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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of the outbreak led to the coronavirus disease 2019 (COVID-19) pandemic. Receptor binding domain (RBD) of spike (S) protein of SARS-CoV-2 is considered as a major target for immunotherapy and vaccine design. Here, we generated and characterized a panel of anti-RBD monoclonal antibodies (MAbs) isolated from eukaryotic recombinant RBD-immunized mice by hybridoma technology. Epitope mapping was performed using a panel of 20-mer overlapping peptides spanning the entire sequence of the RBD protein from wild-type (WT) Wuhan strain by enzyme-linked immunosorbent assay (ELISA). Several hybridomas showed reactivity toward restricted RBD peptide pools by Pepscan analysis, with more focus on peptides encompassing aa 76–110 and 136–155. However, our MAbs with potent neutralizing activity which block SARS-CoV-2 spike pseudovirus as well as the WT virus entry into angiotensin-converting enzyme-2 (ACE2) expressing HEK293T cells showed no reactivity against these peptides. These findings, largely supported by the Western blotting results suggest that the neutralizing MAbs recognize mainly conformational epitopes. Moreover, our neutralizing MAbs recognized the variants of concern (VOC) currently in circulation, including alpha, beta, gamma, and delta by ELISA, and neutralized alpha and omicron variants at different levels by conventional virus neutralization test (CVNT). While the neutralization of MAbs to the alpha variant showed no substantial difference as compared with the WT virus, their neutralizing activity was lower on omicron variant, suggesting the refractory effect of mutations in emerging variants against this group of neutralizing MAbs. Also, the binding reactivity of our MAbs to delta variant showed a modest decline by ELISA, implying that our MAbs are insensitive to the substitutions in the RBD of delta variant. Our data provide important information for understanding the immunogenicity of RBD, and the potential application of the novel neutralizing MAbs for passive immunotherapy of SARS-CoV-2 infection.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified in Wuhan, China in December 2019 (1). As of the 24th of April 2022, there were over 500 million global cases of coronavirus disease 2019 (COVID-19) and more than 6 million deaths worldwide (2). SARS-CoV-2, known as the third highly pathogenic human CoV belonging to the lineage B beta-coronaviruses, is a zoonotic enveloped virus containing a positive-sense single-stranded RNA, presumably originated from bats due to sharing 96% genome sequence identity with RaTG13, a bat-derived SARS-like CoV (3, 4).

The genome of SARS-CoV-2 encodes several structural and non-structural proteins. Homotrimeric spike (S) glycoprotein on the viral surface is involved in cell attachment, membrane fusion, and viral entry (5, 6). The S protein with a length of 1,273 amino acids (aa), is a clove-shaped, type I transmembrane protein consisting of a signal peptide (1–13), S1 subunit (14–685), and S2 subunit (686–1,273). The S1 subunit is composed of the N-terminal domain (NTD) (18–305), the C-terminal receptor binding domain (RBD) (329–528), subdomain-1 (SD1) (529–589), and SD2 (590–686) (7). The RBD consists of two sub-domains, including a core sub-domain composed of a β-sheet with five antiparallel strands (β1–β4, and β7) in the inner side of the spike protein and receptor-binding motif (RBM) extending from the core sub-domain and consisting of β5 and β6 strands (8, 9). The RBM is responsible for virus binding to its receptor, the angiotensin-converting enzyme-2 (ACE2), by forming a surface to cradle the N-terminal α-helix of ACE2 expressed on the host cell surface (7). The S2 subunit consists of the upstream helix (UH) (687–819), N-terminal fusion peptide (FP) (820–846), heptapeptide repeat sequence 1 (HR1) (912–985), SD3 (1,072–1,139), stem helix (SH) (1,139–1,163), HR2 (1,163–1,212), TM domain (1,213–1,237), and intracellular domain (1,238–1,273). The S2 subunit plays an important role in mediating fusion of viral membrane with host cell membrane and virus entry into target cells (7, 10). The S protein of SARS-CoV-2 shares about 76% amino acid sequence homology with that of SARS-CoV and both use ACE2 as a receptor for viral entry in a similar way (11, 12). Also, the core sub-domain of RBD, rather than RBM, is more conserved between SARS-CoV-2 and SARS-CoV viruses (identity of 86.3% for the core sub-domain versus 46.7% for the RBM sub-domain) (13). Notwithstanding the critical function of both S1 and S2 subunits in viral entry, it has been shown that anti-S1 antibodies bind to the S protein and neutralize the virus more efficiently than anti-S2 antibodies, presumably due to lack of a major neutralizing region on the S2 subunit (14). Despite less conserved residues and high mutation rates in the RBD rather than in other parts of the S protein, RBD is still considered the most important region of SARS-CoV-2 to be targeted by neutralizing antibodies due to difficult access to and tight folding of fusion domains (15).

Neutralizing monoclonal antibodies (MAbs) have been considered as one of the most promising approaches to target SARS-CoV-2 surface protein as a prophylactic/therapeutic alternative of COVID-19 convalescent plasma for the passive immunotherapy (16–19), since they have been effective against other viruses such as rabies, HIV, RSV, EBOV, SARS-CoV, and MERS-CoV (20, 21). Accordingly, considerable efforts have been made to produce MAbs capable of neutralizing SARS-CoV-2. Until now, U.S. Food and Drug Administration (FDA) or European Medicines Agency (EMA) have not approved neutralizing MAbs for COVID-19 infection, although a number of MAbs have been authorized for emergency use as prophylaxis in adults and children at high risk of severe COVID-19, including sotrovimab, REGN-CoV-2, bebtelovimab, and the combination of bamlanivimab and etesevimab (22–26). Considering the emergence of newly fast-spreading variants and reduced or lack of efficacy of a number of neutralizing MAbs, there is an urgent need for development of efficient neutralizing MAbs that cross-neutralize various variants to control SARS-CoV-2 infection and/or disease progression. In this study, we produced a panel of MAbs directed against the RBD of SARS-CoV-2 using hybridoma technology. These MAbs were then extensively characterized and their neutralization potency against different variants of SARS-CoV-2 was investigated in vitro.



Materials and methods


Sources of cell lines, antigens, antibodies, and reagents

Sp2/0-Ag14 (murine myeloma cell line) was purchased from the National Cell Bank of Iran (NCBI) (Pasteur Institute, Tehran, Iran). ACE2-expressing HEK293T cell line used for pseudovirus-based neutralization test (PVNT) was a kind gift from Renap Therapeutics Co. (Tehran, Iran). Vero 76 cell line (Vero C1008; CRL-1586, Clone E6) was obtained from ATCC. Recombinant spike protein of SARS-CoV-2 with C-terminal histidine tag expressed in Baculovirus insect cells and recombinant RBD of SARS-CoV-2 spike protein with C-terminal histidine tag (RBD-His) expressed in HEK293T cells were purchased from Sino Biological Inc. (Beijing, China). Full-length trimeric spike antigen variants were obtained from BioServUK–CalibreScientific (Sheffield, United Kingdom). Rabbit anti-sheep immunoglobulins (Ig), and horse-radish peroxidase (HRP)-conjugated sheep anti-mouse Ig were purchased from SinaBiotech (Tehran, Iran). Mouse monoclonal antibody isotyping reagents, goat anti-mouse IgG, IgA, and IgM isotype-specific polyclonal antibodies, complete and incomplete Freund’s adjuvants, 2-Mercaptoethanol (2ME), Tween-20, skimmed milk, pristane and all reagents used for cell culture, including Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), L-glutamine, penicillin and streptomycin, HAT supplement (50X), polyethylene glycol (PEG 1500), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Darmstadt, Germany). Anti-nucleocapsid antibody, Alexa Fluor 647-labeled goat anti-rabbit monoclonal antibody, and Sytox green nucleic acid stain were obtained from GeneTex (CA, United States), Abcam (Cambridge, United Kingdom), and Invitrogen (MA, United States), respectively. Streptococcal protein G (SPG) affinity columns and chemiluminescence ECL Prime solution were obtained from GE Healthcare (Nordrhein-Westfalen, Germany). The linear peptides were synthesized by Pepmic company (Jiangsu, China). Tetramethylbenzidine (TMB) and SARS-CoV-2 neutralizing antibody detection kit were obtained from Pishtaz Teb Co. (Tehran, Iran). Maxisorp microtiter ELISA plates and cell culture plates and flasks were purchased from Nunc (Roskilde, Denmark).



Production of anti-severe acute respiratory syndrome coronavirus 2 receptor binding domain-specific monoclonal antibodies

A total of 6–8 weeks old female BALB/c mice were subcutaneously immunized once with 15 μg and then three times with 7.5 μg of SARS-CoV-2 RBD-His protein in combination with complete and incomplete Freund’s adjuvants, respectively, at 2-week intervals. Blood samples were then taken from the tail vein before each injection and sera were prepared by centrifugation. Hyper-immunization was confirmed by enzyme-linked immunosorbent assay (ELISA). Three to 5 days after intravenous (i.v.) injection of antigen, the spleen was harvested, and hybridomas were generated by fusing the extracted splenocytes with Sp2/0-Ag14 myeloma cell line at a 6:1 ratio using PEG 1500. Only hybridomas were grown in the presence of a selective medium containing hypoxanthine, aminopterin, and thymidine (HAT 1X). Hybridomas were screened and sub-cloned by RBD-specific indirect ELISA and limiting dilution method, respectively to obtain anti-RBD, anti-S final clones. MAb producing final clones (5 × 106 cells/mouse) were intraperitoneally injected into pristane-pretreated BALB/c mice. Ascitic fluids were collected, and the SARS-CoV-2 RBD-specific MAbs were purified using a SPG affinity column.



Linear peptide synthesis

Amino acid sequences of SARS-CoV-2 RBD were obtained from GenBank under accession number YP_009724390.1 to design the linear peptides. A panel of linear peptides spanning the entire sequence of SARS-CoV-2 RBD (each linear peptide contained 20 amino acid residues with 5 residues overlapping with the adjacent peptides) with purity of more than 90% were used for Pepscan. Lyophilized peptides were dissolved in deionized water and/or DMSO to obtain a stock solution, according to the manufacturer’s instructions. Amino acid sequences of peptide sets are shown in Table 1.


TABLE 1    Amino acid sequences of RBD peptide sets used in Pepscan.
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Enzyme-linked immunosorbent assay

We conducted seven different types of ELISA to evaluate the levels of anti-RBD Ig; in immunized mouse sera, in hybridoma clone supernatants, and to characterize the anti-RBD MAbs:


Evaluation of the levels of anti-receptor binding domain and anti-spike antibodies in receptor binding domain-immunized mouse sera and primary hybridoma supernatants

Severe acute respiratory syndrome coronavirus 2 RBD or S antigens, at a concentration of 1 μg/ml, were coated in flat-bottom 96-well microtiter plates in PBS (pH 7.4) overnight at 4°C. After washing with PBST (0.05% v/v Tween-20 in PBS) three times, blocking buffer containing 3% w/v skimmed milk in PBST was added to each well for 1 h at 37°C. Subsequently, mouse sera at 1:1,000, 1:5,000, and 1:25,000 dilutions, or hybridoma supernatants at 1:5 dilution were applied onto the plates in the blocking buffer and incubated at 37°C for 1 h, followed by three washes with PBST. HRP-conjugated sheep anti-mouse Ig antibody at 1:2,000 dilution was used to detect the anti-RBD and anti-S levels in RBD-immunized mouse sera and primary hybridoma supernatants. The reaction was developed by adding TMB substrate solution for 15 min and stopped by addition of 1 M H2SO4. Then, the optical densities (ODs) of the reactions were measured at 450 and 630 nm using a microplate reader (BioTek, United States).



Peptide-based enzyme-linked immunosorbent assay for receptor binding domain-immunized mouse sera, primary hybridoma supernatants, and monoclonal antibodies

Preliminary epitope screening was performed using five pooled RBD peptide sets each composed of three peptides. ELISA was conducted according to the protocol described in section “Evaluation of the levels of anti-receptor binding domain and anti-spike antibodies in receptor binding domain-immunized mouse sera and primary hybridoma supernatants” with the following modifications. In brief, 3.5 μg/ml of each RBD peptide in three peptide pool sets, or 1 μg/ml of RBD were coated onto the ELISA plates in PBS and incubated overnight at 4°C. After washing and blocking serum samples at 1:200 dilution or hybridoma supernatants at 1:5 dilution or MAbs at a concentration of 1 μg/ml in the blocking buffer were added and incubated for another 1 h at 37°C. HRP-conjugated sheep anti-mouse Ig antibody was used for detecting peptide-bound antibodies. Color development was performed as described in section “Evaluation of the levels of anti-receptor binding domain and anti-spike antibodies in receptor binding domain-immunized mouse sera and primary hybridoma supernatants.”

Further assessment procedures were performed to evaluate the reactivity against individual immunodominant linear peptides by immobilizing each peptide into ELISA plates with a concentration of 5 μg/ml. ELISA was conducted according to the protocol described above.



Surrogate viral neutralization test

Severe acute respiratory syndrome coronavirus 2 neutralizing antibody detection kit was used for the surrogate viral neutralization test (SVNT) assay according to the manufacturer’s instructions. Briefly, ACE2-HRP was mixed with different concentrations of MAbs, serially diluted mouse sera, or peptide-adsorbed mouse sera and added to RBD pre-coated plates. After incubation for 30 min at 37°C, unbound HRP-conjugated antigens were removed by five PBST washes. After adding TMB and stop solution, the OD was measured by a plate reader.

The percentage of inhibition was determined as follows:
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For peptide adsorption, P76–95, P91–110, and P136–155 were selected as the immunodominant peptides. P2-NP (a linear peptide belonging to SARS-CoV-2 nucleocapsid) and P106–125 were also selected as irrelevant peptide and non-reactive control, respectively. First, the immunized mouse sera were serially diluted at a starting dilution of 1:10 and the ID50 values (inhibition dilution of 50%) were calculated in SVNT. Subsequently, 10 μg/ml of selected peptides were incubated with diluted mouse sera at their ID50 dilution point for 2 h at 37°C to adsorb peptide-specific antibodies. Peptides were separately diluted in the sample diluent at a concentration of 10 μg/ml in the absence of mouse serum as peptide controls to assess whether a similar concentration of peptides could individually inhibit the binding of ACE2-HRP to RBD. Peptide-adsorbed mouse sera, non-adsorbed mouse sera, and peptide controls were then mixed with ACE2-HRP and incubated for 30 min at 37°C in RBD pre-coated plates. ELISA was conducted according to the protocol described above.



Isotype determination

Severe acute respiratory syndrome coronavirus 2 RBD-specific MAbs (1 μg/ml) were coated into 96-well ELISA plates for 1.5 h at 37°C. After washing with PBST and blocking the remaining binding sites, the plates were incubated with goat anti-mouse IgG, IgA, and IgM isotype-specific polyclonal antibodies (1:1,000) for 20 min at 37°C, followed by washing and incubation with HRP-labeled rabbit anti-sheep Ig (1:3,000) for 20 min at 37°C. After washing the plates, adding TMB solution to the wells, and stopping the enzymatic reaction with 1 M H2SO4, ODs were measured as described in section “Evaluation of the levels of anti-receptor binding domain and anti-spike antibodies in receptor binding domain-immunized mouse sera and primary hybridoma supernatants.”



Monoclonal antibodies affinity determination

The binding affinities of SARS-CoV-2 RBD-specific MAbs were determined using an ELISA-based method (27, 28). Briefly, ELISA plates were coated with recombinant SARS-CoV-2 RBD protein (1,000, 500, 250, 125, 62, and 31 ng/ml) for 1.5 h at 37°C. After washing and blocking, serially diluted MAbs were added and incubated for 1 h at 37°C, followed by washing and incubation with HRP-labeled sheep anti-mouse Ig for 1 h at 37°C. After washing, TMB solution was added to the wells, enzymatic reaction was stopped, and ODs were measured as described in section “Evaluation of the levels of anti-receptor binding domain and anti-spike antibodies in receptor binding domain-immunized mouse sera and primary hybridoma supernatants,” followed by calculating affinity constants (KD) following the given equations (27, 28). Briefly, ODs were plotted against logarithmic values of antibody concentration. Antibody concentration resulting in half of the maximum OD ([Ab]t) at each antigen concentration was chosen for the affinity measurement using the equation KD = (n−1/2) (n[Ab′]t−[Ab]t). n equals [Ag]/[Ag′], where [Ag] and [Ag′] correspond to the higher and lower concentration of antigen. [Ab′]t and [Ab]t correspond to the antibody concentrations giving 50% of maximum OD at [Ag′] and [Ag], respectively. The mean of the calculations for three non-overlapping antigen concentrations was considered as the final KD value.



Monoclonal antibodies cross-competition assay

To relatively map the epitope location of SARS-CoV-2 RBD-specific MAbs, the ability of unlabeled MAbs (competitors) to compete with HRP-labeled ones was assessed by a competitive ELISA. 96-well ELISA plates were coated with recombinant SARS-CoV-2 RBD protein (1 μg/ml) for 1.5 h at 37°C. After washing the plates with PBST and treating the wells with blocking buffer, 25 μl of each competitor MAb was mixed with 25 μl of each HRP-labeled MAb to reach the final concentration of 5, 20, and 60 μg/ml of competitor and 1 μg/ml of HRP-labeled MAb. The mixtures were added to RBD-coated plates for 1 h at 37°C. After washing, the enzymatic reaction was developed by TMB solution and stopped by 1 M H2SO4, followed by measuring ODs. The percentage of competition was determined as follows:
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Reactivity of monoclonal antibodies to severe acute respiratory syndrome coronavirus 2 spike variants

Full-length trimeric spike antigen variants were coated with a concentration of 2 and 0.5μg/ml. After blocking, 1 or 0.25 μg/ml of selected MAbs were added to the plates followed by washing and incubating with HRP-labeled sheep anti-mouse Ig for 1 h at 37°C. The reaction development and stopping were done by TMB and 1 M H2SO4, respectively.




Western blotting

Reactivity of selected MAbs against non-reduced or 1% 2ME-reduced form of RBD was assessed by Western blotting. A total of 1 μg of RBD was applied to 10% polyacrylamide gel in SDS sample buffer. Proteins were separated by electrophoresis at 100 V for 1 h and transferred to a 0.45 μm hydrophilic polyvinylidene fluoride (PVDF) membrane at 110 V for 1.5 h. After blocking the membranes in blocking buffer (5% skimmed milk in PBS) overnight at 4°C, the membranes were incubated with 1 μg/ml of MAbs in the blocking solution for 45 min at room temperature (RT). Subsequently, the membranes were washed five times with PBST, then incubated with secondary HRP-conjugated sheep anti-mouse Ig at RT for 45 min, followed by washing five times for 5 min. Finally, positive signals were detected by chemiluminescence ECL Prime solution.



Pseudovirus-based neutralization test

Angiotensin-converting enzyme-2-expressing HEK293T cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and incubated at 37°C, 5% CO2 and, 95% humidity. MAbs were diluted in RPMI-1640 medium supplemented with 10% FBS and mixed with the same volume of eGFP-SARS-CoV-2 spike pseudotyped lentivirus corresponding to wild-type (WT, D614G genotype) to reach the final concentration of 15, 5, 0.5, 0.1, and 0.01 μg/ml from each intact MAb in a 96-well plate, followed by incubation at 37°C for 2 h. Subsequently, ACE2-expressing HEK293T cells were detached by trypsin-EDTA 0.25% and added to each well (14 × 103 cells/well). Following incubation for 48 h, the medium was removed. Fluorescence microscopy was used for imaging and detecting the pseudovirus-infected eGFP-positive cells. Microscopic images were taken from at least four microscopic fields. ImageJ software was used to analyze the microscopic images and calculate the fluorescence positive cells. The inhibitory concentration of 50% (IC50) was defined as the Ab concentration leading to a 50% reduction in the percentage of infected cells. IC50 values were determined as described by Ferrara et al. (29).



Conventional authentic virus-neutralizing assay

Vero 76 cells were plated to a 96-well plate at a density of 12.5 × 103 cells/well, 1 day before the infection. A total of 50 μl of fourfold serially diluted MAbs starting at 20 μg/ml were incubated with 50 μl of WT SARS-CoV-2 strain (D614G genotype), alpha, or omicron strain at MOI of 10, leading to about 30% infected cells and further added to priorly seeded Vero 76 cells. After 48 h, the cells were fixed in methanol for 20 min, washed in PBS, and stained with rabbit anti-nucleocapsid antibody at 1:200 dilution in the perm-wash buffer for 45 min at RT. Subsequently, Alexa Fluor 647-labeled goat anti-rabbit MAb at 1:200 dilution in PBS containing 5% FBS was added and incubated for 45 min at RT. Total cells were detected by Sytox green staining. Total cells (Sytox green positive cells) and infected cells (nucleocapsid positive cells) were counted using SpectraMax MiniMax Imaging Cytometer (Molecular Devices LLC). The percentage of infected cells was recorded and IC50 was calculated as described in section “Conventional authentic virus-neutralizing assay.”



Statistical analyses

All data were statistically analyzed by Prism v9 (San Diego, CA, United States) and represented as the mean ± SD. Binding inhibition of ACE2 in SVNT by immunodominant peptides or non-reactive and irrelevant peptides-adsorbed RBD-immunized mouse sera was analyzed by ordinary one-way ANOVA. The p-values of less than *0.05, **0.01, ***0.001, and ****0.0001) were considered statistically significant. The quantitative cut-off value for positive reactivity of hybridoma supernatants in Pepscan analysis was defined as the mean OD of negative samples plus 3 SDs. Inhibition rates of MAbs and sera were calculated based on the decrease in the fluorescence positive cells (for pseudotype-based neutralization assay) or the decrease in nucleocapsid positive cells (for live SARS-CoV-2-based neutralization assay). IC50 value (inhibition concentration 50%) for MAbs or ID50 value (inhibition dilution 50%) for sera were calculated using non-linear regression, i.e., (inhibitor) vs. response (four parameters). Correlation between SVNT, PVNT, and conventional virus neutralization test (CVNT) was analyzed by Spearman test. Fold change was computed as the ratio of the changes between final IC50 values of MAbs against variants of concern (VOCs) (Y) and the original IC50 values of MAbs against WT, D614G genotype (X) over the initial value using the following equation: Foldchange = (Y−X)/X.




Results


Titration of anti-receptor binding domain and anti-spike antibodies in receptor binding domain-immunized mouse sera

We employed RBD protein with C-terminal histidine tag (RBD-His) as an immunogen to immunize BALB/c mice (the study design is depicted in Figure 1). The mice were primed with RBD-His in combination with complete Freund’s adjuvant on day 0 and boosted with RBD-His and incomplete Freund’s adjuvant at weeks 4, 6, and 8. Bleeding was done before each injection and 4 weeks after the last booster dose (Figure 1). Titration of hyperimmune mouse sera against RBD and S proteins by ELISA showed a mean half-maximal effective serum titer of 6,000 and 7,000 against spike and RBD, respectively, 3–5 days after i.v. booster administration of RBD (Figures 2A,B).
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FIGURE 1
Schematic representation of mouse immunization and hybridoma production workflow to generate and characterize anti-SARS-CoV-2-RBD MAbs. (A) A total of 6–8-week old female BALB/c mice were immunized with RBD-His and complete Freund’s adjuvant on day 0 followed by boosts with RBD-His and incomplete Freund’s adjuvant at weeks 4, 6, and 8. Blood samples were collected for ELISA before each injection. A total of 3–5 days after intravenous injection of RBD, mice were sacrificed and splenocytes were fused with Sp2/0 cells. Finally, eight clones were generated with reactivity against both RBD and S antigens. (B) SARS-CoV-2 RBD Pepscan was performed using a panel of linear peptides spanning the entire sequence of SARS-CoV-2 RBD of spike containing 20 amino acid residues with 5 residues overlapping with the adjacent peptides for the characterization of hybridoma supernatants and purified MAbs. First, the reactivity of hybridoma supernatants was assessed against three peptide pool sets. Subsequently, the linear peptide-reacting hybridoma supernatants were pooled and their reactivity was assessed against individual peptides of the immunodominant peptide pool. (C) SVNT, PVNT, and CVNT were performed to characterize MAbs. aa, amino acid; ACE2, angiotensin-converting enzyme-2; CVNT, conventional virus-neutralizing test; ELISA, enzyme-linked immunosorbent assay; HRP, horse-radish peroxidase; i.v., intravenous; MAb, monoclonal antibody; PVNT, pseudovirus neutralizing test; RBD, receptor binding domain; RBM, receptor binding motif; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; s.c., subcutaneous; SVNT, surrogate virus-neutralizing test.
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FIGURE 2
Antibody responses in the immunized mouse sera against spike, RBD, and linear peptides by ELISA and peptide-adsorption assay by SVNT. (A) Antibody responses against RBD and spike in the immunized mouse sera during the immunization schedule. Sera were tested by ELISA at 1:5,000 dilution. (B) Titration of sera collected from the sacrificed mice before the spleen harvest against RBD and S proteins. (C) The immunodominant epitopes of the SARS-CoV-2 RBD protein were mapped by Pepscan analysis against mouse immunized sera and the immunodominant peptide pool was identified. Mouse hyperimmune sera (1:200) were subjected to three peptide pools (A–C) of overlapping peptides and RBD antigen by ELISA. Each pool contained five 20-mer peptides spanning the entire RBD domain of the spike. (D) The immunodominant epitopes among “pool B” peptides from the RBD protein was identified by ELISA. Individual peptides (P76–95, P91–110, P106–125, P121–140, and P136–155) were coated to screen the serum samples from hyperimmune mice to determine the most reactive peptides. (E) Titration curves of immunized mouse sera were presented in SVNT by testing serially diluted sera at a starting dilution of 1:10. The dotted lines on each graph indicate 50% inhibition. (F) Binding inhibition of ACE2 in SVNT by immunodominant peptides (P76–95, P91–110, and P136–155) or non-reactive and irrelevant peptides (P106–125 and P2–NP)-adsorbed RBD-immunized mouse sera. Peptides were separately used in the absence of mouse sera as peptide controls. Data analyzed by ordinary one-way ANOVA **p < 0.01. The solid lines represent mean values ± SD. ACE2, angiotensin-converting enzyme-2; ELISA, enzyme-linked immunosorbent assay; NP, nucleocapsid; RBD, receptor binding domain; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SVNT, surrogate virus-neutralizing test; ads, adsorbed sera.




Pepscan analysis of receptor binding domain-immunized mouse serum

To map the linear epitopes recognized by mouse polyclonal anti-RBD antibodies, a series of 15 overlapping peptides covering the RBD sequence of the S protein were used as coating antigens in ELISA (Figures 1B, 2C,D). First, three pooled peptide sets (peptide pools A, B, and C) were employed for Pepscan. Preliminary Pepscan analysis indicated one dominant peptide pool (pool B), including amino acids 76–155 (Figure 2C). Further Pepscan assay performed on individual linear peptides showed relatively high reactivity to peptides P76–95, P91–110, and P136–155 in comparison with P106–125 and P121–140 (Figure 2D). P136–155 is located in RBM, which is critical for ACE2 binding (8), while P76–95 and P91–110 are located in the core subdomain in the N-terminal of RBD.



Adsorption of immunized mouse sera with immunodominant linear peptides

To evaluate the neutralizing effect of antibodies against the immunodominant linear peptides identified by Pepscan, serum adsorption assays with P76–95, P91–110, and P136–155 were performed by SVNT. The immunized mouse sera showed ID50 of about 1:50 dilution in SVNT (Figure 2E). We found that sera adsorbed with P76–95, P91–110, or P136–155 peptide could significantly reduce binding ability of ACE2 to RBD compared with the non-adsorbed serum controls (p < 0.01) (Figure 2F), implying that the antibodies targeting these three immunodominant linear epitopes contribute to the anti-RBD neutralizing response.



Isolation and characterization of receptor binding domain-specific monoclonal antibodies

Preliminary growing hybridomas were screened against RBD by ELISA. A total of 125 RBD-reactive hybridomas were initially identified and assessed by Pepscan. Subsequently, eight stable hybridomas producing double reactive (anti-RBD and anti-S) MAbs were selected, cloned, and characterized.



Epitope mapping of anti-receptor binding domain hybridoma supernatants

To determine epitope specificity of the 125 initial RBD-reactive hybridomas as well as the final eight selected clones, three peptide pool sets designated A, B, and C, each composed of five consecutive peptides, were employed and tested by ELISA (Figure 3). The results showed that most of the hybridoma supernatants (n = 70) react with peptide pool B encompassing amino acids 76–155 of the RBD sequence (Figures 3A,B). These findings are consistent with the results obtained from the RBD-immunized mouse sera. Subsequently, peptide pool B-reactive hybridoma supernatants were mixed in 14 pool sets each consisting of five supernatants to evaluate their reactivities against each individual peptide of pool B. Our data demonstrated that a large number of the hybridoma pools sets were reactive to P76–95 (12 out of 14 pool sets) and P136–155 (14 out of 14 pool sets) peptides, which are located in the core sub-domain and RBM of RBD, respectively (Figures 3C,D). Due to shortage of materials, we could not test all the positive hybridoma supernatants individually against the five peptides of the pool B. Finally, eight hybridomas reactive with both RBD and S proteins, designated 1D1, 1D10, 2C5, 2D9, 2F8, 2G3, 3B6, and 3G5 were stable and could be cloned and characterized. Based on Pepscan results, 2F8 MAb reacts with the peptide P136–155 (RLFRKSNLKPFERDISTEIY), which is located in RBM of RBD (8) and 3G5 MAb reacts with the peptide P76–95 (NVYADSFVIRGDEVRQIAPG), which is located in the N-terminal region of the RBD (Table 1). However, despite ELISA binding to the spike and RBD, the remaining 6 MAbs failed to react with any of the peptides.
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FIGURE 3
Pepscan analysis of hybridoma supernatants by ELISA. (A,B) Mapping the immunodominant epitopes of the SARS-CoV-2 RBD protein by Pepscan analysis against hybridoma supernatants and identification of the immunodominant peptide pools. A total of 125 anti-RBD hybridoma supernatants were subjected to three pools (A–C) of overlapping peptides and RBD antigen by ELISA. Each pool contains five 20-mer overlapping peptides covering the entire RBD. Reactivities are presented as heatmap and dot plot. (C,D) Identification of the immunodominant epitope among “pool B” peptides from the RBD protein. Individual peptides (P76–95, P91–110, P106–125, P121–140, and P136–155) were screened with hybridoma supernatants to determine the most reactive peptide. Reactivities are presented in the heatmap and dot plot. The solid lines represent mean ± SD. ELISA, enzyme-linked immunosorbent assay; RBD, receptor binding domain; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.




Affinity and isotype

Representative binding affinity curves obtained for RBD-specific MAbs are presented in Figure 4A. The affinity constants were found to be in the range of 0.36–1.71 nM, the highest and lowest affinities belonged to 3G5 and 2F8 MAbs, respectively. The isotype was found to be IgG for all the MAbs (Table 2).
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FIGURE 4
Binding affinity, competition profile, and structural characterization of anti-RBD MAbs. (A) The binding affinity of MAbs to RBD protein was measured by an ELISA-based method. MAbs concentration at OD 50% was used to calculate affinity constants (Ka) between each pair of sigmoidal curves in the graphs based on the equations referred to in section “Materials and methods.” The final Ka was obtained by averaging three calculated Ka. (B) The competition profile of MAbs was determined by competitive ELISA. Results of competition ELISA are presented as the percentage of competition by the competitor MAbs compared with no-competitor groups. Competition for more than 50% was considered as positive. (C) Western blot representative of reactivity of selected double-reactive MAbs against 2ME-reduced and native RBD proteins. A total of 25 and 50 kD bands show monomeric and dimeric RBD protein. Ag, antigen; ELISA, enzyme-linked immunosorbent assay; HRP, horse-radish peroxidase; MAb, monoclonal antibody; nM, nanomolar; OD, optical density; pM, picomolar; RBD, receptor binding domain.



TABLE 2    Characteristics of anti-RBD MAbs.
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Cross-competition of monoclonal antibodies for binding to receptor binding domain

Three MAbs (1D1, 1D10, and 3G5) were randomly HRP-conjugated and their binding activities to RBD was measured in the presence or absence of the other unlabeled anti-RBD MAbs, as competitors. Accordingly, three distinct groups of MAbs were identified. Five MAbs, including 1D1, 1D10, 2C5, 2D9, and 2G3 were classified into one group, since they competed with two of the HRP-conjugated MAbs (1D1 and 1D10) with a similar pattern. The binding of 3G5 MAb to RBD, which recognizes a distinct linear epitope (P76–95), is partially inhibited by five other MAbs, including 1D1, 1D10, 2C5, 2D9, and 2G3, implying that 3G5 binds to an epitope in the vicinity of the epitope(s) recognized by these five MAbs. The other two MAbs (3B6 and 2F8) displayed different cross-competition profile (Figure 4B). These results demonstrate that our MAbs recognize multiple epitopes and are not limited to a few immunodominant epitopes in RBD.



Western blotting analysis of the monoclonal antibodies

The reactivities of the MAbs with non-reduced and 2ME-reduced RBD proteins were assessed by Western blotting (Figure 4C). Due to the overload of protein in the gel and the high intensity of the bands, we considered the pale bands as non-specific (pale bands in 50 kD of reduced RBD, corresponding to 2D9 and 3G5 MAbs, as well as pale bands in 25 kD of reduced RBD, corresponding to 3B6, 2G3, and 2C5 MAbs). Although 1D1, 1D10, and 2D9 were not reactive to any of the linear peptides in Pepscan, they were reactive against both non-reduced and 2ME-reduced RBD proteins, suggesting that their epitope is a disulfide bond-independent conformational epitope. It is possible that 1D1, 1D10, and 2D9 (but not 2C5 and 2G3) might be originated from a common clone based on their reactivity obtained from competition ELISA and Western blotting. However, 2G3, 2C5, and 3B6 did not react with 2ME-reduced RBD protein, which indicates that they recognize conformational disulfide bond-dependent epitopes. 3G5, as a linear peptide-reactive MAb (P76–95), showed reactivity against both non-reduced and 2ME-reduced RBD protein. The last MAb (2F8) which reacted with the linear peptide P136–155 in ELISA, recognized the 2ME-reduced, but not non-reduced form of RBD protein which suggests reactivity against a disulfide-bond dependent linear epitope. Two-band pattern of the non-reduced form of recombinant RBD with MW sizes of 25 KD and 50 KD, is observed in almost all developed lanes, which is most likely the result of RBD dimerization (Figure 4C).



Wild-type severe acute respiratory syndrome coronavirus 2 virus neutralization assessment

Surrogate viral neutralization test, PVNT, and CVNT assays were employed to assess the neutralizing potential of the eight selected RBD-specific MAbs generated in this study. In the first step, a single high concentration of all eight selected MAbs was used for the SVNT (40 μg/ml), PVNT (15 μg/ml), and CVNT (10 μg/ml) assays to assess the neutralization potency of the MAbs. As shown in Table 2 and based on the preliminary SVNT, PVNT, and CVNT results, four MAbs, including 1D1, 1D10, 2C5, and 2D9 belonging to a cross-reactive group, demonstrated neutralization capacity in all assays. Two MAbs, 3B6 and 3G5, showed weak neutralization activity (based on SVNT and PVNT results), while the remaining two MAbs (2F8 and 2G3) did not show any neutralization activity at the highest concentrations mentioned above. The six neutralizing MAbs, including 1D1, 1D10, 2C5, 2D9, 3B6, and 3G5, were further tested to determine their IC50 in SVNT, PVNT, and CVNT.

Using the SVNT assay, all these MAbs were found to dose-dependently block ACE2 binding to RBD, with IC50 values ranging from 6.3 to 48 μg/ml in SVNT (Figure 5A and Table 2). While the PVNT assay using SARS-CoV-2 pseudovirus (wild-type, D614G genotype) and human ACE2-overexpressing HEK293T cells gave IC50 values ranging from 0.9 to 38 μg/ml (Figures 5B,G and Table 2), the authentic CVNT assay using wild-type SARS-CoV-2 (wild-type, D614G genotype) and Vero 76 cell lines demonstrated IC50 values ranging from 0.1 to 0.6 μg/ml (Figure 5C and Table 2). Representative PVNT results are illustrated in Figure 5G. The IC50 results obtained from all three neutralization assays are depicted in Table 2. Among the six neutralizing MAbs, 1D1 and 1D10 were the most potent and 3G5 was the weakest in terms of neutralization potency (based on PVNT and CVNT results). Positive correlation for the IC50 values was observed between all three neutralization assays. While PVNT and CVNT demonstrated the highest correlation (p = 0.044), SVNT and CVNT (p = 0.105), and SVNT and PVNT (p = 0.058) displayed lower correlation (Figures 5D–F).
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FIGURE 5
Neutralizing activity of MAbs was determined by PVNT, SVNT, and CVNT. (A) Selected RBD-specific MAbs were assessed for neutralization by SVNT. HRP-conjugated ACE2 protein was used to determine its binding to immobilized RBD in the presence of MAbs at the concentrations of 1, 5, 20, and 40 μg/ml. The percentage (%) of inhibition was calculated based on the OD of HRP-conjugated ACE2 with or without presence of RBD-specific MAbs. Dose-response curves are presented for each MAb. The IC50 value was calculated by non-linear regression (four-parameter), as represented in Table 2. (B) Dose-response curves of selected MAbs determined by PVNT. Five different concentrations of selected MAbs, 0.01, 0.1, 0.5, 5, and 15 μg/ml, were incubated with pseudovirus and added to HEK293T-hACE2 cells (14 × 103 cells/well). ImageJ software was used to calculate the fluorescence positive cells 60 h post-infection to calculate IC50 values and the inhibition ratios. The IC50 was calculated by non-linear regression (four-parameter), as represented in Table 2. (C) Representative dose-response curves of selected MAbs determined by CVNT. The selected MAbs were diluted to different concentrations, incubated with the WT D614G SARS-CoV-2 to reach the final concentrations of 0.04, 0.16, 0.63, 2.5, and 10 μg/ml, and added to Vero 76 cells. The percentage of infected cells was calculated by counting nucleocapsid positive cells versus total cells. The IC50 was calculated by non-linear regression (four-parameter), as represented in Table 2. The dotted lines on each graph indicate 0 and 50% neutralization. (D–F) The correlation of obtained IC50 values between SVNT, PVNT, and CVNT was calculated by Spearman analysis. (G) Representative fluorescence images of HEK293T cells expressing hACE2 after infection with eGFP-pseudotyped lentiviruses in the absence or presence of different concentrations of anti-RBD MAbs. ACE2, angiotensin-converting enzyme-2; CVNT, conventional virus-neutralizing test; HRP, horse-radish peroxidase; IC50, inhibition concentration 50%; MAb, monoclonal antibody; OD, optical density; PVNT, pseudovirus neutralization test; RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SVNT, surrogate virus-neutralizing test.




Neutralizing capacity of monoclonal antibodies on alpha and omicron variants

Severe acute respiratory syndrome coronavirus 2 VOCs are differentially mutated in different regions of the spike protein (Figure 6A). We initially evaluated binding reactivity of the selected neutralizing MAbs to the trimeric spike of SARS-CoV-2 VOCs (alpha, beta, gamma, and delta) compared with that of wild-type virus by ELISA. Our results showed no substantial increased or decreased reactivity of MAbs against alpha variant. Relative reactivities of 1D1, 1D10, 2C5, and 2D9 declined by more than 50% against beta and gamma variants. However, 3B6 and 3G5 revealed no substantial decline against beta and gamma variants (Figure 6B). We did not have access to the recombinant spike protein of omicron variant to perform the experiment and compare the results.
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FIGURE 6
Schematic overview of the spike proteins from the SARS-CoV-2 VOCs and binding activity of MAbs against VOCs. (A) The primary structure of the spike protein and the location of the mutations in the context of the spike protein are shown in distinct panels. (B) Relative binding reactivity of selected MAbs was measured against the trimeric spike of SARS-CoV-2 alpha (red), beta (green), gamma (purple), and delta (brown) variants compared with that of wild-type (blue) by ELISA. ELISA, enzyme-linked immunosorbent assay; FP, fusion peptide; HR, heptad repeat; MAb, monoclonal antibody; NTD, N-terminal domain; RBD, receptor binding domain; RBM, receptor-binding motif; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SD, subdomain; SH, stem helix; TM, transmembrane; UH, upstream helix; VOC, variant of concern.


The neutralization efficiency of our MAbs against the omicron variant was assessed by CVNT assay in parallel with the alpha variant (Figure 7A). Consistent with our ELISA results, minor or no changes were found in IC50 values of MAbs against the alpha variant (Figures 7B,C). However, a substantial reduction of neutralization activity to the omicron variant was found for all MAbs. Specifically, the IC50 values of 1D1 and 1D10 increased 64- and 62-fold (IC50: 6.5 and 6.3 μg/ml, respectively), and the IC50 values of 2D9, 3B6, and 3G5 increased 22, 23, and 18-fold, respectively. Among the selected MAbs, 2C5 showed the smallest drop of neutralizing activity (IC50: 3.9 μg/ml) against omicron, with about 12-fold increase of IC50 compared to the WT virus (Figures 7B,C).
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FIGURE 7
Neutralization potency of selected MAbs against alpha and omicron variants. (A) Dose-response curves and IC50 values of selected MAbs at different concentrations (0.04, 0.16, 0.63, 2.5, and 10 μg/ml) against alpha and omicron variants determined by CVNT. The dotted lines on each graph indicate 0 and 50% neutralization. The IC50 was calculated by non-linear regression (four-parameter), as represented in (B). (B) Heatmap of IC50 mean values of selected MAbs against WT (wild-type), alpha, and omicron viruses. (C) Heatmap of calculated IC50 fold changes of selected MAbs against alpha and omicron variant obtained from CVNT based on IC50 values against WT virus. The increase or decrease in IC50 values relative to WT is shown as positive or negative fold change values, respectively. CVNT, conventional virus-neutralizing test; IC50, inhibition concentration 50%; MAb, monoclonal antibody; VOC, variant of concern.





Discussion

Coronavirus disease 2019 pandemic has caused serious public health crisis during the last 2 years. Development of prophylactic and therapeutic MAbs may help to protect the patients at high risk of progression to severe COVID-19 against more pathogenic or transmissible SARS-CoV-2 variants. The S protein of SARS-CoV-2 is a key protein responsible for binding to ACE2. The RBD is the major immunodominant and immunoprotective region of the S protein which elicits potent virus neutralizing antibodies and has been used for the design and development of SARS-CoV-2 vaccines (30–32). Such neutralizing antibodies are widely detected in serum of COVID-19 patients (33–35). RBM is a part of RBD which directly binds to the ACE2 receptor and could be considered as a promising target for generating neutralizing antibodies (36).

In the present study, we generated and characterized a panel of murine neutralizing MAbs against SARS-CoV-2 using recombinant RBD protein as the immunogen (Figure 1). This approach has also been used in other studies (37–41). We investigated epitope specificity of the serum antibody as well as all preliminary growing hybridomas by Pepscan. Our results showed that the antibody response in BALB/c mice is largely directed against linear epitopes. These findings are different from our previous results obtained from COVID-19 convalescent sera which showed that the antibody response is mainly directed against conformational epitopes of RBD in human (42).

Our Pepscan results showed that P76–91, P91–110, and especially P136–155 peptides account for a fraction of the neutralizing antibody pool in immunized mouse sera based on our peptide adsorption assays (Figures 2C–F). This finding is consistent with a recent study in which epitope profiling was performed on a panel of sera from RBD-immunized mice. They demonstrated immunogenicity of R465 (overlapping with P136–155) and R405 (overlapping with P76–95) peptides (41). In another study, 33 predicted linear epitopes of spike were applied to immunize BALB/c mice of which two peptides (S406–420 and S455–469) overlapping with our P76–110 (aa 394–428 of spike) and P136–155 (aa 454–473 of spike) peptides, elicited robust antibody responses against S protein (43).

Interestingly, the P136–155 (RLFRKSNLKPFERDISTEI) peptide, highly recognized by our serum samples and hybridoma supernatants (Figures 2, 3), is located in RBM according to structural analysis of the RBD-ACE2 complex and was shown to elicits neutralizing antibodies in COVID-19 patients (36). One of our final selected MAbs (2F8) reacted with this peptide. Although 2F8 binds to this peptide, it possesses a low affinity (1.71 nM), which may account for its lack of neutralization activity.

The other peptide-reactive MAb, 3G5, which recognizes P76–95 (NVYADSFVIRGDEVRQIAPG) peptide, located in the core subdomain of RBD (aa 394–413), displayed weak neutralizing potency against WT SARS-CoV-2 pseudovirus. Recent studies have reported two MAbs, CB6 and B38, recognizing residues within P76–95 as well as RBM, which displayed neutralizing activity and were able to completely abolish ACE2/RBD binding (44, 45). These MAbs may probably elicit steric hindrance or allosteric effects for binding to ACE2.

Five of our MAbs, including 1D1, 1D10, 2C5, 2D9, and 2G3, displayed similar binding competition patterns, but different neutralizing activities (Figures 4B, 5). These five MAbs showed different epitope specificity in immunoblotting assay (Figure 4C). While 1D1, 1D10, and 2D9 recognized both reduced and non-reduced RBD, 2C5 and 2G3 did not bind to the reduced form of RBD. We speculate that the orientation of binding of these antibodies to their target epitopes may influence their neutralizing capacity, a finding also reported by other investigators (46, 47).

The emergence of immune resistant variants harboring escape mutations in response to the immune pressure is an important issue that must be taken into consideration to control COVID-19. Emerging variants are categorized as either variants of interest (VOI) or VOC (48). Five variants are classified as VOC, including alpha variant (B.1.1.7) containing N501Y substitution in RBD, beta variant (B.1.351) containing three important mutations in RBD, including N501Y, E484K, and K417N, gamma variant (P.1) with biologically important mutations in the RBD region, including N501Y, E484K, and K417N/T, delta variant (B.1.617.2) harboring two substitutions in RBD, including L452R and T478K associated with its higher transmissibility (49–52), and omicron variant (B.1.1.529) harboring 34 mutations, 15 of which are in the RBD region, leading to fourfold increased infectivity compared with the WT SARS-CoV-2 (Figure 6A). Alpha and beta variants are significantly more transmissible (43–82 and 50%, respectively), compared to Wuhan SARS-CoV-2 virus (53, 54), due to N501Y substitution that enhances the accessibility of RBD and binding affinity to ACE2 (53, 55–57). Although K417N/T substitutions found in beta and gamma variants decreased the binding affinity, N501Y and E484K mutations enhanced the binding affinity of their RBDs to ACE2 (58).

Recently, an extensive study was conducted on MAbs authorized for emergency use by the FDA-EU to assess their neutralizing activities against the current VOCs. The results showed slightly reduced neutralizing activity of sotrovimab against the alpha variant due to N501Y mutation. Accordingly, the neutralizing potency of bamlanivimab and casirivimab was completely or significantly lost against the beta variant because of E484K and K417N substitutions. Bamlanivimab lost the neutralization effect against beta variant carrying the E484K substitution (59). Another study reported that yeast expressing mutant RBD harboring the E484K and K417N/T substitutions escaped bamlanivimab and etesevimab, respectively (60). However, imdevimab maintained its neutralization activity against alpha and beta variants (61). Therefore, the emergence of mutations similar to alpha and beta variants is considered an important challenge for therapeutic MAbs. In accordance with these findings, our neutralizing MAbs displayed similar ELISA binding and neutralization against WT and alpha strains (Figures 6B, 7), indicating that our MAbs are insensitive to the N501Y mutation of alpha variant. Of note, the binding of 1D1, 1D10, 2C5, and 2D9 to the trimeric spike of beta and gamma variants showed a substantial decline compared with the WT trimeric spike (Figure 6B), implying contribution of K417 and E484 mutations in these two variants. Similarly, a panel of anti-RBD human MAbs showed decreased binding reactivity and neutralizing activity to spike and authentic virus of beta and gamma variants, as compared to the alpha variant (62). Analysis of a panel of MAbs, including COV2-2196, COV2-2130, sotrovimab, casirivimab, imdevimab, bamlanivimab, and etesevimab, demonstrated no significant changes in neutralizing activity against beta and delta variants, except for imdevimab and bamlanivimab, which displayed 10-fold decrease and complete loss of binding against the delta variant, respectively (63). Our ELISA results indicate that none of our MAbs lost substantial binding against the delta trimeric spike (Figure 6B), implying that in contrast to mutations in RBD of beta and gamma variants, the substitutions in delta variant, including L452R and T478K, might not be critical for reactivity of our MAbs. A chimeric MAb with low binding and neutralization potency against the spike proteins of alpha, beta, and gamma variants has recently been reported which binds and neutralizes the delta variant potently (64). Based on our knowledge from the literature, there is an association between binding ability of MAbs to the critical residues of spike protein of VOCs and their neutralizing potency (62, 64). However, we cannot attribute this association to our MAbs, unless we confirm it by PVNT or CVNT assays. Unfortunately, we could not check the neutralization potency of our MAbs against beta, gamma, and delta variants, because we had no access to these variants.

Assessment of the neutralization potency of MAbs against the latest VOC Omicron is key due to its extensive mutations within the RBD and S proteins. In our panel of MAbs, 1D1 and 1D10, which showed potent neutralization activity against the authentic WT virus, were still able to neutralize the omicron variant, although a more than 70-fold increase of IC50 was observed. Notably, 2C5 with a higher IC50 value against the WT virus was more resilient to the authentic omicron variant (16-fold increase of IC50) compared to 1D1 and 1D10 (Figure 7). Recent study has reported that sotrovimab revealed a threefold reduction, the combination of COV2-2130 and COV2-2196 showed a ∼200-fold decline, and casirivimab, imdevimab, bamlanivimab, etesevimab, and CT-P59 completely lost the neutralizing function against omicron (10). Interestingly, sotrovimab maintained neutralizing potency against the omicron variant (65).



Conclusion

We produced and characterized new SARS-CoV-2 RBD-specific murine MAbs exhibiting distinct epitope binding and neutralization potency against different VOCs of SARS-CoV-2. Our MAbs, therefore, represent new additional MAb candidates for SARS-CoV-2 inhibition. We are planning to chimerize a number of our potent neutralizing MAbs, to be able to compare their functional and structural properties with their mouse counterparts and to evaluate their therapeutic effects in a preclinical and clinical settings. Understanding the interactions between these MAbs and the RBD epitopes and identifying engaged residues is required for the design of new immunogens for the development of new generation of vaccines protective for a broad spectrum of SARS-CoV-2 variants. The anti-RBD MAbs could also potentially be used to design highly specific and sensitive immunoassays to detect viral particles of SARS-CoV-2 variants in patients samples as a diagnostic tool, in combination with MAbs against other structural proteins of SARS-CoV-2, such as nucleoprotein. However, due to the extensive mutations accumulated in the spike and RBD proteins progressively, as opposed to the anti-nucleoprotein MAbs, the anti-RBD MAbs lose their affinity and reactivity which limits their application for diagnostic purposes.



Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was reviewed and approved by the Research Ethics Committee of Tehran University of Medical Sciences (IR.TUMS.SPH.REC.1400.167) and the National Institute for Medical Research Development (NIMAD) of Iran (IR.NIMAD.REC.1399.194).



Author contributions

FM performed the assays and wrote the original draft. JK, MM, HA, SS, and GL contributed to the performing the assays. A-HZ, VS, GK, AG, and MJ-T contributed to the conceptualization and design of the study. MJ-T reviewed and edited the manuscript. MA, CM, and FS contributed to the project conceptualization, data validation, project administration, supervision, and reviewing and editing of the manuscript. All authors have read and agreed to the published version of the article.



Funding

This study was supported by a grant from Tehran University of Medical Science (TUMS) of Iran (Grant No. 1400-2-99-54802), the National Institute for Medical Research Development (NIMAD) of Iran (Grant No. 993421), INSERM U1109, and ANRS COVID Sud project (Grant No. ECTZ144757).



Acknowledgments

We thank Renap Therapeutics Co., Iran, for providing pseudotyped lentiviruses and the hACE2-HEK293T cell line.



Conflict of interest

The 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.



References

1. World Health Organization. Coronavirus disease (COVID-19) pandemic. Geneva: World Health Organization (2019).

2. World Health Organization. Weekly epidemiological update on COVID-19 - 27 April 2022. Geneva: World Health Organization (2022).

3. V’kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and replication: Implications for SARS-CoV-2. Nat Rev Microbiol. (2020) 28:1–16. doi: 10.1038/s41579-020-00468-6

4. Zheng JSARS-. CoV-2: An emerging coronavirus that causes a global threat. Int J Biol Sci. (2020) 16:1678–85. doi: 10.7150/ijbs.45053

5. Hu B, Guo H, Zhou P, Shi Z-L. Characteristics of SARS-CoV-2 and COVID-19. Nat Rev Microbiol. (2020) 19:141–54. doi: 10.1038/s41579-020-00459-7

6. Samrat SK, Tharappel AM, Li Z, Li H. Prospect of SARS-CoV-2 spike protein: Potential role in vaccine and therapeutic development. Virus Res. (2020) 288:1–18. doi: 10.1016/j.virusres.2020.198141

7. Huang Y, Yang C, Xu X-f, Xu W, Liu S-w. Structural and functional properties of SARS-CoV-2 spike protein: Potential antivirus drug development for COVID-19. Acta Pharmacol Sin. (2020) 41:1141–9. doi: 10.1038/s41401-020-0485-4

8. Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature. (2020) 581:215–20. doi: 10.1038/s41586-020-2180-5

9. Yi C, Sun X, Ye J, Ding L, Liu M, Yang Z, et al. Key residues of the receptor binding motif in the spike protein of SARS-CoV-2 that interact with ACE2 and neutralizing antibodies. Cell Mol Immunol. (2020) 17:621–30. doi: 10.1038/s41423-020-0458-z

10. Cameroni E, Bowen JE, Rosen LE, Saliba C, Zepeda SK, Culap K, et al. Broadly neutralizing antibodies overcome SARS-CoV-2 Omicron antigenic shift. Nature. (2021) 602:664–70. doi: 10.1038/s41586-021-04386-2

11. Ahmed SF, Quadeer AA, McKay MR. Preliminary identification of potential vaccine targets for the COVID-19 coronavirus (SARS-CoV-2) based on SARS-CoV immunological studies. Viruses. (2020) 12:1–15. doi: 10.1101/2020.02.03.933226

12. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271–80. doi: 10.1016/j.cell.2020.02.052

13. Wang C, Li W, Drabek D, Okba N, van Haperen R, Osterhaus AD, et al. A human monoclonal antibody blocking SARS-CoV-2 infection. Nat Commun. (2020) 11:1–6. doi: 10.1038/s41467-020-16256-y

14. Zeng F, Hon CC, Yip CW, Law KM, Yeung YS, Chan KH, et al. Quantitative comparison of the efficiency of antibodies against S1 and S2 subunit of SARS coronavirus spike protein in virus neutralization and blocking of receptor binding: Implications for the functional roles of S2 subunit. FEBS Lett. (2006) 580:5612–20. doi: 10.1016/j.febslet.2006.08.085

15. Tong P-B-V, Lin L-Y, Tran TH. Coronaviruses pandemics: Can neutralizing antibodies help? Life Sci. (2020) 255:1–11. doi: 10.1016/j.lfs.2020.117836

16. Lang AB, Cryz SJ Jr., Schurch U, Ganss MT, Bruderer U. Immunotherapy with human monoclonal antibodies. Fragment A specificity of polyclonal and monoclonal antibodies is crucial for full protection against tetanus toxin. J Immunol. (1993) 151:466–72.

17. Pelletier JPR, Mukhtar F. Passive monoclonal and polyclonal antibody therapies. In: Maitta RW editor. Immunologic Concepts in Transfusion Medicine. Amsterdam: Elsevier Health Sciences (2020). p. 251–348. doi: 10.1016/B978-0-323-67509-3.00016-0

18. Esmaeilzadeh A, Elahi R. Immunobiology and immunotherapy of COVID-19: A clinically updated overview. J Cell Physiol. (2020) 2020:1–25. doi: 10.1002/jcp.30076

19. AminJafari A, Ghasemi S. The possible of immunotherapy for COVID-19: A systematic review. Int Immunopharmacol. (2020) 83:1–5. doi: 10.1016/j.intimp.2020.106455

20. Ahangarzadeh S, Payandeh Z, Arezumand R, Shahzamani K, Yarian F, Alibakhshi A. An update on antiviral antibody-based biopharmaceuticals. Int Immunopharmacol. (2020) 86:1–8. doi: 10.1016/j.intimp.2020.106760

21. Salazar G, Zhang N, Fu T-M, An Z. Antibody therapies for the prevention and treatment of viral infections. NPJ Vaccines. (2017) 2:1–12. doi: 10.1038/s41541-017-0019-3

22. Fda.Coronavirus (COVID-19) update: FDA authorizes additional monoclonal antibody for treatment of COVID-19. Silver Spring, MA: FDA (2021).

23. Fda.Coronavirus (COVID-19) update: FDA authorizes monoclonal antibodies for treatment of COVID-19. Silver Spring, MA: FDA (2020).

24. Fda.FDA authorizes bamlanivimab and etesevimab monoclonal antibody therapy for post-exposure prophylaxis (prevention) for COVID-19. Silver Spring, MA: FDA (2021).

25. Fda.Casirivimab and imdevimab EUA letter of authorization. Silver Spring, MA: FDA (2020).

26. Fda.Sotrovimab EUA letter of authorization. Silver Spring, MA: FDA (2022).

27. Beatty JD, Beatty BG, Vlahos WG. Measurement of monoclonal antibody affinity by non-competitive enzyme immunoassay. J Immunol Methods. (1987) 100:173–9. doi: 10.1016/0022-1759(87)90187-6

28. Hajighasemi F, Sabour-Yaraghi A, Shokri F. Measurement of affinity constant of anti-human IgG monoclonal antibodies by an ELISA-based method. Iran J Immunol. (2004) 1:154–61.

29. Ferrara F, Temperton N. Pseudotype neutralization assays: From laboratory bench to data analysis. Methods Protoc. (2018) 1:8. doi: 10.3390/mps1010008

30. Yang J, Wang W, Chen Z, Lu S, Yang F, Bi Z, et al. A vaccine targeting the RBD of the S protein of SARS-CoV-2 induces protective immunity. Nature. (2020) 586:572–7. doi: 10.1038/s41586-020-2599-8

31. Tai W, Zhang X, Drelich A, Shi J, Hsu JC, Luchsinger L, et al. A novel receptor-binding domain (RBD)-based mRNA vaccine against SARS-CoV-2. Cell Res. (2020) 30:932–5. doi: 10.1038/s41422-020-0387-5

32. Liu Z, Xu W, Xia S, Gu C, Wang X, Wang Q, et al. RBD-Fc-based COVID-19 vaccine candidate induces highly potent SARS-CoV-2 neutralizing antibody response. Signal Transduct Target Ther. (2020) 5:282. doi: 10.1038/s41392-020-00402-5

33. Li Y, Lai D-y, Zhang H-n, Jiang H-w, Tian X, Ma M-l, et al. Linear epitopes of SARS-CoV-2 spike protein elicit neutralizing antibodies in COVID-19 patients. Cell Mol Immunol. (2020) 17:1095–7. doi: 10.1038/s41423-020-00523-5

34. Jiang S, Zhang X, Yang Y, Hotez PJ, Du L. Neutralizing antibodies for the treatment of COVID-19. Nat Biomed Eng. (2020) 4:1134–9. doi: 10.1038/s41551-020-00660-2

35. Brouwer PJM, Caniels TG, van der Straten K, Snitselaar JL, Aldon Y, Bangaru S, et al. Potent neutralizing antibodies from COVID-19 patients define multiple targets of vulnerability. Science. (2020) 369:643. doi: 10.1126/science.abc5902

36. Wang H, Wu X, Zhang X, Hou X, Liang T, Wang D, et al. SARS-CoV-2 proteome microarray for mapping COVID-19 antibody interactions at amino acid resolution. ACS Central Sci. (2020) 6:2238–49. doi: 10.1021/acscentsci.0c00742

37. Xiong HL, Wu YT, Cao JL, Yang R, Liu YX, Ma J, et al. Robust neutralization assay based on SARS-CoV-2 S-protein-bearing vesicular stomatitis virus (VSV) pseudovirus and ACE2-overexpressing BHK21 cells. Emerg Microbes Infect. (2020) 9:2105–13. doi: 10.1080/22221751.2020.1815589

38. Chapman AP, Tang X, Lee JR, Chida A, Mercer K, Wharton RE, et al. Rapid development of neutralizing and diagnostic SARS-CoV-2 mouse monoclonal antibodies. Sci Rep. (2021) 11:9682. doi: 10.1038/s41598-021-88809-0

39. Amanat F, Strohmeier S, Lee WH, Bangaru S, Ward AB, Coughlan L, et al. Murine monoclonal antibodies against the receptor binding domain of SARS-CoV-2 neutralize authentic wild-type SARS-CoV-2 as well as B.1.1.7 and B.1.351 viruses and protect in vivo in a mouse model in a neutralization-dependent manner. mBio. (2021) 12:e0100221. doi: 10.1128/mBio.01002-21

40. Antipova NV, Larionova TD, Siniavin AE, Nikiforova MA, Gushchin VA, Babichenko II, et al. Establishment of murine hybridoma cells producing antibodies against spike protein of SARS-CoV-2. Int J Mol Sci. (2020) 21:9167. doi: 10.3390/ijms21239167

41. Jiang M, Zhang G, Liu H, Ding P, Liu Y, Tian Y, et al. Epitope profiling reveals the critical antigenic determinants in SARS-CoV-2 RBD-based antigen. Front Immunol. (2021) 12:707977. doi: 10.3389/fimmu.2021.707977

42. Maghsood F, Shokri MR, Jeddi-Tehrani M, Torabi Rahvar M, Ghaderi A, Salimi V, et al. Identification of immunodominant epitopes on nucleocapsid and spike proteins of the SARS-CoV-2 in Iranian COVID-19 patients. Pathog Dis. (2022) 80:ftac001. doi: 10.1093/femspd/ftac001

43. Lu S, Xie X-x, Zhao L, Wang B, Zhu J, Yang T-r, et al. The immunodominant and neutralization linear epitopes for SARS-CoV-2. Cell Rep. (2021) 34:108666. doi: 10.1016/j.celrep.2020.108666

44. Shi R, Shan C, Duan X, Chen Z, Liu P, Song J, et al. A human neutralizing antibody targets the receptor-binding site of SARS-CoV-2. Nature. (2020) 584:120–4. doi: 10.1038/s41586-020-2381-y

45. Wu Y, Wang F, Shen C, Peng W, Li D, Zhao C, et al. A noncompeting pair of human neutralizing antibodies block COVID-19 virus binding to its receptor ACE2. Science. (2020) 368:1274–8. doi: 10.1126/science.abc2241

46. Barnes CO, Jette CA, Abernathy ME, Dam K-MA, Esswein SR, Gristick HB, et al. SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature. (2020) 588:682–7. doi: 10.1038/s41586-020-2852-1

47. Finkelstein MT, Mermelstein AG, Parker Miller E, Seth PC, Stancofski, Fera D. Structural analysis of neutralizing epitopes of the SARS-CoV-2 spike to guide therapy and vaccine design strategies. Viruses. (2021) 13:134. doi: 10.3390/v13010134

48. World Health Orgnization.Tracking SARS-CoV-2 variants. Geneva: World Health Orgnization (2022).

49. Adam D. The rush to study fast spreading coronavirus variants. Nature. (2021) 594:19–20. doi: 10.1038/d41586-021-01390-4

50. Mahase E. Delta variant: What is happening with transmission, hospital admissions, and restrictions? Br Med J Publ Group. (2021) 373:n1513. doi: 10.1136/bmj.n1513

51. Campbell F, Archer B, Laurenson-Schafer H, Jinnai Y, Konings F, Batra N, et al. Increased transmissibility and global spread of SARS-CoV-2 variants of concern as at June 2021. Eurosurveillance. (2021) 26:2100509. doi: 10.2807/1560-7917.ES.2021.26.24.2100509

52. Motozono C, Toyoda M, Zahradnik J, Saito A, Nasser H, Tan TS, et al. SARS-CoV-2 spike L452R variant evades cellular immunity and increases infectivity. Cell Host Microbe. (2021) 29:1124.e–36.e. doi: 10.1016/j.chom.2021.06.006

53. Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A, Fonseca V, Giandhari J, et al. Emergence and rapid spread of a new severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) lineage with multiple spike mutations in South Africa. MedRxiv [Preprint] (2020). doi: 10.1101/2020.12.21.20248640

54. Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ, Munday JD, et al. Estimated transmissibility and impact of SARS-CoV-2 lineage B. 1.1. 7 in England. Science. (2021) 372:eabg3055. doi: 10.1126/science.abg3055

55. Davies NG, Jarvis CI, Edmunds WJ, Jewell NP, Diaz-Ordaz K, Keogh RH. Increased mortality in community-tested cases of SARS-CoV-2 lineage B. 1.1. 7. Nature. (2021) 593:270–4. doi: 10.1038/s41586-021-03426-1

56. Team EE. Updated rapid risk assessment from ECDC on the risk related to the spread of new SARS-CoV-2 variants of concern in the EU/EEA–first update. Eurosurveillance. (2021) 26:2101211. doi: 10.2807/1560-7917.ES.2021.26.3.2101211

57. Starr TN, Greaney AJ, Hilton SK, Ellis D, Crawford KH, Dingens AS, et al. Deep mutational scanning of SARS-CoV-2 receptor binding domain reveals constraints on folding and ACE2 binding. Cell (2020) 182:1295.–1310. doi: 10.1016/j.cell.2020.08.012

58. Barton MI, MacGowan S, Kutuzov M, Dushek O, Barton GJ, van der Merwe PA. Effects of common mutations in the SARS-CoV-2 Spike RBD domain and its ligand the human ACE2 receptor on binding affinity and kinetics. Elife (2021) 10:e70658. doi: 10.7554/eLife.70658

59. Widera M, Wilhelm A, Hoehl S, Pallas C, Kohmer N, Wolf T, et al. Bamlanivimab does not neutralize two SARS-CoV-2 variants carrying E484K in vitro. medRxiv [Preprint] (2021). doi: 10.1101/2021.02.24.21252372

60. Starr TN, Greaney AJ, Dingens AS, Bloom JD. Complete map of SARS-CoV-2 RBD mutations that escape the monoclonal antibody LY-CoV555 and its cocktail with LY-CoV016. Cell Rep Med. (2021) 2:100255. doi: 10.1016/j.xcrm.2021.100255

61. Tada T, Dcosta BM, Zhou H, Vaill A, Kazmierski W, Landau NR. Decreased neutralization of SARS-CoV-2 global variants by therapeutic anti-spike protein monoclonal antibodies. bioRxiv [Preprint] (2021). doi: 10.1101/2021.02.18.431897

62. Wheatley AK, Pymm P, Esterbauer R, Dietrich MH, Lee WS, Drew D, et al. Landscape of human antibody recognition of the SARS-CoV-2 receptor binding domain. Cell Rep. (2021) 37:109822. doi: 10.1016/j.celrep.2021.109822

63. Chen RE, Winkler ES, Case JB, Aziati ID, Bricker TL, Joshi A, et al. In vivo monoclonal antibody efficacy against SARS-CoV-2 variant strains. Nature. (2021) 596:103–8.

64. Liang KH, Chiang PY, Ko SH, Chou YC, Lu RM, Lin HT, et al. Antibody cocktail effective against variants of SARS-CoV-2. J Biomed Sci. (2021) 28:80.

65. Gruell H, Vanshylla K, Tober-Lau P, Hillus D, Schommers P, Lehmann C, et al. mRNA booster immunization elicits potent neutralizing serum activity against the SARS-CoV-2 Omicron variant. Nat Med. (2022) 28:477–80.



OPS/images/fmed-09-973036-t001.jpg
No. ~ Code  Positioninspike  Amino acid sequence

1 P1-20 319338 RVQPTESIVREPNITNLCPE
2 P16-35 334353 NLCPFGEVENATREASVYAW
3 P31-50 349-368 SVYAWNRKRISNCVADYSV
s P6-65 364-383 DYSVLYNSASESTFKCYGVS
5 P61-80 379-308 CYGVSPTKLNDLCFTNVYAD
6 P76-95 304-413 NVYADSFVIRGDEVRQIAPG
7 POL-110 400-428 QIAPGQTGKIADYNYKLPDD
8 P106-125 420443 KLPDDFTGCVIAWNSNNLDS
0 P121-140 430-458 NNLDSKVGGNYNYLYRLFRK
10 P136-155 454473 RLFRKSNLKPFERDISTELY
1 P151-170 469-488 STEIYQAGSTPCNGVEGENC
12 P166-185 484-503 EGENCYFPLQSYGFQPTNGY
13 P181-200 499518 PTNGVGYQPYRVVVLSFELL
14 P196-215 514-533 SFELLHAPATVCGPKKSTNL
15 P204-223 s2-541 ATVCGPKKSTNLVKNKCVNF

Orange characters show RBM amino acids. RBD, receptor binding domain; RBM,
receptor binding motif.





OPS/images/fmed-09-973036-g005.jpg
Inhibition %

A SVNT E PVNT C CVNT

100+ — - ———®

O

100+ v 1D1 100 — ,‘ ) = &
e 1D1 ¢ /T »- 1D1
A a s 1D10 /S = [ A | D10
75 ‘ & 2C5 2 754 & 1D10 °: 754 i & 1
M - 209 5 - 25 8 £/ | - 205
B o) st as et s A SRR AN R Y ":' ''''''''''''''' S 2 386 ‘ﬁ 50_‘ ........................ 'VL' o .. .......... . ......... 2 Dg .g so— ------------ l".,."‘- v -v“‘- spoedeveveresssversvesreneserens . 2 Dg
g 1 » o y 3 ) —_ / ’
iy ® 3G5 E Ff . 3B6 a ! + 3B6
/ 25 S 26 / [,
o . E "/ /;/ o~ 3G5 32 v | | - 3G5
g, _Z / '
" S B 0+ ".-r;“m'—-"{'# __________________ 0 [ -AJ ..............................
B i A R DA R RS B A C R r:‘_—_._.. ....... T
¥ L I T T T 1 ! ! J L
I 1 1 )
0.04 a4 - 16 Ao 0.01 0.1 1 10 100 0.01 0.1 1 10 100
MAbs Concentration (pg/mi) MAbs Concentration (ug/ml) MAbs Concentration (pg/ml)
50 0.8 0.8
= 407 _» = =
& e £ 0.64 = e 0.6 &
2 304 S =) =
— B 2 - - X ’
) S = 0.4 o - o 04- N -
O €07 B Spearman O s S Spearman S AT Spearman
£ 104 e S % 5’025% o PR s e [=0753 el o . reooE
S p= . NS 2z e o =0.105, ns Z s - " - *
hd I 1 1 I 1 Q b 1 A | 1 1 1 O o o I 1 1 | L)
- 10 20 30 40 60 10 20 30 40 50 ; 10 20 30 40 50
L SVNT (IC50 pg/ml) 0.2~ SVNT (IC50 pg/ml) -0.2- PVNT (IC50 pg/ml)

1D10 2C5

1D1 2D9S 3B6 3G5

15 pg/ml

5 pug/ml

0.01 ug/ml 0.1 pg/ml 0.5 pg/ml

0 pg/ml






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Epitope mapping of severe acute respiratory syndrome coronavirus 2 neutralizing receptor binding domain-specific monoclonal antibodies



		Introduction



		Materials and methods



		Sources of cell lines, antigens, antibodies, and reagents



		Production of anti-severe acute respiratory syndrome coronavirus 2 receptor binding domain-specific monoclonal antibodies



		Linear peptide synthesis



		Enzyme-linked immunosorbent assay



		Evaluation of the levels of anti-receptor binding domain and anti-spike antibodies in receptor binding domain-immunized mouse sera and primary hybridoma supernatants



		Peptide-based enzyme-linked immunosorbent assay for receptor binding domain-immunized mouse sera, primary hybridoma supernatants, and monoclonal antibodies



		Surrogate viral neutralization test



		Isotype determination



		Monoclonal antibodies affinity determination



		Monoclonal antibodies cross-competition assay



		Reactivity of monoclonal antibodies to severe acute respiratory syndrome coronavirus 2 spike variants









		Western blotting



		Pseudovirus-based neutralization test



		Conventional authentic virus-neutralizing assay



		Statistical analyses









		Results



		Titration of anti-receptor binding domain and anti-spike antibodies in receptor binding domain-immunized mouse sera



		Pepscan analysis of receptor binding domain-immunized mouse serum



		Adsorption of immunized mouse sera with immunodominant linear peptides



		Isolation and characterization of receptor binding domain-specific monoclonal antibodies



		Epitope mapping of anti-receptor binding domain hybridoma supernatants



		Affinity and isotype



		Cross-competition of monoclonal antibodies for binding to receptor binding domain



		Western blotting analysis of the monoclonal antibodies



		Wild-type severe acute respiratory syndrome coronavirus 2 virus neutralization assessment



		Neutralizing capacity of monoclonal antibodies on alpha and omicron variants









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fmed-09-973036-g006.jpg
A S1 $1/S2 boundary 52

[ lll |
o | [Re ] 501 (02) [ (o] e (s3] o[z [T | G

Alpha variant (B.1.1.7; UK)
< S e 52 >
329 528 5 685
1| [ - | | 1273
X 5 2 ""o’ :‘.« Tee ." ‘:‘::“ \.-'t-‘\ :f‘-"- .“;“\
© 329 " 438 508"« , 528
N e

S1 Y: R

i 329 528 ) &3; .
| 'p’,‘ *‘ K ‘}.‘,‘ "o' \Q. ‘v‘.‘. . \t.o
. - "-’ 'S \_‘< ‘: -
329 ,.°° 438 508 8
| Tl
o
+ A
Gamma variant (P.1; Brazil)
_ S1 o S2 =
. 329 528 685
[ ] | | reol || [1] | =
¥ - L ) <" " oL .
> \ L gl
329 ..*° 438 50% . 528
™M
o
N M
Delta variant (B.1.617.2; India)
= S1 e S2 -
- 329 528 685
| R
s(; £ g W ¥ 54 ot - -{“~l ."-\
438 506. , 528
_ 1 RBML | |
Omicron variant (B.1.1.529) S1 S2
‘T" __.‘"J \\ = 0 L & 0} N \g
_C', & -.‘:_:. - 5. s 3 & (.s»:-c‘"\ ‘:‘-' ‘3‘: ._?:‘.
1l Il “1 T 1]
A @ O 0¥ o >
Y o’ o’ s )

100+

804"
75+

Relative Reactivity (%)

25+

1D1 1D10 2C5 2D9 3B6 3G5

mm Delta

B Gamma

Bl Beta

Bl Alpha






OPS/images/fmed-09-973036-g007.jpg
Neutralization %

Neutralization %

100+

@ Alpha
- Omicron

100

75

50

T
0.1

T
1 10

MAD Concentration (ug/ml)

@ Alpha
4 Omicron

T
0.1

T 1
1 10

MAb Concentration (ug/ml)

1D1

1D10 2C5 2D9 3B6

1D10 2C5
100 100~
@ Alpha
4% Omicron
75+ 75=
s s
& c
2 o
‘6 50 .‘a 50 =
e o
3 -
2 25- 2 25-
04 0+
1 1
0.01 01 1 10 0.01
MAb Concentration {pg/ml} MAb Concentration (pg/ml)
386 3GS
100= 100=
# Alpha
4 Omicron
75+ 75+
® =
$ -
ﬁ 50" E 50
) 5
£ 25+ 2 254
0 0
Ll L L
0.01 0.1 1 10 0.01
MAL Concunbion pgin MAb Concentration {pg/ml)
= WTH{ o 0 0 0
14}
(=
=
(1]
2 Alpha{ -04 -1.0 -0.8 -0.7
=
©
—
3 ; —
= Omicron 18.7

3G5

2C5

2D9 3B6

3G5

@ Alpha
4 Omicron

% Alpha
4 Omicron

60

40

20

{0521) @Bueyd pjo4






OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Epitope mapping of severe
acute respiratory syndrome
coronavirus 2 neutralizing
receptor binding
domain-specific monoclonal
antibodies












OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







OPS/images/fmed-09-973036-t002.jpg
No.  MAbs Isotype  Athnity Peptide SVNT YNl CVNT SVNT (IC50 PVNT(IC50  CVNT* 1C50 told change

designation (aM)  reactivity  (inhibition%)  (neutralization %) (neutralization %) . g/ml) 1L g/ml) (IC50)  against omicron
40 g/ml 15 g/ml 10 g/ml g/ml)
1 D1 ¥G 049 - 100 100 100 85 18 o1 64
2 D10 ¥G 057 = 100 100 100 92 09 o1 62

3 2 G 051 - 87 56 100 145 124 03 12
4 9 G 053 - 100 100 100 63 16 2 2
5 2F8 G 171 P136-155 0 0 0 - - - -
6 263 G 076 - 0 0 8 - - - -
7 36 G 106 - m 32 100 31 2 02
8 3G5 G 036 P76~ 8 2 100 3 £ 06

#IC50 values were expressed as IC50 mean of three independent experiments. CNV', conventional virus neutralization test; 1gG, immunoglobulin G; MAb, monoclonal antibody: nM, nanomolar; PVNT, pseudovirus virus neutralization test; RBD, receptor
ISty hriamaiac: SVITT: scorvemtis viems mictrbeation et "Tha beli terens ta tha saeond cokiomn o ths MAbs duiasations.





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fmed-09-973036-g001.jpg
SARS-CoV-2

S1

v O
$o° $o° go°

$1/52 boundary

4 6

Weeks

RBD-His
i.v injection

Hybridoma Production

After 3-5 days

- soi) 502 U] 7] wan [s03)] o [z
»3 "nes

HRP-Conjugated

TMB + 202

{'

SVNT

A
t B

«
)

"ﬁ-

A
Yo
Neutralizlng
m

¢ ¢

ELISA Plate

Pepscan
3 peptide pool sets
g iy OOOOOOOOOOAS
— Q00000000000
—_ || 000000000000 -
" — Q00000000000
— Q00000000000
«QOO0000000000
20 aa/ each 5 aa «OO0000000000
overlapped
n=15 Hybridomas Suparnatants
n= 125
PVNT
sz?xémf;g&\'lﬁ) SARS-CoV-2

Double Positive
(Anti-RBD, Anti-S) MAbs
Final Clones n= 8

Pepscan

Five individual peptides from
immunodominant pool

000000000000

OOOOOOOOOOOO

Hybridomas Suparnatant pool
n=14

CVNT






OPS/images/fmed-09-973036-g002.jpg
Neutralization %

= 3 RBD Spike = -o- RBD -# Spike
c —
o o
e 0
o T 2-
> >
= =
2 e
8 )
z B 1
& 8
0 l | | | L L] l | L | | | | | ' L | L | L | 1 l |
103 1035 104 1045
Reciprocal dilution of mouse sera
Q
RBD-immunized mouse sera
D
P 4=
= =
= =
o o
Ty n 3=
~ A0 T
- >
s - —
7)) 7)) —
e c -
@ @
0 1+ o
E = E
S 31
d =t
S S
0- 0=
A B C RBD
A B C
P1-20 P76-95 P151-170
P16-35 P91-110 P166-185
P31-50 P106-125 P181-200
P46-65 P121-140 P196-215
P61-80 P136-155 P204-223
F K
100 - 100 % %k
—
80  xx
=
=
o
—
2
i
=
O I l L} | L} 1 L] 1 L] 1 b

I‘
0 60 100 150 200 250 300

Reciprocal dilution factor of mouse sera \;o‘\ 696' :\,\Q °§" °>‘q§3 go)
A" ol .-bfoq Q"o Q

LSS S

A° fo'
Q Qq Q,g:





OPS/images/fmed-09-973036-g003.jpg
Hybridoma Supernatants

Optical Density (450 nm)

1C2 6C3 =
12~ N 5C9 =
1F2 w 7C6 w- =
1G2 »- 3C5 = i
1H2 - 3D5 -
183 w- 3F5 =
1C3ed | cs=-d
103 =~ 3H5 -
1A4 = 386 =
184 = 3G6 - =
1Camd = 7C3 -
1D4 == TF7 =
1E4 == 4E3 w
1:4 - = BG3 =
1A5 =
= et
1F5 - v
wcs= BN 222:
1A6 = AF7 -
186 = 4AS =
1C6 »
106 d 5D3 ==
1F G = 586 =
TF10
1HE =
o TD11 -
1F7 SE3=
1C8 = 3G3 -
1G8 - . 3H3 - b=
1HB 3B4 =
1F9 = JE4 w- -
1H9 = 3G4 »
281 = 3AS5 -
2C1 =~ 385 =~
2D1 = TF3 =
2E1 - 6D10 w-
2A2 == 1D10 ==
282~ D 1D1 =
2F2 v 4A2
2G2 - 4C8 w
2G3 - 4D7 -
2D4 == SHE w
-9 0 Q,o v 9
&
3+ -
H
-
-
2= y
.
-
L d
-
1 -
. , #
P __ERVROUSE
A B C
A s] Cc
P1-20 P76-95 P151-170
P16-35 P91-110 P166-185
P31-50 P106-125 P181-200
P46-65 P121-140 P196-215
P61-80 P136-155 P204-223

}.' }" 22 %"ee sse e

; - !
(wu pgy) Ayisuaq jeando

0.5

Pooled hybridomas supernatant

O

N w
| ]

Optical Density (450 nm)
1

3.0

1
2
3 2.5
4
5 2.0
6
7
8 13
9
10 -4 1.0
1
- -4 0.5
13
14 =
| | | |
& N P B
{ Q°-’\ Q@b Q'O'\ Q':’b
RBD Peptides

o

(wu pgy) Aysuaq |eando

P L T ﬂ&
I T —T l
 » @ » @

60 ’
X Q'@ Q\“' N

RBD peptides





OPS/images/fmed-09-973036-g004.jpg
Optical Density (450 nm)

HRP- conjugated MADb

101
- 1010 2CS 209
s ® 2.5+ 2.8+ 2.5+
Al : o RED (135 ntud o <+ RBO (500 ng/mi) . il
il » « RBD (62 ngimi) 204 e # RBD (125 ngimi) 204 . —9 & RBD (125ngimi) 2.0 s . - ::g (;25 ng/mi)
. " v * RBD(31ngmd) 4 . o D@y . = RED(@2ngm) __J g . (62 ngimi)
1.04 4 o - *- RBD (31 ng/mi) . - » - - RBD (31 ng/mi)
o 10 sy 104 » » 1.04 Py
0.5+ L o«
e 0.5+ . . 0.5+ S 0.5+ A
[ o . ~ . . » A
00 " 2 T 2} ' v g ! - ' -
10 100 1000 10000 00 - r . 00 - , . 0.0 - ; y
10 100 1000 10000 10 100 1000 10000 10 100 1000 10000
2F8 2G3 iBe 3GS
2.5+ 5 284 2.5+
o vy 2 ’ _— -« RBD (500 ng/mi
204 2 * RBO (500 ng/m 2.0+ " - & RBD (125 ngimi) 209 » & RBOD (500 ng'mi) 2.0 e (500 ng/mi)
Sl . g + RBD(125ngm | z « RBD (62ngmi) ] . ’ * RBO (250 ng'mi) 154 5 3 R + RB8D (125 ng/ml)
s * RBO (62 ng/mi) - * RBD (31 ngimi) * RBOD (125 npimi) . * RBD (62 ngimi)
1.04 1.04 L e 1.04 - 1.04 g
v . - .
05 P g 0s o 05+ o 0.54 s o
. - ¥ . o - | » : .
% >~ g - e [ = =
vttt 00 T —— 1 - i .1
10 100 1000 10000 10 100 1000 10000 1 100 1000 10000 10 100 1000 10000
MADb Concentration (pM)

Competitor MADb (60 pg/ml) 50 kD

Q
N N ) &) S he) © ®
.\0.9,»0,‘9,‘9.50,9,5 25 kD
+
21.86 80

60
40
11.86 20 e

19.88 50 kD

% uonnadwo)






OPS/images/fmed-09-973036-e001.jpg
Competition (%) = ((HRP — labeled MAb OD alone —
competitor plus HRP — labeled MAb OD)
JHRP — labeled MAb OD alone) x 100.





OPS/images/fmed-09-973036-e000.jpg
Inhibition (%) = ((negative control OD — sample OD)
/negative control OD) x 100.





