoV-2-infected patients, due to the cardiovascular protection elicited by the increased activity of angiotensin (1–7), thereby attenuating angiotensin II effects on vasoconstriction and sodium retention (57, 59). Therefore, our results are in alignment with previous studies that demonstrated a significantly lower mortality rate in hospitalized COVID-19 patients treated with ACEI/ARB therapy (62–67).

A possible explanation for the undertreatment with cardioprotective drug, especially ACEI/ARBs and beta blockers, observed in our cohort of COVID-19 patients at hospital admission, might be ascribable to the increased prevalence of comorbid conditions such as CKD and COPD; we believe that the clinicians were reluctant to prescribe ACEI/ARBs to older patients with impaired renal function and increased risk of hyperkalemia and/or to administer beta blockers to patients with COPD and increased risk of bronchospasm, hypotension or bradicardia.

To sum up, the results of the present study may help the clinicians to identify, among the hospitalized patients with COVID-19 infection, those with increased risk of in-hospital mortality. Those patients who are found with CCI ≥9, NLR ≥7 and who are not treated with ACEI/ARBs at hospital admission have a significantly increased risk of in-hospital mortality during COVID-19 infection. In other terms, those patients who are elderly, frail and with multiple comorbidities, who are found with increased inflammatory biomarkers at hospital admission, and who are not adequately treated with cardioprotective drugs, should be considered high-risk patients with more severe clinical presentation of SARS-CoV2 infection and significantly reduced survival probability. On the other hand, COVID-19 patients with CCI <9, NLR <7 and chronically treated with cardioprotective drugs have a significantly increased probability to be discharged alive from hospital.

Main limitation of the present study were the monocentric design of the study, its retrospective nature and the limited sample size of hospitalized COVID-19 patients analyzed. In the present study, Omicron was not confirmed through whole genome sequencing of SARS-CoV-2, which is the gold standard for genomic surveillance (68), not available at our Institution. However, the cases of COVID-19 patients included in this retrospective analysis were primarily attributed to Omicron, based on the global epidemiological temporal updates. In addition, blood tests did not include inflammatory biomarkers such as IL-6 and TNF-alfa, not assessed for the routinely evaluation of COVID-19 patients at our Center. Although a general undertreatment with cardioprotective drugs at hospital admission might have been the main factor responsible for a poor prognosis in our study group, the logistic regression analysis highlighted the independent prognostic role of ACEI/ARBs, only. An external validation cohort and adequately powered, prospective studies are needed to strengthen our results. A further study could be performed to investigate the composite of mortality and rehospitalization for all-causes in the same study population over a 6 and/or 12 months follow-up and/or to evaluate if the introduction and/or uptitration of cardioprotective drugs might improve the prognosis of these patients.



Conclusions

The hospitalized COVID-19 patients included in this retrospective analysis showed a 27% of in-hospital mortality rate.

A high comorbidity burden, high levels of NLR and the undertreatment with ACEI/ARBs at hospital admission were the main independent prognostic indicators of in-hospital mortality in our series of patients.

The risk stratification of COVID-19 patients at hospital admission would help the clinicians to take care of the high-risk patients and reduce the mortality.
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ANALYSIS ANALYSIS

OR 95% CI P value OR 95% CI P value
Demographics
Age (yrs) 1.05 0.99-1.11 0.08
Male sex 232 0.80-6.73 0.12
Anti-COVID-19 vaccination
Vaccination with 3 doses 0.14 0.03-0.66 0.01 0.25 0.01-4.42 034
Cardiovascular risk factors
Hypertension 222 0.71-7.01 0.17
Type 2 diabetes mellitus 1.08 0.36-3.17 0.89
Obesity 1.01 0.24-4.28 0.98
Smoking 1.54 0.51-4.63 0.44
Dyslipidemia 1.05 0.32-3.45 0.93
Clinical comorbidity index
CCI 157 1-22-2.03 <0.001 176 1.07-2.92 0.02
Blood tests
NLR L19 1.09-1.29 <0.001 124 1.10-1.39 0.001
CRP (mg/dl) 1.04 0.97-1.11 0.29
Procalcitonin (ng/ml) 1.04 0.85-1.26 0.72
eGFR (ml/min/m?) 0.97 0.95-0.99 0.009 0.98 0.95-1.03 0.46
HS troponine I (ng/L) 1.00 0.99-1.01 0.19
D-dimer (ng/ml) 1.00 0.92-1.09 0.90
NT-proBNP (pg/ml) 1.00 0.87-1.15 0.95
Instrumental findings
Bilateral pneumonia on CXR/CT scan 113 0.39-3.24 0.82
AF 122 0.39-3.80 0.72
LVEF (%) 0.89 0.84-0.94 <0.001 0.93 0.80-1.07 0.31
Average E/e’ ratio 1.07 0.96-1.19 0.24
SPAP (mmHg) L11 1.05-1.18 <0.001 107 0.92-1.24 0.36
Medical treatment at hospital admission
Antiplatelets 1.69 0.56-5.16 0.35
Anticoagulants 1.31 0.39-4.37 0.67
Beta blockers 0.58 0.19-1.73 0.33
ACEi-ARBs 0.03 0.01-0.27 0.001 0.01 0.00-0.22 0.006
Statins 0.79 0.25-2.55 0.69
In-hospital treatment of COVID-19 infection
High-flow oxygen therapy 356 1.22-10.4 0.02 228 0.69-7.50 0.17
Subcutaneous enoxaparin (%) 114 0.32-4.07 0.84
Intravenous dexamethasone (%) 138 0.43-4.41 0.59
Intravenous antibiotics (%) 1.84 0.53-6.33 0.33
Intravenous diuretics (%) 1.60 0.53-4.82 0.40

ACEI, angiotensin-converting-enzyme inhibitors; AF, atrial fibrillation; ARBs, angiotensin receptor blockers; CCI, Charlson comorbidity index; COVID-19, Coronavirus disease 2019; CRP,
C-reactive protein; CT, computed tomography; CXR, chest X-rays; eGFR, estimated glomerular filtration rate; HS, high-sensitivity; LVEF, left ventricular ejection fraction; NLR, neutrophil-
to-lymphocyte ratio; NT-proBNP, N-terminal pro-B-type natriuretic peptide; SPAP, systolic pulmonary artery pressure.

Significant P values are in bold.
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All patients (n = 74)

Symptoms and physical examination at hospital admission

Dry cough (%) 35 (47.3)
Dyspnea (%) 47 (63.5)
No symptoms (%) 18 (24.3)
BT >37.3°C (%) 34 (45.9)
SBP (mmHg) 125.9 £20.7
DBP (mmHg) 74.8 £ 10.3
Blood tests

Hb (g/dl) 12822
WBCs (x 10°/L) 105+52
NLR 1.5+ 119
CRP (mg/dl) 86+73
Procalcitonin (ng/ml) 0.97 +2.42
Creatinine 1.26 + 1.00
eGFR (ml/min/m?) 63.7 307
HS troponine I (ng/L) 31.3+753
D-dimer (ng/ml) 3522.6 + 6054.8
NT-proBNP (pg/ml) 1605.7 + 3211.9
Radiographic findings on CXR/CT scan

Unilateral pneumonia (%) 12 (16.2)
Bilateral pneumonia (%) 28 (37.8)
Pulmonary hilar congestion (%) 10 (13.5)
Unilateral pleural effusion (%) 6(8.1)
Bilateral pleural effusion (%) 6(8.1)
Pneumonia + PE (%) 3 (4.0)
Negative CXR/CT scan (%) 18 (24.3)
ECG data

Heart rate (bpm) 85.2 +19.3
AF (%) 11 (14.9)
Main echographic variables

LVEF (%) 525123
Average E/e’ ratio 13452
SPAP (mmHg) 39.5+10.6
>3 B-lines on lung ultrasound 21 (28.4)

COVID-19 in-hospital treatment

No oxygen therapy (%) 25 (33.8)
Low-flow oxygen therapy (%) 25 (33.8)
High-flow oxygen therapy (%) 24 (324)
Subcutaneous enoxaparin (%) 61 (82.4)
Intravenous dexamethasone (%) 56 (75.7)
Intravenous antibiotics (%) 56 (75.7)
Intravenous diuretics (%) 50 (67.6)
Intravenous remdesivir (%) 3 (4.0)

Length of hospital stay (days) 121+93

Dead (n = 20)

(50.0)
(85.0)
1 (5.0)

0 (50.0)
1279 £ 179

10
7

76.1 + 8.8

133 +24
12,6 £5.9
23.6 + 148
10.1 £9.5
1.13 £ 1.03
178 £ 1.14
48.0 + 349
523+ 638
3661.0 + 8161.1
2915.7 + 4356.6

93.4 +20.7
8 (40.0)

41.7 £ 140

159 + 5.0

47.7 £ 132
0 (50.0)

1 (5.0)
7 (35.0)
12 (60.0)
9 (95.0)
19 (95.0)
19 (95.0)
18 (90.0)
0(0.0)
10.5 + 6.2

Alive (n = 54)

25 (46.3)
30 (55.5)
17 (31.5)
24 (44.4)
125.1 £21.7
74.3 +10.9

126 + 1.8
97 +4.7
7.0 £ 6.6
80+6.4
09+28
1.07 £ 0.87
69.6 £ 27.0
235+782
34714 £ 5158.3
1120.6 + 2553.0

8 (14.8)
20 (37.0)
3(5.5)
2(3.7)
2(3.7)
2(3.7)
17 (31.5)

822 +18.1
3(5.5)

56.5+ 8.8
126 +5.1
365+7.7
11 (20.4)

24 (44.4)
18 (33.3)
12 (22.2)
42 (77.7)
37 (68.5)
37 (68.5)
32 (59.2)
3(5.5)
12.7 £10.3

P value

0.77
0.02
0.01
0.67
0.60
0.51

0.18
0.03
<0.001
0.28
0.72
0.006
0.006
0.14
0.90
0.03

0.59
0.81
0.001
0.02
0.02
0.80
0.01

0.02
<0.001

<0.001
0.02

<0.001
0.01

0.001
0.89
0.002
0.08
0.02
0.02
0.01
0.56
0.37

AF, atrial fibrillation; BT, body temperature; CRP, C-reactive protein; CT, computed tomography; CXR, chest X-rays; COVID-19, Coronavirus disease 2019; DBP, diastolic blood pressure;
ECG, electrocardiographic; eGFR, estimated glomerular filtration rate; Hb, hemoglobin; HS, high-sensitivity; LVEF, left ventricular ejection fraction; NLR, neutrophil-to-lymphocyte ratio;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; SBP, systolic blood pressure; SPAP, systolic pulmonary artery pressure; WBCs, whilte blood cells.

Significant P values are in bold.
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Demographics and anthropometrics
Age (yrs)

Male sex (%)

BSA (m?)

BMI (Kg/m?)

Anti-COVID-19 vaccination
Vaccination with 3 doses of COVID-19 vaccine (%)
Vaccination with 2 doses of COVID-19 vaccine (%)
Vaccination with 1 dose of COVID-19 vaccine (%)
Unvaccinated (%)

Cardiovascular risk factors
Hypertension (%)

Type 2 diabetes mellitus (%)

Current or ex-smokers (%)

Dyslipidemia (%)

Obesity (%)

Relevant comorbidities

COPD (%)

History of CAD (%)

Previous stroke/TTA (%)

Peripheral vascular disease (%)

CKD (%)

Cancer (%)

Chronic cognitive deficit (%)

CCI

Medical treatment at hospital admission
Antiplatelets (%)

Anticoagulants (%)

Beta blockers (%)

ACE-i/ARBs (%)

Calcium channel blockers (%)

Diuretics (%)

Statins (%)

Oral antidiabetics (%)

Insulin (%)

All patients (n = 74)

80.0 + 12,6
4 (45.9)
179 %025
245+ 48

6 (35.1
0 (27.0;
1(14.9,

)
)
)
17 (23.0)

0 (27.0)
16 (21.6)
6 (8.1)
22

20 (27.0)
16 (21.6)
9 (39.2)
3 (44.6)
15 (203)
18 (243)

1(284)
11 (14.9)
11 (14.9)

Dead (n = 20)

85.1 £10.6
14 (70.0)
1.74 £0.24
237 +5.6

2(10.0)
8 (40.0)
2(10.0)
8 (40.0)

5 (75.0)
4 (20.0)
7 (35.0)
5(25.0)
3(15.0)

6 (30.0)
9 (45.0)
3(15.0)
10 (50.0)
13 (65.0)
6 (30.0)
7 (35.0)
98 £2.7

7 (35.0)

Alive (n = 54)

781+ 131
20 (37.0)
1.80 + 0.24
248 + 45

24 (44.4)
12 (22.2)
9 (16.7)
9 (16.7)

1(57.4)
18 (33.3)
14 (25.9)
16 (29.6)
8 (14.8)

14 (25.9)
7 (13.0)
3(5.5)
12 (222)
20 (37.0)
10 (18.5)
11 (204)
6.5+28

13 (24.1)
11 (204)
25 (46.3)
32 (61.1)
11 (204)
13 (24.1)
19 (35.2)
8 (14.8)
10 (18.5)

P value

0.03
0.01
0.34
0.38

0.006
0.13
0.47
0.03

0.16
0.26
0.44
0.69
0.98

0.72
0.003
0.19
0.02
0.03
0.29
0.19
<0.001

0.35
0.67
0.03
<0.001
0.97
0.93
0.03
0.98
0.15

ACEL angiotensin-converting-enzyme inhibitors; ARBs, angiotensin receptor blockers; BMI, body mass index; BSA, body surface area; CAD, coronary artery disease; CC, Charlson

comorbidity index; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; COVID-19, Coronavirus disease 2019; TIA, transient ischemic attack.

Significant P values are in bold.
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Hospitalized COVID-19 patients

regardll::ls'::z :fg CCl and IECl=5E, NER =5, CCI <7, NLR 29,
ACEI/ARBSs tp ACEI/ARBs tp No ACEI/ARBs tp

CCI 27, NLR 29,
No ACEI/ARBs

Low risk group (mortality Intermediate risk group Intermediate risk group

of 0%) (mortality of 16.6%) (mortality of 25%)

High risk group
(mortality of 86%)
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Patients with suspected SARS-CoV-2 infection admitted to the Emergency Department of
MultiMedica IRCCSbetween January 1, 2022 and May 15, 2022

2) patients who were hospitalized; 3) Patients without baseline data;
3) patients who underwent chest X-rays (CXR) 4) Patients transferred to other Centers
at hospital admission. during hospitalization.

Inclusion criteria: Exclusion criteria:
1) Patients with confirmed SARS-CoV-2 1) Patients with negative results for SARS-
infection by reverse-transcriptase polymerase CoV-2 infection by RT-PCR;
chain reaction (RT-PCR); 2) Patients died on hospital admission;

Anamnesis, objective examination, CXR/CT scan, electrocardiography (ECG), conventional two-

dimensional (2D) transthoracicechocardiography (TTE), blood tests, in-hospital medical treatment.

Biedipatients Patients discharged

alive from hospital
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Participants
Age median
Prior SARS-CoV-2 infection

Participants
Age median
Prior SARS-CoV-2 infection

Total

23
29.5 (26-60)
1

18
29.5 (26-49)
0

Serum

8
32 (26-49)
0

8
32 (26-49)
0

f Total

Longitudinal follow-up

15 12
30 (26-60) 36 (26-49)
1 0
‘Booster’
10 12
29.5 (26-40) 36 (26-49)
0 0

T cells

6 (26-49)

6 (26-49)

6
35.5 (26-40)
0

6
35.5 (26-40)
0
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Variables

Age (Years)

Post-transplant interval (months)
BMI (kg/m?)

BUN (mg/dl)

Hemoglobin(g/dl)

Serum creatinine(mg/dl)

TLC (X10%4)

eGFR(ml/min)

Tacrolimus level(ug/l)

TLC, Total leucocyte count; BUN, blood urea nitrogen;

0.041
-0.001
-0.030
0.005
-0.101
-0.193
0.008
0.005
0.13

Exp (B)

1.04

0.99

0.97
1.005
0.90

0.82

1.008
1.005
1.13

95% ClI for EXP (B) (Lower-Upper)

1.08-1.07
0.99-1.005
0.90-1.03
0.98-1.03
0.77-1.05
0.39-1.70
0.88-1.14
0.980-1.03
0.98-1.31

eGFR, estimated glomerular filtration rate; BMI, body mass index.

P value

0.004
0.73
0.36
0.70

0.197
0.60
0.90
0.70

0.073
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Characteristics

Myalgia (%)

Headache (%)

Backpain (%)

Body ache (%)

Giddiness (%)

Fever (%)

Myalgia+ Body ache+ Fever (%)

COVISHIELD ™ (n=120)

29 (24.16)
19 (15.83)
5(4.1)
12 (10)
15 (12.5)
16 (13.3)
24 (20)

COVAXIN™ (n=78)

18 (23.07)
8(10.2)
3(38)
1 (14.10)
1 (14.10)
8(10.2)
19 (24.3)

P value

0.86
0.26
091
0.38
0.74
0.51
0.47
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Seroconversion and antibody titer in SGPGI Lucknow

S.No. SARS-CoV-2 infection ~ COVAXIN™b(n=78)  COVISHIELD ™¢(n=120) P value
(n=172)
Median titer 646.50 1586.0 1572.95 avs b; p=0.033*
(Interquartile range) (232.52-1717.42) (5601.95-3000.0) (22.82-7522.75) avs c; p=0.014*
bvs ¢; p=0.33*
Over all anti-SARS-CoV-2 spike protein antibody seroconversion Yes No Yes No Yes No 11(26.19%) 0.012*

166(90.69%) 16(9.3%) 47(83.9%) 9 (16.07%) 31(73.8%)
Seroconversion and antibody titer in Medanta, Gurugram, India

Median titer 1310.0 1400.0 0.85*
(Interquartile range) (309.05-4000.0) (398.0-4414.52)
Over all anti-SARS-CoV-2 spike protein antibody seroconversion 64(82.05%) 14(18%) 17 (77%) 5 (22.7%) 0.76"

$- Indicates seroconversion in patient who had anti SARS-CoV-2 Spike protein antibody titer >50AU/ml. *Kruskal Wallis Test, **Chi Square test.
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Characteristics

Age (years)

Gender

Post-transplant interval (month)

BMI (kg/m?)

Blood group

Blood group compatibility
Serum creatinine (mg/dl)

Immunosuppression

Variable stratification

<45
45.1-60

>60
<45

M
F

2-60
60.1-120
120.1-180
>180

<18.4
18.5-24.99

25.0-24.99
>30

Arve

gre

ABHe

one
ABOc
ABOI

<1.4

>1.4
Tacrolimus
Cyclosporin

BMI, Body mass index; ABOc, ABO compatible; ABOI, ABO-incompatible.

Seroconversion

Yes

213 (88.01%)
94 (83.18%)

7 (58.3%)
213 (88.01%)

271 (85.5%)
44 (83.01%)

133 (86.36%)
120 (85.10%)

38 (79.16%)
23 (95.8%)

43 (84.3%)
152 (82.60%)

92 (90.2%)
28 (84.8%)

86 (86.8%)
110 (81.5%)

38 (84.4%)
81 (89.0%)
298 (85.8%)
17 (73.91%)
210 (84.33%)
105 (86.77%)
302 (85.07%)
13 (86.6%)

No

29 (11.98%)
19 (16.81%)
5 (41.66%)
29 (11.98%)
46 (14.51%)
9 (16.98%)

21 (13.63%)
21 (14.89%)

10 (20.83%)
1(4.16%)

8 (15.68%)
32 (17.4%)

10 (9.8%)
5 (15.15%)

13 (13.13%)
25 (18.51%)

7 (15.5%)
10 (10.98%)
49 (14.12%)
6 (26.08%)
39 (15.6%)
16 (13.22%)
53 (14.92%)
2 (13.3%)

P value

0.012

0.67

0.29

0.38

0.43

0.13

0.64

1.00
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A

/Sample collection
380 blood samples (95 people)

Sampling time points:

- Day 0 (pre-vaccination)

- Day 21 (3 weeks after the first injection)
- Day 28 (1 week after vaccine booster)

Data processing
Metaboanalyst

Processing steps:

- log2 transformation

- quantile normalization

- impute missing values
with minimum value

Feature selection
A (Day 0-Day 28); B (Day 0-Day 42)

Selection basis:

- PLS-DA and Volcano plot analysis

- select the common features shared
by PLS-DA (VIP>2.0) and volcano
plot (FC>1.5, p-value<0.05)

& Day 42 (3 weeks after vaccine booster)

| @B

‘ A group of 13 feature peaks were obtained (m/z 3025, m/z 3198, m/z 3213, m/z 6609, m/z 13,761, m/z 13,882, ‘
m/z 13,939, m/z 14,044, m/z 14,092, m/z 14,150, m/z 15,124, m/z 15,868, m/z 28,195).
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miRNA AUC (95% CI) P value Cutpoint Sensitivity % (95% CI) Specificity % (95% CI) Likelihood ratio

Upregulated in severe vs. mild/moderate COVID-19

miR-22-3p 0.80 (0.69-0.89) <0.0001 > 2656 89.1 (78.2-94.9) 58.8 (42.2-73.6) 2.16
miR-21-5p 0.75 (0.64-0.86) <0.0001 > 35108 90.9 (80.4-96.1) 52.9 (36.7-68.6) 193
miR-101-3p 0.74 (0.64-0.85) 0.0001 > 2067 80.0 (67.6-88.5) 61.8 (45.0-76.1) 2.09
miR-194-5p 0.74 (0.64-0.85) 0.0001 >92.01 61.1 (47.8-73.0) 82.4 (66.5-91.7) 3.46
miR-29¢-3p 0.72 (0.61-0.83) 0.0005 > 1097 74.1 (61.1-83.9) 67.7 (50.8-80.9) 229
miR-451a 0.72 (0.60-0.83) 0.0006 > 8364 90.9 (80.4-96.1) 44.1 (28.9-60.6) 1.63
miR-92a-3p 0.71 (0.60-0.82) 0.0009 > 67074 69.1 (56.0-80.0) 70.6 (53.8-83.2) 235
miR-378a-3p 0.71 (0.60-0.82) 0.0012 > 609.1 75.9 (63.1-85.4) 61.8 (45.0-76.1) 199
miR-486-5p 0.68 (0.56-0.80) 0.0040 > 124558 72.7 (60.0-82.7) 64.7 (47.9-78.5) 2.06
miR-501-3p 0.68 (0.57-0.79) 0.0042 > 547.0 72.7 (60.0-82.7) 55.9 (39.5-71.1) 1.65
Downregulated in severe vs. mild/moderate COVID-19

miR-224-5p 0.74 (0.63-0.84) 0.0002 < 255.7 60.0 (46.8-71.9) 85.3 (69.9-93.6) 4.08
let-7e-5p 0.71 (0.60-0.82) 0.0009 < 1074 72.7 (59.8-82.7) 67.7 (50.8-80.9) 2125
miR-339-5p 0.70 (0.59-0.81) 0.0014 < 383.6 60.0 (46.8-71.9) 73.5 (56.9-85.4) 227
miR-23b-3p 0.67 (0.55-0.79) 0.0074 <1924 81.8 (69.7-90.0) 52.9 (36.7-68.6) 1.74
miR-155-5p 0.67 (0.56-0.78) 0.0075 < 509.7 43.6 (31.4-56.7) 88.2(73.4-95.3) 371
miR-146a-5p 0.66 (0.55-0.78) 0.0103 < 5002 67.3 (54.1-78.2) 64.7 (47.9-78.5) 191
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miRNA AUC (95% CI) Pvalue  Cutpoint  Sensitivity % (95% CI) Specificity % (95% CI) Likelihood ratio

Upregulated in COVID-19 vs. healthy control

miR-320b 0.97 (0.95-1.00) <0.0001 > 509.3 94.4 (87.5-97.6) 95.6 (85.2-99,2) 21.24
miR-320c 0.97 (0.95-1.00) <0.0001 > 1154 89.9 (81.9-94.6) 95.6 (85.7-99.2) 20.22
miR-320d 0.97 (0.94-0.99) <0.0001 > 3985 91.1 (79.3-96.5) 92.1 (84.6-96.1) 11.58
miR-483-5p 0.94 (0.91-0.98) <0.0001 SA37L 91.0 (83.3-95.4) 91.1 (79.3-96.5) 10.24
miR-320a-3p 0.92 (0.87-0.97) <0.0001 > 11648 80.9 (71.5-87.7) 88.9 (76.5-95.2) 7.28
miR-21-5p 0.83 (0.76-0.90) <0.0001 > 19821 69.7 (59.5-78.2) 88.9 (76.5-95.2) 523
miR-22-3p 0.81 (0.74-0.89) <0.0001 > 1478 82.0 (72.8-88.6) 66.7 (52.7-78.6) 2.46
miR-423-5p 0.79 (0.71-0.88) <0.0001 > 38886 80.9 (71.5-87.7) 73.3 (59.0-84.0) 3.03
miR-125b-5p 0.73 (0.64-0.82) <0.0001 > 2664 62.9 (52.6-72.3) 73.3 (59.0-84.0) 2.36
miR-3615 0.72 (0.62-0.81) <0.0001 > 1168 88.8 (80.5-93.8) 51.1 (37.0-65.0) 1.82
Downregulated in COVID-19 vs. healthy control

miR-30d-5p 0.98 (0.96-1.00) <0.0001 <6822 94.4 (87.5-97.6) 91,1 (79.3-96.5) 10.62
miR-25-3p 0.98 (0.95-1.00) <0.0001 < 5160 96.6 (90.6-99.1) 91.1 (79.3-96.5) 10.87
miR-93-5p 0.97 (0.95-1.00) <0.0001 <5623 94.4 (87.5-97.6) 93.3 (82.1-97.7) 14.16
miR-16-5p 0.97 (0.94-1.00) <0.0001 < 140526 92.1 (84.6-96.1) 95.6 (85.2-99.2) 20.73
miR-101-3p 0.96 (0.93-0.99) <0.0001 <3572 88.8 (80.5-93.8) 86.7 (73.8-93.7) 6.66
miR-185-5p 0.94 (0.90-0.98) <0.0001 < 1094 86.8 (77.8-92.4) 88.9 (76.5-95.2) 7.81
miR-425-5p 0.92 (0.87-0.96) <0.0001 < 2609 83.2 (74.0-89.5) 95.6 (85.2-99.2) 187
miR-451a 0.91 (0.87-0.96) <0.0001 < 10205 85.4 (76.6-91.3) 82.2 (68.7-90.7) 4.80
miR-20a-5p 0.91 (0.86-0.96) <0.0001 <719 78.7 (69.1-85.9) 93.3 (82.1-97.7) 11.8
miR-151a-3p 0.91 (0.86-0.96) <0.0001 < 1675 80.9 (71.5-87.7) 91.1 (79.3-96.5) 9.10
miR-223-3p 0.88 (0.80-0.95) <0.0001 < 21788 95.5 (89.0-98.2) 71.1 (56.6-82.3) 331
miR-342-3p 0.85 (0.78-0.92) <0.0001 <3617 88.8 (80.5-93.8) 66.7 (52.1-78.6) 2.66
miR-486-5p 0.85 (0.78-0.92) <0.0001 < 229399 85.4 (76.6-91.3) 73.3 (59.0-84.0) 320
miR-92a-3p 0.82 (0.75-0.90) <0.0001 < 104438 79.8 (70.3-86.8) 68.9 (54.3-80.5) 2.56
miR-4433b-5p 0.80 (0.72-0.88) <0.0001 < 2006 75.3 (65.4-83.1) 73.3 (59.0-84.0) 2.82
miR-194-5p 0.80 (0.72-0.87) <0.0001 <244 75.0 (65.0-82.9) 77.8 (63.7-87.5) 338
miR-146a-5p 0.75 (0.67-0.84) <0.0001 < 7681 78.7 (69.1-85.9) 62.2 (47.6-74.9) 2.08
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Feature

Age, years

Sex

Men

Women

Any comorbidity
Hypertension
Dyslipidemia

Diabetes

Malignancy
Cardiovascular Diseases
Lung disease

Chronic liver disease
Days of hospitalization
ICU admission
Outcome

Recovery

Sequelae

Death

Laboratory test (normal range)

Leukocytes count (4.3-10.8 1079/L)

CRP (<5 mg/L)
Procalcitonin (<0.5 pg/L)
Fibrinogen (1.8-3.5 g/L)
D-dimer (<500 pg/L FEU)
CPK (46-171 U/L)
Troponin (<20 ng/L)

LDH (<247 U/L)

Ferritin (23.9 - 336.2 ug/L)
IL-6 (<7 pg/mL)

Mild COVID-19 (n = 26)

69 (62-78)

14 (53.9%)
12 (46.1%)
24 (92.3%)
13 (50.0%)
3 (11.5%)
4 (154%)
2(7.7%)
7 (26.9%)
5 (19.2%)
1 (3.9%)
10 (8-15)
0 (0%)

23 (88.5%)
3 (11.5%)
0 (0%)

6.4 (4.8-8.5)
64.9 (21.2-103.3)
0.1 (0.06-0.22)
5.5 (5.0-6.1)
820 (517.5-1095)
67.5 (43.8-139)
7.4 (5.2-12.3)
248 (219-311)
424 (238-790)
17.1 (3.8-37.7)

Moderate COVID-19 (n = 29)

3 (66-80)

18 (62.1%)
11 (37.9%)
24 (82.8%)
13 (44.8%)
8 (27.6%)
8 (27.6%)
6 (20.7%)
11 (37.9%)
8 (27.6%)
1 (3.5%)
6 (10-21)
2 (6.9%)

25 (86.2%)
2 (6.9%)
2 (6.9%)

6.7 (5.6:9.1)
101.3 (36.5-171.5)
0.2 (0.09-0.46)
5.4 (44-6.2)
949 (580-1827)
95 (73-186)
111 (66-21.1)
298.5 (255-347)
408 (293-862)
42.5 (20.3-130.7)

Severe COVID-19 (n = 34)

67 (57-73)

29 (85.3%)
5 (14.7%)
29 (85.3%)
19 (55.9%)
7 (20.6%)
10 (29.4%)
4 (11.8%)
10 (29.4%)
9 (26.5%)
5 (14.7%)
24 (13-50)
25 (73.5%)

13 (38.2%)
11 (32.3%)
10 (29.4%)

89 (4.9-11.0)
1150 (75.0-177.2)
046 (0.18-1.13)
4.6 (3.9-6.4)
857 (679-1709)
140 (69.8-343.3)
10.1 (6.3-30)
311 (273-408)
697 (393-1448)
65.3 (14.3-120.6)

p value

0.1808
0.0225

0.6871
0.1254
0.3341
0.3003
0.3457
0.6448
0.739
0.169
<0.0001
<0.0001
<0.0001

0.0361
00177
0.5418
0.6501
0.7089
0.0465
0.5392
0.2913
0.2042
0.0643

Data are median (IQR) or number (%). P values comparing mild, moderate and severe COVID-19 are from ¥ test and one-way ANOVA, as appropriate. CRP, C-reactive protein; CPK,
creatine phosphokinase; LDH, Lactate dehydrogenase; IL-6, interleukin-6. P values of statistically significant test results defined as <0.05 are in bold.
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Characteristics

N (%)

Age [median, (IQR)]

Male [n, (%)]

Bahraini nationality [n, (%)]

Vaccination coverage [n, (%)]

PCR test 1 CT value (n=2070) [mean, (SD)]
PCR test 2 CT value (n= 1291) [mean, (SD)]
PCR test 3 CT value (n= 540) [mean, (SD)]
PCR test 4 CT value (n=2070) [mean, (SD)]

IQR, interquartile range; PCR, polymerase chain reaction; CT, cycle time.

Alpha variant (n=792)

792 (65.5%)
39 (29, 51)
467 (59.0%)
553 (69.8%)
573 (72.4%)
23138
28,0 (4.0)
292 (4.3)
297 (5.1)

Delta variant (n=636)

636 (44.5%)
35 (28, 44)
399 (62.83%)
338 (53.1%)
343 (54.1%)
227 (3.1)
27.3(3.7)
27.6 (4.2)
27.7 3.0)

p-value

<0.001
0.145
<0.001
<0.001
0.13
0.24
0.076
0.05
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Variable HR (95% Cl) P value
Variant

Alpha 1.20 (1.01-1.41) 0.029
Delta Ref

Vaccination status

Vaccinated 1.77 (1.49-2.11) <0.001
Unvaccinated Ref

Age

Age 0.98 (0.97-0.99) <0.001
Sex

Male 1.17 (0.98-1.38) 0.071
Female Ref
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Group Young vaccinees (n=15) Older adult vaccinees (n=5) p value

Age 29973 66.4 £ 1.9 <0.001
Male/Female ratio 15 4 0.786
Baseline hemogram

WBC (x k/cmm) 6720 + 2144 5540 + 720 0.29
Hb (g/dl) 139 +0.9 141 £0.9 66
Platelet (x k/cmm) 239.3+71.9 225.4 +55.4 74
Neutrophil (%) 63.9£5.7 50.6 +£5.5 <0.01
Lymphocyte (%) 26.02 +4.4 375+53 <0.01
NK cells/lymphocytes (%) 12.1+5.8 221 +£8.1 0.0073
Monocyte (%) 72+18 80+15 37

Post-vaccination antibody
2 months after 1" dose

Anti-SARS-CoV-2 Ab (Roche, cutoff index, COl) 125.0 + 66.3 54.1 +55.9 0.046

Anti-SARS-CoV-2 sVNT (%) 472 £19.3 212+222 0.02
1 month after 2™ dose

Anti-SARS-CoV-2 Ab 641.2 + 258.3 657.0 + 582.6 0.956
(Roche, cutoff index, COI)

Anti-SARS-CoV2 sVNT (%) 78.0 £13.7 61.3 £422 0.181

Data are shown as mean = standard deviation.
Numbers in bold indicates statistical significance (p value < 0.05).
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GSD 1.00 5.20 296 511 4.48
100 pg n=15 n=15 n=15 n=14 n=14
Median 0.400 44.7 209 8476 6044
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(95% CI) (0.400-0.400) (23.1-114) (125-264) (6259-9727) (4538-6901)
GSD 1.00 4.21 197 1.46 1.44
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(95% CI) (1.00-1.00) (2.35-23.8) (1.68-6.49) (1.47-9.20) (1.41-7.62)

All values below the lower limit of the measuring range were substituted by this lower limit at 0.4 U/mL. Of note, all ACOV2S levels measured at baseline Day 1 were actually below 0.4 U/mL.
GMC, geometric mean concentrations; GMR, geometric mean ratio; GSD, geometric standard deviation; Q1, first quartile; Q3, third quartile.
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PO - time point before vaccination, P1 - time point three weeks after first dose, P2 - time point three weeks after second dose, P3 - time point three months after vaccination, P4 - time
point six months after vaccination, P5 — time point nine months after vaccination, P6 — time point three weeks after third dose, P7 - time point three months after third dose, P* - time point

twelve months after vaccination.
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S.No. SARS-CoV-2 infection COVAXIN™ (n=78)  COVISHIELD ™ (n=120) P value

n=172)
Median titer 646.50 1449.75 1500.51 avs b, p=0.009%;
(Interquartile range) (232.52-1717.42) (400.0-3068.55) (379.47-4938.50) avsc,
b vs ¢, p=0.45*
Overall anti-SARS-CoV-2 spike protein antibody seroconversion Yes No Yes No Yes No 0.017*

156(90.69%)  16(9.3%) 64(82.05%) 14 (17.94%) 95(79.2%) 25(20.83%)

$- Indicates seroconversion in patient who had anti SARS-CoV-2 Spike protein antibody titer >50AU/ml. *Kruskal Wallis Test; **Chi Square test.
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Characteristics

Age (Years)

Male/Female

ABOc/ABOI

Post-transplant interval in Month
(mean + SD)

BMI(Kg/M?)

Hemoglobin(g/dl)

BUN (mg/dl)

Baseline serum creatinine(mg/dl)
Serum creatinine(mg/dl)

TLC (X10%p)

eGFR (ml/min)

Tacrolimus level(ug/l)

Systolic BP (mmHg)

Diastolic BP (mmHg)

Patient blood ATe

group B™e
one
AR
Induction None/Basiliximab/
regimen ATG
MMF+ Steroid+  Tacrolimus/
Cyclosporin

Total

40.84 + 10.84
317/53
347/23

78.99 + 52.3

23.72 + 4.82
12.54 £2.05
23.76 £ 11.81
0.87 £ 0.41
1.34 + 0.60
7.63 +£2.46
73.41 + 34.62
5.44 +1.94
133.17 £ 14.37
82.24 £10.31
99
185
91
45
165/148/67

355/15

SARS-CoV-2 infection
(n=172)

39.65 + 10.02
150/22
164/8

82.19 + 56.18

23.73 +5.16
18.02 £ 1.85
19.83 £ 7.82
1.08 + 0.40
1.47 £0.79
8.26 + 2.58
70.42 + 4517
5.56 +2.18
130.13 £ 16.10
80.48 £ 10.02
51
54
48
19
74/8117

166/6

COVAXIN ™Vaccination
(n=78)

41.87 + 10.79
65/13
76/2

85.61 + 54.35

2341 +£3.14
11.39 £2.38
27.09 + 13.38
0.71 +0.39
1.23 +0.29
6.75 + 2.06
7592 £ 21.21
5.19 +1.09
131.27 + 12.56
82.51 £9.79
19
30
16
13
35/22/21

72/6

COVISHIELD ™Vaccination
(n=120)

41.89 + 11.86
102
107/13
70.09 + 43.61

23.90 £ 5.22
12.61 +1.80
27.22 £ 13.67
0.76 £ 0.35
1.23+0.34
7.30 £2.30
76.05 + 21.68
5.45 £ 2.00
135.67 + 13.85
84.57 £ 10.64
29
51
27
13
46/45/29

17/3

P
Value

0.14*
0.69**
0.032*
0.068*

0.78*
<0.001*
0.001*
<0.001*
0.001*
<0.001*
0.30*
0.37*
<0.004*
0.004*
0.35™

0.001*

017

* ANOVA test, ** Chie square test; ABOc, ABO compatible; ABOI, ABO incompatible; BMI, Body mass index; TLC, Total leucocyte count; BUN, Blood urea nitrogen; eGFR, estimated

glomerular filtration rate; BP, Blood group; ATG, Anti-thymocyte globulin; MMF, Mycophenolate mofetil.
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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)
B (%) 1(6.7) 4(26.7) 1(6.7) 000
0 (%) 1(73.3) 7 (46.7) 0(66.7) 4(26.7)
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.
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Name Sequence Amino acids

RBM.36.507 Ac-WNSNNLDSKVGGNYNYLYRLRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQP-NH; 436-507
P11 Ac-FNSYFPLQSYGFQPTNGVGYQP-NH, 486-507
P12 Ac-GSTPCNGVEGFNCYFPLQSY-NH, 476-495
P13 Ac-RDISTEIYQAGSTPSNGVEG-NH2 466-485
P14 Ac-FRKSNLKPFERDISTEIYQA-NH, 456-475
P15 Ac-GGNYNYLYRLFRKSNLKPFE-NH, 446-465
P16 Ac-WNSNNLDSKVGGNYNYLYRL-NH, 436-455

Underlined sequences in peptides P3 and P12 represent disulfide bridges. Serine residues (S) highlighted in red in peptides P11 and P13 replace native Cysteines.
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Complex DockedPose Receptor Ligand H-bonding residues

Receptor Ligand

A 2 DC-SIGN ~ SP-D  PHE262, GLN264, GLN274, ARG275, ASN362, GLN263, GLN281, GLN282, ASN288, ASN316,
SER383 CYS384 TRP317, GLY320, ASP325

B 1 DCSIGN  Spike  CYS253, HIS254, LYS285, GLY288, LEU321, ASN322, TYR28, ASN30, PHESS, PHE59, ASN61, VALS3,
GLN323, GLU324, GLU353, ASN370, LYS379, ASN87, ARG237, GLN239, PRO527, LYS529, SER530,
SER380, ALA382, SER383 THRS31, ASN532, LEU533

Cl (A + 1 DC-SIGN  Spike LEU321, GLY325, THR326, ARG345, ASN349, ALA27, TYR28, HIS69, SER98, ASN211, ARG214

Spike) ASN350

C2 (A + 2 DC-SIGN  Spike  ASN276, ASN322, GLN328, VAL330, GLY352, ASP111, GLU132, ASP138, PHE140, TYR160, ALA163,

Spike) ASP355, ASN370 TYR248, THR250, SER254

Spike SP-D ARG408, GLN409, VAL445, GLY502 ASN288, LYS299, SER328, GLY346





OPS/images/fimmu.2022.960733/table1.jpg
Target Primer

188
TNE-o.
IL-6
IL-8

NF-kB

RANTES
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IFN-B

MHC I

Forward Primer

5'-ATGGCCGTTC TTAGTTGGTG-3"
5'-AGCCCATGTT GTAGCAAACC-3’
5-GAAAGCAGCA AAGAGGCACT-3

5-GGTGCAGTTTTT
GCCAAGGAG-3"

5-GTATTTCAACCA
CAGATGGCACT-3’

5'-GCGGGTACCAT GAAGATCTCTG-3'
5-TTTCTCCTG

CCTGAAGGACAG-3"
5'-GGCTTTTCAGCT

CTGCATCG-3'

5'-TAAGGCACATGGA

GGTGATG-3'

Reverse Primer

5'-CGCTGAGCCA GTCAGTGTAG-3'
5'-TGAGGTACAG GCCCTCTGAT-3’
5'-TTTCACCAGG CAAGTCTCCT-3’

5'-CACCCAGTTTT
CCTTGGGGT-3'

5'-AACCTTTGCTG
GTCCCACAT-3"

5'-GGGTCAGAATC AAGAAACCCTC-3’
5'-GCTCATGATTTC

TGCTCTGAC A-3'

5'-TCTGTCAC TCTCCTC

TTTCCA-3

5-GTACGGAGC

AATCGAAGAGG-3'
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HCWs (n=240)

No. tests

2 152 (63%)
3 53 (22%)
4 21 (9%)
5 8 (3%)
6 6 (3%)
Gender

Female 176 (73%)
Male 63 (26%)
Non-binary 1 (0%)
Age (years)

20-29 52 (22%)
30-39 77 (32%)
40-49 52 (22%)
50-59 40 (17%)
60-69 20 (8%)
70+ 2 (1%)
Race

Asian 92 (38%)
White 76 (32%)
Latino 39 (16%)
Other 33 (14%)
Role

Administrative 27 (11%)
Clinical staff 31 (13%)
Food/EVS 9 (4%)
Nurse 100 (42%)
Physician 26 (11%)
Student 22 (9%)
Other 25 (10%)
Obesity/diabetes

BMI >30 or diabetes 47 (20%)
Neither 193 (80%)
Hypertension

Yes 30 (13%)
No 210 (88%)
History of tobacco use

Yes 3 (1%)
No 237 (99%)
NP reactive at baseline

Reactive 41 (17%)

Non-reactive 199 (83%)
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Vaccine/Course of
disease

Sputnik V

Pfizer-BioNTech

Moderna
Light/asymptomatic disease
Moderate/severe disease

Range of
S/CO

1.06 -21.0
0.83 - 27.63
1.07 -17.78
1.01-7.07
1652 -17.03

Average
S/CO

9.58
11.99
11.32
222
08

Median

S§/co

9.51
10.27
10.01
17
588
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Non-waning (n=41) Waning (n=58) p-value
Age 45.15 44.9 0.337
Gender
Male 9(21.9) 13 (22.4) 0.969
Female 31 (75.6) 44 (75.9)
Non-binary 1(2.4) 1(1.7)
Vaccine type 0.985
Modema 5(12.2) 7(12.1)
Pfizer 36 (87.8) 51(87.9)
Race 0.127
Asian 10 (24.4) 30 (51.7)
White 21 (51.2) 17 (29.3)
Latino 8(19.5) 6(10.3)
Black 00 1(1.7)
Other 2(4.9 4(6.9)
Role 0.01*
Patient care 20 (48.8) 43 (74.1)
Non-patient care 21(561.2) 15 (25.9)
NP Antigen 0.03*
Negative 29 51
Positive 12 4
Days since vaccine 168.41 176.91 0.262

Demographic data was obtained from survey questions on the consent form. Means are reported with percentages being reported in parenthesis. Values with an asterisk are statically

significant with a p value <0.05.
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Variable Category N Composite SARS-CoV-2 IgG MFI, mean (95% CI)* p-value®
Pre-vaccine 2mo 4mo 6mo Prevs.2mo  2movs.4mo  4mo vs. 6mo

Overal 240 175 (0, 408) 3820 (3665,3003) 4471 (4263, 4679) 4396 (4166, 4625) <0.001* <0.001* 0959

Sex® Female 176 146 (0, 424) 3856 (3660, 4043) 4450 (4217, 4682) 4506 (4243, 4770) <0.001* 0001 0.999
Male 63 250 (0, 688) 3744 (3418, 4071) 4541 (4087, 4995) 3878 (3407, 4348) <0.001* 0077 0430
Female vs. male 0.999 0999 0.999 0301

Age <55 years 196 187 (0, 453) 3814 (3635,3002)  4515(4282, 4748) 4524 (4265, 4784) <0.001* <0.001* 0.999
255 years 44 122 (0, 631) 3008 (3499, 4316) 4305 (3852, 4759) 3939 (3448, 4429) <0.001* 0877 0.949
<55 years vs. 255 years 0.999 0.999 0993 0.434

Race Asian % 112 (0, 505) 3654 (3305,3012) 4463 (4133, 4793) 4250 (3906, 4595) <0.001* 0.009" 0.999
White 76 141(0,518) 3846 (3544, 4149) 4136 (3768, 4503) 4365 (3969, 4762) <0.001* 0997 0.999
Latino 39 369 (0, 990) 4223 (3817, 4629) 4978 (4499, 5458) 4834 (4275, 5302) <0.001* 0501 0.999
Other 33 167 (0, 869) 3824 (3406, 4242) 4650 (4004, 5295) 4327 (3379, 5274) <0.001* 0.709 0.999
By race 0.999 0999 <0001* <0.001*

NP reactivity Non-reactive 199 26 (0, 191) 3712(3695,3828) 4413 (4196, 4630) 4362 (4118, 4606) <0.001* <0.001* 0.999
Reactive 41 1093(671,1514)  4211(3958, 4464) 4972 (4362, 5692) 4610 (4012, 5208) <0.001* 0388 0991
Non-reactive vs. reactive 0.084 0.435 0703 0.995

Patient care Patient care role 179 122(162,407)  8755(3573,3938) 4436 (4186, 4685) 4320 (4041, 4599) <0.001* <0.001* 0.998
Non-patient care role 61 285(134,705)  4115(3747,4484) 4563 (4189, 4937) 4560 (4157, 4964) <0.001* 0658 0.999
By patient care role 0.998 0674 0.999 0979

Hypertension No hypertension 210 184(75,444) 3839 (3666,4012)  4543(4315,4771) 4415 (4161, 4669) <0.001* <0.001* 0.995
Hypertension 30 102(465,669) 3747 (3233,4261)  4117(3610,4623) 4293 (3749, 4838) <0.001* 0.964 0.999
No hypertension vs. hypertension 0.999 0.999 0.804 0.999

Obesity/diabetes  No obesity and diabetes 193 127(140,894)  8791(3613,3968) 4419 (4189, 4649) 4329 (4070, 4588) <0.001* <0.001* 0.999
Obesity or diabetes 47 335(63,833) 4029 (3603, 4455) 4710 (4227,5194) 4646 (4148, 5145) <0.001* 0378 0.999
Any vs. none 0.996 0972 0962 0954

“Composite SARS-CoV-2 IgG MFI mean and 95% confidence interval bounds are post-estimated values calculated based on the fitted regression model,
°p-values indicate strength of evidence for change in Composite SARS-CoV-2gG MFl between timepoints at 2 months intervals, against a nul hypothesis of no change, as estimated from Wald test on model post-estimated marginal means
within each group and tinepoint. Asterisks denote significant cifferences at p<0.05.

“Onie participant saf-raported as non-binary sex and was excluded for the sex-specilic analyals.





