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Abstract

:

Background: The detection of neutralizing anti-SARS-CoV-2 antibodies is important since they represent the subset of antibodies able to prevent the virus to invade human cells. The aim of this study is to evaluate the clinical performances of an in-house pseudovirus neutralization test (pVNT) versus a commercial surrogate neutralization test (sVNT). Material and Methods: A total of 114 RT-PCR positives samples from 75 COVID-19 patients were analyzed using a pVNT and an sVNT technique. Fifty-six pre-pandemic samples were also analyzed to assess the specificity of the two techniques. An analysis of the repeatability and the reproducibility of the pVNT was also performed. Results: A coefficient of variation (CV) of 10.27% for the repeatability of the pVNT was computed. For the reproducibility test, CVs ranged from 16.12% for low NAbs titer to 6.40% for high NAbs titer. Regarding the clinical sensitivity, 90 RT-PCR positive samples out of 114 were positive with the pVNT (78.94%), and 97 were positive with the sVNT (84.21%). About the clinical specificity, all 56 pre-pandemic samples were negative in both techniques. When comparing the sVNT to the pVNT, the specificity and sensibility were 66.67% (95%CI: 47.81–85.53%) and 98.88% (95%CI: 96.72–99.99%), respectively. Conclusions: The results obtained with the automated sVNT technique are consistent with those obtained with the pVNT technique developed in-house. The results of the various repeatability and reproducibility tests demonstrate the good robustness of the fully manual pVNT technique.
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1. Introduction


The gold standard method for detecting SARS-CoV-2 infection is the real-time reverse transcription polymerase chain reaction (RT-PCR) [1,2,3]. The detection of antibodies directed against the spike protein (S protein), the receptor binding domain (RBD) or the nucleocapsid (N) in the serum or plasma of convalescent patients allows for the monitoring of the development of adaptive immunity after SARS-CoV-2 infection or vaccination [2,3,4,5]. Following the infection or the vaccination, different antibodies are produced targeting distinctive epitopes of the virus, including the spike protein. Nevertheless, not all of these antibodies are able to efficiently neutralize the entry of the virus into the host cell (i.e., binding a non-essential epitope for the entrance mechanism). Therefore, neutralizing antibodies (NAbs) are of particular importance because they can prevent the binding of the protein S RBD to the angiotensin-converting enzyme 2 (ACE2) receptor present at the surface of human cells, preventing the entry of the virus [6,7,8].



Nowadays, the gold standard method for the detection of NAbs is the plaque reduction neutralization test (PRNT) [9]. Based on the measurement of cell lysis due to viral infection, this test is able to detect antibodies that are able to neutralize the entry of the virus in the host cell [10,11]. In the case of SARS-CoV-2, the technique requires the use of live pathogens and must therefore be performed in a biosafety level 3 (BL3) laboratory. In addition, it requires expensive installations and skillful and meticulous staff resulting in a high workload preventing the wide implementation of this technique, even in research laboratories [11,12]. Similar neutralization techniques based on pseudoviral particles (also called pseudovirus neutralization tests, pVNTs) have been developed and present the advantage of being able to be used in BL2 laboratories and allow for a higher throughput [13,14,15]. Moreover, Cantoni D. et al. reported in their three-level meta-analysis a high level of correlation between the assay based on a pseudovirus compared to those based on a live virus [16].



Besides these “live” tests which mimic human cell infection, the use of a SARS-CoV-2 surrogate virus neutralization test (sVNT) has been presented as an alternative. Such tests are based on the antibody-mediated blockage of the interaction between the RBD (arbored on magnetic beads for example) and the ACE-2 receptor labeled with a signaling molecule (i.e., chemiluminescence). The advantage of these automated techniques is their ease of use, their high capacity of implementation in routine laboratories, as well as their shortened turn-around time. Moreover, compared to “live” tests, the sVNT is less expensive. The performance of these sVNT methods have been claimed to be suboptimal in some reports, although this may differ depending on test parameters and the selected antibodies [5,17,18,19]. This study aims at evaluating the clinical performance of our in-house developed pVNT technique and to compare the results with an automated sVNT.




2. Materials and Methods


2.1. Patient Samples


One hundred and fourteen samples from 75 patients with a confirmed SARS-CoV-2 RT-PCR were retrospectively included from 26 March 2020 to 6 January 2021. Among them, 39 were females (median age = 45; min–max: 24–95 years) and 36 were males (median age = 62; min–max: 24–88 years). Multiple sequential sera were available from 41 patients. Seventeen patients required hospitalization and were categorized as severe patients according to the WHO criteria [20]. Information on the days since the onset of symptoms was collected from medical records and was available for 63 patients. When data about the symptoms were not available (n = 12), the day of diagnosis (i.e., RT-PCR result) was used. Among these samples, 10 samples with high NAb titers and 10 with low titers were used to perform the repeatability and reproducibility analysis. Furthermore, 56 sera collected before the start of the pandemic in Belgium (March 2020) were analyzed to assess the specificity of both antibody methods. The population has already been used for other reports [21].




2.2. Sample Collection


Blood samples were collected into serum gel tubes (BD SST II Advance®, Becton Dickinson, NJ, USA) and centrifuged for 10 min at 1740× g on a Sigma 3-16KL centrifuge. Sera were stored in the laboratory serum biobank at −20 °C from the collection date. Frozen samples were thawed for 1 h at room temperature on the day of the analysis. Re-thawed samples were vortexed before the analysis. All samples were collected at the Clinique Saint-Luc (Bouge, Namur, Belgium). The study protocol was in accordance with the Declaration of Helsinki (approval number: 2020-006149-2).




2.3. Analytical Procedures


2.3.1. RT-PCR


The RT-PCR for SARS-CoV-2 determination in the nasopharyngeal swab sample was performed on the LightCycler® 480 instrument II (Roche Diagnostics®, Bâle, Switzerland) using the LightMix® Modular SARS-CoV E-gene set according to the recommendations from the manufacturer.




2.3.2. Pseudovirus Neutralization Test


A pseudovirus neutralization test was used to assess the neutralization capacity of infected patients’ sera. Pseudoviruses were gathered from E-enzyme (catalog number: SCV2-PsV-614G). SARS-CoV-2 pseudoviral particles are replication-deficient Moloney murine leukemia virus (MLV or MuLV) pseudotyped with the SARS-CoV-2 spike protein carrying the wild type D614G genotype. They also contain the open reading frame for firefly luciferase as a reporter. Briefly, HEK293T hACE2 cells were seeded at the density of 8500 cells/well in a white 384-well cell culture plate. The sera used were heat-inactivated by a water bath at 54 °C for 30 min and then serially diluted in a culture medium (Dulbecco’s modified Eagle medium) supplemented with 10% of fetal bovine serum. Thereafter, samples were mixed in a 1:4 ratio with pseudovirus and incubated for 2 h at 37 °C. This mixture was added to the cells and incubated for 48 h at 37 °C. The reading was performed by adding firefly luciferase reagent to measure the activity of luciferase which is proportional to the cells infected by the pseudovirus. Raw data obtained in relative luminescence units were normalized to the positive control where cells were incubated with pseudovirus in the absence of serum. The NAbs titer was determined as the dilution of serum at which 50% of the infectivity is inhibited (IC50) as determined by a nonlinear sigmoid regression model. A sample with a pVNT titer dilution−1 below 20 was considered negative. The detailed protocol has already been described elsewhere [22].




2.3.3. Surrogate Virus Neutralization Test


The iFlash-2019-nCoV NAbs assay is a one-step competitive paramagnetic particle chemiluminescent immunoassay (CLIA) for the quantitative determination of 2019-nCoV NAbs in human serum and plasma. The assay detects NAbs that block the binding of RBD and ACE2. Firstly, NAbs (if present) react with the RBD antigen coated on paramagnetic microparticles to form a complex. Secondly, the acridinium ester-labeled ACE2 conjugate is added to competitively bind to the RBD-coated particles, which have not been neutralized by the NAbs (if present) from the sample and form another reaction mixture. Under magnetic field, magnetic particles are adsorbed to the wall of the reaction tube, and unbound materials are washed away by the wash buffer. The resulting chemiluminescent reaction is measured as relative light units (RLUs), with an inverse relationship between the amount of NAbs and the RLUs detected. A result <10.0 AU/mL is considered as negative and a result ≥10.0 AU/mL is considered as positive (manufacturer’s information). The sVNTs were performed on an iFlash1800 automated MCLIA analyzer from Shenzhen YHLO Biotech Co., Ltd (Shenzhen, China).




2.3.4. Statistical Analysis


Descriptive statistics were used to interpret the results. Means, a 95% confidence interval (95% CI) and the standard deviation (SD) were computed. Sensitivity was defined as the proportion of correctly identified COVID-19 positive patients initially positive by RT-PCR SARS-CoV-2 determination in nasopharyngeal swab samples. Specificity was defined as the proportion of pre-pandemic samples classified as negative. A nonlinear regression model was performed to assess the long-term kinetics of NAbs in COVID-19 patients. Pearson regressions were computed to assess the correlation between pVNT and sVNT results and between NAbs titers and days post positive RT-PCR. To challenge the sVNT manufacturer’s cut-off, a ROC curve analysis was performed. Repeatability was assessed by analyzing the same sample 10 times in a row by the same operator; a sample considered with a low NAbs titer and another with a medium-high NAbs titer were analyzed. Reproducibility was assessed by analyzing the same sample 10 times on 10 different plates. A coefficient of variation (CV) was then calculated. Data analysis was performed using GraphPad Prism® software (version 9.1.0, San Diego, CA, USA). A p-value < 0.05 was used as the significant level.






3. Results


3.1. Repeatability and Reproducibility


Regarding the repeatability, NAb titers obtained with pVNT ranged from 228.0 to 326.5 pVNT titer dilution−1, with a mean of 267.10 titer dilution−1 (95% CI: 245.70–286.30, SD: 27.41) for the sample with a medium-high NAbs titer. The CV was 10.27%. For the sample with the low NAbs titer, NAb titers obtained ranged from 20.5 to 35.4 pVNT titer dilution−1, with a mean of 25.5 titer dilution−1 (95% CI: 24.4–30.7, SD: 4.44). The CV was 16.12%. Regarding the reproducibility assessment, the NAb titers ranged from 20.53 to 35.45 titer dilution−1, with a mean of 27.54 pVNT titer dilution−1 (95% CI: 22.42–30.40, SD: 4.44). The coefficient of variation was 16.12%. For the top dilution range sample, NAb titers ranged from 155.50 to 194.10 titer dilution−1. The mean was 170.60 titer dilution−1 (95% CI: 162.80–178.40, SD: 10.93), and the coefficient of variation was 6.40%.




3.2. Clinical Sensitivity


Among the 114 COVID-19 RT-PCR positive samples analyzed in the pVNT, 90 (70.94%) were positive for NAbs. Among the 24 samples considered as negative (i.e., pVNT titer dilution−1 < 20), 45.83% of samples (n = 11/24) were collected between 0 and 10 days following RT-PCR positivity, 24% (n = 6/24) between 10 and 20 days and 28% were obtained beyond 20 days (n = 7/24). Among the seven negative samples after 20 days, two had NAb titers close to the positivity threshold (i.e., 19.54 for the sample at day 44, and 18.51 for the sample at day 109). These two samples were positive for their previous sampling. Regarding the same samples analyzed with the sVNT technique, 97 (84.21%) were considered positive. Among the 17 samples considered as negative (sVNT titer < 10 AU/mL), 70.58% (n = 12/17) were between 0 and 10 days post positive RT-PCR, and 29.41% (n = 5/17) were between 10 and 20 days (Figure 1). The tracking of individual NAb titers is shown in Supplementary Figure S1.




3.3. Clinical Specificity


Among the 56 pre-pandemic samples analyzed using the pVNT, all samples were negatives (100% specificity). The same specificity of 100% was also found using the sVNT.




3.4. sVNT vs. pVNT


Using the pVNT as the reference method, the sensitivity of the sVNT was 66.67% (95% CI: 47.81–85.53%) and the specificity was 98.88% (95% CI: 96.72–99.99%) (Table 1).



The eight sVNT-positive and pVNT-negative samples had sVNT titers that ranged from 10.50 AU/mL to 17.21 AU/mL except for one sample with a titer of 37.98 AU/mL. This sample had a borderline pVNT titer dilution−1 of 19.54. The only pVNT-positive and sVNT-negative sample had a pVNT titer dilution−1 of 81.25. This sample had an sVNT titer of 8.40 AU/mL. Discordant results are highlighted in Figure 1. The sVNT adapted cut-off was 9.85 AU/mL, and none of the nine discordant results became concordant using this latter cut-off. As observed in Figure 2, the correlation between the pVNT and the sVNT showed a Pearson’s r of 0.67 (95%CI: 0.56–0.76) (p-value < 0.05). The R squared for the best fit curve was 0.47.





4. Discussion


Currently, the plate reduction neutralization test is considered the gold standard method for the measurement of NAbs but suffers from several limitations due to the requirement of a BL3 working environment, as well as rigorous and laborious manipulations. The use of the pVNT presents several advantages including the requirement of only a BL2 security level laboratory [23,24]. In addition, pseudoviruses are easier to produce and quantify and have been reported to generate similar results as the PRNT, permitting us to consider this technique as a valuable alternative to the gold standard method [13,25].



The comparison of the sVNT technique to the pVNT technique showed a sensitivity of 98.88% (95% CI: 96.72–99.99%) with only one positive result with the pVNT but negative with the sVNT (but close to the positivity threshold). The specificity between the two techniques was 66.67% (95% CI: 47.81–85.53%) which represents eight samples negative in the pVNT and positive in the sVNT. Studies have already compared the results obtained with sVNT techniques versus the PRNT, and the results are consistent with those observed in our cohort [26,27,28,29]. Mariën et al. reported a strong correlation in a cohort of 316 samples (r of 0.85) between the sVNT and the PRNT [30]. Tan et al. also reported an R2 of 0.84 using a cohort of 60 samples between the sVNT and the pVNT [31]. Using seven sVNT assays with the PRNT as the reference, Graninger et al. reported a sensitivity above 95.00% for all the sVNTs tested. The repeatability test shows a relatively low coefficient of variation (10.27%). For the reproducibility test, the coefficient of variation is higher in the bottom of the dilution range (16.12%) than in the top of the dilution range (6.40%). These data allow for the method to be considered reliable and robust.



Khoury et al. were the first to demonstrate that NAbs correlated well with protection against SARS-CoV-2 infections. They also highlight that the efficacy of COVID-19 vaccines is correlated with the ability of these vaccines to induce NAbs production [8,32]. Favresse et al. also showed an increase in NAb titers along with disease severity. They also demonstrated a higher level of NAbs in the vaccinated populationit.



It is interesting to note that only 79.94% of RT-PCR positive samples were pVNT-positive. Results considered as negative results in the pVNT were mostly located shortly after positive RT-PCR. This is probably due to the maturation process of the neutralizing antibodies. Indeed, during a viral infection such as COVID-19, antigen-presenting cells (APCs) will expose different fragments of the antigen to T-Helper which will then stimulate B-cells to produce antibodies against this epitope of the antigen. Depending on which epitope the antibody is directed against, the antibody–antigen interaction will not be the same. The effectiveness of the antibodies in neutralizing key fragments of the virus’s anchoring proteins that allow it to interact with human cells will also differ [33]. In the case of COVID-19, antibodies are said to be neutralizing when they prevent the interaction between protein S and the ACE2 receptor; antibodies directed against protein S but not preventing this interaction are therefore not neutralizing [34]. The fact that some samples remain negative beyond 30 days may be the result of a lack of NAbs production, although some of the negative samples are borderline in terms of the results, i.e., 19.54 for the sample at day 44, and 18.51 for the sample at day 104. Jeewandara et al. also pointed out a relationship between the development of NAbs and the time of exposure to the virus. In their study, patients with prolonged exposure to SARS-CoV-2 had a higher NAbs titer than patients who cleared the virus earlier [35]. This link between NAbs and the time of the exposure to the virus is not well developed as in most hospitals, patients are sent home when they become negative via RT-PCR, which does not allow for long-term follow-up.




5. Conclusions


In conclusion, this study provides a comprehensive analysis of the clinical performance of the pVNT and the sVNT in detecting NAbs against SARS-CoV-2. Despite the gold standard status of the PRNT, requiring high biosafety level laboratories and extensive resources, the findings highlight the efficacy of the pVNT and the sVNT as viable alternatives for evaluating adaptive immunity post-infection or vaccination. This study showcases that the pVNT, requiring only biosafety level 2 facilities, offers comparable results to the PRNT, underscoring its potential as a practical and accessible method for widespread implementation.



Moreover, this study reveals a high degree of clinical sensitivity and specificity in both the pVNT and the sVNT, with the sVNT demonstrating ease of use and cost-effectiveness for routine laboratory implementation. The correlation between the pVNT and the sVNT results further validates the reliability of the sVNT in detecting NAbs, despite some discrepancies that call for cautious interpretation in certain scenarios.



Overall, this study underlines the importance of developing and validating accessible, reliable neutralization assays for SARS-CoV-2 to enhance our understanding of immune responses and to facilitate the global effort in monitoring and combating the COVID-19 pandemic. Future research should aim to refine these assays further and explore their application in diverse populations to ensure the comprehensive surveillance and management of SARS-CoV-2 immunity worldwide.
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Figure 1. The evolution of the NAbs titer as a function of days post positive RT-PCR. A zoom on the negative results obtained before 30 days post positive RT-PCR is represented. Dots 