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Abstract

:

The emergence of the new pathogen SARS-CoV-2 determined a rapid need for monoclonal antibodies (mAbs) to detect the virus in biological fluids as a rapid tool to identify infected individuals to be treated or quarantined. The majority of commercially available antigenic tests for SARS-CoV-2 rely on the detection of N antigen in biologic fluid using anti-N antibodies, and their capacity to specifically identify subjects infected by SARS-CoV-2 is questionable due to several structural analogies among the N proteins of different coronaviruses. In order to produce new specific antibodies, BALB/c mice were immunized three times at 20-day intervals with a recombinant spike (S) protein. The procedure used was highly efficient, and 40 different specific mAbs were isolated, purified and characterized, with 13 ultimately being selected for their specificity and lack of cross reactivity with other human coronaviruses. The specific epitopes recognized by the selected mAbs were identified through a peptide library and/or by recombinant fragments of the S protein. In particular, the selected mAbs recognized different linear epitopes along the S1, excluding the receptor binding domain, and along the S2 subunits of the S protein of SARS-CoV-2 and its major variants of concern. We identified combinations of anti-S mAbs suitable for use in ELISA or rapid diagnostic tests, with the highest sensitivity and specificity coming from proof-of-concept tests using recombinant antigens, SARS-CoV-2 or biological fluids from infected individuals, that represent important additional tools for the diagnosis of COVID-19.
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1. Introduction


The severe acute respiratory coronavirus 2 (SARS-CoV-2) has been identified as the pathogen responsible for coronavirus infectious disease 2019 (COVID-19) [1]. SARS-CoV-2 is an enveloped virus with a positive, capped and polyadenylated, single-stranded RNA genome of approximately 30 kb. SARS-CoV-2 belongs to the Betacoronavirus genus in the Coronaviridae family [2]. The genomic RNA has at least 10 open reading frames (ORF). ORF1a and ORF1b, produced by ribosomal frameshifting, code for two long polyproteins, pp1a and pp1ab, processed in 16 non-structural proteins (nsp1–nsp16), comprising viral enzymes such as the RNA-dependent RNA polymerase (RdRp) and two viral proteases (PL proteinase and 3CL). The non-structural proteins that rearrange, within the rough endoplasmic reticulum (ER) and Golgi compartments’ membranes, into double-membrane vesicles wherein viral replication and transcription occur (viral factory) [3]. The entire replication cycle takes place in the cytoplasm. One-third of the SARS-CoV-2 genome encodes four main structural proteins from subgenomic RNAs coded in the order: spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins. Several small accessory proteins (3, 6, 7a, 7b, 8, and 9b) are coded in this region, some with essential functions for the virus life cycle [4,5,6].



SARS-CoV-2 employs a receptor-binding motif within the S protein for binding the host angiotensin-converting enzyme 2 (ACE2) receptor for cell entry [7]. The S-ACE2 binding process is followed by a proteolytic cleavage of S by a plasma membrane-anchored serine protease 2 [7]. This activation results in conformational changes that allow fusion of the viral membrane with the host cell membrane and the RNA genome to enter the cytoplasm [8,9].



On 11 March 2020, the World Health Organization (WHO) officially declared COVID-19 to be a pandemic. The emergence of virus variants with increased infectivity or with potential antigenic escape ability (B.1.1.7, B.1.351, P.1, B.1.617, and B.1.1.529) possibly contributed to the rise of infections that nowadays count over 664 million confirmed cases with over 6.7 million deaths worldwide (Accessed on 24 January 2023: https://covid19.who.int). The pandemic had a devastating impact on the global economy and public health systems worldwide. The availability and large-scale administration of vaccines for COVID-19 represented a significant step forward in the fight against SARS-CoV-2 [10]. However, monoclonal antibodies (mAbs) able to recognize all major virus variants are still needed as diagnostic tools for antigenic rapid tests to be performed with saliva or nasal swabs for identifying infected individuals to be treated or quarantined [11,12]. Numerous assays are now commercially available, but the epidemiology changes and the rapid spread of SARS-CoV-2 variants worldwide has caused a renewed need for adjunctive reagents for diagnosis and immunotherapy [13].



The first generation of antigenic diagnostic tools greatly contributed to the control of the disease spread, and the vaccination has dramatically reduced the number of severe cases of COVID-19 and the associated deaths [14]. However, the number of infected people is still high worldwide, and an accurate diagnosis is still urgently needed. With a desirable reduction in cases expected in the near future and downsizing of the pandemic’s spread, more specific tests will be required in order to discriminate symptoms related to SARS-CoV-2 from those caused by other coronaviruses. The technical European Commission working group on COVID-19 diagnostic tests (https://health.ec.europa.eu/health-security-and-infectious-diseases/crisis-management/covid-19-diagnostic-tests_en#contact-information, accessed on 30 January 2023) listed the authorized available antigenic tests validated through prospective (Category A) or retrospective (Category B) clinical trials. The majority of these tests use antibodies against the N protein of the virus, and only in 1.48% of the tests were anti-S antibodies used to detect SARS-CoV-2 proteins in biofluids. SARS-CoV-2 rapid tests based on the detection of the N protein cross-reacted with SARS-CoV [15,16] and, particularly if using polyclonal anti-N antibodies elicited in rabbit, these tests have a high probability to recognize the N protein of other alpha or beta human common coronaviruses, which share up to 40% of their amino acid sequence with SARS-CoV-2 and show potential common linear as well as conformational epitopes [17]. In a previous work, we described the generation of mAbs specific for the receptor binding domain (RBD) of SARS-CoV-2 [18]. These mAbs recognized conformational epitopes and were extremely efficient in neutralizing the virus, but their possible use as diagnostic tools could be limited by the possible mutation in the RBD regions of new variants of concern (VOC) under immunological pressure [19,20]. With these premises, we thought that the availability of mAbs specific for constant regions of the S protein of SARS-CoV-2 could represent a significant step forward and contribute to improving the antigenic diagnosis of COVID-19.



In this study, we immunized mice with a recombinant S protein in order to obtain mAbs able to bind conserved epitopes of S protein potentially useful for a more specific antigenic diagnosis of COVID-19.




2. Materials and Methods


2.1. Cloning, Expression and Purification of SARS-CoV-2 Proteins in E. coli


For the expression in E. coli, DNA sequences coding for S1 (14–682 aa) and S2 (698–1196 aa) were amplified by polymerase chain reaction (PCR) from codon-optimized synthetic DNA sequence (GenScript, Leiden, the Netherlands) encoding the SARS-CoV-2 S protein of Wuhan-Hu-1 isolate (NCBI reference sequence: NC_045512.2) with the opportune primers (Table 1). The 698–1196 S2 segment was chosen according to the S2 E. coli recombinant protein commercially available at that time (RayBiotech, Norcross, GA, USA; [21]). The obtained amplicons were cloned into the pGEM-T (Promega, Madison, WI, USA) intermediate vector and subcloned in pQE30 (Qiagen, Hilden, Germany) into BamHI /HindIII restriction sites. The proteins have an RGS(H)6 tag at the N-terminus and were purified by Ni-NTA affinity chromatography on either Cytiva HisTrap Excel columns or Ni-NTA-agarose (Qiagen) in batch. The proteins were purified by following a denaturing protocol. In order to optimize the yield of each fragment, the handbook QIAexpressionist was followed. The proteins were quantified in densitometry SimplyBlu-stained bands of sodium-dodecyl sulphate poly-acryl-amide gel electrophoresis (SDS-PAGE) through comparison with known concentrations of bovine serum albumin (BSA). The proteins were stored in elution buffer containing urea for their use in enzyme-linked immunosorbent assay (ELISA) and Western blot (WB). The denaturing buffer was removed by dialysis with an opportune buffer when necessary. The proteins were identified by WB using the monoclonal RGS·His antibody (Qiagen) and polyclonal anti-S SARS-CoV-2 antibodies described below.




2.2. Cloning, Expression and Purification of SARS-CoV-2 Proteins in HEK293T Cells


Three constructs of several domains of S protein were generated using pSecTag2Hygro A as a vector, which was designed for high-level expression and secretion in mammalian cells. Briefly, pSecTag2Hygro A contains the cytomegalovirus (CMV) promoter for high-level constitutive expression; an immunoglobulin kappa light chain (Igk) leader sequence specifying the secretion of heterologous proteins and a C-terminal polyhistidine (6xHis) tag for the rapid purification by Ni-NTA affinity chromatography. In order to enhance the expression of the S protein of SARS-CoV-2 in mammalian cells, a codon-optimized cDNA encoding the S protein was synthesized by GenScript Biotechnology. In order to achieve the expression of the S protein in a soluble form by mammalian cells, the full-length coding sequence for SARS-CoV-2 S protein encompassing residues 16–1182 and lacking the transmembrane domain was amplified with a primer pair including an HindIII restriction site in the 5′ end in frame with the Igk signal peptide and an XhoI restriction site in the 3′ end in frame with the His Tag of the plasmid backbone (pIgkS16-1182ΔTM). In order to achieve the expression of soluble forms of the main domains of the S, the coding sequence for S1 (16–682 residues) and S2 (685–1182 residues) domains were amplified and sub-cloned in the pSecTag2Hygro A plasmid using the same cloning strategy to generate the expression plasmids pIgKS116-682 and pIgKS2685-1182, respectively.



The expression of recombinant proteins was carried out in the HEK293T cell line using polyethylenimine (PEI) transfection reagent (Sigma, Kawasaki, Japan) as previously described [18]. Briefly, cells were seeded with 1 × 107 cells in a 175 Flask and incubated overnight at 37 °C in 50 mL of Advanced DMEM containing 2% fetal bovine serum (FBS; LONZA). The culture medium was then replaced with 45 mL of Ham’s F-12 Nutrient Mixture (F-12, Gibco) supplemented with a transfection mix composed of 5 mL of Opti-MEM Reduced-Serum Medium (Gibco, Waltham, MA, USA) containing 87.5 µg of plasmids and 87.5 µL of PEI (0.5 mg/mL), and after 72 h of incubation, the supernatant was purified. Supernatant pH was adjusted to 8.0 with the equilibration buffer (0.2 M sodium phosphate, 300 mM NaCl, 20 mM imidazole, and 0.1% Tween20, pH 8.0), combined with 1 mL of 50% slurry Ni-NTA agarose (Qiagen) and gently agitated overnight at 4 °C. The supernatant was then loaded onto the column, and the proteins were eluted in 0.1 M sodium phosphate, 300 mM NaCl, 250 mM imidazole, and 0.05% Tween20, pH 8.0. Fractions containing the protein were pooled and dialyzed in PBS buffer. The quantification of proteins produced in the mammalian system was achieved by resolving on SDS-PAGE (see below) increasing volumes of purified recombinant (r) S1 or rS2, and using known concentrations of BSA as standard. The gels were stained with a fluorescent protein stain (Krypton Protein Stain, Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s instructions and were analyzed using ChemiDoc MP Imaging System (Biorad, Hercules, CA, USA) and Image Lab Software (Image Lab 6.0.1).



HEK293T cells (5 × 106 cells) were seeded on 10 cm Petri dishes (Corning Incorporated) and transiently transfected with 10 µg of plasmids of S protein of HCoV-OC43, MERS-CoV, SARS-CoV, HCoV-NL63, and HCoV-229E using PEI transfection reagent in 10 mL of F-12. At 48 h post transfections, cells were collected and lysed for WB analysis. A schematic representation of the procedure is reported in Supplementary Figure S1.




2.3. N-Deglycosylation of rS1 and rS2 Proteins


N-deglycosylation of HEK293T-produced rS1 and rS2 was performed using the peptide-N (4)-(N-acetyl-b-D-glucosaminyl) asparagine amidase F (PNGase F; Roche, Basel, Switzerland) according to manufacturer’s instructions. Briefly, S proteins were denatured for 10 min at 95 °C, followed by the addition of PNGase F (1 U/50 ng) and incubation at 37 °C for 30 and 60 min. Deglycosylated samples were diluted in SDS-loading buffer and incubated at 60 °C for 15 min, then they were analyzed by SDS-PAGE followed by WB using anti-Tetra His mAb (Qiagen).




2.4. Cells and SARS-CoV-2 Virus Propagation


Vero E6 (ATCC# CRL-1586) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1x non-essential amino acids (Gibco) without antibiotics or antimycotics.



Viral isolates Wuhan (BetaCov/Italy/CDG1/2020|EPI ISL 412973|2020-02-20; GISAID accession ID: EPI_ISL_412973), Alpha (SARS-CoV2/hCoV-19/England/204820464/2020/#NR54000 (P4) 7-06-2021 (BEI Resources, Newport News, VA, USA), Beta (SARS-CoV2/hCoV-19/South Africa/KRISP-EC-K005321/2020/#NR54008 (P4) 7-06-2021 (BEI Resources), Delta (hCoV-19/Italy/ISS/B.1.617.2_2021), and Omicron (hCoV-19/Italy/ISS/BA.1_2021) VOC were propagated through the inoculation of 70% confluent Vero E6 cells in 75 cm2 cell culture flasks. Vero E6 cells were inoculated with SARS-CoV-2 aliquot stored at −80 °C at a multiplicity of infection of 0.01 in DMEM supplemented with 2% FBS. After an adsorption period of 1 h at 37 °C, the medium was replaced and the virus removed, and the cells were observed for cytopathic effects every 12 h. Stock SARS-CoV-2 virus and VOC were harvested at 72 h post infection, and supernatants were collected, clarified, aliquoted, and stored at −80 °C. Virus was quantified by plaque assay on Vero E6 cells.




2.5. SDS-PAGE and WB Analysis


Protein samples were lysed in sodium dodecyl sulfate (SDS)-loading buffer containing 50 mM Tris-HCl, pH 6.8, 5% beta-mercaptoethanol, 3% SDS, 50% glycerol, and 0.5% bromophenol blue. Samples were heated at 95 °C for 5 min and loaded onto 4–20% or 4–15% gradient mini-PROTEAN TGX precast gels (Biorad). In order to monitor protein purification, gels were stained with SimplyBlueTM SafeStain (Novex, LifeTechnologies, Carlsbad, CA, USA).



SDS-PAGE-gels were blotted onto Nitrocellulose (0.22 nm) or PVDF (0.45 nm) membranes either in Trans-Blot® Cell in buffer containing 25 mM Tris, 192 mM glycine, pH 8.3, 20% methanol or in a Trans-Blot Turbo semidry system (Biorad) using a transfer kit and following the manufacturer’s instructions. Transfer efficiency was monitored by Ponceau S staining of the membranes or by staining of the gel after blotting.



Membranes were incubated in blocking solution containing 3–5% skim milk (Millipore, Burlington, MA, USA) in Tris-buffered saline (25mM Tris-HCl pH7.4, 0.5 mM NaCl, TBS) for 2 h. In order to detect the S proteins, the following commercial antibodies, in TBS containing 0.05% Tween (TBST), were used: (1) polyclonal SARS-CoV-2 S antibody, Rabbit Pab, Sino Biological; (2) polyclonal SARS S Protein Antibody NB100-56578T, Biotechne; (3) monoclonal Tetra HIS Antibody (Qiagen). Filter-bound immunoglobulins were detected by Horseradish Peroxidase-conjugated goat anti-mouse or anti-rabbit IgG (H + L) (ABCAM) by either Crescendo Western HRP chemiluminescent substrate (Millipore) or TMB colorimetric substrates (Vector, Olean, NY, USA).



Vero E6 cells’ supernatant containing 1 × 106 plaque-forming units (PFU)/mL of SARS-CoV-2 Wuhan, Alpha, Beta, Delta, or Omicron VOC was inactivated for 1 h at 56 °C and then lysed with opportune SDS-loading buffer containing beta-mercapto-ethanol. Lysates were loaded on preparative SDS gels, which were blotted onto PVDF, and each filter was cut into 10strips. Each strip was incubated with a specific S1 or S2 mAb.



Cell lysates of HEK293T cells transiently transfected with plasmids (SinoBiological, Beijing, China) expressing the S protein of SARS-CoV-2 (pCMV3-SARS-CoV2-Spike-His), SARS-CoV (pCMV3-SARS-CoV-Spike-Flag), HCoV-OC43 (pCMV3-HCoV-OC43-Spike-Flag), MERS-CoV (pCMV3-MERS-CoV-Spike-Flag), HCoV-NL63 (pCMV3-HCoV-NL63-Spike-Flag), and HCoV-229E (pCMV3-HCoV-229E-Spike-Flag) were subjected to SDS-PAGE followed by WB with anti-S1 or anti-S2 mAbs.



Nasal swabs of individuals negative or positive for SARS-CoV-2 infection (whose diagnosis had been confirmed by rRT-PCR) were lysed with RIPA buffer, and, after the addition of SDS loading buffer containing beta-mercapto-ethanol, were subjected to SDS-PAGE followed by WB with the specific mAb.




2.6. Mice Immunization


Six-week-old female pathogen-free BALB/c mice were obtained from Charles River Laboratories (Calco, LC, Italy) and housed in the Istituto Superiore di Sanità. All animal protocols and procedures were performed in accordance with European Union guidelines and Italian legislation (DL26/2014) and have been approved by the Italian Ministry of Health and reviewed by the Service for Animal Welfare at ISS (Protocol Number: # 670/2020-PR of 21 July 2020). Mice were subcutaneously immunized with 100 µL/mouse solution containing 5 µg of HEK293T rS protein ectodomain (aa 1–1138 of SARS-CoV-2 S) on both sides of the lower anterior abdomen on days 0, 14, and 28, as previously described [18]. The rS protein ectodomain, which had a mutated furin cleavage site (RRAR to GGGG) and stabilizing double proline (2P) substitutions [22], was produced at the Amsterdam University Medical Center.



For priming, the antigen was mixed with an equal volume of emulsified complete Freund’s adjuvant (Millipore-Sigma) immediately prior to administration. For boosts, the recombinant protein was emulsified with an equivalent volume of incomplete Freund’s adjuvant (Millipore-Sigma). Serum samples were collected on days 0 (pre-immunization), at day 14 (before the protein immunization), and at day 42 (2 weeks after the third immunization) by retro-orbital blood collection, and they were stored at −20 °C until analysis. The collected plasma samples were tested by in-house ELISA for the determination of anti-S specific antibody titles in order to identify the high responder mouse. The spleen from the mouse showing the highest titer of specific antibody was selected for the generation of mAbs.




2.7. Isolation and Purification of Specific mAb-Producing Clones


The spleens of selected mice were used to isolate S-specific mAbs as previously described [18]. Briefly, spleen cells were incubated with 5 mL lysis buffer on ice for 5 min, and after washing, were mixed with the mouse myeloma cell line SP2 in a 2:1 = splenocytes:myeloma cells ratio. They were then centrifuged, and the cell pellet was slowly resuspended with 1 mL of polyethilenglycol (PEG, Sigma-Aldrich, St. Louis, MI, USA). Afterwards, 7 mL of complete RPMI medium supplemented with 25 mM of Hepes was slowly added, and the centrifuged pellet was resuspended in complete RPMI medium containing selective hypoxanthine, aminopterin, and thymidine (HAT, Sigma-Aldrich) and cultured in a flat-bottomed 96-well plate for 14 days at 37 °C with 5% CO2. The fused growing cell lines were selected by microscope examination, transferred to new 96-well plates and expanded in complete RPMI medium containing selective HAT. Hybridomas were screened for antigen specificity by ELISA using HEK293T S protein-coated plates. The selected polyclonal Ab-producing hybridomas were single-cell-cloned by limiting dilution in the presence of 5 × 104 cells/well feeder splenocytes in a flat-bottom 96-well plate in complete RPMI medium containing selective HAT for 12 days. The growing clones were tested for antigen specificity by ELISA. The clones producing S-specific mAbs were expanded in static T75 flasks in the presence of 50 mL of DCCM2 (Biological Industries, Cromwell, CT, USA) supplemented with kanamycin, and the mAbs were purified and concentrated using chromatography cartridges’ protein G columns (Thermo Fisher). The concentration of purified mAbs was evaluated by a NanoPhotometer (Implen, Münich, Germany) spectrophotometer at 280 nm.




2.8. Nasal Swabs


Nasal swabs were from healthy or COVID-19-convalescent volunteers who gave their informed consent to participate in the collaborative study between Istituto Superiore di Sanità and the Italian Air Force entitled: “Valutazione della performance analitica di un test antigenico per il rilevamento di SARS-CoV-2, confronto con un test di screening molecolare” [13]. According to the epidemiology of SARS-CoV-2 variants in Italy at the time of sampling (April 2022), there is a high probability that the patients could be infected with the VOC Omicron, even if viral sequencing of the samples was not performed.




2.9. ELISA


The antigen specificity of the immunized mouse sera and the hybridoma supernatants was analyzed by ELISA, as previously described [18]. Briefly, 0.5 µg/mL of SARS-CoV-2 recombinant S protein, S1 or S2 domains, or 10 µg/mL of peptides were coated overnight at 4 °C (50 µL/well). After washings, the plates were blocked with PBS+2% BSA, and then, 50 µL of serum or supernatant samples were incubated for 3 h at 37 °C. Secondary goat anti-mouse total Ig or IgG or anti-IgG subclass alkaline phosphatase (PA)-conjugated (Southern Biotech, Birmingham, AL, USA) or mouse anti-human IgG PA-conjugated (Invitrogen) were incubated for 1 h at 37 °C. Plates were developed by adding 100 µL/well of substrate4-Nitrophenyl phosphate disodium salt hexahydrate and stopped with 50 µL of 3N NaOH. Absorbance (405 nm) was measured, and the results were considered positive if the optical density (OD) was three times greater than the negative control.



For the sandwich ELISA, plates were coated overnight with 2 µg/mL of primary mAb (S200, S178, S71, S79) and then incubated with scalar doses of S recombinant protein (from 50 to 0.39 ng) for 1 h at 37 °C. A secondary (II) mAb, of a subclass different from the subclass of the primary mAb, was added (1 h at 37 °C), and then the sandwich was revealed with an antibody that recognizes the subclass of the II mAb. The most efficient pair (S71 and S79) was tested in a sandwich ELISA with a scalar quantity of heat-inactivated Wuhan SARS-CoV-2 (from 25000 to 195 PFU/well).




2.10. Dot Blot Assay


Dot blot assay was performed by coating the PVDF membrane with the supernatant of Vero E6 cells infected with SARS-CoV-2 or lysed nasal swabs from COVID-19-positive patients (whose diagnosis had been confirmed by rRT-PCR) and from control healthy subjects. Detection was carried out by anti-S1 mAbs.




2.11. Lateral Flow Assay (LFA)


LFA was performed using strips of a commercially available nitrocellulose membrane (ab274103) containing a ‘test line’ (T line) of streptavidin able to bind the biotin-conjugated capture antibody which further binds the samples in combination with the detection antibody. The strips also contain a ‘control-line’ (C line) of immobilized anti-mouse antibody, which shows that the test is valid. The capture and the detection mAbs were diluted in Tris-Glycine SDS Running Buffer 1X with BSA 0.1%, along with the samples, the supernatant of VeroE6 cells infected by SARS-CoV-2, and the lysed nasal swabs from individuals negative or positive for COVID-19. For a single strip, a mix of mAbs and sample was prepared, incubated for 5 min, and loaded into a 96-well plate. A strip was inserted into each well, and the mixture was run for 20 min. Strips were then incubated with isotype-specific alkaline phosphatase (AP)-conjugated anti-mouse Ab. The T and the C lines were detected by AP substrate (Roche), following the manufacturer’s instructions.




2.12. Plaque Reduction Neutralization Test (PRNT)


PRNT was conducted as previously described [23]. A volume (300 µL) of each purified mAb under serial dilution starting from 10 μg/mL was incubated with 80 PFU of SARS-CoV-2 at the final volume of 600 µL at 4 °C overnight. The mixtures were added in triplicates to confluent monolayers of Vero E6 cells, grown in 12-well plates, and incubated at 37 °C in a humidified, 5% CO2 atmosphere for 60 min. Then, 4 mL/well of a medium containing 2% Gum Tragacanth (Sigma Aldrich) + MEM 2.5% FCS were added. Plates were left at 37 °C with 5% CO2. After 3 days, the overlay was removed, and the cell monolayers were washed with PBS in order to completely remove the overlay medium. Cells were stained with a crystal violet 1.5% alcoholic solution. The presence of SARS-CoV-2 virus-infected cells was indicated by the formation of plaques. The inhibitory concentration (IC)50 was determined as the highest dilution of serum resulting in a 50% (PRNT50) reduction of plaques as compared to the virus control.




2.13. Epitope Mapping


A selection of synthetic peptides of 40 aa in length (with 20 aa overlaps between sequential peptides) was obtained by Bio-Fab Research (Rome, Italy) and is listed in Table 2. After dissolving these peptides with suitable solvent (depending on the given peptide’s solubility), they were used to coat plates at 10 µg/mL in an in-house ELISA performed as described above.




2.14. Statistical Analysis


For the neutralization and ELISA experiments, technical duplicates were performed. All of the statistical analyses were performed using the GraphPad Prism software v9 (GraphPad Software, San Diego, CA, USA). The half maximal effective concentration (EC50) was calculated through the non-linear regression analysis of the log10 of serum dilution plotted versus the absorbance at 405 nm.





3. Results


3.1. Production of SARS-CoV-2 Recombinant Proteins


SARS-CoV-2 recombinant proteins were produced in both eukaryotic (HEK293T) and prokaryotic (E. coli) expression systems. Three constructs of the S protein were generated using a mammalian cell codon-optimized sequence encoding the ectodomain of SARS-CoV-2 spike protein Wuhan-Hu-1 isolate (NCBI reference sequence: NC_045512.2) as a template for high-level expression and secretion in mammalian cells: the full length of the coding sequence for the SARS-CoV-2 S protein encompassing residues 16–1182 and lacking the transmembrane domain (pIgkS16-1182ΔTM), the coding sequence for S1 (16–682 residues, pIgKS116-682) and for S2 (685–1182 residues, pIgKS2685-1182) (Figure 1A). The expression of the soluble forms of S1, S2, and SΔTM was evaluated in the supernatant of HEK293T cells by WB (Figure 1B). In the SDS-PAGE analysis, our recombinant proteins migrated as products of more than their theoretical mass deduced from the amino acid sequence (79.0 kDa, 58.7 kDa, 133.5 kDa for rS1, rS2, and S16–1182ΔTM, respectively) due to the existence of glycosylation. Moreover, the secreted S16-1182ΔTM recombinant protein was cleaved by Furin-like protease. The recombinant proteins produced in E. coli (Figure 1C) showed the expected molecular mass of 75 kDa for S1 (14–682 residues) and 60 kDa for S2 (698–1196 residues) (Figure 1D).



The recombinant proteins S1 and S2 produced in HEK293T cells and used for the screening of mAbs were checked by Krypton-stained SDS-PAGE that showed the absence of contaminants (Figure 1E) and allowed for their quantification.



The SARS-CoV-2 S glycoprotein contains 22 N-linked glycosylation sequons per protomer [24]. The presence of N-linked glycosylation in rS1 and rS2 was confirmed by analyzing the molecular weight of the recombinant proteins before and after enzymatic treatment with the glycosidase PNGase F. The time-dependent decrease of the rS1 and rS2 molecular mass in correlation with PNGase F exposure indicated that the proteins were glycosylated (Figure 1F).




3.2. Production of SARS-CoV-2 Spike-Specific mAbs


The procedure used to produce hybridomas was highly efficient, and among 40 different specific mAbs isolated, we purified and characterized the 13 mAbs that were able to bind the recombinant S protein produced in HEK293T with the highest efficiency in ELISA. Of the 13 selected mAbs, 9 recognize the S1 domain, and 4 were reactive with the S2 portion, as assessed by ELISA (Figure 2A) and confirmed by WB (Figure 2B). In order to evaluate the binding affinity of the selected mAbs, we performed an ELISA with scalar doses of rS1 or rS2 proteins (Figure 2C): the EC50 required for all mAbs to bind recombinant proteins was below 100 ng/mL for all of the S2-specific clones and for half of the clones reactive to the S1 domain (Table 3), indicating a high binding affinity. The anti-S mAbs purified on protein G columns were further characterized for Ig class and subclasses. All of the selected mAbs were IgG, and specifically, 10 clones were IgG1, 1 clone was IgG2a, and 2 clones were IgG2b (see Table 3).



All of the S1-specific mAbs and one mAbs specific for the S2 domain (S3) indistinctly recognize proteins made with both production systems, while 3 of the 4 clones reactive to S2 (S136, S222, and S223) recognize only the protein produced in eukaryotic cells (Figure 3A). This discrepancy could be dependent upon post-translational modifications of the protein produced in HEK293T cells, or to the different lengths of the S2 proteins produced in E. coli. Glycosylation is a post-translational modification present in proteins produced in mammalian cells but absent in proteins produced in E. coli. In order to evaluate the involvement of N-glycosylation in the antigen recognition of S136, S222, and S223 mAbs, WB assay was performed using eukaryotic rS2 before and after the enzymatic treatment with glycosidase PNGase F. All three of the mAbs were able to bind both the glycosylated and the N-deglycosylated protein (Figure 3B). We hypothesized that these three mAbs bind S2 in O-glycosylated epitopes or in the region defined by aa 686–698, that is not present in S2 produced in E.coli, and therefore, we synthesized peptides encompassing this amino acid sequence (see below and Table 2 and Table 3) in order to settle this issue.




3.3. Characterization of Epitope Recognized by Isolated S-Specific mAbs


An ELISA analysis was performed using 24 synthetic peptides (listed in Table 2) of 40 aa in length (with 20 aa overlaps between the sequential peptides), covering the S1 domain and the N-terminal portion of the S2 domain in order to achieve a more specific characterization of the epitope recognized by our anti-S mAbs. Table 3 and Figure 4A show the peptides recognized by the selected mAbs with an accuracy of 14 aa, 20 aa, or 30 aa, depending on positive results being obtained from single or overlapping peptides. mAb S200 recognized an epitope encompassing 20 aa in the N-terminal region of the S1 domain (aa 21–40). Six mAbs localized nearby the RBD: S37 binds the aa in position 281–300, while the two mAbs S75 and S106 recognize the same aa sequence at position 301–320. Three other mAbs (S71, S79, and S178) localize in the region downstream the RBD: the sequence of amino acids at position 550–580. However, it was possible to use S71 (IgG2b) and S79 (IgG2a) as an mAb couple in a sandwich ELISA and LFA (see below). This result suggests that they do not interfere with each other for antigen binding, indicating that they recognize different epitopes within the same aa sequence (550–580). The pair of mAbs S79 (IgG2a) and S178 (IgG2b) did not interfere in a sandwich ELISA, indicating that these two mAbs recognize different amino acids within the 550–580 sequence. On the other hand, we did not test S71 with S178, since they belong to the same IgG subclass and could not be used in a sandwich ELISA, so we cannot exclude that S71 and S178 bind to the same epitope. The final two mAbs that bind the S1 domain, S12, and S157, localize immediately upstream the S1/S2 cleavage site, in the sequence of aa at position 661–682. The 3 mAbs binding the S2 domain (S136, S222, and S223) recognize the sequence of aa 686–700, which is not present in the S2 produced in E. coli. Finally, the mAb S3, which binds to the recombinant S2 proteins produced in both HEK293T cells and E. coli, did not recognize any of the used peptides. Therefore, we can deduce that the epitope of S3 mAb encompasses the region defined by aa 721–1182, but we cannot indicate a more precise mapping.



We then used different pairs of mAbs, chosen on the basis of their different IgG subclass, to set up an ELISA able to detect the recombinant SARS-CoV-2 S protein in solutions as a first step for the development of an antigenic kit for the detection of SARS-CoV-2 S antigen in biofluids. We performed a sandwich ELISA with a panel of pairs of all the selected mAbs and scalar doses of the recombinant S protein. Figure 4B clearly shows that several pairs of mAbs were highly effective in detecting the presence of a very small quantity of recombinant protein.




3.4. Isolated S-Specific mAbs Specifically Bind SARS-CoV-2 but no Other Human Coronaviruses


The ability of the generated mAbs to recognize the proteins present in SARS-CoV-2 virus was further evaluated by performing WB assay with heat-inactivated supernatant of SARS-CoV-2-infected Vero E6 cells containing 1 × 106 PFU/mL. Figure 5A shows that all of the generated mAbs specific for the S1 and S2 domains were able to recognize SARS-CoV-2 (Figure 5A).



The specificity of the generated mAbs to recognize the S protein of SARS-CoV-2 was confirmed by analyzing their reactivity with the S proteins of other human coronaviruses (HCoV). Cell lysates of HEK293T cells transiently transfected with plasmids expressing the S protein of HCoV-OC43, MERS-CoV, HCoV-NL63, HCoV-229E, and HCoV-HKU1 were subjected to SDS-PAGE, followed by WB using anti-S1 or anti-S2 mAbs. The generated mAbs did not react with any of the S protein of the other HCoV analyzed (Supplementary Figures S2 and S3).



Next, HEK293T cells were also transfected with a plasmid expressing SARS-CoV S protein. Cell lysate was subjected to SDS-PAGE, and WB was performed with each anti-S1 and anti-S2 mAb. The results show that three out of all of the generated mAbs recognize the S protein of SARS-CoV (S12, S157, and S3) (Figure 5B). None of the tested mAbs showed SARS-CoV-2 neutralization activity at the PRNT assay (data not shown).



Finally, using the most efficient pair of mAbs (S71-S79), we explored the capacity of a sandwich ELISA to detect SARS-CoV-2 using scalar dilutions of heat-inactivated virus (down to 139 PFU). Figure 5C shows that the S71-S79 mAbs pair is able to detect very small quantities of virus, down to 781 PFU.




3.5. Isolated S-Specific mAbs Recognize the Major SARS-CoV-2 Variants of Concern


With the worldwide progression of the COVID-19 pandemic, several new SARS-CoV-2 variants containing mutations in their S protein have been isolated, showing increased infectivity and the ability to cause disease in susceptible individuals. Clinical studies were designed to define whether immunization with vaccines based on the original SARS-CoV-2 Wuhan-Hu-1 S sequence may be sufficiently protective against these VOCs. Moreover, mAbs developed for diagnostic or therapeutic purposes may not be useful for individuals infected with these variants and/or affected by COVID-19.



We analyzed the ability of our isolated mAbs to bind the S protein present in SARS-CoV-2 VOC by performing a WB assay with supernatant of Vero E6 containing 1 × 106 PFU/mL of SARS-CoV-2 Alpha, Beta, and Delta VOC in comparison with the Wuhan isolate. The virus lysates were subjected to SDS-PAGE and WB with a specific mAb (Figure 6A). All of the anti-S1 and anti-S2 mAbs were able to bind the tested VOC. Each filter was next incubated with rabbit polyclonal antibodies against SARS-CoV N and M proteins [25] in order to ascertain the equal loading of virus lysates (Figure 6B).



We also tested the binding ability of the mAbs in supernatant of SARS-CoV-2-infected Vero E6 cells containing 1 × 106 PFU/mL of Omicron VOC analyzed by WB. Figure 6C shows that all of the tested mAbs can recognize this VOC.



The binding affinity of the mAbs was also analyzed in nasal swabs of individuals negative or positive for SARS-CoV-2 infection (whose diagnosis has been confirmed by rRT-PCR). The nasal swabs were lysed and resolved on the SDS-PAGE followed by WB with the specific mAb. The results show that the generated anti-S mAbs can recognize the presence of the SARS-CoV-2 in the nasal swab, as shown in Figure 6D using the anti-S1 S71 and S79 mAbs.




3.6. The Isolated mAbs Are Useful Tools for an Antigenic Diagnostic Assay: A Preliminary Proof-of-Concept


As a preliminary proof-of-concept for the possibility of using the generated mAbs as tools for the antigenic diagnosis of COVID-19 in rapid tests, we performed dot blot and lateral flow assay. SARS-CoV-2 from supernatant of infected Vero E6 cells or lysed nasal swabs from COVID-19-positive patients (whose diagnosis was confirmed by rRT-PCR) and from control healthy subjects were directly coated on membranes and then incubated with mAbs revealed by specific anti-mouse antibodies as described in M&M. All of the mAbs were able to detect the presence of SARS-CoV-2 in both in vitro-produced viral sample, even when highly diluted, and in the biological sample, indicating a good sensitivity (Figure 7A). The two most efficient pairs of mAbs (S71–S79 and S71–S12) were analyzed in LFA. In Figure 7B,C is shown a representative LFA performed with the two pairs of anti-S1 mAbs in order to detect the viral antigenic protein in both the supernatant of Vero E6 cells infected with SARS-CoV-2 and in the nasal swab from a COVID-19-positive patient.





4. Discussion


The rapid and precise diagnosis of infectious diseases is fundamental to initiating specific treatment for infected individuals and to control the spread of the disease with public health measures, including confinement and contact tracing. This general rule is particularly important for infections causing pandemics such as the SARS-CoV-2 causing COVID-19 [26]. Rapid antigenic tests followed by RT PCR confirmation significantly contributed to the control of COVID-19, particularly in the period of greater viral circulation [27]. These tests underwent progressive development, and the last generation was generally endowed with good performance in terms of sensitivity, specificity, and positive/negative predictive values [28,29]. The COVID-19 pandemics reached a peak of new cases in the period from January to March 2022 (https://covid19.who.int/, accessed on 24 January 2023) followed by a slow but consistent reduction in the subsequent months. With the reduction in the prevalence of COVID-19, a result of the decreased number of susceptible individuals caused by a high vaccination rate and the increased number of naturally immunized individuals, the performance of the current methods along with the positive/negative predictive values, could decline [30]. Moreover, in colder seasons, outbreaks of community-circulating HCoV are expected, which would require differential diagnosis with COVID-19. HCoV 229E, OC43, NL63, and HKU1 are considered to be relatively benign respiratory pathogens in humans leading to upper respiratory tract diseases [31]. HCoVs are seasonal pathogens that are widespread on all continents. Their frequency and clinical course vary significantly according to age, region, and genetic background [32,33,34].



SARS-CoV-2 shares up to 40% of the amino acid sequence of its N protein with other HCoVs, and it shows potential common linear as well as conformational epitopes [16]. The majority of the commercially available antigenic tests were developed using N protein as the main target. The HSC Technical Working Group (https://health.ec.europa.eu/health-security-and-infectious-diseases/crisis-management/covid-19-diagnostic-tests_en#contact-information, accessed on 30 January 2023) defined the COVID-19 antigen tests evaluated by prospective clinical field studies as “Category A” and those evaluated by retrospective in vitro studies as “Category B”. Up to July 2022, all of the 54 Category A rapid tests and 4 laboratory-based tests detect N antigens, and 145 out of 148 rapid tests and 1 laboratory-based test among Category B detect N antigens, while only 3 detect S protein.



Since antigenic tests based on the recognition of SARS-CoV-2 N protein might be at increasing risk of providing false-positive and low predictive values in the decreasing phase of the COVID-19 pandemic, we developed a series of anti-S protein mAbs and performed an in-depth characterization in order to evaluate their suitability as new reagents for the development of additional diagnostic tools.



We chose S protein as the target, since its sequence is more specific for SARS-CoV-2 than N protein. Although S protein is present in lower amounts on the virus and in the biological fluids of infected individuals, it is anyhow measurable, as suggested by previous studies by mass spectrometry [35], and its detection would indicate more specifically the diagnosis of COVID-19.



We produced the rS proteins in both the eukaryotic and prokaryotic systems, the latter by using denaturing conditions, to select those mAbs able to bind the recombinant proteins in ELISA in the putative natural conformation and glycosylation as well as in the linear form. The binding of mAbs to proteins produced in eukaryotic HEK293T cells guarantees that mAbs may also recognize conformational epitopes within the tertiary structure stabilized by disulfide bonds and glycosylation. On the other hand, the capacity to bind to the proteins produced in E. coli using denaturing conditions is indicative of the capacity of mAbs to bind to the linear sequence of the same antigen [36]. This is particularly interesting, since the use of the selected mAbs would detect both the virus and its released protein irrespective of the possible denaturation caused by human mucosal enzymes or by the procedures for the dilution and storage of samples taken from patients [37]. The binding of the selected mAbs was not prevented by N-glycosylations, which have been indicated as a possible mechanism of SARS-CoV-2 to immune-evade Ab recognition [38,39,40], since our mAbs recognized the fully glycosylated proteins produced in HEK293T cells and the in vitro de-N-glycosylation of the protein did not increase the mAbs binding.



We investigated the fine specificity of our mAbs, taking advantage of a peptide library spanning the sequence of the S1 and S2 according to a pre-screening based on protein S1 and S2 domain recognition. Using the chosen set of 40aa peptides (with 20aa overlapping), we were able to identify the epitope recognized by 12 out of the 13 selected mAbs. The peptide containing the epitope bound by the mAb S3 was not included in the designed set of peptides, and the binding site of mAb S3 could be approximatively indicated by inference due to its binding to the protein fragment S2 and not to the used peptides. The epitope mapping permitted one to foresee that our mAbs would recognize not only the S protein of the original Wuhan SARS-CoV-2 strain, but also its major variants, whose sequencing indicated the conservation of the epitopes recognized by our mAbs. In fact, all of the tested mAbs were able to bind to most of the VOC circulating and available for testing up to September 2022, as indicated by WB analysis. According to the sequence analysis, our mAbs may also be capable of recognizing the newest variants, including XBB1.5, which presents mutations not affecting the binding site of the mAbs. A possible exception is represented by mAb S200, which binds Omicron BA.1 but may not be able to recognize the newest variants that show some amino acid variations in their epitopes, such as the del24–26 and A27S mutations in BA.1 e XBB1.5.



Interestingly, none of the selected mAbs recognize common community HCoV, and three of them bind to the S protein of SARS-CoV. For COVID-19 screening purposes, we therefore selected mAbs S71 and S79, since they specifically recognize SARS-CoV-2 or its recombinant S protein with the highest efficiency and do not recognize HCoV, SARS-CoV, or MERS-CoV. These mAbs were indeed capable of recognizing the S protein of all of the tested SARS-CoV-2 variants, and they are presumably able to detect the newest Omicron variants, including XBB1.5. Should new variants with mutations to the epitopes recognized by these mAbs emerge, the knowledge of the sequence recognized by the other mAbs will present the chance to select and test some of the other mAbs for the rapid set-up of an updated screening test.



None of the tested mAbs showed SARS-CoV-2 neutralization capacity as assessed by PRNT. The observation that the binding to S protein by our mAbs does not interfere with virus entry into target cells suggests that the epitopes recognized by our mAbs are structural but not strategic for the viral life cycles. Therefore, it is reasonable that there is less evolutionary and immunologic pressure for mutations in these sequences [19,20], rendering our mAbs important for preparing diagnostic tools based on antigen detection that could be less affected by viral mutations.



We have tested the potential of these mAbs in dot blot and LFA as proof-of-concept of their suitability as diagnostic tools. However, the major limitation of this work is the lack of demonstration of the diagnostic potential of our mAbs in a controlled clinical trial. An LFA suitable for this trial is being developed, and the diagnostic capacity will be proven in comparison to commercially available tests based on N antigen detection.




5. Conclusions


This manuscript describes the functional characteristics of the set of mAbs that we have generated by immunizing mice with a recombinant S protein of SARS-CoV-2.



We have analyzed in depth the characteristics of our mAbs, which may be proposed to develop new antigenic tests in addition to those based on the recognition of the SARS-CoV-2 N protein, which might be at increasing risk of providing false positive and low predictive values. We demonstrated the fine specificity for the S antigen of SARS-CoV-2 and its major variants and the lack of cross-reactivity of the described anti-S protein mAbs with other common community HCoVs. The absence of virus neutralizing capacity suggests that the epitopes recognized by our mAbs have less probability of undergoing mutations due to immunological pressure. Together, the data indicate that the described mAbs may be suitable for antigen detection in rapid or laboratory tests for the diagnosis of infection by SARS-CoV-2 and its actual and potential future variants.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines11020610/s1, Figure S1: graphical representation of cloning, expression, and purification of SARS-CoV-2 proteins in HEK293T cells; Figure S2: Alignment of amino acid sequence of tested coronaviruses; Figure S3: mAbs do not bind common community HCoV.





Author Contributions


Conceptualization, S.M., M.V.C., A.I., A.C. (Antonio Capocefalo), A.C. (Andrea Cara), D.N., F.M., P.D.B., R.D. and R.N.; methodology, R.T., S.M., M.V.C., A.I., A.C. (Antonio Capocefalo), F.G., Z.M., M.B. (Martina Borghi), M.B. (Melissa Baggieri), A.M., P.B., S.G., P.J.M.B., S.S., C.A. and A.D.V.; validation, S.M., M.V.C., A.I., D.N., A.C. (Andrea Cara), M.S., R.D. and R.N.; data curation, R.T., S.M., M.V.C., A.I., M.B. (Melissa Baggieri), M.S. and Z.M.; writing—original draft preparation, S.M., M.V.C., A.I. and R.N.; writing—review and editing, F.M., P.D.B., M.S., A.C. (Andrea Cara), D.N. and R.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by ISS intramural funds, NATO Emerging Security Challenges Division Science for Peace and Security Programme 2020: NOCOVID: New and validated tools for the diagnosis and follow-up of SARS-CoV-2-infected individuals grant # G5817, and the Italian Ministry of Defense: Real-Biodefense, grant# a2018.92. In addition, this project received partial funding from the European Union’s Horizon 2020 research and innovation program under grant agreement no. 681137 (EAVI2020).




Institutional Review Board Statement


The animal study was reviewed and approved by the National Committee for the Protection of Animals Used for Scientific Purposes established by the Animal Care and Welfare Department, Italian Health Ministry, approval # 670/2020-PR of 21 July 2020. Ethical review and approval were not required for the study on human participants in accordance with the local legislation and institutional requirements. The patients/participants provided their written informed consent to participate in this study. No potentially identifiable human images or data are presented in this study.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors without undue reservation.




Acknowledgments


The authors would like to thank Sanders R.W., Mancini F. and Ciervo A. and BEI Resources for providing some reagents. Specifically, the following reagents were obtained through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate hCoV-19/South Africa/KRISP-EC-K005321/2020, NR-54008, contributed by Alex Sigal and Tulio de Oliveira; and SARS-Related Coronavirus 2, Isolate hCoV-19/England/204820464/2020, NR-54000, contributed by Bassam Hallis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [Google Scholar] [CrossRef] [PubMed]

	



Abdool Karim, S.S.; de Oliveira, T. New SARS-CoV-2 Variants—Clinical, Public Health, and Vaccine Implications. N. Engl. J. Med. 2021, 384, 1866–1868. [Google Scholar] [CrossRef] [PubMed]

	



Snijder, E.J.; Limpens, R.; de Wilde, A.H.; de Jong, A.W.M.; Zevenhoven-Dobbe, J.C.; Maier, H.J.; Faas, F.; Koster, A.J.; Barcena, M. A unifying structural and functional model of the coronavirus replication organelle: Tracking down RNA synthesis. PLoS Biol. 2020, 18, e3000715. [Google Scholar] [CrossRef]

	



Zhou, Z.; Huang, C.; Zhou, Z.; Huang, Z.; Su, L.; Kang, S.; Chen, X.; Chen, Q.; He, S.; Rong, X.; et al. Structural insight reveals SARS-CoV-2 ORF7a as an immunomodulating factor for human CD14(+) monocytes. iScience 2021, 24, 102187. [Google Scholar] [CrossRef] [PubMed]

	



Addetia, A.; Lieberman, N.A.P.; Phung, Q.; Hsiang, T.Y.; Xie, H.; Roychoudhury, P.; Shrestha, L.; Loprieno, M.A.; Huang, M.L.; Gale, M., Jr.; et al. SARS-CoV-2 ORF6 Disrupts Bidirectional Nucleocytoplasmic Transport through Interactions with Rae1 and Nup98. mBio 2021, 12, e00065-21. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, R.; Chaudhary, J.K.; Jain, N.; Chaudhary, P.K.; Khanra, S.; Dhamija, P.; Sharma, A.; Kumar, A.; Handu, S. Role of Structural and Non-Structural Proteins and Therapeutic Targets of SARS-CoV-2 for COVID-19. Cells 2021, 10, 821. [Google Scholar] [CrossRef]

	



Jackson, C.B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 2022, 23, 3–20. [Google Scholar] [CrossRef]

	



Li, X.; Geng, M.; Peng, Y.; Meng, L.; Lu, S. Molecular immune pathogenesis and diagnosis of COVID-19. J. Pharm. Anal. 2020, 10, 102–108. [Google Scholar] [CrossRef]

	



Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell 2020, 183, 1735. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, A.P.; Tang, X.; Lee, J.R.; Chida, A.; Mercer, K.; Wharton, R.E.; Kainulainen, M.; Harcourt, J.L.; Martines, R.B.; Schroeder, M.; et al. Rapid development of neutralizing and diagnostic SARS-COV-2 mouse monoclonal antibodies. Sci. Rep. 2021, 11, 9682. [Google Scholar] [CrossRef]

	



Diamond, M.; Chen, R.; Xie, X.; Case, J.; Zhang, X.; VanBlargan, L.; Liu, Y.; Liu, J.; Errico, J.; Winkler, E.; et al. SARS-CoV-2 variants show resistance to neutralization by many monoclonal and serum-derived polyclonal antibodies. Res. Sq. 2021, preprint. [Google Scholar] [CrossRef]

	



Chen, R.E.; Winkler, E.S.; Case, J.B.; Aziati, I.D.; Bricker, T.L.; Joshi, A.; Darling, T.L.; Ying, B.; Errico, J.M.; Shrihari, S.; et al. In vivo monoclonal antibody efficacy against SARS-CoV-2 variant strains. Nature 2021, 596, 103–108. [Google Scholar] [CrossRef] [PubMed]

	



Verde, P.; Marcantonio, C.; Costantino, A.; Martina, A.; Simeoni, M.; Taffon, S.; Tritarelli, E.; Campanella, C.; Cresta, R.; Bruni, R.; et al. Diagnostic accuracy of a SARS-CoV-2 rapid antigen test among military and civilian personnel of an Air Force airport in central Italy. PLoS ONE 2022, 17, e0277904. [Google Scholar] [CrossRef] [PubMed]

	



Watson, O.J.; Barnsley, G.; Toor, J.; Hogan, A.B.; Winskill, P.; Ghani, A.C. Global impact of the first year of COVID-19 vaccination: A mathematical modelling study. Lancet Infect. Dis. 2022, 22, 1293–1302. [Google Scholar] [CrossRef] [PubMed]

	



Salcedo, N.; Reddy, A.; Gomez, A.R.; Bosch, I.; Herrera, B.B. Monoclonal antibody pairs against SARS-CoV-2 for rapid antigen test development. PLoS Negl. Trop. Dis. 2022, 16, e0010311. [Google Scholar] [CrossRef] [PubMed]

	



Salcedo, N.; Sena, B.F.; Qu, X.; Herrera, B.B. Comparative Evaluation of Rapid Isothermal Amplification and Antigen Assays for Screening Testing of SARS-CoV-2. Viruses 2022, 14, 468. [Google Scholar] [CrossRef] [PubMed]

	



Dobano, C.; Santano, R.; Jimenez, A.; Vidal, M.; Chi, J.; Rodrigo Melero, N.; Popovic, M.; Lopez-Aladid, R.; Fernandez-Barat, L.; Tortajada, M.; et al. Immunogenicity and crossreactivity of antibodies to the nucleocapsid protein of SARS-CoV-2: Utility and limitations in seroprevalence and immunity studies. Transl. Res. 2021, 232, 60–74. [Google Scholar] [CrossRef]

	



Mariotti, S.; Capocefalo, A.; Chiantore, M.V.; Iacobino, A.; Teloni, R.; De Angelis, M.L.; Gallinaro, A.; Pirillo, M.F.; Borghi, M.; Canitano, A.; et al. Isolation and Characterization of Mouse Monoclonal Antibodies That Neutralize SARS-CoV-2 and Its Variants of Concern Alpha, Beta, Gamma and Delta by Binding Conformational Epitopes of Glycosylated RBD With High Potency. Front. Immunol. 2021, 12, 750386. [Google Scholar] [CrossRef]

	



Carabelli, A.M.; Peacock, T.P.; Thorne, L.G.; Harvey, W.T.; Hughes, J.; Consortium, C.-G.U.; Peacock, S.J.; Barclay, W.S.; de Silva, T.I.; Towers, G.J.; et al. SARS-CoV-2 variant biology: Immune escape, transmission and fitness. Nat. Rev. Microbiol. 2023, 21, 1–16. [Google Scholar] [CrossRef]

	



Cox, M.; Peacock, T.P.; Harvey, W.T.; Hughes, J.; Wright, D.W.; Consortium, C.-G.U.; Willett, B.J.; Thomson, E.; Gupta, R.K.; Peacock, S.J.; et al. SARS-CoV-2 variant evasion of monoclonal antibodies based on in vitro studies. Nat. Rev. Microbiol. 2023, 21, 112–124. [Google Scholar] [CrossRef]

	



Yu, J.; Yuan, X.; Chen, H.; Chaturvedi, S.; Braunstein, E.M.; Brodsky, R.A. Direct activation of the alternative complement pathway by SARS-CoV-2 spike proteins is blocked by factor D inhibition. Blood 2020, 136, 2080–2089. [Google Scholar] [CrossRef] [PubMed]

	



Brouwer, P.J.M.; Caniels, T.G.; van der Straten, K.; Snitselaar, J.L.; Aldon, Y.; Bangaru, S.; Torres, J.L.; Okba, N.M.A.; Claireaux, M.; Kerster, G.; et al. Potent neutralizing antibodies from COVID-19 patients define multiple targets of vulnerability. Science 2020, 369, 643–650. [Google Scholar] [CrossRef] [PubMed]

	



Magurano, F.; Baggieri, M.; Marchi, A.; Rezza, G.; Nicoletti, L.; Group, C.-S. SARS-CoV-2 infection: The environmental endurance of the virus can be influenced by the increase of temperature. Clin. Microbiol. Infect. 2021, 27, 289.e5–289.e7. [Google Scholar] [CrossRef] [PubMed]

	



Ramirez Hernandez, E.; Hernandez-Zimbron, L.F.; Martinez Zuniga, N.; Leal-Garcia, J.J.; Ignacio Hernandez, V.; Ucharima-Corona, L.E.; Perez Campos, E.; Zenteno, E. The Role of the SARS-CoV-2 S-Protein Glycosylation in the Interaction of SARS-CoV-2/ACE2 and Immunological Responses. Viral Immunol. 2021, 34, 165–173. [Google Scholar] [CrossRef] [PubMed]

	



Carattoli, A.; Di Bonito, P.; Grasso, F.; Giorgi, C.; Blasi, F.; Niedrig, M.; Cassone, A. Recombinant protein-based ELISA and immuno-cytochemical assay for the diagnosis of SARS. J. Med. Virol. 2005, 76, 137–142. [Google Scholar] [CrossRef] [PubMed]

	



Drain, P.K.; Bemer, M.; Morton, J.F.; Dalmat, R.; Abdille, H.; Thomas, K.K.; Uppal, T.K.; Hau, D.; Green, H.R.; Gates-Hollingsworth, M.A.; et al. Accuracy of 2 Rapid Antigen Tests During 3 Phases of SARS-CoV-2 Variants. JAMA Netw. Open 2022, 5, e2228143. [Google Scholar] [CrossRef] [PubMed]

	



Drain, P.K. Rapid Diagnostic Testing for SARS-CoV-2. N. Engl. J. Med. 2022, 386, 264–272. [Google Scholar] [CrossRef] [PubMed]

	



Mohit, E.; Rostami, Z.; Vahidi, H. A comparative review of immunoassays for COVID-19 detection. Expert Rev. Clin. Immunol. 2021, 17, 573–599. [Google Scholar] [CrossRef] [PubMed]

	



Ng, Q.X.; Lim, Y.L.; Han, M.X.; Teoh, S.E.; Thumboo, J.; Tan, B.H. The Performance of Lateral Flow Tests in the Age of the Omicron: A Rapid Systematic Review. Life 2022, 12, 1941. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, O.; Bergholz, W.; Kisielinski, K.; Giboni, P.; Sonnichsen, A. Methodological problems of SARS-CoV-2 rapid point-of-care tests when used in mass testing. AIMS Public Health 2022, 9, 73–93. [Google Scholar] [CrossRef]

	



Kim, T.; Choi, H.; Shin, T.R.; Ko, Y.; Park, Y.B.; Kim, H.I.; Jang, S.H.; Jung, K.S.; Kim, Y.; Lee, M.G.; et al. Epidemiology and clinical features of common community human coronavirus disease. J. Thorac Dis. 2021, 13, 2288–2299. [Google Scholar] [CrossRef] [PubMed]

	



Killerby, M.E.; Biggs, H.M.; Haynes, A.; Dahl, R.M.; Mustaquim, D.; Gerber, S.I.; Watson, J.T. Human coronavirus circulation in the United States 2014-2017. J. Clin. Virol. 2018, 101, 52–56. [Google Scholar] [CrossRef] [PubMed]

	



Kozak, R.; Prost, K.; Yip, L.; Williams, V.; Leis, J.A.; Mubareka, S. Severity of coronavirus respiratory tract infections in adults admitted to acute care in Toronto, Ontario. J. Clin. Virol. 2020, 126, 104338. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, Z.Q.; Chen, D.H.; Tan, W.P.; Qiu, S.Y.; Xu, D.; Liang, H.X.; Chen, M.X.; Li, X.; Lin, Z.S.; Liu, W.K.; et al. Epidemiology and clinical characteristics of human coronaviruses OC43, 229E, NL63, and HKU1: A study of hospitalized children with acute respiratory tract infection in Guangzhou, China. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 363–369. [Google Scholar] [CrossRef] [PubMed]

	



Saadi, J.; Oueslati, S.; Bellanger, L.; Gallais, F.; Dortet, L.; Roque-Afonso, A.M.; Junot, C.; Naas, T.; Fenaille, F.; Becher, F. Quantitative Assessment of SARS-CoV-2 Virus in Nasopharyngeal Swabs Stored in Transport Medium by a Straightforward LC-MS/MS Assay Targeting Nucleocapsid, Membrane, and Spike Proteins. J. Proteome Res. 2021, 20, 1434–1443. [Google Scholar] [CrossRef]

	



Baneyx, F.; Mujacic, M. Recombinant protein folding and misfolding in Escherichia coli. Nat. Biotechnol. 2004, 22, 1399–1408. [Google Scholar] [CrossRef]

	



Zhou, H.; Wang, C.; Rao, J.; Chen, L.; Ma, T.; Liu, D.; Ren, L.; Xu, S. The impact of sample processing on the rapid antigen detection test for SARS-CoV-2: Virus inactivation, VTM selection, and sample preservation. Biosaf. Health 2021, 3, 238–243. [Google Scholar] [CrossRef]

	



Matricardi, P.M.; Dal Negro, R.W.; Nisini, R. The first, holistic immunological model of COVID-19: Implications for prevention, diagnosis, and public health measures. Pediatr. Allergy Immunol. 2020, 31, 454–470. [Google Scholar] [CrossRef]

	



Gong, Y.; Qin, S.; Dai, L.; Tian, Z. The glycosylation in SARS-CoV-2 and its receptor ACE2. Signal Transduct Target Ther. 2021, 6, 396. [Google Scholar] [CrossRef]

	



Casalino, L.; Gaieb, Z.; Goldsmith, J.A.; Hjorth, C.K.; Dommer, A.C.; Harbison, A.M.; Fogarty, C.A.; Barros, E.P.; Taylor, B.C.; McLellan, J.S.; et al. Beyond Shielding: The Roles of Glycans in the SARS-CoV-2 Spike Protein. ACS Cent. Sci. 2020, 6, 1722–1734. [Google Scholar] [CrossRef]








[image: Biomedicines 11 00610 g001 550] 





Figure 1. SARS-CoV-2 S recombinant proteins. (A) In the top diagram, the full-length SARS-CoV-2 S protein is depicted. SP, signal peptide; S1, subunit 1; S2, subunit 2; RBD, receptor-binding domain; TM, transmembrane domain. On the bottom, the diagram of the three different spike regions is shown, expressed by the generated plasmids: pIgkS16–1182ΔTM; pIgKS116–682; and pIgKS2685–1182. IgK SP: immunoglobulin kappa light chain signal peptide; His Tag: polyhistidine tag (6xHis). (B) WB analysis for the detection, using an anti-His tag, of the S ectodomain soluble form (SΔTM) and the recombinant S1 and S2 domains in the supernatants of transfected HEK293T cells. Strips of three different WBs are shown. (C) Schematic representation of S1 and S2 constructs in the E. coli expression vector. (D) The identities of proteins were confirmed by WB using the polyclonal anti-S SARS-CoV-2. (E) Upper: increasing quantities of rS1 or rS2 and known concentrations of BSA were resolved on SDS-PAGE, and quantification was achieved using Krypton fluorescent protein stain. Bottom: the electrophoretic profiles of recombinant proteins are reported. Lane 2 from both gels was selected as the representative of rS1 or rS2: the presence of a unique peak for both proteins indicates the absence of contaminants. (F) Purified rS1 and rS2 were denatured and digested with PNGase F for 30 and 60 min. The positions of glycosylated and deglycosylated proteins are indicated. A representative experiment of three is shown. 
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Figure 2. Isolated mAbs specific for SARS-CoV-2 Spike. (A) The binding of selected mAbs to the recombinant S1 or S2 domain produced in the mammalian expression system was evaluated by ELISA. Error bars indicate the standard deviations of technical duplicates from a representative experiment repeated three times. (B) WB analysis of anti-S1 and anti-S2 mAbs in SDS-PAGE supernatants of HEK293T cells transfected with pIgkS16–1182ΔTM. Anti-His antibody combined with anti-S1 S71 mAb was used as a positive control. (C) ELISA-binding affinity of the selected purified mAbs to the S1 (left panel) or to the S2 (right panel) domains produced in a mammalian expression system. Error bars indicate the standard deviations of technical duplicates from a representative experiment repeated twice. 
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Figure 3. mAbs specific biding to rS1 or rS2 produced in HEK293T or in E. coli. (A) The binding of selected mAbs to the specific recombinant domain produced in mammalian (HEK293T) or prokaryotic (E. coli) expression systems evaluated by ELISA. Error bars indicate the standard deviations of technical duplicates from a representative experiment repeated three times. (B) WB analysis of anti-S2 mAbs S136, S222, and S223. In SDS-PAGE rS2 before and after glycosidase PNGase F treatment for 4 h. The positions of glycosylated and deglycosylated protein are indicated. A representative experiment of two is shown. 
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Figure 4. Characterization of epitope recognized by isolated S-specific mAbs. (A) Epitope mapping on the 3D structure of trimeric spike protein (retrieved from PDB 6VXX, [9]). Each monomer of the trimeric spike is represented in grey, blue, or yellow, respectively. Different epitopes are evidenced with the corresponding color. (B) Sandwich ELISA with several pairs of mAbs for the detection of scalar doses of the recombinant spike protein. In the legends, the first indicated mAb is used as coating, and the second indicated mAb is used as secondary antibody. Error bars indicate the standard deviations of technical duplicates from a representative experiment repeated twice. 






Figure 4. Characterization of epitope recognized by isolated S-specific mAbs. (A) Epitope mapping on the 3D structure of trimeric spike protein (retrieved from PDB 6VXX, [9]). Each monomer of the trimeric spike is represented in grey, blue, or yellow, respectively. Different epitopes are evidenced with the corresponding color. (B) Sandwich ELISA with several pairs of mAbs for the detection of scalar doses of the recombinant spike protein. In the legends, the first indicated mAb is used as coating, and the second indicated mAb is used as secondary antibody. Error bars indicate the standard deviations of technical duplicates from a representative experiment repeated twice.



[image: Biomedicines 11 00610 g004]







[image: Biomedicines 11 00610 g005 550] 





Figure 5. WB analysis of anti-S1 and anti-S2 mAbs. (A) Supernatants of SARS-CoV-2-infected Vero E6 cells subjected to SDS-PAGE and WB. Polyclonal antibody against SARS-CoV N protein was used as a positive control. One experiment representative of three is shown. (B) WB analysis of anti-S1 mAbs (S12 and S157), anti-S2 mAb (S3), and anti-Flag, the latter as a control of transfection; SDS-PAGE of cell lysates from HEK293T-expressing SARS-CoV spike protein followed by WB is shown. One experiment representative of three is shown. (C) Sandwich ELISA with S71–S79 pair of mAbs for the detection of scalar quantities of SARS-CoV-2 (PFU/well). Error bars indicate the standard deviations of technical duplicates from a representative experiment repeated twice. 
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Figure 6. Isolated S-specific mAbs recognize the major SARS-CoV-2 Variants of Concern. (A) WB analysis of all of the generated mAbs specific for the S1 and S2 domains in SDS-PAGE supernatants of Vero E6 cells infected with SARS-CoV-2 Wuhan, Alpha, Beta, and Delta VOC. The signal was detected by HRP chemiluminescent substrate except for the S200 and S136 mAbs, which were revealed by TMB colorimetric substrate. (B) Representative WB of anti-N and anti-M polyclonal Abs (pAbs) detected by colorimetric substrate. (C) WB analysis of all of the generated mAbs specific for S1 and S2 proteins in SDS-PAGE supernatants of Vero E6 cells infected with SARS-CoV-2 Omicron VOC. WB of anti-N polyclonal Ab (pAb) was performed as a control on the same strip of S106 mAb. (D) WB analysis of a mixture of the two representative mAbs specific for the S1 domain (S71 and S79) in SDS-PAGE nasal swabs from a positive (Covid+) or negative (Covid−) individual. One experiment representative of three is shown. 
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Figure 7. A preliminary proof-of-concept for the possibility to use the isolated mAbs are tools for an antigenic diagnostic assay. Dot blot assay of mAb specific for the S1 domain (S71). On PVDF membrane recombinant rS1, supernatant of Vero E6 cells infected with SARS-CoV-2 or nasal swabs from COVID-19-positive patient (Covid+) and from a control healthy subject (Covid−). (A) One experiment representative of three is shown. (B,C) Lateral flow assay with two pairs of anti-S1 mAbs to detect the antigen in the supernatant of Vero E6 cells infected with SARS-CoV-2 or nasal swabs from a COVID-19-positive patient (Covid+) and from a control healthy subject (Covid−). In B, the capture mAb is S71 and the detector mAb is S79; in C, the capture mAb is S71 and the detector mAb is S12. 
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Table 1. List of primers used for the generation of recombinant proteins.
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	Primers Sequence 5′-3′





	S1 E. coli fw
	GCGCGGATCCCAGTGCGTGAACCTGACCACTA



	S1 E. coli rv
	CGCGAAGCTTAGCGAGGGGAGTTAGTCTGGGT



	S2 E. coli fw
	GCGCGGATCCTCACTGGGTGCTGAGAACTCC



	S2 E. coli rv
	GCGCAAGCTTTTAGGACTCGTTCAGGTTCTTGGC



	S1 HEK fw
	GGAAGCTTCGTGAATCTGACAACTCGG



	S1 HEK rv
	GGCTCGAGTCCTTGGAGAGTTTGTCTGGG



	S2 HEK fw
	GGAAGCTTACGGAGCGTGGCATCCCAG



	S2 HEK rv
	GGCTCGAGTCTCCTTCTGGATGTTCACCACGG
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Table 2. List of synthetic peptides of 40 aa in length (with 20 aa overlaps between sequential peptides), covering the S1 domain and the N-terminal portion of the S2 domain in order to finely characterize the epitope recognized by our anti-S mAbs.
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	Peptide #
	Amino Acid Position and Sequence





	1
	1    mfvflvllpl vssqcvnltt rtqlppaytn sftrgvyypd 40 



	2
	21    rtqlppaytn sftrgvyypd kvfrssvlhs tqdlflpffs 60 



	3
	41   kvfrssvlhs tqdlflpffs nvtwfhaihv sgtngtkrfd 80 



	4
	61   nvtwfhaihv sgtngtkrfd npvlpfndgv yfasteksni 100 



	5
	81   npvlpfndgv yfasteksni irgwifgttl dsktqslliv 120 



	6
	101 irgwifgttl dsktqslliv nnatnvvikv cefqfcndpf 140 



	7
	121 nnatnvvikv cefqfcndpf lgvyyhknnk swmesefrvy 160 



	8
	141 lgvyyhknnk swmesefrvy ssannctfey vsqpflmdle 180 



	9
	161 ssannctfey vsqpflmdle gkqgnfknlr efvfknidgy 200 



	10
	181 gkqgnfknlr efvfknidgy fkiyskhtpi nlvrdlpqgf 220 



	11
	201 fkiyskhtpi nlvrdlpqgf saleplvdlp iginitrfqt 240 



	12
	221 saleplvdlp iginitrfqt llalhrsylt pgdsssgwta 260 



	13
	241 llalhrsylt pgdsssgwta gaaayyvgyl qprtfllkyn 280 



	14
	261 gaaayyvgyl qprtfllkyn engtitdavd caldplsetk 300 



	15
	281 engtitdavd caldplsetk ctlksftvek giyqtsnfrv 320 



	16
	541 fnfngltgtg vltesnkkfl pfqqfgrdia dttdavrdpq 580 



	17
	561 pfqqfgrdia dttdavrdpq tleilditpc sfggvsvitp 600 



	18
	581 tleilditpc sfggvsvitp gtntsnqvav lyqdvnctev 620 



	19
	601 gtntsnqvav lyqdvnctev pvaihadqlt ptwrvystgs 640 



	20
	621 pvaihadqlt ptwrvystgs nvfqtragcl igaehvnnsy 660 



	21
	641 nvfqtragcl igaehvnnsy ecdipigagi casyqtqtns 680 



	22
	661 ecdipigagi casyqtqtns prrarsvasq siiaytmslg 700 



	23
	681 prrarsvasq siiaytmslg aensvaysnn siaiptnfti 720 



	24
	701 aensvaysnn siaiptnfti svtteilpvs mtktsvdctm 740 
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Table 3. IgG subclass, spike domain specificity, EC50 and peptide recognition of isolated mAbs.
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	mAb
	Subclass
	Spike Domain
	EC50 (ng/mL)
	Epitope Position (AA)





	S200
	IgG1
	S1
	89.24
	21–40



	S37
	IgG1
	S1
	301.59
	281–300



	S75
	IgG1
	S1
	116.71
	301–320



	S106
	IgG1
	S1
	168.80
	301–320



	S71
	IgG2b
	S1
	86.04
	550–580



	S79
	IgG2a
	S1
	103.81
	550–580



	S178
	IgG2b
	S1
	202.34
	550–580



	S12
	IgG1
	S1
	66.87
	661–682



	S157
	IgG1
	S1
	89.32
	661–682



	S222
	IgG1
	S2
	19.33
	686–700



	S223
	IgG1
	S2
	18.79
	686–700



	S136
	IgG1
	S2
	52.32
	686–700



	S3
	IgG1
	S2
	45.65
	721–1182
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