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Abstract

:

SARS-CoV-2 is the etiological agent of the coronavirus disease-19 (COVID-19) and is responsible for the pandemic that started in 2020. The virus enters the host cell through the interaction of its spike glycoprotein with the angiotensin converting enzyme-2 (ACE2) on the host cell’s surface. Antibodies present an important role during the infection and pathogenesis due to many reasons, including the neutralization of viruses by binding to different spike epitopes. Therefore, measuring the neutralizing antibody titers in the whole population is important for COVID-19’s epidemiology. Different methods are described in the literature, and some have been used to validate the main vaccines used worldwide. In this review, we discuss the main methods used to quantify neutralizing antibody titers, their advantages and limitations, as well as new approaches to determineACE2/spike blockage by antibodies.
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1. Introduction


The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in 2019 in an outbreak in Wuhan, the capital city of the Hubei Province of China, and is the etiological agent of the coronavirus disease (COVID-19). Since the onset of the COVID-19 pandemic, millions of infection cases and deaths have been reported due to the fast spread of the virus. The last update of the World Health Organization (WHO) revealed that more than 766 million infection cases and almost 7 million deaths have been caused by SARS-CoV-2 around the world [1].



To begin the viral infection and trigger COVID-19 pathogenesis, SARS-CoV-2 enters the host cells through the binding of its spike protein to the angiotensin-converting enzyme 2 receptors (ACE2) on the target cells [2]. During this process, to fuse virus and host cell membranes, the receptor binding domain (RBD) of the SARS-CoV-2 spike must be proteolytically activated at the S1/S2 boundary, and for that, cellular transmembrane protease serine 2 (TMPRSS2) and lysosomal cathepsin proteases perform the dissociation of the S1 and S2 subunits [3].



Antibodies have several key functions during viral infections, including complement recruitment, opsonization, constant fragment (Fc)-mediated effector functions, such as antibody-dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) and neutralization of the virus’ entrance [4]. Immunity against SARS-CoV-2 variants is induced through either natural infection or vaccination, with the latter being extremely important to control the pandemic [5]. The immunity generated by natural infection and vaccination are effective ways to reduce the risk of clinically severe outcomes [6,7]. In both scenarios, the production of neutralizing antibodies (NAbs) is considered a determinant factor for predicting protective immunity against SARS-CoV-2 [8,9]. Indeed, preclinical studies using NAbs as a treatment for SARS-CoV-2 infection in rhesus macaques and hamster models have shown marked reductions in viral loads in the upper and lower respiratory tracts, and also a decrease in virus-induced pathological sequelae [10].



NAbs can be defined as antibodies that bind to the free virus and prevent it from infecting the cells, i.e., they block the binding of the virus to the host cell receptors. The neutralization can happen mainly through three mechanisms: (1) NAbs binding to viral surface proteins and blocking their interaction with the host cell receptor and, hence, the infection; (2) NAbs binding to viral protein epitopes that interact with host cell co-receptors, which are important for viral infection; and (3) NAbs binding to viral epitopes that are not essential for host cell receptor binding but are necessary for the conformational changes needed for membrane fusion [11] (Figure 1).



Although vaccination and natural infection stimulate NAbs production, the vaccines do not avoid viral transmissibility, especially of the BA.2 and BA.5 Omicron lineages and sublineages, such as BQ.1.1 and XBB.1. In vitro studies have indicated a reduced neutralization effect by antibodies from serum obtained from people infected with the ancestral strains or immunized [12,13]. Additionally, other studies showed that neutralization action against the main SARS-CoV-2 variants of concern (VoC) decreased, reducing the protection over time [7,14]. These findings are mainly concerned with SARS-CoV-2 Omicron (B.1.1.529) due to its numerous spike mutations, which is a potential mechanism of evasion from NAbs elicited by COVID-19 vaccines [15]. Recently, in January 2023, a new variant was reported in India. XBB.1.116, named Acturus, is an Omicron subvariant derived from the recombination of BA.2.10.1.1 and BA.2.75.3.1.1.1 sublineages. XBB.1.116 has been reported in at least 33 countries since its discovery. XBB.1.116 was classified as a variant of interest because of its estimated growth advantage compared to other variants and its ability to evade the immune system. However, this variant is associated with mild symptoms with few hospitalizations and deaths [16]. The fast spread of XBB.1.116 associated with immune evasion may contribute to viral replication in vivo and the emergence of new variants.



In contrast to NAbs’ efficacy in serum obtained from infected or vaccinated individuals, a set of specific antibodies have been selected and investigated due their specificity and versatility to neutralize the virus and block its entrance into host cells, acting in both prophylactic and therapeutic applications, respectively [17,18,19]. However, two clinical trials (NCT04427501 and NCT04501978) showed low or no efficacy of monoclonal antibodies (mAbs) for improving clinical outcomes among adults hospitalized with COVID-19 [2,20]. Therefore, measuring the levels of anti-SARS-CoV-2 NAbs in individuals undergoing vaccination and/or who were previously infected remains an indispensable benchmark for assessing acquired protective immunity in the global population. Here, we reviewed the main neutralization assays applied to SARS-CoV-2 NAbs detection and research.




2. Methods of Neutralizing Antibody Measurement


2.1. Plaque Reduction Neutralization Test—The Gold Standard Assay


The plaque reduction neutralization test (PRNT), developed by Dulbecco and colleagues in 1956, is a functional assay that measures the neutralizing capacity of serum antibodies able to block the virus’ entry and its replication [21,22]. Initially, the PRNT method was used as an assay to follow the evolution of dengue viruses through the measurement of specific NAbs against this disease. Routinely, the researchers assessed the presence of a dengue virus infection by determining NAbs profiles at the individual and population levels [23]. Over time, PRNT was also applied for linking the immune status to clinical outcomes, such as asymptomatic versus symptomatic dengue virus infection, using NAbs as a marker of the immunogenicity after dengue vaccination [24]. Currently, the PRNT assay is considered the gold standard for assessing NAbs titers in cases where the humoral immune response correlates with protection, which is the case for COVID-19.



In the conventional PRNT, the SARS-CoV-2 measurement is performed by quantifying plaque-forming units (PFU) in specimens containing the antibodies, such as plasma, serum, or blood. In brief, the cells are cultivated in semi-solid media that restrict the spread of the virus to other areas of the plate. When the virus is not neutralized, it can initiate the infection in a localized area, known as plaque, which can be visualized and counted. After the counting of plaques, it is possible to determine the percentage reduction in total virus infection [11,25]. Despite being easy to perform, large foci are difficult to enumerate on an automated immuno spot reader and require additional manual counting and quality control analysis, becoming a low-throughput and disadvantageous approach for large-scale sample screening (Figure 2).



For automated SARS-CoV-2 detection, more sophisticated PRNT protocols have been developed. These processes require susceptible ACE2-expressing cells, NAbs from serum or commercial NAbs, and live viruses. The first step performed is the serial dilution of the test serum or commercial NAbs in an appropriate medium, followed by the addition of the live virus for neutralization. The plates are incubated for a while, and, in case of test serum, if it contains NAbs, the antibodies bind to the virus to form antibody–virus complexes. After that, a volume of the antibody–virus mixture is transferred to the plates containing a monolayer of the ACE2-expressing cells to measure the non-neutralizing virus titer number (Figure 2). To calculate the PRNT50, which is characterized as the percentage of viral infection reduction, the percentage reduction in the test serum is compared to that in the non-neutralizing control (only virus, no antibodies) [26,27].



Several clinical studies have shown the accuracy of the PRNT assay for measuring NAbs against SARS-CoV-2 in serum samples from COVID-19-positive or vaccinated individuals, including clinical trials reporting the results for COVID-19 vaccines used nowadays [28,29,30,31,32,33,34,35]. In general, these studies demonstrate a good sensitivity and specificity with no cross-reactivity of the PRNT, guaranteeing accurate results to predict the diagnosis or covering the follow-up of the vaccination against COVID-19. Despite the conventional PRNT assay often being used as the reference method for the evaluation of NAbs against SARS-CoV-2 and other viruses, this assay is time-consuming, laborious, and requires biosafety level 3 (BSL-3) facilities to address the risk of the live viruses [22]. As an alternative, the pseudovirus neutralization test with different spike proteins (Wuhan-Hu-1 reference strain, Beta, Delta, or Omicron and their subvariants) presents fewer requirements, is less expensive, and only requires biosafety level 2 (BSL-2) facilities to conduct the assay, as discussed below [36].




2.2. Pseudovirus Neutralization Test


The pseudovirus neutralization test (pVNT) is a variation of the PRNT test, having the same principle, using pseudotyped viruses instead of live viruses. The pseudotyped viruses are safer non-replicative viral particles, which have a spike as the entry protein, as is found in live SARS-CoV-2. Since the viral particle is non-replicative, it performs only one round of infection. The assay is dependent on ACE2-expressing cells, usually the HEK-293T (human epithelial kidney) cell line, reinforcing the fact that the entry of these particles into cells is dependent on spike/ACE2 interaction [37]. The pseudotyped particles are lentiviruses produced by well-established protocols after the transfection of HEK-293T with backbone and helper plasmids. It is known that the deletion of 18 to 20 C-terminal amino acids improves the pseudovirus titer, and this mutation does not impair viral entry into ACE2-overexpressing HEK cells [38].



Except for the virulent viral components and the replicative capacity, the recombinant viral particles contain envelope proteins derived from different viruses, a spike entry protein, and commonly are engineered to carry reporter genes encoding luciferase or green fluorescent protein (GFP) to facilitate the reading out (Figure 3) [37]. The pVNT offers advantages over live-virus-based methods, such as versatility to use different spike proteins related to VoC, safety and sensitivity, and is shown to be in close agreement with PRNT [38,39,40]. In contrast, pVNT has the limitation of mimicking only the viral entry process. To measure the effect on the replication, live viruses are still needed. An additional limitation is that pseudoviral particles are impaired by antiretroviral therapy, including reverse-transcriptase and integrase inhibitors. It causes false-positive results in sera from COVID-19 patients during the treatment with antiretroviral drugs [41,42].



Several studies have applied the pseudovirus neutralization protocol to evaluate the presence of neutralizing antibodies against VoC and measure the potency of plasma from vaccinated volunteers [38,43,44]. A robust serological test using recombinant SARS-CoV-2 pseudovirus for high-throughput assays was developed by Zou and colleagues (2022), and compared to the PRNT reference assay. The pseudovirus produced was composed using a stable mNeonGreen (mNG, a green fluorescence protein), where the mNG gene was engineered at the ORF7 of the viral genome. As a result, both pVNT and PRNT data were obtained using the mNG-positive cells scanned using the CellInsight CX5 high-content screening platform, demonstrating a high correlation (R2 = 0.903, p < 0.0001) and equal sensibility and specificity. Thus, due to its feasibility, this type of NAbs measurement method using a pseudovirus might be easily adopted [45]. Our research team also developed a high-content imaging-based assay to determine the serum potency of vaccinated people, using the CellInsight CX7 LZR system. The data were validated with a cohort of vaccinated people before vaccination and after one and two doses of CoronaVac, Comirnaty or Covishield. The results demonstrated were correlated with ELISA-based method to detect NAbs (unpublished data).



Most recently, researchers from BioNTech and Pfizer evaluated the sera of 51 participants who received two or three doses of the mRNA-based COVID-19 vaccine BNT162b2 (Pfizer-BioNTech) against Wuhan (Wuhan-Hu-1 reference strain), Beta (B.1.351), Delta (B.1.617.2), and Omicron pseudoviruses. The results showed high titers of Wuhan reference strain NAbs after two doses of BNT162b2 vaccine. In contrast, with only two doses of the vaccine, low titers were found against the Omicron variant [46]. This work indicated the need for three doses to effectively protect against Omicron-related COVID-19, and the effectiveness of the pVNT assay. This method was also used to demonstrate that the vaccine ChAdOx1 induced multifunctional antibodies after a booster dose [47]. Several other clinical trials have reported the use of pVNT to determine the serum potency via the quantification of viral neutralization [32,48,49,50,51,52,53,54,55,56]. The pVNT can be used as a substitute for the PRNT method in laboratories without BSL3, maintaining the safety and coupling the method with high-content and high-throughput approaches.




2.3. Foci Reduction Neutralization Test


The foci reduction neutralization test (FRNT), also called the microneutralization assay (MNA), is an alternative method with a similar principle to the PRNT assay, and it is widely used for NAbs measurement against several viruses [57]. In this assay, SARS-CoV-2-infected cells are determined through an immunostaining procedure using a monoclonal antibody conjugated to horseradish peroxidase (HRP) directed against the spike protein [4]. The results are presented by quantifying the number of foci of SARS-CoV-2-infected cells with a microanalyzer (Figure 4).



Although PRNT is widely used, the FRNT assay has emerged as a powerful option for measuring NAbs against the SARS-CoV-2 virus. In this regard, a recent study reported by Suntronwong and colleagues (2022) evaluated the relationship between NAbs titers against BA.1 and BA.2 Omicron variants by FRNT in a total of 310 serum samples from individuals after booster vaccination. As a result, the NAbs titers obtained from FRNT showed a moderate correlation with the surrogate virus neutralization test (sVNT), which is another assay used for NAbs detection [58].



In accordance with the Food and Drug Administration (FDA), COVID-19 convalescent plasma can be used in the research field to discover new drugs or NAbs against SARS-CoV-2 [59]. In view of this, Annen and colleagues (2021) collected 87 convalescent plasmas, divided into two to four donations from 36 COVID-19-recovered donors, and performed the measurement of SARS-CoV-2 NAbs through FRNT. The data obtained suggested that most donors (67%) had sustained or increased NAbs titers over the short period of approximately 3 weeks to 2 months after a SARS-CoV-2-positive PCR result. On the other hand, a smaller percentage (33%) showed a decrease in NAbs titers over time. Furthermore, the findings showed that 83% of donors had a FRNT50 titer of at least 80, and 61% had a titer of at least 160, which are considered acceptable by the FDA as a source of NAbs [59]. This method has been used in clinical trials to access NAbs in vaccinated people [32,48,55]. Although the FRNT method can be performed easily to measure the NAbs and is high-throughput compatible, it still requires live viruses, thus presenting safety concerns [60].




2.4. Surrogate Virus Neutralization Test—An ELISA-Based Approach


The surrogate virus neutralization test (sVNT) replicates the virus–host interaction by incubating a sample (serum, plasma, or blood) with a purified viral spike receptor binding domain (RBD) conjugated to HRP, and immobilized human ACE2 receptors in an enzyme linked immunosorbent Assay (ELISA) plate. In cases where NAbs are present in the sample, the HRP-conjugated RBD will not bind to human ACE2, and there will be no or a lower-intensity signal, and vice-versa (Figure 5) [11]. This method is safe, since it used recombinant protein, and has a reduced cost compared to cell-based and live-virus methods.



Following this approach, a competitive immunoassay with electrochemiluminescence was developed by Sancilio and colleagues, and its performance was determined. This assay was easy to perform and used a dried blood spot as the sample, characterizing it as a minimally invasive method. The presented outcomes showed that the use of a dried blood spot generated results, which were closely related to serum use. The percentage of neutralization found in PCR-confirmed convalescent samples was 46.9%, compared to 0.1% found in negative samples. The sVNT presented 74.5% sensitivity. However, if the tested samples were from a PCR-positive person who had mild or asymptomatic COVID-19, the sensitivity dropped to 18.8% [61].



In a study performed by Tan and colleagues (2020), a sVNT version that detects NAbs without the need for any live virus or cells was developed. Using purified RBD from the spike protein and the host cell ACE2 receptor, this assay might mimic the virus–host interaction in an ELISA microplate, being compatible with high-throughput. If NAbs are detected in the samples tested, the RBD–ACE2 interaction can be neutralized. Thus, to validate this method, samples provided from two cohorts of COVID-19 positive patients in two different countries were evaluated. As a result, 99.93% specificity and 95–100% sensitivity was observed, indicating that this sVNT assay is promising [62]. Other studies have reposted similar results by applying the sVNT, including a clinical trial evaluating the immunogenicity of an extended dosing interval of BNT162b2 against SARS-CoV-2 Omicron among healthy school-aged children [49,63,64,65]. It is noteworthy that NAbs binding to spike S1 subunits outside the RBD motif are no longer evaluated using the method reported above [6,66]. Therefore, this approach may lose information about these S1-specific antibodies, which can also neutralize SARS-CoV-2.





3. Innovative Strategies for the Detection and Quantification of SARS-CoV-2 Neutralizing Antibodies


The main articles reported in this review are summarized in Table 1. However, considering that neutralization assays are powerful tools used for COVID-19 diagnosis and the monitoring of vaccine-mediated protection, innovative strategies have emerged aiming to detect and measure accurately the neutralizing potential of antibodies against SARS-CoV-2. Currently, besides the methods mentioned above, different strategies, such as the lateral flow immunoassay (LFIA), ELISA, and surface plasmon resonance have been used to detect SARS-CoV-2 NAbs [67,68,69,70,71,72].



Despite the great advances made with conventional methods, the gold-standard method requires BSL-3 due to the high risk of exposure to and transmission of the pathogen. The pVNT requires BSL-2 and can overcome this limitation [9]. Under the conditions of live virus use, expensive infrastructure and the recruitment of highly qualified human resources to work at a BSL-3 laboratory are required. Some methods more recently developed, such as sVNT and a rapid LFIA, present with good performance; however, they cannot detect all NAbs in the patient’s sample (in case the full-length spike is not used), and present variable neutralization titer values [9]. Additionally, although PRNT and ELISA generate correlated results with each other, PRNT is still the gold standard method, even it has a low throughput and it is not practical for large-scale serodiagnosis and vaccine monitoring, generating a gap for COVID-19 surveillance and vaccine development [73]. Taken together, all these drawbacks reinforce the necessity to optimize or develop alternative tools, especially because highly accurate serological tests are essential for assessing the prevalence of neutralizing SARS-CoV-2 antibodies and the level of humoral immunity in the population.



Among the novel approaches, nanotechnology presents a variety of applications to improve SARS-CoV-2 neutralization in vivo. It includes the ACE2-based nano decoys as a strategy [75]. This nano-based method involves the preparation of ACE2 receptor-modified decoy nanoparticles (NPs) to neutralize different SARS-CoV-2 variants. Like host cells containing ACE2 in their membrane, these nano decoys are engineered with ACE2 receptors on their surface, allowing them to bind covalently to the viruses in vivo improving the neutralization. Nano decoys could be adapted to detect NAbs, following the use of spike-based nanostructures. It has been done in LFIA platforms, for example. Additionally, since the LFIA platforms is a cell-free approach, it can be desirable for a quick assay and high-throughput screenings. This nanotechnological approach was used by Bian and colleagues (2022) to establish an ultrabright nanoparticle-based LFIA for the one-step rapid semi-quantitative detection of anti-SARS-CoV-2 NAbs. An aggregation-induced emission (AIE) luminogen, AIE490, conjugated to the polystyrene nanoparticles (AIE490NP), was used as a marker of LFIA. The AIE490NP was functionalized with ACE2 (ACE2-AIE490NP) as a fluorescence marker located in the conjugation pad of the LFIA, while the spike protein was coated to a nitrocellulose membrane, as a teste line. Control line was represented by an anti-human IgG antibody, which recognizes the AIE490NP conjugated to human IgG from the conjugation pad. When the sample is negative for NAbs, the test line exhibits a bright fluorescence signal because of the strong ACE2-spike interaction; while, if the sample is positive for NAbs, the test line presents a dim fluorescence signal since the NAbs-spike interaction inhibits the binding between ACE2-AIE490NP and spike. To verify its performance, 70 negative and 63 positive samples of human serum were evaluated, and the detection of fluorescence signal intensity was performed and quantified to determine the threshold detection of the AIE490NP-based LFIA. As a result, the detection method threshold was calculated and capable to distinguish between negative and positive samples containing NAbs. The AIE490NP-based LFIA presented an acceptable reproducibility. The intra- and inter-assay reproducibility was around 9.37–12.99% and 12.69–15.03% for negative samples, respectively. The intra- and inter-assay reproducibility regarding positive samples were 6.81–7.58% and 7.15–8.44%, respectively. Considering the highest coefficient of variance as 15% the test presented acceptable reproducibility. Therefore, the authors suggested the AIE490NP-based LFIA as an alternative method for the rapid detection of NAbs levels in vaccinated sera [68].



Measuring the SARS-CoV-2 NAbs is crucial for the precise monitoring of serological epidemiology and to determine infection control of SARS-CoV-2. ELISA and LFIA assays are widely used serological methods, but they present relatively low sensitivity and a high rate of false positives, especially because they do not distinguish between NAbs and non-NAbs [79]. As an alternative method, Tani and colleagues (2021) developed an antibody detection system based on the chemiluminescence reduction neutralization test (CRNT), using the truncated spike protein-based pseudotyped viruses. CRNT assay presented promising results and revealed advantages over ELISA and LFIA, such as safety and celerity in the assay processing [78].



Another concern for the development of methods to detect NAbs is the non-specific interactions with other antibodies in the serological assays, which might cause erroneous analyses. In this sense, Mravinacova and colleagues (2022) developed a high-throughput method to assess the ability of the anti-spike antibodies to neutralize the spike protein’s interaction with ACE2. In this method serum samples are preincubated with biotinylated recombinant spike, followed by the incubation with ACE2-coupled magnetic beads. Absence of NAbs allow the spike-ACE2 binding. Fluorescently labelled streptavidin is added to enable read out of bead-bound spike. In contrast with other less specific serological methods that measure all antibodies against the spike protein, Mravinacova’s test precisely detect NAbs. This assay is cell-free, using only a spike, which has a trimeric structure stabilized by exchanging the furin cleavage site for two prolines, and an ACE2 receptor to mimic the binding; the assay allows analysis of up to 384 samples at the same time requiring seven hours, including one hour of manual handling, to analyze a 384-well plate. Moreover, the assay can be adapted to the most recent VoC and determined the neutralization capacity of such population against circulating variants. Compared with the microneutralization method, this novel bead-based strategy reproduces comparable data to determine neutralization, but without the need to cultivate live viruses and cells (during the assay execution) [74].



Indeed, the use of cell-free methods to detect NAbs have been identified as a great tool to better track herd immunity, vaccine efficacy and vaccination rates. Dahn and colleagues (2022) reported the split oligonucleotide neighboring inhibition assay (SONIA) strategy, which uses real-time qPCR to measure the capacity of NAbs to block the binding between DNA-barcoded viral spike protein subunit 1 (S1) and the ACE2 receptor in dried blood spots. Despite having shown 91–97% sensitivity and 100% specificity in comparison with the standard methods, as well as the advantages such as no washing, centrifugation or cell culturing, FDA authorization has not been provided for SONIA or any other assay for measuring NAbs in dried blood spots currently. However, this novel method is a promising assay that could be adopted in the future [76].



High-throughput NAbs assays are urgently required for a robust and rapid COVID-19 diagnosis, vaccine monitoring and mAB screening. In this sense, Muruato and colleagues (2020) developed a fluorescence-based neutralization assay that detects SARS-CoV-2 NAbs in COVID-19 patient specimens and yields comparable results to PRNT. To validate this high-throughput assay, the researchers tested the mNeonGreen SARS-CoV-2 virus. Nevertheless, it is necessary to use BSL-3 to perform the test. In this work, a robust NAbs quantifier method using the CellInsight CX5 high-content screening platform was described. According to this platform’s instructions, with predefined threshold parameters obtained using non-infected and pseudovirus-infected cells, in a few minutes, a 96-well microplate can be analyzed and scanned through a rapid fluorescence-based high-throughput assay [73]. Despite the limitations of non-specific signals always existing in high-content imaging due to auto-fluorescence from factors, including environmental dust, plastics, and dead cells, the right set up of parameters and the optimization of precise adjustments make a rapid and very robust analysis possible [45].



To conduct a large-scale evaluation of the frequency and potency of NAbs titers in SARS-CoV-2-infected or vaccinated populations, it is necessary to design a fast, affordable, sensitive, and quantitative SARS-CoV-2 NAbs detection assay. In this sense, Huang and colleagues (2021) developed a rapid (<30 min), sensitive, cell-free, off-the-shelf and accurate assay for RBD NAbs detection; this alternative method is a great option when the PRNT assay is not adequate, as that requires at least two days to carry out [41]. In general, this approach takes advantage of NanoLuc® Binary technology, which presents a proximity-based luciferase system, and is precise and robust to detect NAbs. NanoLuc® Binary consists of two separated proteins, Large BiT (LgBiT, 18 kDa) and small complementary BiT (SmBiT, 11 aa), which generating an active luciferase when interact with appropriate geometry. SmBiT was expressed as a fused protein to the N-terminus of spike-S1 domain, while LgBiT was expressed fused to ACE-2. In the absence of NAbs, spike-ACE2 interaction allow the contact between Large BiT and SmBiT, generating a luciferase able to emit light in the presence of substrate. When NAbs are present in the sample, spike-ACE2 binding is impaired, and less bioluminescence is produced. The method is compatible to high throughput and can be applied in the screening of NAbs against variant of concerns [41].



An approach based on cyclic voltammetry is other innovative strategy to detect NAbs against SARS-CoV-2. The system emits the signal of an impedimetric biosensor, constructed based on the immobilization of the SARS-CoV-2 spike protein on zinc oxide nanorod (ZnONR) electrodes. When working at the physiological pH equal to 7.4, spike glycoprotein presents a net negative surface charge (isoelectric point of approximately 5), while the ZnONR, which has a high isoelectric point of approximately 9.5, presents a net positive surface charge density. It allows the immobilization of spike on the surface of the ZnONR matrix. The binding of NAbs to the immobilized spike increases the signal detected by the sensor, which is attributed to the bulky-sized antibodies covering the sensor surface. The signal detected is a consequence of the reduced electron transfer efficiency by the ferro/ferricyanide redox couple. This system was developed to detect convalescent antibodies against the virus or NAbs and can be adapted to screen antibodies against VoC, since the immobilized spike had been changed. An ELISA to detect IgG against SARS-CoV-2 was used to measure the sensitivity, while the measurement of IgG, by ELISA, against seasonal coronavirus (HCoVs) was used to determine the specificity of the assay. The biosensor technology presented 100% of specificity and 88.7% of sensitivity. These electrodes represent a point of care assay do determine the levels of NAbs against SARS-CoV-2, being an excellent tool for monitoring the seroprevalence and surveillance [77].




4. Perspectives and Conclusions


Overall, all conventional and novel methods present advantages and limitations, as shown in Table 2, for accurately assessing the neutralization efficacy of NAbs. Almost all novel methods are nano-based and cell-free and were developed to be more practical and faster than conventional methods. However, none of them can measure the replicative effect of live viruses or NAbs targeting RBD-outside sites. Therefore, there is still a need to develop and invest in new approaches for NAbs measurement. As a perspective, tools for in silico assays have emerged and been used to develop highly potent NAbs that broadly target all currently circulating SARS-CoV-2 variants [80]. The aim of using these bioinformatic platforms is to identify vulnerable target sites on coronaviruses for the development of potential NAbs and to assess vaccine efficacy. Additionally, with the use of computational datasets of patients or cohorts, it is possible to analyze specific NAbs epitopes and accurately estimate the precision of their efficacy in inducing immunity [81].



In conclusion, many approaches have been used to improve the quantification of NAbs; however, there is no perfect assay, and all of them present limitations regarding safety, throughput, or the antibody targeting site. An alternative to overcome this scenario is to apply more than one validated system, such as a pVNT, followed by a PRNT, only if a BSL-3 structure is available. On the other hand, two live-virus-independent methodologies can be used, considering the presence of a full-length spike. These strategies aim to make the neutralization assays as close as possible to the real biological event to determine the amount of NAbs with high accuracy.
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Figure 1. Mechanisms of action of neutralizing antibodies (NAbs). NAbs can act via different mechanisms to neutralize viruses. In this example, we focus on the neutralizing mechanisms involving SARS-CoV-2. (1) NAbs can bind to the receptor binding domain (RBD) of the spike glycoprotein from the viruses and block the contact between it and the ACE2 expressed in the surface of the host cells. Since the viral entry is dependent on this ligation, the infection is blocked. NAbs can also recognize epitopes outside the RBD. In this case, the contact between the spike and ACE2 is not avoided. However, the following mechanisms essential for viral entry are blocked. Via this mechanism, (2) Nabs inhibit the interaction between the TMPRSS2 protease and spike cleavage, essential for the touch of viral and host membranes, or (3) block the membrane fusion and, thus, viral infection. The image was created with https://www.biorender.com/ (accessed on 10 January 2023). 
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Figure 2. Plaque reduction neutralization test. Samples are serially diluted and incubated with live SARS-CoV-2 for the viral neutralization. VeroE6 cells are added to the system to be infected by non-neutralized viruses. The plates are incubated for at least 48 h, followed by fixation, staining, and counting. The assay can be performed in 24-well plates or smaller plates depending on the throughput to be reached. The analysis can be performed by manual or automated counting. The image was created https://www.biorender.com/ (accessed on 10 January 2023). 
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Figure 3. Neutralization assay using pseudoviruses. (1) Lentiviral particles expressing the spike glycoprotein from SARS-CoV-2 and a reporter gene are produced by the HEK-293T cell line. The viral particles are collected from the culture supernatant, filtered, and used for viral titration. (2) Titrated pseudoviruses are used in neutralization assays. The viruses are incubated with serially diluted serum to allow antibody–spike interaction. HEK293T cells overexpressing ACE2 must be used in this assay. The cells are plated and mixed with antibody/viral suspension. Because the pseudoviruses express a reporter gene, cell transduction will generate a transgenic fluorescent cell or a cell able to metabolize the luciferin, for example. This image represents one well from a plate. This assay can be performed at low or high throughput. The image was created with https://www.biorender.com/ (accessed on 10 January 2023). 
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Figure 4. Foci reduction neutralization test (FRNT). Samples are serially diluted and incubated with live SARS-CoV-2 for the viral neutralization for 1 h, followed by incubation with Vero E6 cells for an additional 1 h at 37 °C and 5% CO2. Cell culture is overlaid with methylcellulose for 24 h. After removal of the overlay, cells are fixed and permeabilized. Anti-SARS-CoV-2 primary antibody is used to detect infected cells, followed by incubation with secondary HRP-conjugated antibodies. Results are evaluated by an Immunospot analyzer to quantify the spots corresponding to the infected cells. This image represents one well from a plate. This assay can be performed at low or high throughput. The image was created with https://www.biorender.com/ (accessed on 30 June 2023). 
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Figure 5. Surrogate virus neutralization test (sVNT). This method is an ELISA-based approach. Samples are incubated with a recombinant receptor-binding domain (RBD) of spike conjugates to horseradish peroxidase (HRP). Neutralizing antibodies, if present in the sample, will bind to RBD-HRP. This interaction abolishes the binding of RBD-HRP to angiotensin-converting enzyme 2 (ACE2), in a 96-well plate. The incubation with HRP substrate will generate a signal, which is inversely proportional to the NAbs titer. This image represents one well from a plate. This assay can be performed at low or high throughput. The image was created with https://www.biorender.com/ (accessed on 30 June 2023). 
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Table 1. Main articles reported and the methods used to determine NAbs.
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	Main Articles Reported
	References





	These works applied the PRNT 1 as a reference to compare the performance of other methods, such as the microneutralization assay, surrogate virus neutralization test and pseudotyped virus neutralization assay. The authors showed the main advantages and limitations of each method
	[27,29]



	This work applied PRNT to measure the beneficial effect of convalescent plasma treatment of critically ill patients. They used PRNT to determine viral neutralization
	[28]



	Safety and immunogenicity studies of COVID-19 vaccines which were subjected to the PRNT assay
	[30,31,32,33,34,35]



	Works that applied pVNT 2 to measure NAbs 3, including those in which the immunogenicity of COVID-19 vaccines was evaluated
	[32,38,43,44,45,46,47,48,49,50,51,52,53,54,55,56,73]



	Works that applied FRNT 4, including clinical trials
	[4,32,48,53,58,59]



	sVNT 5 reported, including a randomized clinical trial
	[33,49,62]



	SARS-CoV-2 neutralization assays based on LFIA 6
	[72]



	SARS-CoV-2 neutralization assays based on SPR 7
	[69,70]



	SARS-CoV-2 neutralization assays based on MIA 8
	[71,74]



	Nanotechnology-based neutralization assays
	[41,68,75,76,77]



	SARS-CoV-2 neutralization assays based CRNT 9
	[78]







1 Plaque reduction neutralization assay; 2 pseudovirus neutralization test; 3 neutralizing antibodies; 4 foci reduction neutralization test; 5 surrogate virus neutralization tests; 6 lateral flow immunoassays; 7 surface plasmon resonance; 8 microsphere immunoassay; 9 chemiluminescence reduction neutralization test.
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Table 2. Principle, advantages, and limitations of NAbs detection assays.
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	Assay
	Principle
	Advantages
	Limitations





	Plaque reduction neutralization test (PRNT)
	Infection of Vero cells with live viruses. The measurement of NAbs’ potency is determined through the quantification of the plaque-forming units (PFU) in specimens containing the antibodies, such as plasma, serum, or blood.
	
	
Since PRNT uses live viruses, the replication capacity of the virus is considered.





	
	
Safety concerns regarding the use of live viruses.



	
Laboratorial infrastructure (BSL-3) to use live viruses.



	
Highly qualified human resources to work in the BSL-3 laboratory.



	
PRNT is not compatible with high throughput, time-consuming, laborious.








	Pseudovirus neutralization test (pVNT)
	Production of lentivirus expressing spike in the surface and transduction of HEK cells overexpressing ACE2. HEK cells are transduced to express GFP or luciferase. The redout is based on the reduction of the percentage of GFP positive cells of the decrease in the luciferase bioluminescence.
	
	
It requires BSL-2.



	
Compatible with high throughput.



	
Can be quickly adapted to produce lentiviral particles expressing spike from VoC.





	
	
Since pVNT uses non-replicative viral particles, viral replication is not considered in this assay.



	
Evaluates only spike-ACE-2 interaction.



	
Antiretroviral treatment may produce false positive results regarding pseudoviral neutralization.



	
pVNT requires ACE2-expressing cells to measure anti-SARS-CoV-2 NAbs.








	Foci reduction neutralization test (FRNT) or microneutralization assay (MNA)
	FRNT has a similar principle to the PRNT assay. However, the readout is based on a monoclonal antibody conjugated to horseradish peroxidase (HRP) directed against the spike protein. This method uses live viruses. The PFU is quantified by a microanalyzer.
	
	
Since PRNT uses live viruses, the replication capacity of the virus is considered.



	
Compatible with high throughput.





	
	
Safety concerns regarding the use of live viruses.



	
Laboratorial infrastructure (BSL-3) to use live viruses.



	
Highly qualified human resources to work in the BSL-3 laboratory.








	Surrogate virus neutralization test (sVNT)
	The method is based on an enzyme linked immunosorbent Assay (ELISA) and measures the RBD-ACE2 interaction. The RBD conjugates with HRP interacts with ACE2 in an ELISA plate in the absence of NAbs
	
	
sVNT is easy to execute.



	
sVNT presents less safety concern compared to PRNT and pVNT, since it uses recombinant protein.



	
It has a reduced cost compared to cell-based and’ live-virus methods.



	
Can be quickly adapted to produce lentiviral particles ex-pressing spike from VoC.



	
Compatible with high throughput.





	
	
The assay evaluates RBD-ACE2 interaction.



	
sVNT may lose NAbs binding outside the RBD








	Lateral flow immunoassay (LFIA)
	The assay uses RBD or full-length spike conjugated to a colloidal gold, colorful microsphere or fluorescent beads. NAbs from the sample interact with RBD in the conjugation pad. NAbs-RBD binding will avoid RBD binding to ACE2 coated in the test line. In this case the test line will be less colorful, or less fluorescent depending on the NAbs titer.
	
	
Easy to execute test.



	
Usually, it takes 10 to 15 min to see the result.





	
	
The use of conjugated RBD may miss NAbs targeting spike domains outside the RBD








	
	
	
	
It can be performed in laboratories with high or low infrastructure.



	
It can be used in places without laboratorial infrastructure.



	
Can be adapted for point of care tests.



	
Can be adapted for different readouts, such as colloidal gold, microspheres and fluorescence.



	
LFIA is a cell-free platform and a cheap method.



	
The assay can be qualitative or quantitative.



	
It can be adapted to high throughput screenings.





	
	
It requires high binding affinity between the target protein and its receptor (RBD and ACE2).



	
Most LFIA are qualitative and to become quantitative it must be associated with an equipment or system (like mobile phones) to measure the intensity of the test and control lines.












Biosafety level (BSL); green fluorescent protein (GFP); receptor binding domains (RBD); Angiotensin-converting enzyme 2 (ACE2); horseradish peroxidase (HRP); neutralizing antibodies (NAbs).
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