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Abstract

:

The robustness, safety, versatility, and high immunogenicity of virus-like particles (VLPs) make them a promising approach for the generation of vaccines against a broad range of pathogens. VLPs are recombinant macromolecular structures that closely mimic the native conformation of viruses without carrying viral genetic material. Particularly, HIV-1 Gag-based VLPs are a suitable platform for the presentation of the SARS-CoV-2 Spike (S) protein on their surface. In this context, this work studies the effect of different rationally engineered mutations of the S protein to improve some of its characteristics. The studied variants harbored mutations such as proline substitutions for S stabilization, D614G from the early dominant pandemic form, the elimination of the S1/S2 furin cleavage site to improve S homogeneity, the suppression of a retention motif to favor its membrane localization, and cysteine substitutions to increase its immunogenicity and avoid potential undesired antibody-dependent enhancement (ADE) effects. The influence of the mutations on VLP expression was studied, as well as their immunogenic potential, by testing the recognition of the generated VLP variants by COVID-19 convalescent patients’ sera. The results of this work are conceived to give insights on the selection of S protein candidates for their use as immunogens and to showcase the potential of VLPs as carriers for antigen presentation.
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1. Introduction


The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome 2 (SARS-CoV-2) has had a brutal health and economic impact worldwide [1,2]. Vaccines constitute a major part of the solution to mitigate the expansion of this virus, its emerging variants, or the zoonotic threat posed by new coronaviruses with pandemic potential [3,4]. The approval of multiple commercial vaccines, their intensive manufacturing, and the deployment of the corresponding vaccination programs resulted in a reduction in transmissions, associated hospitalizations, and deaths, making it possible for the sanitary restrictions to come to an end [5]. However, none of them confer a full prophylactic protection for a long period of time, and new emerging variants are evolving with potential to escape the immune protective effect of the vaccinated population [6,7,8]. In the present landscape of vaccine development, DNA/RNA-based, viral vector-based, and VLP-based vaccines are generating substantial interest. Virus-like particles (VLPs) constitute a high-immunogenic, versatile, robust and safe approach with great potential as vaccine candidates [9,10]. They induce potent cellular and humoral responses, which makes the use of adjuvants optional, and can be pseudotyped to present different epitopes of interest per particle when used as a vaccine [11].



HIV-1 Gag based VLPs are particles of ~145 nm diameter that have been successfully functionalized to present SARS-CoV-2 and foot-and-mouth disease proteins [12,13]. Further, their thermostability and aggregation have been studied in order to assess their resistance at different storage conditions, concluding that Gag VLPs are stable for up to three months at 4 °C or −80 °C [14]. They are generated by the recombinant expression of the HIV-1 polyprotein, which accumulates at the membrane of the producer cells and buds from them, taking part of the cell’s plasmatic membrane as its lipidic envelope [15,16]. If the producer cell is simultaneously expressing other membrane proteins, those are incorporated into the surface of Gag VLPs [12]. This can be taken as an advantage to functionalize them with SARS-CoV-2 proteins.



For this purpose, mammalian platforms constitute a promising approach for the expression of enveloped VLPs due to their ability to assemble VLPs in the desired native viral antigenic configurations, and perform complex post-translational modifications (PTMs) [16,17,18]. Among these, the Human Embryonic Kidney (HEK) 293 cell line has been globally used for recombinant protein expression due to its good characterization, high transfection efficiency, product quality, and capability to grow in suspension in bioreactors in chemically-defined serum-free media [12,19].



SARS-CoV-2 virus is formed by four structural proteins: matrix (M), envelope (E), nucleocapside (N), and Spike (S) (Figure 1A). The spike glycoprotein is present on the surface of the viral particles forming prominent homotrimers. It is a type I transmembrane fusion protein composed by 1273 amino acids (aa) divided into two subunits: S1 (1–685 aa) and S2 (686–1273 aa). S1 is constituted by the N-terminal domain (NTD) and the receptor-binding domain (RBD) (Figure 1B). The RBD receptor-binding motif (RBM) interacts and binds to the angiotensin-converting enzyme-2 (ACE-2) receptor present at the surface of some host cell types [20]. S2 is a less exposed S subunit responsible for the fusion between the host cell and viral membranes [21], whose domains are detailed in Figure 1B. After RBD interaction with the ACE-2 receptor, host cell protease cleavage induces large conformational changes, resulting in the exposure of the S2 fusion machinery allowing membrane fusion and viral entry [22]. Overall, this critical role of the spike in the life cycle of the viral infection makes it the primary target for the development of preventive therapies and vaccines [22,23]. Small mutations can affect its transmission, pathogenicity, and immunogenicity. For that reason, they need to be studied and considered for the advancement in SARS-CoV-2 vaccine development [20].



The incorporation of the S-protein at the surface of the Gag-based VLPs generates SARS-CoV-2 functionalized VLPs (S-VLPs) [12]. In this work, S was rationally engineered by modifying its nucleotide sequence to propose and study different S variants. The introduced mutations consist of stabilizing proline substitutions [24,25]; D614G as the early dominant pandemic form [26]; the substitution of three arginine codons in order to eliminate the S1/S2 polybasic cleavage site [22,27]; lysine and histidine substitutions at the C-terminal in order to eliminate the ER-Golgi intermediate compartment (ERGIC) retention dibasic motif [28]; and two cysteine substitutions to create a disulfide bond in order to avoid antibody-dependent enhancement (ADE) response [22], a phenomenon that can occur when the antibodies generated after immunization are not able to stop the infection and instead act as a “Trojan horse” facilitating pathogen cellular entry [29,30]. In this study, three S-VLP candidates harboring different S protein mutations were generated and their recognition by sera from COVID-19 patients was tested. This allowed its immunogenic potential to be determined and the more promising immunogen to be selected for further study as a potential vaccine candidate.




2. Materials and Methods


2.1. Cell Line, Media, and Culture Conditions


The serum-free suspension-adapted HEK293 cell line (HEK293SF-3F6) was used, kindly provided by Dr. Amine Kamen from the Biotechnology Research Institute at the National Research Council of Canada and McGill University (Montreal, Canada). This cell line was derived from a current good manufacturing practice (cGMP) master cell bank available for manufacturing of clinical material.



The medium used for HEK293 cellular growth was the chemically defined and free-from-animal-components HyCell TransFx-H from HyClone (GE Healthcare, Chicago, IL, USA), supplemented with 4 mM GlutaMAX (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 0.1% Pluronic F-68 Non-ionic Surfactant (Gibco, Thermo Fisher Scientific, Waltham, MA, USA).



Suspension cell cultures were maintained routinely in exponential growth phase in 125 mL or 1 L disposable polycarbonate Erlenmeyer flasks with a vent cap (Corning, Tewksbury, MA, USA) in a LT-X Kuhner shaker (LT-X Kuhner, Birsfelden, Switzerland), shaking at 130 rpm, at 37 °C, 5% CO2, and 85% RH. Cell counts and viability determinations were performed using the NucleoCounter NC-3000 automatic cell counter (Chemometec, Lillerød, Denmark) following the manufacturer’s instructions.




2.2. Plasmids and Transfection


2.2.1. Plasmid Expression Vectors


The pGag::eGFP plasmid codes for a codon-optimized Rev-independent HIV-1 Gag protein fused in frame to the enhanced GFP driven by the CMV enhancer and promoter. The plasmid from the NIH AIDS Reagent Program (Cat 11468) [31] was constructed by cloning the Gag sequence from pCMV55M1-10 [32] into the pEGFP-N1 plasmid (Clontech, Palo Alto, CA, USA).



The pSpike plasmid codes for a mammalian cell codon optimized nucleotide sequence of the spike protein of SARS-CoV-2 driven by the CAG enhancer and β-actin promoter. It was produced under HHSN272201400008C and obtained through BEI Resources, NIAID, NIH: Vector pCAGGS Containing the SARS-CoV-2, Wuhan-Hu-1 spike Glycoprotein Gene, NR-52310.



The pSpikemut2 plasmid codes for a mammalian cell codon optimized nucleotide sequence of the Spike protein of SARS-CoV-2 (Wuhan-Hu-1 spike Glycoprotein Gene, NR-52310) harboring K986P, V987P, S383C, D985C, D614G, and R682_R685delinsGSAS mutations. The expression is driven by the CAG enhancer and β-actin promoter. It was designed by A. Boix-Besora, and produced by Gene Synthesis & DNA Synthesis Services of GenScript (GenScript, Leiden, The Netherlands), derived from pSpike. Sequencing and restriction analysis were carried out to validate the construct.



The pSpikemut3 plasmid codes for a mammalian cell codon optimized nucleotide sequence of the Spike protein of SARS-CoV-2 (Wuhan-Hu-1 spike Glycoprotein Gene, NR-52310) harboring K986P, V987P, S383C, D985C, D614G, R682_R685delinsGSAS, and K1269A H1271A mutations. The expression is driven by the CAG enhancer and β-actin promoter. It was designed by A. Boix-Besora, and produced by Gene Synthesis & DNA Synthesis Services of GenScript (GenScript, Leiden, The Netherlands), derived from pSpike. Sequencing and restriction analysis were carried out to validate the construct.



pMock plasmid does not have any mammalian promoter or coding DNA sequence (CDS). It was constructed by the ligation of the pGag::eGFP backbone.




2.2.2. Plasmid Amplification and Purification


Plasmids were amplified in Escherichia coli DH5α strain grown in LB medium (Conda, Madrid, Spain) supplemented with kanamycin (10 µg/mL, Sigma, St. Louis, MO, USA) or ampicillin (100 µg/mL, Sigma, St. Louis, MO, USA) depending on the E. coli antibiotic resistance present on each plasmid. Plasmid purification was carried out using the Endofree Plasmid Mega kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.




2.2.3. PEI-Mediated Transient Transfection


Exponentially growing HEK293 cells were passaged in 1 L polycarbonate Erlenmeyer flasks to reach a cell density of 2 × 106 cells/mL at transfection time. A medium exchange was performed prior transfection by centrifugation of the cells at 300× g for 5 min. A total of 25 kDa linear polyethylenimine (PEI Max, PolySciences, Warrington, PA, USA) was used as transfection reagent. PEI-DNA complexes were formed under sterile conditions. Briefly, DNA was diluted in culture media (10% of the total volume of cell culture to be transfected) for a final total DNA concentration of 1 µg/mL and vortexed for 10 s. Then, polyethylenimine (PEI) was added for a final concentration of 2 µg/mL (a 2:1 PEI:DNA ratio (w/w)) and vortexed three times for 3 s. The mixture was incubated for 15 min at RT and then added to the culture.





2.3. Immunocytochemistry Staining for Flow Citometry and Confocal microscopy


For IF-ICC staining, cells were centrifuged 5 min at 300× g and rinsed with staining solution (1.5% (v/v) fetal bovine serum (FBS) 1X phosphate-buffered saline (PBS)) before primary antibody incubation for 20 min at 4 °C in the dark. After rinsing twice, cells were incubated with the corresponding secondary antibody for 20 min at 4 °C. After IF-ICC staining, fixation was performed using 2% (v/v) formaldehyde in PBS for 10 min at RT. Cells were resuspended in staining solution and stored at 4 °C prior to analysis.



Primary human anti-SARS-CoV-2 spike glycoprotein RBD domain antibody (ab272854, AbCam, Cambridge, UK) was diluted 1:1000. The secondary antibody used for flow cytometry analysis was an anti-human IgG (H + L) coupled with Cy™5, produced in donkey (709-175-149, Jackson ImmunoResearch, West Grove, PA, USA), diluted 1:400. All IF-ICC antibodies were diluted using staining solution.



The transfected cellular populations of previously stained cells were analyzed by flow cytometry using a BD FACS Canto flow cytometer (BD BioSciences, San Jose, CA, USA), at Servei de Cultius Cel·lulars, Producció d’Anticossos i Citometria (Universitat Autònoma de Barcelona, Bellaterra, Catalonia, Spain).




2.4. Confocal Microscopy


For confocal microscopy imaging, cells were treated and stained as described in the previous section. The secondary antibody used was an anti-human IgG (H + L) produced in goat coupled with Alexa Fluor 568, (#A-21090, Thermo Fisher Scientific, Waltham, MA, USA). It was diluted 1:400 in staining solution.



Prior to visualization, cells were treated with 0.1% (v/v) of Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA) in order to stain cellular nuclei. Samples were placed in 35 mm glass-bottomed Petri dishes with 14 mm microwells (MatTek Corporation, Ashland, MA, USA).



IF-ICC cells were imaged using a Leica TCS SP5 (Leica Microsystems, Wetzlar, Germany) confocal fluorescence microscope at Servei de Microscòpia de la facultat de Biocicències (Universitat Autònoma de Barcelona). The laser wavelengths used were (λex 488 nm, λem 510 nm) for Gag::eGFP, (λex 578 nm, λem 603 nm) for Alexa 568 and (λex 353 nm, λem 453 nm) for Hoechst. No anti-fade solution was needed.




2.5. Transmission Electron Microscopy (TEM), Negative Staining


Transmission Electron Microscopy analyses were carried on at Servei de Microscòpia from Universitat Autònoma de Barcelona (Bellaterra, Catalonia, Spain). Sample visualization was performed in a JEOL 2011 transmission electron microscope (Jeol, Tokio, Japan) operating at an accelerating voltage of 200 kV. Electron micrographs were recorded with the Digital Micrograph software package GMS 3.3.1 (Gatan, Pleasanton, CA, USA). Images were recorded by a Gatan US4000 (Gatan, Pleasanton, CA, USA) cooled charge-coupled device (CCD) camera.



Negative staining was performed by means of the air-dried method. Briefly, an aliquot of purified VLPs was absorbed by flotation onto freshly glow-discharged 400-mesh carbon film copper grids (22-1MC040-100, MicrotoNano, Haarlem, The Netherlands). After standing for 1 min at RT, excess sample was drained off the grid carefully using Grade 1 Whatman filter paper (WHA1001325, Merck, Kenilworth, NJ, USA). Samples were then treated with 5 µL of uranyl acetate (2%) and incubated for 1 min at RT. The excess uranyl acetate was drained off as previously described.




2.6. Sucrose Cushion Purification


Culture harvests were performed at 72 hpt and centrifuged 10,000× g for 10 min. The supernatants containing VLPs were placed on a 30% (w/v) sucrose cushion for ultracentrifugation at 31,000 rpm for 2 h at 4 °C. The supernatant was carefully discarded, and pellets containing the VLPs were resuspended in PBS.




2.7. Nanoparticle Tracking Analysis


NTA-based Gag::eGFP VLP quantification and characterization was performed using a NanoSight®NS300 (Nanosight Ltd., Amesbury, UK) equipped with a blue filter module (488 nm) and a neutral filter at the Soft Material Service of the Institut de Ciència de Materials de Barcelona (ICMAB-CSIC, Bellaterra, Catalonia, Spain). Samples were previously diluted to a concentration of approximately 108 particles/mL. Sample injection was performed using a pump to improve the robustness of the measurement by continuous addition, and to minimize the photobleaching effect due to fluorescence depletion over time. 60 s videos were recorded at RT and analyzed with the NTA 3.4 software (Malvern Panalytical, Malvern, UK). Tracked particle size was determined from its Brownian motion. Three independent experimental replicates were carried out for each sample. Camera level and detection threshold were manually adjusted for each replica.




2.8. Total Protein and Spike Quantifications


A BCA Protein Assay (#23225, Thermo Fisher Scientific, Waltham, MA, USA) was performed following manufacturer’s instructions using the provided BSA as standard. Colorimetric absorbance at 562 nm was read on a Multilabel Plate Reader Victor3 (Perkin Elmer, Waltham, MA, USA).



For SARS-CoV-2 Spike quantification, samples were charged into Bio-Dot Apparatus (#1706545, Bio-Rad, Hercules, CA, USA) while a low vacuum was applied. Nitrocellulose membrane (#88018, Thermo Fisher Scientific, Waltham, MA, USA) was placed at the top of humidified filter paper. Once samples were transferred, membrane was incubated with anti-SARS-CoV-2 spike glyco-protein S2 monoclonal antibody (Ab281312, AbCam, Cambridge, UK) and an anti-rabbit secondary antibody (A9919, Merck, Kenilworth, NJ, USA) following the same procedure previously published for Western blot [12]. Once dried, membranes were scanned, and the pixel density for each loaded sample was analyzed using software ImageJ2 Fiji 2.9.0 (National Institutes of Health, Bethesda, MD, USA). The standard used for quantification was a recombinant human coronavirus SARS-CoV-2 spike glycoprotein S2 subunit (Ab272106, AbCam, Cambridge, UK).




2.9. Human Sera Assay


The sera used in this study were provided by the Biobank of the Banc de Sang i Teixits (BST) and samples were anonymized. Eight samples from convalescent non-vaccinated COVID-19 patients (confirmed with RT-qPCR) were used in this work. Four sera collected from COVID-19-uninfected and -unvaccinated individuals were used as negative control.



Briefly, VLP variants and controls were charged into Accutran-Cross Blot-System for Cross Blot (#448100, Schleicher&Schuell, Dassel, Germany) containing vertical lane-shaped wells above an immobilized nitrocellulose membrane (#88018, Thermo Fisher Scientific, Waltham, MA, USA) and incubated overnight at 4 °C with agitation. Once antigens were transferred, membranes were incubated for 1 h in agitation with blocking buffer (2% (w/v) nonfat dry milk in 1× PBS). After blocking, membranes were incubated with human sera (1:60 dilutions in blocking buffer) for 2 h, charged in horizontal lane-shaped wells. After sera incubation, membranes were incubated with an anti-Human IgG (Fab specific)-peroxidase antibody produced in goat (#A0293, Sigma Aldrich, St. Louis, MO, USA) (1:2000 in blocking buffer) for 1 h. Then, they were revealed with Pierce™ ECL Plus western blotting substrate (32132, Thermo Fisher Scientific, Waltham, MA, USA). Once dried, membranes were imaged using a ChemiDoc™ Touch Imaging System (#1708370, Bio-Rad, Hercules, CA, USA) and pixel densities were analyzed using the software ImageJ2 Fiji (National Institutes of Health, Bethesda, MD, USA). All the wash steps between incubations were performed with agitation in 0.05% Tween-20 in 1× PBS. The antigen used as positive control was a SARS-CoV-2 Spike S1-His Recombinant Protein (#40591-V08H, SinoBiological Europe GmbH, Eschborn, Germany).





3. Results


3.1. Engineered Spike Protein Variants


Three S protein variants were generated and studied, named SWT, Smut2 and Smut3. SWT codes for the original Wuhan sequence. Smut2 incorporates two proline substitutions, D614G as the early dominant pandemic form, the elimination of the S1/S2 cleavage site and the creation of a disulfide bond to avoid ADE, by substitution of two cysteines (Figure 2). Smut3 incorporates the same mutations as Smut2 with additional substitutions in its C-terminus in order to eliminate its ER-Golgi intermediate compartment (ERGIC) retention motif (Figure 2).



3.1.1. Proline Substitutions


The spike protein can transition between an unstable prefusion state to a postfusion stable conformation, as a consequence of its role in membrane fusion [25]. The protein structural design generated with K986P and V987P proline substitutions is used and described as a strategy that can be applied in different Betacoronavirus S proteins, for stabilizing and retaining them in the antigenically optimal prefusion conformation by inactivating its membrane fusion activity [24,33]. This approach improves its expression yields and conformational homogeneity [24,34]. Prefusion-stabilized antibody epitopes are more likely to lead to neutralizing antibody responses, and it has been demonstrated that these mutations were able to elicit high neutralizing antibody titers against MERS-CoV [24,25,33]. Indeed, several SARS-CoV-2 vaccines incorporate stabilizing proline substitutions for the mentioned reasons [35,36].




3.1.2. Cysteine Substitutions


Antibodies are generally beneficial and protective against viral infections [29]. However, in SARS-CoV-2 infection, sub-optimal antibody production and early seroconversion has been reported to correlate with disease severity by ADE phenomenon, which can occur mediated by the engagement of Fc receptors (expressed on monocytes, macrophages, and B cells among others) [29,37]. This phenomenon may promote ACE-2-independent viral entry to cells expressing Fc receptors (FcRs) [38]. As the quality and quantity of the antibody is crucial in order to elicit a good and effective immune protection against SARS-CoV-2, the literature suggests that the disulfide bond created by cysteine substitutions S383C and D985C will hide some of the SARS-CoV-2 S immunogen non-neutralizing epitopes that might cause an ADE response [22,39]. Although low expression yields have been reported when expressing S proteins harboring S383C and D985C mutations, stabilizing mutations like proline substitutions may increase their immunogenic potential [22,40].




3.1.3. Early Dominant Pandemic Form


Despite not presenting alarmingly high mutation ratios, during the COVID-19 pandemic, SARS-CoV-2 experienced different sequence variations, which resulted in changes on its transmissibility, severity, and immune escape [20,41]. The D614G variant, presenting a glycine (G) substitution of the aspartic (D) present at the 614 position of the original S sequence, was rare in February 2020 [26]. However, it quickly replaced the ancestral virus, becoming the dominant pandemic form worldwide by April 2020 [42]. The D614G mutation resulted in a fitness advantage without increased severity, appearing to correlate with higher viral loads in patients and increasing in vitro infectivity [26,43]. It has been suggested that the higher infectivity of the G614 variant is mostly caused by its increased stability when forming S trimers, preventing its premature loss, and hence effectively increasing the number of S proteins that can facilitate the infection [42]. Studies have shown that G614 has a higher neutralization sensitivity to COVID-19 convalescent human sera when compared to the ancestral variant, suggesting an increased epitope exposure [44]. Its conformational changes, improving stability, preventing premature loss, and favoring prefusion conformations, make D614G an interesting mutation to incorporate for the generation of new vaccine candidates [42].




3.1.4. Furin Cleavage Site Removal


As suggested in different studies, probably all coronavirus S proteins are cleaved at some point during infection, and in many cases, this cleavage occurs at the S1/S2 position [27]. The SARS-CoV-2 S protein sequence contains a S1/S2 polybasic cleavage site (CS), which can be recognized and cleaved by host cell furin protease [45]. Upon S1/S2 cleavage, a second CS present at the S2 domain becomes exposed, which, after further cleavage, activates the S2 membrane fusion machinery [45]. It has been demonstrated that the S1/S2 CS increases SARS-CoV-2 pathogenesis [46,47] and promotes its entry into lung cells [45,48]. However, studies on prefusion-stabilized S immunogens presenting proline substitutions (Section 3.1.1) concluded that no large conformational changes were imparted as a consequence of the furin S1/S2 cleavage absence [25]. This justifies its removal in order to generate more homogeneous vaccine immunogens [25]. To do so, the 682–685 RRAR sequence of the S protein was substituted by GSAS [22].




3.1.5. Dibasic Motif Removal


SARS-CoV-2 protein presents a dibasic motif (KXHXX) in the last four amino acids of its cytoplasmic tail, which specifies intracellular localization [49]. This motif reduces the S rate of traffic through the Golgi complex and promotes its retention at ERGIC [50,51]. Studies showed that when lysine (K) and histidine (H) residues present in the dibasic motif were substituted by alanines, efficient transport and localization at the plasmatic membrane occurred [28,50,51]. S-VLPs are generated by the incorporation of the S protein present at the cell membrane into the budding Gag-based particles. For that reason, the removal of the ERGIC retention signal was hypothesized to favor the generation of S-VLPs.





3.2. S-VLPs Variant Production and Quantification


To generate the S-VLP candidates, exponentially growing HEK293 cells in 1 L suspension Erlenmeyer flasks were transfected with PEI as transfection reagent according to Table 1. Negative control VLPs produced by the co-transfection of Gag::eGFP and an empty plasmid (G-VLPs) were also generated to quantify and subtract the unspecific binding of the polyclonal human sera to the non-functionalized VLP scaffold. The HIV-1 Gag polyprotein used in this work was fused in frame with the eGFP reporter, in order to facilitate tracking and quantification of the produced VLPs [15].



Cells transfected with Gag and S proteins showed viabilities between 70–80% at harvest time (Figure 3A). Interestingly, cells transfected with Smut2 and Smut3 variants showed a ~10% viability improvement compared to SWT expression, reaching higher cellular densities as well. This may be favored by the stabilizing mutations, which facilitate protein expression. No significant differences in terms of viability and cell growth were observed between the Smut2 and Smut3 variants, indicating that the suppression of the ERGIC retention motif does not have any effect on this aspect.



Additionally, ICC analysis showed that the expression of the mutated S variants was translated into an increase in the total populations expressing S proteins and the double-positive population co-expressing Gag and S, which rose from 55.2% for the SWT VLP variant to 60.6% and 62.2% for Smut2 and Smut3 VLP variants, respectively (Figure 3B). Concordantly, confocal microscopy images appeared to exhibit a higher intensity of the S protein signal and Gag co-localization on the cellular membrane for the Smut2 and especially the Smut3 variants when compared to SWT producer cells (Supplementary Materials Figure S1).



VLPs were purified from the harvested supernatants by sucrose cushion ultracentrifugation. After purification, the group transfected with the unmodified SWT protein showed VLP concentrations of 2.9 × 1010 particles/mL, compared with 6.38 × 1010 and 4.69 × 1010 VLPs/mL for Smut2 and Smut3 VLP variants, respectively, representing 2.2- and 1.6-fold increases. No significant morphological differences were detected under transmission electron microscopy (TEM) between groups (Supplementary Materials Figure S3). Particle size analysis demonstrated high diameter uniformity among the produced VLPs, and revealed that there were no statistically significant differences in particle size distribution between all the produced VLPs (Figure 3C). The mode diameters were also nearly identical for the control and the S VLP variants, ranging from 144.4 to 148.4 nm (Figure 3C). These findings indicate a high degree of uniformity in particle size across all the generated VLP variants. Additionally, the VLP ratio in respect to total extracellular particles improved from 8.3% for the SWT-VLPs to 16.2% and 14% for the Smut2 and Smut3 VLPs (Table 2), suggesting a positive effect of the mutations harbored by the two mutants enhancing the VLP production and improving its ratio among the total extracellular particles.



The total protein concentration of the purified Smut2 and Smut3 VLPs was approximately 50% of that for SWT group (Table 2), although presenting a higher VLP concentration. Considering that functionalized VLP variants presented higher VLP concentrations, this seems to indicate that the VLPs generated by the expression of the Smut2 Smut3 variants present less undesired host cell proteins. A deeper VLP characterization including proteomic analysis could help to better define the host cell protein composition of the produced particles to explain the observed phenomena [52].



Dot blot analysis allowed to determine the spike concentration of each VLP purified candidate. The S protein concentration was similar for the purified Smut2-VLPs and SWT-VLPs. Interestingly, it was increased 2.2-fold when expressing the Smut3 variant, suggesting a positive effect of the removal of the ERGIC retention motif favoring the S localization at the plasmatic membrane and subsequently facilitating its incorporation to the produced VLPs. This was translated in a greater functionalization of the Smut3-VLPs, with ~2460 spike proteins per VLP (Table 2).




3.3. Assessment of the Immunogenic Potential of the S-VLP Candidates


To assess the immunogenic potential of the generated SWT, Smut2, and Smut3 VLPs, they were tested for their recognition by human convalescent COVID-19 patient sera. G-VLPs were used as negative control and a recombinant commercial S protein was used as a positive control. A total of 900 ng (total protein) of each VLP candidate was transferred into a nitrocellulose membrane and treated with different patient sera, as detailed in Section 2.7.



Previously, the level of antibodies against SARS-CoV-2 for each sera sample was typified to determine each patient’s immune response level (Supplementary Materials Table S1).



The analysis of the pixel density of the membrane allowed for the quantification of the antigen recognition by each individual serum. The unspecific signal against the control G-VLPs was used to determine the S-specific immune response threshold for each serum (dashed lines, Figure 4).



As expected, negative sera did not present S-specific antibody recognition of the S-VLP variants nor the S positive control (Figure 4). Generally, all the COVID-19 convalescent sera showed specific immune responses against S-VLP variants greater than its unspecific G-VLP threshold. Patients coded as 1+, 2+, and 3+ presented the highest antigen recognitions in agreement with their previously determined high anti-SARS-CoV-2 antibody positivity (Supplementary Materials Table S1). Particularly, 1+ reached the pixel saturation limit for all the studied S immunogens (not allowing for their comparative study), whereas sera 2+ only showed pixel saturation for the S recombinant positive control, which was significantly more recognized than the S-VLPs (Figure 4). Interestingly, and except for sera 1+ and 2+, S-VLPs were generally better recognized by the convalescent sera than the recombinant S protein control. This can be explained as the S-VLPs present the S protein in a more genuine conformation than the individual soluble S protein. Overall, the serum assays better recognized the SWT-VLP immunogens than the Smut2 and Smut3 VLP variants (Figure 4). This was not the case for sera 2+ and 5+, although they did not show large significant differences between SWT and Smut2 VLP recognition. Additionally, and contrarily to what might be expected given the large number of S protein units presented on its surface, Smut3-VLPs presented the worst recognition levels by all the tested convalescent sera (Figure 4). The obtained results made us conclude that the unmodified wild-type S protein was the best candidate for the functionalization of Gag-based VLPs for their use as immunogens.





4. Discussion


The current VLP-based SARS-CoV-2 vaccine candidates in clinical development face various obstacles, such as limited production efficiency, sub-optimal spike functionalization, differences in glycosylation depending on the selected expression platform, and complex upstream and downstream processing demands [53]. In this work, the expressions of three different rationally engineered VLP candidates were studied. Those candidates, named SWT-VLP, Smut2-VLP, and Smut3-VLP, were generated by the co-expression of the Gag::eGFP and a spike protein variant: SWT, Smut2, and Smut3, respectively. For this purpose, we adopted a highly immunogenic [54] co-transfection approach established in our previous research for the production of S VLPs, which successfully confirmed incorporation of the Spike protein into the VLPs [12]. This method was not only effective but also demonstrated scalability up to a 1 L bioreactor scale, combined with a scalable purification process, ensuring its potential for large-scale application while facilitating adoption to cGMP standards [12].



Cells expressing the two mutated S variants behaved similarly, displaying approximately a 10% viability improvement and an increased cell density at harvest time (72 hpt) compared with the SWT group, which had viabilities of ~72%. Such behavior could be a consequence of the stabilizing mutations introduced to the mutated spike proteins facilitating its expression [24,40]. The obtained viabilities are concordant with the values previously observed in PEI-mediated transfection for the production of HIV-1 Gag-based VLPs, typically within the range of 70–80% viable cells at the time of harvest [12,55,56].



The reproducibility of the presented co-transfection approach becomes evident when we compare the ICC analysis of the double-positive expresser populations for the SWT-VLP expresser cells (55.2%) with the previous research, where the double-transfected population accounted for 55.1% [12]. The results presented in this study demonstrated increases of up to 60.6% and 62.2% of double-positive expression populations for Smut2 and Smut3 groups, a desirable outcome, denoting that a higher proportion of the cultured cells are generating functionalized Gag VLPs.



After purification, Smut2 and Smut3 candidates presented 2.2- and 1.6-fold VLP concentration increases compared with SWT-VLPs. Additionally, the VLP ratio among total extracellular particles for the Smut2 and Smut3 VLPs improved to 16.2% and 14% when compared with the 8.3% obtained for the SWT-VLPs. Dot blot analysis of the purified VLP candidates allowed one to determine that Smut3-VLPs presented a 2.2-fold increase in S protein concentration compared to the SWT-VLPs and Smut2-VLPs, and greater Spike functionalization per VLP. Establishing the specific effects of various mutations at the same time can be challenging, as each mutation may have different impacts on protein expression, especially when combined. However, the results from studying transfection (culture growth, expresser populations, confocal microscopy analysis) and characterizing the generated VLPs (concentration, ratio over total particles, S protein concentration, and VLP functionalization) provide evidence that these introduced mutations contributed positively to the generation of VLPs without significantly altering their particle size distributions or mode diameters. Notably, the deletion of the ERGIC retention motif appears to have a particular role in the functionalization of VLPs with the S protein, as Smut3 presented remarkably greater functionalization levels (Spike ratio per VLP) than its counterpart variant Smut2. Although previous studies have analyzed the trafficking itinerary of the S protein, both by itself [57], and in combination with E and M SARS-CoV-2 proteins [58], future studies should be conducted to examine the subcellular S protein localization, processing, and transport to the plasma membrane when co-expressed with HIV-1 Gag polyprotein; to fully understand the role that the ERGIC motif plays on the generation of Gag-based Spike VLPs.



Further, the obtained VLP immunogens were tested for their recognition by COVID-19 convalescent human sera to evaluate their immunogenicity and potential efficacy as vaccine candidates. All the different COVID-19 patients’ convalescent sera recognized the VLP variants above the G-VLP threshold, varying on intensity depending on their antibody positivity against SARS-CoV-2. This is concordant with the literature, where a wide spectrum of antibody responses against Spike VLPs in COVID-19 convalescent sera can be observed, ranging from low to very high levels, probably influenced by the severity and time since the infection [34]. In general, S-VLPs were better recognized by the convalescent sera compared with the soluble version of the S protein, due to the advantageous nature of the VLPs when it comes to proper antigen presentation in terms of conformation and protein context [10,11]. Surprisingly, the assay determined that most of the sera showed the best recognition levels for the unmodified SWT-VLPs. In contrast, and contrarily to what might be expected given its S functionalization levels, Smut3-VLPs presented the worst convalescent sera recognition levels.



This work concludes that although improving the expression of VLPs and their functionalization with the S immunogen, the presented Smut2 and Smut3 VLP candidates did not show immune responses improving or equaling the conventional SWT-VLPs. Further studies need to be performed to fully understand the immunogenic potential of the presented VLP variants, as the low recognition by convalescent sera could be in part due to the concealment of some regions containing epitopes with the potential to trigger undesired ADE responses [37,59]. Moreover, conducting a more extensive study of S VLP recognition by a larger pool of patients’ sera could provide additional and valuable insights. Such an expanded study would help to better understand S VLP recognition, particularly across diverse demographic strata, including distinctions related to age, gender, or medical history [60].



The thermostability and aggregation of Gag-based VLPs had been previously studied, concluding that they can be stable up to three months at 4 or −80 °C [14]. However, additional tests on the S VLP variants presented in this work need to be conducted, as mutations such as proline substitutions could affect the ability of the proteins to withstand heat stress or freeze–thaw cycles [40]. This is particularly important because instability associated with cold chain storage during clinical development and commercial distribution is a critical challenge that can significantly impact the efficiency of a vaccine candidate [61].



Finally, future research should focus on the ability of the presented candidates to elicit strong protective cellular and humoral immune responses in immunized mice, and compare the outcomes with those reported in the current literature, particularly for Spike VLPs based on MLV-Gag viral proteins [34] and Spike VLPs based on M and E SARS-CoV-2 proteins [53]. Such studies will help to determine if the high flexibility and strong immunogenicity of Gag-based VLPs [54] make them a better carrier platform for the presentation of the Spike protein to the vaccinated individuals.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/vaccines11111641/s1, Figure S1: Confocal microscopy images; Figure S2: Spike Dot Blot uncropped membrane; Figure S3. Transmission Electron Microscopy (TEM) of the purified VLPs; Table S1: Summary of positive and negative sera samples.





Author Contributions


Conceptualization, A.B.-B., L.C. and F.G.; methodology, investigation, validation, formal analysis, and visualization, A.B.-B.; writing—original draft preparation and editing, A.B.-B.; writing—review, L.C. and F.G.; supervision, A.B.-B., L.C. and F.G.; project administration and funding, F.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research has been partially funded by the Universitat Autònoma de Barcelona crowd funding campaign “Ajuda’ns a desenvolupar una vacuna contra el SARS-CoV-2”. The support from Generalitat de Catalunya is gratefully acknowledged (2021 SGR 00143).




Institutional Review Board Statement


The research procedure involving the use of sera of human origin was reviewed and approved by the Ethics Committee on Animal and Human Experimentation (CEEAH) of Universitat Autònoma de Barcelona (UAB) to meet the ethical and legal requirements regarding research with biological samples from humans. The approved CEEAH reference number is 5293.




Informed Consent Statement


Sera samples used in this study were provided by the Biobank of the Banc de Sang i Teixits (BST, Barcelona, Spain). Samples were anonymized from patient information.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors thank Amine Kamen (McGill University, Montreal, Canada) for providing the HEK 293 SF-3SF6 cells. The pGag::eGFP (Cat#11468) reagent from Merilyn Resh was obtained through the National Institutes of Health AIDS Reagent Program, Division AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health. We would like to thank Jose Amable Bernabé from the Institut de Ciència de Materials de Barcelona (ICMAB-CSIC, Bellaterra, Catalonia, Spain) for his support in nanoparticle tracking analysis techniques. We also would like to thank Antoni Iborra from Servei de Cultius Cel·lulars, Producció d’Anticossos i Citometria (Universitat Autònoma de Barcelona, Bellaterra, Catalonia, Spain) for his precious help performing the human serum antigen recognition assays, and Neus Ferrer and Xavier Daura for the suggestions received in selecting the S-protein mutations. Figures and Graphs were generated using GraphPad Prism version 8.0.2 for Windows (San Diego, CA, USA).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ali, I.; Alharbi, O.M.L. COVID-19: Disease, management, treatment, and social impact. Sci. Total Environ. 2020, 728, 138861. [Google Scholar] [CrossRef] [PubMed]

	



Hu, B.; Guo, H.; Zhou, P.; Shi, Z.-L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2022, 20, 315. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; van Haperen, R.; Gutiérrez-Álvarez, J.; Li, W.; Okba, N.M.A.; Albulescu, I.; Widjaja, I.; van Dieren, B.; Fernandez-Delgado, R.; Sola, I.; et al. A conserved immunogenic and vulnerable site on the coronavirus spike protein delineated by cross-reactive monoclonal antibodies. Nat. Commun. 2021, 12, 1715. [Google Scholar] [CrossRef] [PubMed]

	



Forni, G.; Mantovani, A. COVID-19 vaccines: Where we stand and challenges ahead. Cell Death Differ. 2021, 28, 626–639. [Google Scholar] [CrossRef]

	



Mohammed, I.; Nauman, A.; Paul, P.; Ganesan, S.; Chen, K.-H.; Jalil, S.M.S.; Jaouni, S.H.; Kawas, H.; Khan, W.A.; Vattoth, A.L.; et al. The efficacy and effectiveness of the COVID-19 vaccines in reducing infection, severity, hospitalization, and mortality: A systematic review. Hum. Vaccin. Immunother. 2022, 18, 2027160. [Google Scholar] [CrossRef]

	



Bezbaruah, R.; Borah, P.; Kakoti, B.B.; Al-Shar’I, N.A.; Chandrasekaran, B.; Jaradat, D.M.M.; Al-Zeer, M.A.; Abu-Romman, S. Developmental Landscape of Potential Vaccine Candidates Based on Viral Vector for Prophylaxis of COVID-19. Front. Mol. Biosci. 2021, 8, 635337. [Google Scholar] [CrossRef]

	



Weisblum, Y.; Schmidt, F.; Zhang, F.; DaSilva, J.; Poston, D.; Lorenzi, J.C.; Muecksch, F.; Rutkowska, M.; Hoffmann, H.-H.; Michailidis, E.; et al. Escape from neutralizing antibodies by SARS-CoV-2 spike protein variants. Elife 2020, 9, e61312. [Google Scholar] [CrossRef]

	



Geers, D.; Shamier, M.C.; Bogers, S.; den Hartog, G.; Gommers, L.; Nieuwkoop, N.N.; Schmitz, K.S.; Rijsbergen, L.C.; van Osch, J.A.T.; Dijkhuizen, E.; et al. SARS-CoV-2 variants of concern partially escape humoral but not T cell responses in COVID-19 convalescent donors and vaccine recipients. Sci. Immunol. 2021, 6, eabj1750. [Google Scholar] [CrossRef]

	



Zepeda-Cervantes, J.; Ramírez-Jarquín, J.O.; Vaca, L. Interaction Between Virus-Like Particles (VLPs) and Pattern Recognition Receptors (PRRs) From Dendritic Cells (DCs): Toward Better Engineering of VLPs. Front. Immunol. 2020, 11, 1100. [Google Scholar] [CrossRef]

	



Roldão, A.; Mellado, M.C.; Castilho, L.R.; Carrondo, M.J.; Alves, P.M. Virus-like Particles in Vaccine Development. Virus-like Part. Vaccine Dev. 2014, 9, 1149–1176. [Google Scholar] [CrossRef]

	



Nooraei, S.; Bahrulolum, H.; Hoseini, Z.S.; Katalani, C.; Hajizade, A.; Easton, A.J.; Ahmadian, G. Virus-like particles: Preparation, immunogenicity and their roles as nanovaccines and drug nanocarriers. J. Nanobiotechnol. 2021, 19, 59. [Google Scholar] [CrossRef] [PubMed]

	



Boix-Besora, A.; Lorenzo, E.; Lavado-García, J.; Gòdia, F.; Cervera, L. Optimization, Production, Purification and Characterization of HIV-1 GAG-Based Virus-like Particles Functionalized with SARS-CoV-2. Vaccines 2022, 10, 250. [Google Scholar] [CrossRef] [PubMed]

	



Fontana, D.; Garay, E.; Cervera, L.; Kratje, R.; Prieto, C.; Gòdia, F. Chimeric VLPs Based on HIV-1 Gag and a Fusion Rabies Glycoprotein Induce Specific Antibodies against Rabies and Foot-and-Mouth Disease Virus. Vaccines 2021, 9, 251. [Google Scholar] [CrossRef] [PubMed]

	



González-Domínguez, I.; Lorenzo, E.; Bernier, A.; Cervera, L.; Gòdia, F.; Kamen, A. A Four-Step Purification Process for Gag VLPs: From Culture Supernatant to High-Purity Lyophilized Particles. Vaccines 2021, 9, 1154. [Google Scholar] [CrossRef]

	



Cervera, L.; Gutiérrez-Granados, S.; Martínez, M.; Blanco, J.; Gòdia, F.; Segura, M.M. Generation of HIV-1 Gag VLPs by transient transfection of HEK 293 suspension cell cultures using an optimized animal-derived component free medium. J. Biotechnol. 2013, 166, 152–165. [Google Scholar] [CrossRef]

	



Fuenmayor, J.; Gòdia, F.; Cervera, L. Production of virus-like particles for vaccines. New Biotechnol. 2017, 39, 174–180. [Google Scholar] [CrossRef]

	



Wurm, F.M. Production of recombinant protein therapeutics in cultivated mammalian cells. Nat. Biotechnol. 2004, 22, 1393–1398. [Google Scholar] [CrossRef]

	



Venereo-Sanchez, A.; Gilbert, R.; Simoneau, M.; Caron, A.; Chahal, P.; Chen, W.; Ansorge, S.; Li, X.; Henry, O.; Kamen, A. Hemagglutinin and neuraminidase containing virus-like particles produced in HEK-293 suspension culture: An effective influenza vaccine candidate. Vaccine 2016, 34, 3371–3380. [Google Scholar] [CrossRef]

	



Huh, S.-H.; Do, H.-J.; Lim, H.-Y.; Kim, D.-K.; Choi, S.-J.; Song, H.; Kim, N.-H.; Park, J.-K.; Chang, W.-K.; Chung, H.-M.; et al. Optimization of 25kDa linear polyethylenimine for efficient gene delivery. Biologicals 2007, 35, 165–171. [Google Scholar] [CrossRef]

	



Thakur, V.; Bhola, S.; Thakur, P.; Patel, S.K.S.; Kulshrestha, S.; Ratho, R.K.; Kumar, P. Waves and variants of SARS-CoV-2: Understanding the causes and effect of the COVID-19 catastrophe. Infection 2022, 50, 309–325. [Google Scholar] [CrossRef]

	



Shah, P.; Canziani, G.A.; Carter, E.P.; Chaiken, I. The Case for S2: The Potential Benefits of the S2 Subunit of the SARS-CoV-2 Spike Protein as an Immunogen in Fighting the COVID-19 Pandemic. Front. Immunol. 2021, 12, 637651. [Google Scholar] [CrossRef]

	



Henderson, R.; Edwards, R.J.; Mansouri, K.; Janowska, K.; Stalls, V.; Gobeil, S.M.C.; Kopp, M.; Li, D.; Parks, R.; Hsu, A.L.; et al. Controlling the SARS-CoV-2 spike glycoprotein conformation. Nat. Struct. Mol. Biol. 2020, 27, 925–933. [Google Scholar] [CrossRef]

	



Farnós, O.; Venereo-Sánchez, A.; Xu, X.; Chan, C.; Dash, S.; Chaabane, H.; Sauvageau, J.; Brahimi, F.; Saragovi, U.; Leclerc, D.; et al. Rapid High-Yield Production of Functional SARS-CoV-2 Receptor Binding Domain by Viral and Non-Viral Transient Expression for Pre-Clinical Evaluation. Vaccines 2020, 8, 654. [Google Scholar] [CrossRef]

	



Pallesen, J.; Wang, N.; Corbett, K.S.; Wrapp, D.; Kirchdoerfer, R.N.; Turner, H.L.; Cottrell, C.A.; Becker, M.M.; Wang, L.; Shi, W.; et al. Immunogenicity and structures of a rationally designed prefusion MERS-CoV spike antigen. Proc. Natl. Acad. Sci. USA 2017, 114, E7348–E7357. [Google Scholar] [CrossRef]

	



Kirchdoerfer, R.N.; Wang, N.; Pallesen, J.; Wrapp, D.; Turner, H.L.; Cottrell, C.A.; Corbett, K.S.; Graham, B.S.; McLellan, J.S.; Ward, A.B. Stabilized coronavirus spikes are resistant to conformational changes induced by receptor recognition or proteolysis. Sci. Rep. 2018, 8, 15701. [Google Scholar] [CrossRef] [PubMed]

	



Korber, B.; Fischer, W.M.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.; Bhattacharya, T.; Foley, B.; et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell 2020, 182, 812–827.e19. [Google Scholar] [CrossRef]

	



Millet, J.K.; Whittaker, G.R. Host cell proteases: Critical determinants of coronavirus tropism and pathogenesis. Virus Res. 2015, 202, 120–134. [Google Scholar] [CrossRef] [PubMed]

	



Lontok, E.; Corse, E.; Machamer, C.E. Intracellular Targeting Signals Contribute to Localization of Coronavirus Spike Proteins near the Virus Assembly Site. J. Virol. 2004, 78, 5913–5922. [Google Scholar] [CrossRef] [PubMed]

	



Iwasaki, A.; Yang, Y. The potential danger of suboptimal antibody responses in COVID-19. Nat. Rev. Immunol. 2020, 20, 339–341. [Google Scholar] [CrossRef]

	



Singh, M.; Pawar, M.; Tiwari, A.; Bothra, A.; Maheswari, A.; Adhikari, P. SARS-CoV-2 and Trojan horse phenomenon–caveat in vaccine quest? Scand. J. Immunol. 2020, 92, e12969. [Google Scholar] [CrossRef]

	



Hermida-Matsumoto, L.; Resh, M.D. Localization of human immunodeficiency virus type 1 Gag and Env at the plasma membrane by confocal imaging. J. Virol. 2000, 74, 8670–8679. [Google Scholar] [CrossRef]

	



Schwartz, S.; Campbell, M.; Nasioulas, G.; Harrison, J.; Felber, B.K.; Pavlakis, G.N. Mutational inactivation of an inhibitory sequence in human immunodeficiency virus type 1 results in Rev-independent gag expression. J. Virol. 1992, 66, 7176–7182. [Google Scholar] [CrossRef]

	



Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [Google Scholar] [CrossRef]

	



Fluckiger, A.-C.; Ontsouka, B.; Bozic, J.; Diress, A.; Ahmed, T.; Berthoud, T.; Tran, A.; Duque, D.; Liao, M.; McCluskie, M.; et al. An enveloped virus-like particle vaccine expressing a stabilized prefusion form of the SARS-CoV-2 spike protein elicits highly potent immunity. Vaccine 2021, 39, 4988–5001. [Google Scholar] [CrossRef]

	



Yu, J.; Tostanoski, L.H.; Peter, L.; Mercado, N.B.; McMahan, K.; Mahrokhian, S.H.; Nkolola, J.P.; Liu, J.; Li, Z.; Chandrashekar, A.; et al. DNA vaccine protection against SARS-CoV-2 in rhesus macaques. Science 2020, 369, 806–811. [Google Scholar] [CrossRef]

	



Sanders, R.W.; Moore, J.P. Virus vaccines: Proteins prefer prolines. Cell Host Microbe 2021, 29, 327–333. [Google Scholar] [CrossRef]

	



VanBlargan, L.A.; Goo, L.; Pierson, T.C. Deconstructing the Antiviral Neutralizing-Antibody Response: Implications for Vaccine Development and Immunity. Microbiol. Mol. Biol. Rev. 2016, 80, 989–1010. [Google Scholar] [CrossRef]

	



Jaume, M.; Yip, M.S.; Cheung, C.Y.; Leung, H.L.; Li, P.H.; Kien, F.; Dutry, I.; Callendret, B.; Escriou, N.; Altmeyer, R.; et al. Anti-Severe Acute Respiratory Syndrome Coronavirus Spike Antibodies Trigger Infection of Human Immune Cells via a pH- and Cysteine Protease-Independent FcγR Pathway. J. Virol. 2011, 85, 10582–10597. [Google Scholar] [CrossRef]

	



Wang, L.; Shi, W.; Chappell, J.D.; Joyce, M.G.; Zhang, Y.; Kanekiyo, M.; Becker, M.M.; van Doremalen, N.; Fischer, R.; Wang, N.; et al. Importance of Neutralizing Monoclonal Antibodies Targeting Multiple Antigenic Sites on the Middle East Respiratory Syndrome Coronavirus Spike Glycoprotein To Avoid Neutralization Escape. J. Virol. 2018, 92, e02002-17. [Google Scholar] [CrossRef]

	



Hsieh, C.-L.; Goldsmith, J.A.; Schaub, J.M.; DiVenere, A.M.; Kuo, H.-C.; Javanmardi, K.; Le, K.C.; Wrapp, D.; Lee, A.G.; Liu, Y.; et al. Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Science 2020, 369, 1501–1505. [Google Scholar] [CrossRef]

	



Gorbalenya, A.E.; Enjuanes, L.; Ziebuhr, J.; Snijder, E.J. Nidovirales: Evolving the largest RNA virus genome. Virus Res. 2006, 117, 17–37. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Cai, Y.; Xiao, T.; Lu, J.; Peng, H.; Sterling, S.M.; Walsh, R.M.; Rits-Volloch, S.; Zhu, H.; Woosley, A.N.; et al. Structural impact on SARS-CoV-2 spike protein by D614G substitution. Science 2021, 372, 525–530. [Google Scholar] [CrossRef] [PubMed]

	



Hou, Y.J.; Chiba, S.; Halfmann, P.; Ehre, C.; Kuroda, M.; Dinnon, K.H.; Leist, S.R.; Schäfer, A.; Nakajima, N.; Takahashi, K.; et al. SARS-CoV-2 D614G variant exhibits efficient replication ex vivo and transmission in vivo. Science 2020, 370, 1464–1468. [Google Scholar] [CrossRef] [PubMed]

	



Weissman, D.; Alameh, M.-G.; de Silva, T.; Collini, P.; Hornsby, H.; Brown, R.; LaBranche, C.C.; Edwards, R.J.; Sutherland, L.; Santra, S.; et al. D614G Spike Mutation Increases SARS CoV-2 Susceptibility to Neutralization. Cell Host Microbe 2021, 29, 23–31.e4. [Google Scholar] [CrossRef] [PubMed]

	



Peacock, T.P.; Goldhill, D.H.; Zhou, J.; Baillon, L.; Frise, R.; Swann, O.C.; Kugathasan, R.; Penn, R.; Brown, J.C.; Sanchez-David, R.Y.; et al. The furin cleavage site in the SARS-CoV-2 spike protein is required for transmission in ferrets. Nat. Microbiol. 2021, 6, 899–909. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, B.A.; Xie, X.; Bailey, A.L.; Kalveram, B.; Lokugamage, K.G.; Muruato, A.; Zou, J.; Zhang, X.; Juelich, T.; Smith, J.K.; et al. Loss of furin cleavage site attenuates SARS-CoV-2 pathogenesis. Nature 2021, 591, 293–299. [Google Scholar] [CrossRef]

	



Lau, S.-Y.; Wang, P.; Mok, B.W.-Y.; Zhang, A.J.; Chu, H.; Lee, A.C.-Y.; Deng, S.; Chen, P.; Chan, K.-H.; Song, W.; et al. Attenuated SARS-CoV-2 variants with deletions at the S1/S2 junction. Emerg. Microbes Infect. 2020, 9, 837–842. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Kleine-Weber, H.; Pöhlmann, S. A Multibasic Cleavage Site in the Spike Protein of SARS-CoV-2 Is Essential for Infection of Human Lung Cells. Mol. Cell 2020, 78, 779–784.e5. [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, 181, 281–292.e6. [Google Scholar] [CrossRef]

	



McBride, C.E.; Li, J.; Machamer, C.E. The Cytoplasmic Tail of the Severe Acute Respiratory Syndrome Coronavirus Spike Protein Contains a Novel Endoplasmic Reticulum Retrieval Signal That Binds COPI and Promotes Interaction with Membrane Protein. J. Virol. 2007, 81, 2418–2428. [Google Scholar] [CrossRef]

	



Wang, X.; Chen, C.-H.; Badeti, S.; Cho, J.H.; Naghizadeh, A.; Wang, Z.; Liu, D. Deletion of ER-retention motif on SARS-CoV-2 spike protein reduces cell hybrid during cell–cell fusion. Cell Biosci. 2021, 11, 114. [Google Scholar] [CrossRef] [PubMed]

	



Lavado-García, J.; Jorge, I.; Boix-Besora, A.; Vázquez, J.; Gòdia, F.; Cervera, L. Characterization of HIV-1 virus-like particles and determination of Gag stoichiometry for different production platforms. Biotechnol. Bioeng. 2021, 118, 2660–2675. [Google Scholar] [CrossRef] [PubMed]

	



Alpuche-Lazcano, S.P.; Stuible, M.; Akache, B.; Tran, A.; Kelly, J.; Hrapovic, S.; Robotham, A.; Haqqani, A.; Star, A.; Renner, T.M.; et al. Preclinical evaluation of manufacturable SARS-CoV-2 spike virus-like particles produced in Chinese Hamster Ovary cells. Commun. Med. 2023, 3, 116. [Google Scholar] [CrossRef]

	



Deml, L.; Speth, C.; Dierich, M.P.; Wolf, H.; Wagner, R. Recombinant HIV-1 Pr55gag virus-like particles: Potent stimulators of innate and acquired immune responses. Mol. Immunol. 2005, 42, 259–277. [Google Scholar] [CrossRef]

	



Gutiérrez-Granados, S.; Cervera, L.; Gòdia, F.; Carrillo, J.; Segura, M.M. Development and validation of a quantitation assay for fluorescently tagged HIV-1 virus-like particles. J. Virol. Methods 2013, 193, 85–95. [Google Scholar] [CrossRef]

	



Cervera, L.; Gutiérrez-Granados, S.; Berrow, N.S.; Segura, M.M.; Gòdia, F. Extended gene expression by medium exchange and repeated transient transfection for recombinant protein production enhancement. Biotechnol. Bioeng. 2015, 112, 934–946. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, B.C.; Kornfeld, S.; Doray, B. A weak COPI binding motif in the cytoplasmic tail of SARS-CoV-2 spike glycoprotein is necessary for its cleavage, glycosylation, and localization. FEBS Lett. 2021, 595, 1758–1767. [Google Scholar] [CrossRef]

	



Boson, B.; Legros, V.; Zhou, B.; Siret, E.; Mathieu, C.; Cosset, F.-L.; Lavillette, D.; Denolly, S. The SARS-CoV-2 envelope and membrane proteins modulate maturation and retention of the spike protein, allowing assembly of virus-like particles. J. Biol. Chem. 2021, 296, 100111. [Google Scholar] [CrossRef]

	



Sánchez-Zuno, G.A.; Matuz-Flores, M.G.; González-Estevez, G.; Nicoletti, F.; Turrubiates-Hernández, F.J.; Mangano, K.; Muñoz-Valle, J.F. A review: Antibody-dependent enhancement in COVID-19: The not so friendly side of antibodies. Int. J. Immunopathol. Pharmacol. 2021, 35, 205873842110501. [Google Scholar] [CrossRef]

	



Fernandes, M.d.C.R.; Vasconcelos, G.S.; de Melo, A.C.L.; Matsui, T.C.; Caetano, L.F.; de Carvalho Araújo, F.M.; Fonseca, M.H.G. Influence of age, gender, previous SARS-CoV-2 infection, and pre-existing diseases in antibody response after COVID-19 vaccination: A review. Mol. Immunol. 2023, 156, 148–155. [Google Scholar] [CrossRef]

	



Kumru, O.S.; Joshi, S.B.; Smith, D.E.; Middaugh, C.R.; Prusik, T.; Volkin, D.B. Vaccine instability in the cold chain: Mechanisms, analysis and formulation strategies. Biologicals 2014, 42, 237–259. [Google Scholar] [CrossRef] [PubMed]








[image: Vaccines 11 01641 g001] 





Figure 1. (A): SARS-CoV-2 virion scheme. M, N, E and S proteins are represented. S1 subunit of the S protein interacts with the host cell receptor membrane protein ACE2 to bind and promote viral internalization. (B): Schematic representation of the Spike protein. S1/S2 cleavage site is indicated with an arrow. Abbreviations: NTD, N-terminal domain; RBD, receptor-binding domain; RBM, receptor-binding motif; FP, fusion peptide; HR1 and HR2, heptad repeat 1 and 2; CH, central helix; CD, connector domain; TM, transmembrane domain; CT, cytoplasmic tail. 
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Figure 2. Schematic representation of the SWT protein and the Smut2 and Smut3 variants with its mutations indicated. Furin cleavage site (CS) is indicated by an arrow. ER-Golgi intermediate compartment retention signal (ERGIC ret. signal) is represented as a white box. 
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Figure 3. (A): Cell concentrations (solid lines) and viabilities (dotted lines) of HEK293 cells transfected for the production of different VLP variants, described in Table 1. (B): Transfected populations, analyzed by ICC at 72 hpt. (C): Particle size distribution of the purified S VLP variants, analyzed by nanoparticle tracking analysis (NTA), with the mode diameter of each variant indicated. 
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Figure 4. Relative pixel densities of the VLP recognition assays by negative (blue) and positive (red) tested sera samples. Horizontal dashed line indicates the unspecific recognition threshold, marked by the pixel density of the G-VLP negative control. Saturated pixel densities are indicated with an “s”. Soluble spike recombinant protein (S rec.) was used as positive control. 
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Table 1. Summary of the tested VLP candidates, its mutations, and plasmids used to generate them.
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	VLP
	Spike Mutations
	Plasmids Transfected





	SWT-VLP
	Original Wuhan-Hu-1 spike glycoprotein sequence
	pSpike + pGag::eGFP



	Smut2-VLP
	K986P, V987P, S383C, D985C, D614G, R682_R685delinsGSAS
	pSpikemut2 + pGag::eGFP



	Smut3-VLP
	K986P, V987P, S383C, D985C, D614G, R682_R685delinsGSAS, K1269A H1271A
	pSpikemut3 + pGag::eGFP



	G-VLP
	-
	pGag::eGFP + pMock










 





Table 2. Characteristics of each produced S-VLP candidate and control (G-VLPs).
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	VLPs/mL
	Total Particles/mL
	VLP/TP (%)
	Total Protein Conc. (µg/mL)
	Spike Conc. (µg/mL)
	Spike/VLP * (Units/VLP)





	SWT-VLPs
	(2.90 ± 0.13) × 1010
	(3.51 ± 0.13) × 1011
	8.3
	566.14 ± 19
	12.08 ± 0.99
	1776.8



	Smut2-VLPs
	(6.38 ± 0.05) × 1010
	(3.94 ± 0.2) × 1011
	16.2
	263.99 ± 15
	13.90 ± 0.35
	929.3



	Smut3-VLPs
	(4.69 ± 0.05) × 1010
	(3.35 ± 0.07) × 1011
	14.0
	297.88 ± 104
	27.05 ± 4.03
	2460.2



	G-VLPs
	(1.85 ± 0.04) × 1011
	(5.15 ± 0.24) × 1011
	35.9
	305.83 ± 46
	-
	-







* Assuming a Mw of 141.178 kDa for the Spike protein.
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