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SARS-CoV-2, the virus responsible for the COVID-19 pandemic, belongs to the betacoronavirus genus. This virus has a high mutation rate, which rapidly evolves into new variants with different properties, such as increased transmissibility or immune evasion. Currently, the most prevalent global SARS-CoV-2 variant is Omicron, which is more transmissible than previous variants. Current available vaccines may be less effective against some currently existing SARS-CoV-2 variants, including the Omicron variant. The S1 subunit of the spike protein of SARS-CoV-2 has been a major target for COVID-19 vaccine development. It plays a crucial role in the virus’s entry into host cells and is the primary target for neutralizing antibodies. In this study, the S1 subunit of the spike protein of SARS-CoV-2 was engineered and produced at a high level in Nicotiana benthamiana plant. The expression level of the recombinant S1 protein was greater than the 0.5-g/kg fresh weight, and the purification yield was at least ~0.3 g of pure protein/kg of plant biomass, which would make a plant-produced S1 antigen an ideal vaccine candidate for commercialization. Purified, the plant-produced SARS-CoV-2 S1 protein exhibited significantly higher binding to the SARS-CoV-2 receptor, angiotensin-converting enzyme 2 (ACE2). Moreover, we also show that recombinant S1 protein/antigen-elicited antibodies can neutralize the Delta or Omicron variants. Collectively, our results demonstrate that a plant-produced S1 antigen could be a promising vaccine candidate against SARS-CoV-2 variants including Omicron.
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1 Introduction

COVID-19, caused by the SARS-CoV-2 virus, has had a significant impact on people and economies worldwide. Since its emergence in late 2019, the virus has rapidly spread across the globe, leading to a pandemic that has affected nearly every aspect of life. The virus has spread rapidly and led to millions of infections and nearly 7 million deaths worldwide. According to the Worldometer report (https://www.worldometers.info/coronavirus/), there are still around 250 deaths per day from SARS-CoV-2 infection. SARS-CoV-2 had a natural tendency to mutate and give rise to new variants over time. Several variants of SARS-CoV-2 such as Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) have been identified since the beginning of the COVID-19 pandemic. These variants have exhibited differences in terms of transmissibility, disease severity, and immune evasion. The Omicron variant of SARS-CoV-2 is the dominant strain of SARS-CoV-2 and currently accounts for more than 98% of cases worldwide. Several vaccines, which have been authorized, approved, and used against SARS-CoV-2, have shown efficacy in preventing COVID-19 and in reducing the severity of the disease. However, existing vaccines have been shown to be less effective or ineffective against specific mutations or variants of SARS-CoV-2. Different variants, such as the Delta and Omicron variants, have raised concerns due to their potential to increase transmissibility and potentially evade certain immune responses.

Since SARS-CoV-2 has the ability to mutate over time, which can lead to the emergence of new variants, it is possible that these variants might be more severe or vaccine-resistant. Therefore, developing effective COVID-19 vaccines and adopting strategies to control the spread of the virus are very important. In other words, the development of vaccines effective against emerging variants, such as Delta, Omicron, or possible future variants, is still of high priority and urgently needed. In this study, we produced S1 subunits of the SARS-CoV-2 spike protein in the Nicotiana benthamiana plant, with the results described for the first time in our prepublished report in bioRxiv (Mamedov et al., 2020). It should be noted that the majority of the epitopes targeted by neutralizing antibodies are found on the spike protein of the SARS-CoV-2 virus. The spike protein is responsible for facilitating the entry of the virus into host cells by binding to the ACE2 receptor on the cell surface (Lan et al., 2020; Shang et al., 2020; Walls et al., 2020; Zhou et al., 2020; Jackson et al., 2022). The spike protein of SARS-CoV-2 consists of S1 and S2 subunits. The S1 subunit is primarily involved in receptor binding and is a major target for neutralizing antibodies (Dong et al., 2020; Huang et al., 2020). Most COVID-19 vaccines currently available focus on eliciting an immune response against the S1 protein.

Plant-based production systems offer several advantages over traditional microbial or mammalian expression systems, such as scalability, low production costs, ease of cultivation, reduced risk of contamination with animal pathogens, and eukaryotic-type posttranslational modifications that are similar to those in human cells. Plant expression systems have been successfully utilized for the cost-effective and rapid production of wide-range recombinant proteins, such as vaccine candidates (Farrance et al., 2011; Mamedov et al., 2012; Tottey et al., 2018; Wang et al., 2019; Shanmugaraj et al., 2020; Tottey et al., 2023; Mamedov and Yusibov, 2013; Mamedov et al., 2017; Mamedov et al., 2019a; Mamedov et al., 2019b; Mamedov et al., 2021a; Mamedov et al., 2021b; Mamedov et al., 2021c; Mammadova et al., 2022), therapeutic proteins, enzymes (Mamedov et al., 2021c), monoclonal antibodies, clotting (Mamedov et al., 2019a), and growth factors and other valuable products. The plant expression system has been used for production several vaccine candidates against COVID-19 (Capell et al., 2020; Shanmugaraj et al., 2020; Gobeil et al., 2021; Mamedov et al., 2021a; Mamedov et al., 2021b; Royal et al, 2021; Shanmugaraj et al., 2021; Siriwattananon et al., 2021; Ward et al., 2021; Hager et al., 2022; Moon et al., 2022; Pillet et al., 2022; Ruocco and Strasser, 2022; Mamedov et al., 2023; O'Kennedy et al., 2023). However, with the exception of our recent work (Mamedov et al., 2023), there has been no report of efficacy of these candidate vaccines against the Omicron variant. We demonstrated that plant-produced RBD and cocktail-based vaccine candidates are highly effective against SARS-CoV-2, independently of its emerging variants (Mamedov et al., 2023). This was the first and only report worldwide on a COVID-19 vaccine that is effective for all emerging variants of SARS-CoV-2, including Delta and Omicron.

In this work, we show that another COVID-19 vaccine candidate, the full-length S1 subunit of SARS-CoV-2, that is produced at high levels in N. benthamiana plant, elicits protective immune responses in mice. In addition, mice immunized with the S1 subunit of SARS-CoV-2 demonstrated significant neutralizing activity against Delta and Omicron variants.




2 Materials and methods



2.1 Engineering, cloning, and production of S1 protein in N. benthamiana

After codon optimization (using N. benthamiana plant codons), the gene of the S1 domain of the spike protein of SARS-CoV-2 (AA 14-815, GenBank accession MN985325), was de novo synthesized (Biomatik Corp., Canada). The protein was expressed as a His6 tag to facilitate the purification of plant-produced S1 protein. The signal peptide of the PR1a protein of Nicotiana tabacum (MGFVLFSQLPSFLLVSTLLLFLVISHSCRA) was placed at the N-terminal of S1 protein. The endoplasmic reticulum (ER) retention signal (KDEL) was placed C-terminus after the S1protein sequence. The S1-His6-KDEL sequence was cloned into the pEAQ (Sainsbury et al., 2009) plant expression vector to generate pEAQ-S1-His6-KDEL. This pEAQ-S1-His6-KDELconstruct was then transferred into Agrobacterium strains, AGL1 and EHA105, by electroporation. Transformed A. tumefaciens strains AGL1 and EHA105 harboring pEAQ-S1-His6-KDEL constructs were grown overnight at 28°C in BBL medium containing 5 g/l yeast extract, 5 g/L NaCl, 10 g/l soy hydrolysate, and 50 mg/l kanamycin. Agrobacterium cultures grown overnight were then infiltrated into 6- to 7-week-old N. benthamiana plant leaves by manual infiltration using a syringe. Infiltrated N. benthamiana leaves were harvested 4–8 days after post infiltration (dpi) for protein expression analysis by Western blot or ELISA.




2.2 Purification of S1 protein from N. benthamiana leaves

The S1 protein was purified from N. benthamiana leaves by nickel column affinity chromatography using HisPur™ Ni-NTA Resin (Thermo Fisher Scientific, Cat. No. 8822). Frozen plant leaves were ground in a 20 mM sodium phosphate extraction buffer (containing 10 mM imidazole and 300 mM sodium chloride, pH 7.4) in a volume of three times the leaf weight. Homogenized cell extract was filtered through Miracloth and then centrifuged at 20,000 g for 25 min. The resulting extract was filtered using a 0.45-µm syringe filter (Millipore). The filtered supernatant was loaded onto HisPur™ Ni-NTA resin equilibrated with an equilibration buffer containing 20 mM sodium phosphate containing 10 mM imidazole and 300 mM sodium chloride, pH 7.4. The Ni-NTA resin column was first washed with 20 mM sodium phosphate, 25 mM imidazole, and 300 mM sodium chloride, pH 7.4 (wash buffer), to elute the unbound protein fraction. The proteins were eluted from the Ni-NTA resin column with 10 CV 20 mM sodium phosphate, pH 7.4, containing 250 mM imidazole and 300 mM sodium chloride (elution buffer). Fractions eluted from the column were collected, combined, and concentrated using a concentrator (Millipore, 10K MWCO). The protein concentration of eluted fractions and concentrated fractions were determined by BioDrop. The concentrated fraction was finally exchanged against the PBS buffer and stored at –80°C until use.




2.3 Gel filtration

Gel filtration chromatography analysis was performed using the AKTA start system to obtain the S1 protein purified by affinity chromatography with greater purity. A HiPrep 10/40 column and Sephacryl S-200 High Resolution (HR) resin (GE Healthcare, WI, USA) were used in the device. The program was adjusted to a column volume of 35 ml, a flow rate of 2.0 ml/min, and a pressure limit of 0.3 MPa. Approximately 250 µg of S1 protein was loaded into the equilibrated system with 50 mM sodium phosphate buffer, pH 7.4, and 50 mM sodium chloride. Fractions were pooled using the same buffer for elution, and an elution profile was obtained. The concentrations of the elution fractions were measured with BioDrop, and the fractions in the pick part in the profile were combined and concentrated with a Millipore concentrator (10K MWCO). The concentrated protein was analyzed by SDS-PAGE and Western blot analysis.




2.4 Stability analysis

The S1 protein produced in N. benthamiana plant was subjected to time and temperature stability analysis. For time- and temperature-dependent stability analyses, S1 protein, purified from the N. benthamiana plant, was diluted to 1.0 mg/ml in low-binding polypropylene Eppendorf tubes. The S1 protein was subjected to stability analysis at 37°C for 96 h at 24-h intervals. After incubation, samples were mixed with SDS loading dye and stored at −80°C until analyzed by SDS-PAGE and Western blot.




2.5 ELISA

ELISA was performed as described recently (Mamedov et al., 2021a; Mamedov et al., 2021b; Mamedov et al., 2023). The plates (Greiner Bio-One GmbH, Germany) were coated with 100 ng of recombinant S1 protein, purified from N. benthamiana leaves using Ni-column affinity chromatography, and incubated at 4°C overnight. After incubation, the plates were blocked with blocking buffer at room temperature for 2 h. After blocking, commercial and plant-produced gACE2 and dACE2 were added into wells in different concentrations (5.5 nM, 11.0 nM, 55.0 nM, 110.0 nM, and 220.0 nM concentrations for commercial ACE2, 1.33 nM, 2.25 nM, 5.0 nM, 27.5 nM, 55.0 nM, and 110.0 nM concentrations for plant-produced gACE2 and dACE2) and incubated at 37°C for 3 h. After 3 h, human anti-ACE or anti-His tag mAb (Cat. no. 6525 05, BioLegend) or purified anti-human ACE2 monoclonal antibodies (Cat. no. 375801, BioLegend, CA) were added to each well. After washing the plates three times with 200 µl/well blocking solution, the wells were treated with anti-rat (Cat. no. MBS440123), anti-mouse (Cat. no. 405306, BioLegend), or anti-human IgG antibody (Cat. no. MBS440121, MyBioSource). After the plates were washed three times with 1× PBS-T wash solution (200 µl/well for 5 min), an OPD substrate tablet (o-phenylenediamine dihydrochloride) (Sigma) was added to wells (200 µl/each). The plate was then incubated for 30 min at room temperature (in the dark), and after the incubation, the plates were read at 450 nm in a multiwell plate reader.




2.6 Immunogenicity studies in mice for S1 protein

For immunogenicity studies, 7-week-old BALB/c mice (male, six animals per group) were intramuscularly immunized with plant-produced S1 antigen adsorbed to 0.3% Alhydrogel at 0 and 21 days. Blood samples were collected from immunized mice on days 21 and 42. In the control group, mice were immunized with 1× PBS with Alhydrogel. Serum samples, collected on days 21 and 42, were evaluated for anti-S1 domain antibody responses with an IgG ELISA. IgG titers of S1 protein-injected sera were determined by ELISA as described previously (Mamedov et al., 2021a; Mamedov et al., 2021b). Briefly, a 96-well plate (Greiner Bio-One GmbH, Germany) was coated with 200 ng of plant-produced S1 protein, diluted in 100 mM carbonate coating buffer, and incubated for overnight at 4°C. After blocking the plates with blocking buffer, different dilutions of mouse serum (102 to 108) collected from S1 protein-injected mice were added and incubated for 2 h at 37°C. After 2 h, the plate was first washed with blocking solution (200 µl/well) for three times and then the wells were treated with anti-mouse IgG antibody. After washing three times with 1× PBS, the plates were then washed with 1× PBST (200 µl/well for 5 min) and then 200 µl of substrate solution (Sigma) was added to wells. After incubating the plates at room temperature for 30 min in the dark, the plates were read at 450 nm in a plate reader. Immunogenicity studies were carried out under the supervision of a veterinarian at the Akdeniz University Experimental Animal Care.




2.7 Glycan detection

The confirmation of the presence of glycans in the purified plant-produced gS1 protein and in vivo enzymatic removal of N-glycans in plant-produced dS1 protein was performed as described recently (Mamedov et al., 2021a; Mamedov et al., 2021b). Briefly, 0.25 µg of gS1 protein, in vivo deglycosylated S1 (dS1) protein, and in vitro deglycosylated S1 proteins was run on a 10% SDS-PAGE and then presence or removal of glycans in the plant-produced S1 proteins on the gel was confirmed using the Pro-Q Emerald Glycoprotein Stain Kit (Catalog number, P21857 Thermo Fisher Scientific). The stained proteins in the gel were visualized on a UV illuminator.




2.8 Microneutralization assay

An in vitro microneutralization assay was performed as described recently (Mamedov et al., 2021a; Mamedov et al., 2021b; Mamedov et al., 2023). Briefly, mouse sera immunized with plant-produced S1 protein and collected on day 42 were tested against live SARS-CoV-2 variants, Wuhan, Delta, and Omicron, in the Vero E6 cell line. A neutralizing antibody specific for SARS-CoV-2 was determined using a microneutralization test (MNT). Before use, serum samples were heat-inactivated for 1 h at 56°C. Sera samples, which were diluted in 1/8-1/1024, were incubated with the SARS-CoV-2 variants of Wuhan, Delta, and Omicron (100 TCID50) at 37°C for 1 h, and the procedures described recently were followed (Mamedov et al., 2021b; Mamedov et al., 2023).




2.9 Statistical analysis

The statistical analysis was performed as described recently (Mamedov et al., 2021a; Mamedov et al., 2023). For all statistical analyses, GraphPad Prism software was used. One-way ANOVA test was used (i) to examine the binding affinity of the gS1 protein of SARS-CoV-2 to ACE2, (ii) to compare the antibody responses of sera inoculated with gS1 protein, and (iii) to test the neutralization ability of sera from mice vaccinated with plant-produced gS1 protein against infection of the live SARS-CoV-2 variants.





3 Results



3.1 Engineering, cloning, expression, production, and purification of S1 of SARS-CoV-2 from the N. benthamiana plant

Engineering, cloning, expression, production, and purification of S1 protein were performed as described in Materials and Methods. The expression of S1 protein in the N. benthamiana plant (harvested at 5 dpi) was confirmed by the Western blot analysis using an anti-His tag antibody (Figure 1). The N. benthamiana leaf samples infiltrated with the pEQA-S1 gene were harvested at different post-infiltration days (dpi) and expression levels of gS1 protein were found to be maximum at 5 dpi. Colony C2 (AGL1) (Figure 1, as indicated) was used for further purification of S1 protein. The expression level of gS1 determined by ELISA and Western blot was ~0.5 g/1 kg of plant leaf. Deglycosylated S1 protein was produced by co-expression of the S1 subunit gene with Endo H, as was achieved and described previously (Mamedov et al., 2012; Mamedov et al., 2017; Mamedov et al., 2019b; Mamedov et al., 2021a1b; Mamedov et al., 2021c; Mamedov et al., 2023). Both deglycosylated and glycosylated variants of plant-produced S1 proteins were purified from N. benthamiana plant leaves using HisPur™ Ni-NTA resin. On SDS-PAGE and Western blotting, plant-produced glycosylated S1 (gS1) protein appears as a major protein band with an MM of ~100 kDa (Figures 1, 2A). However, with no clear visible band of Ni-NTA resin purified, Endo H-deglycosylated S1 protein (dS1) was observed in SDS-PAGE gels, suggesting large degradation of the deglycosylated S1 protein. On Western blotting, deglycosylated S1 protein with a band of ~80 kDa was observed. Plant-produced, purified glycosylated, and deglycosylated S1 protein variants were recognized by anti-His mAb tag (Figure 2B) or anti-S protein specific pAb (Figure 2C).




Figure 1 | Western blot analysis of the expression of the gS1 protein produced in the plant by different Agrobacterium strains. The pEAQ-S1 gene was introduced into both A. tumefaciens AGL-1 and EHA105 strains by agroinfiltration. Leaves infiltrated with gS1 protein were harvested at 5 dpi. The plant-produced gPA83 protein was loaded as a control protein (25 ng).






Figure 2 | SDS-PAGE (A) and Western blot (B, C) analysis of purified plant-produced S1 protein. The S1 variant from the N. benthamiana plant was purified using HisPur™ Ni-NTA resin. Membranes were probed with anti-His tag monoclonal antibody (B) or commercially available anti-RBD antibody (MBS2563840, MyBioSource, USA). M: color-prestained protein standard (NEB). gS1: plant-produced glycosylated S1 protein; dS1: plant-produced deglycosylated S1 protein. Commercial spike protein: COVID 19 Spike Protein (RBD) Active Protein; sequence positions Arg319-Phe541 (Cat. no. MBS2563882, MyBioSource, USA).






3.2 Glycan detection analysis of glycosylated and deglycosylated S1 protein variants

To demonstrate the in vivo deglycosylation of plant-produced S1 protein by Endo H, we conducted the glycan detection analysis of glycosylated and deglycosylated variants of S1 protein as described in Materials and Methods. As shown in Figure 3B (as indicated), the glycan was only detected in plant-produced glycosylated S1 protein. Figure 3A demonstrates the Western blot analysis of the same samples, diluted 1/10-fold, probed with an anti-His tag antibody.




Figure 3 | Glycan detection analyzes gS1 and dS1 proteins. (A) Western blot analysis of plant-produced gS1 and dS1 and in vitro deglycosylation of gS1 protein with commercial Endo H (in vitro). M: MagicMark™ XP Western Protein Standard, Catalog no: LC5602, Thermo Fisher Scientific). Images were obtained using the GeneGnome XRQ Chemiluminescence imaging system (Syngene, A Division of Synoptics Ltd.). (B) Glycan detection analysis of gS1 and dS1 proteins. Glycan analyses were performed with plant-produced gS1 and dS1 proteins and the in vitro deglycosylated version of gS1 protein as indicated (in vitro). Glycan detection was performed using the Pro-Q Emerald 300 Glycoprotein Staining Kit (Cat. No. P33378, Molecular Probes, Grand Island). CM, CandyCane glycoprotein molecular weight standards (Molecular Probes).



Plant-produced gS1 protein, purified using HisPur™ Ni-NTA resin, was subjected to gel-filtration chromatography. The purified S1 protein was loaded onto GE Healthcare Sephacryl TM S-200 High Resolution resin. The gel chromatography step was performed on the ÄKTA Start purification system, and approximately 250 µg of plant-produced, purified S1 protein was loaded into the column. As can be seen from Figure 4A, gS1 protein was eluted as a single pick from the Sephacryl S-200 column, and no detectable aggregation was observed. The eluted fraction was combined and analyzed on SDS-PAGE (Figure 4). The purity of the S1 protein eluted from the Sephacryl S-200 column was higher than 85%.




Figure 4 | Gel filtration profile of S1 protein and SDS-PAGE analysis of column eluted fraction. gS1 protein was purified by size exclusion chromatography. (A) Elution profile of gS1 in the AKTA start system. (B) SDS-PAGE analysis for gel-filtered gS1 protein. BSA standards were loaded as 1.0, 2.5, and 5.0 μg.






3.3 Binding affinity of plant-produced S1 protein with ACE2

Binding of the plant-produced gS1 protein to ACE2 was performed as described in the Materials and Methods. Commercial ACE2, plant-produced gACE2 and dACE2 proteins were used for the affinity assessment of S1 protein. Commercial spike protein was used as control protein. As seen in Figure 5, the S1 protein showed specific binding to the SARS-CoV-2 receptor, ACE2.




Figure 5 | Assessment of binding ability of S1 protein to different ACE2 variants. (A) Graph for binding affinity of S1 protein to commercial ACE2. The plate was coated with S1 protein and incubated with commercial ACE2 (cat. no. 792004, BioLegend, USA) and evaluated with an anti-His primary antibody. (B) Graph for binding affinity of S1 protein to plant-produced glycosylated ACE2 (gACE2) and deglycosylated ACE2 (dACE2). Plate coated with S1 protein and incubated with plant-produced gACE2 and dACE2. The binding between S1 protein and ACE2 was evaluated using an anti-ACE2 primary antibody (Cat. no. 375801, BioLegend, CA, United States). Commercial spike protein (Cat. no. MBS2563882, MyBioSource, CA, United States) was used as control. Each point on the graph is derived from triplicate for each dilution.






3.4 Stability assessment of plant-produced gS1 protein

The stability assessment of plant-produced glycosylated gS1 of SARS-CoV-2 was examined after incubation at 37°C for 24, 48, 72, and 96 h, and the results are presented in Figure 6. The plant-produced gS1 protein degraded by around 50% after 48 h. Since the yield of Endo H dS1 protein was very low, we were not able to compare the stability of the gS1 protein with its dS1 counterpart.




Figure 6 | Stability of the glycosylated S1 protein. The plant-produced, Ni-NTA resin affinity column-purified glycosylated S1 protein was incubated at 37°C for 24, 48, 72, and 96 h and analyzed by SDS-PAGE (A) and Western blotting (B) analyses. Lanes were loaded with ~5.0 μg (A) or 200 ng (B) S1 proteins. M: color-prestained protein standard. Proteins on the blot were probed with COVID-19 Spike RBD Polyclonal Antibody (B). The image was taken using the highly sensitive GeneGnome XRQ Chemiluminescence imaging system.






3.5 Immunogenicity studies of S1 protein variants in mice

Mice received two doses of 5 µg of the gS1 protein adsorbed on 0.3% Alhydrogel at 3-week intervals (21 days). On days 21 and 42, serum samples were collected and evaluated for anti-gS1 antibody responses. The IgG responses obtained showed that the plant-produced S1 protein was able to induce significantly higher antibody titers with alum adjuvant at a dose of 5 µg (Figure 7).




Figure 7 | Immunogenicity studies of recombinant S1 protein, purified from N. benthamiana plants using Ni-affinity chromatography. Mice were immunized with the S1 protein (5 µg, with Alhydrogel adjuvant), purified from N. benthamiana plant, on study days 0 and 21 intramuscular injection (IM). The determination of IgG titers was done by ELISA in sera collected from mice immunized with S1 protein at day 21 (A) and day 42 (B) postvaccination, and the summary of 21st- and 42nd-day antibody titer is shown in (C) Detection of S1-specific endpoint IgG titers presented in (D) Endpoint titer refers to the reciprocal dilutions of a serum yielding an average OD value four times greater than pre-immune control samples. The control group received PBS with Alhydrogel. Data are shown as mean ± standard error of the mean of triplicates (SEM) in each sample dilution. *p < 0.05; ns, non significant.






3.6 In vitro neutralization

As described earlier, the titers of the Wuhan (GB-MT327745; GISAID-EPI_ISL_424366), Delta (GB-OM945721; GISAID-EPI_ISL_10844545), and Omicron (GB-OM945722; GISAID-EPI_ISL_10844681) variants of SARS-CoV-2 were determined using the tissue culture infective dose 50% (TCID50) method, which measures the amount of virus needed to infect 50% of the cultured cells (Pavel et al., 2020). All experiments with infectious SARS-CoV-2 strains were performed in a biosafety level 3 (BSL3)-enhanced facility at Erciyes University Vaccine Research, Development and Application Center (ERAGEM). In vitro neutralization experiment was performed as described recently (Mamedov et al., 2021a; Mamedov et al., 2021b; Mamedov et al., 2023). The neutralization activity of sera from mice immunized with the recombinant S1 protein against live Wuhan (GB-MT327745; GISAID-EPI_ISL_424366), Delta (GB-OM945721; GISAID-EPI_ISL_10844545), and Omicron (GB-OM945722; GISAID-EPI_ISL_10844681) variants of SARS-CoV-2 infection was tested in Vero-E6 cells. Neutralization titers for the S1 protein are shown in Figure 8. As can be seen from Figure 8, after two doses of the plant-produced S1 protein, neutralizing titers of Omicron variant were reduced around eightfold compared with neutralizing titers of Wuhan (Figure 8). At the same condition, neutralizing titers of the Delta variant were similar compared with neutralizing titers of Wuhan.




Figure 8 | In vitro microneutralization assay of plant-produced gS1 protein immunized mouse serum against SARS-CoV-2 variants (live) in the Vero E6 cell line. In the experiment, neutralization ability of gS1 protein was tested against Wuhan, Delta, and Omicron variants of SARS-CoV-2. 32- to 1,024-fold dilutions of mouse sera immunized with gS1 protein were used. Using the t-test statistical significance (p < 0.05) was calculated ***p < 0.001. ns, non significant.







4 Discussion

The S1 subunit of spike protein of SARS-CoV-2 has many neutralizing epitopes; therefore, it is a major target for COVID-19 vaccine development (Ahmed et al., 2020). It plays a crucial role in the virus entry into host cells and is the primary target for neutralizing antibodies (Dong et al., 2020; Huang et al., 2020). All individuals who recovered from COVID-19 infection were shown to develop anti-S1 and anti-RBD antibodies (Song et al., 2022). Since the initial identification of SARS-CoV-2, several variants have already been detected and studied, including the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron variants. Neutralizing titers of the Omicron variant were reduced around eightfold compared with neutralizing titers. These variants have exhibited differences in terms of transmissibility, disease severity, and immune evasion. Currently available and used vaccines are less effective or not effective against Omicron variants. SARS-CoV-2 has the ability to mutate over time, and it can lead to the emergence of new variants, and it is possible that it might be more severe or vaccine-resistant. Therefore, developing effective COVID-19 vaccines and adopting new strategies to control the spread of the virus is critical. In other words, the development of vaccines effective against the currently existing variants, such as Delta or Omicron or possible future emerging variants, is still a high priority and urgently needed. Recently, we reported that plant-derived RBD or antigen cocktail (N+RBD) variants are highly effective against emerging SARS-CoV-2 variants, including Delta and Omicron (Mamedov et al., 2023). In this study, we demonstrate that another COVID-19 vaccine candidate, plant-produced S1 protein, could be a promising candidate as an effective vaccine to all emerging variants of SARS-CoV-2. Plant expression systems have shown to be effective platforms for the cost-effective and rapid production of a variety of complex recombinant proteins, such as therapeutic proteins, vaccine candidates, antibodies, enzymes, and other biologics. The ongoing advancements in plant biotechnology continue to expand the possibilities for utilizing plant-based production systems in various applications within the field of biotechnology and medicine. Using plant expression system, RBD and a VLP-based vaccine candidate against SARS-CoV-2 variants were developed by different research groups (Mamedov et al., 2021a; Mamedov et al., 2021b; Royal et al, 2021; Shanmugaraj et al., 2021; Moon et al., 2022; Song et al., 2022; Mamedov et al., 2023; O'Kennedy et al., 2023). A number of plant-derived SARS-CoV-2 RBD-based antigens and VLPs are in preclinical and clinical trials (Gobeil et al., 2021; Shanmugaraj et al., 2021; Ward et al., 2021; Hager et al., 2022; Pillet et al., 2022; Ruocco and Strasser, 2022). A S1 subunit of SARS-CoV-2 fused with the Fc domain was expressed in the N. benthamiana plant using the pBYR2e geminiviral plant expression vector. It was shown that mice immunized with purified S1-Fc protein induced antigen-specific antibodies and T-cell responses in mice (Panapitakkul et al., 2022). The expression level, determined by ELISA to be reported as 30 mg/kg of fresh leaf, seems to be low for commercialization. As we described earlier, fusion of the Fc domain to some target proteins may facilitate their production. However, since the fusion adds additional amino acids to the target protein sequence, it significantly affects on protein folding, functional activity, stability, and finally product yield (Andersen et al., 2014; Mamedov et al., 2021c). Production of recombinant proteins with their native-like form is very important as it is critically essential for proper folding, stability, and functional activities of expressed recombinant proteins. The stability of recombinant proteins is important for the high production of target proteins in a plant system, which is one of the key factors for commercialization. The expression level of ACE2-Fc fusion was reported to be around 100 mg/kg in plant leaves. However, the expression levels of the truncated, soluble ACE2s were 7.5 times higher than the ACE2-Fc fusion (Mamedov et al., 2021c). Thus, production of recombinant proteins in a non-fused form has advantages over the same proteins with a fusion variant. It should be noted that the plant-produced S1 protein showed better stability compared with gRBD or dRBD (Mamedov et al., 2021a) and degraded by around 50% after 48 h and by 90% after 72 h. After two doses of plant-produced S1 protein, neutralizing titers of Omicron variant were reduced around eightfold compared with neutralizing titers of Wuhan; however, this reduction was not higher than fourfold for RBD or N+RBD counterparts (Mamedov et al., 2023). Considering that the expression level of the S1 protein is much higher than that of the RBD (Mamedov et al., 2021a) or N+RBD variants (Mamedov et al., 2021b), plant-produced S1 subunits of SARS-CoV-2 could be cost-effective and a safe protein-based vaccine candidate against COVID-19 variants.




5 Conclusion

Collectively, our results demonstrate that the plant-produced full-length S1 subunits could be potential promising vaccine candidates against COVID-19 variants. The amino acid sequence of the S1 protein used in this study corresponds to the 2020 Wuhan strain before the emergence of the SARS-CoV-2 variants including Delta and Omicron. Omicron is currently the dominant variant and is spreading worldwide. At this point, it is important to note that since the Omicron variant is characterized by significant changes in the spike protein and given the results observed in this study, the potential applicability of the study to the newest Omicron strain, EG.5, or informally “Eris,” could be considered. The observed lower reduction in antibody titers against Omicron, as compared with the Wuhan and Delta variants, suggests that targeting Omicron may indeed be a viable approach. It should be noted that while promising results have been observed in animal studies, further research and clinical trials are necessary to determine the safety, efficacy, and potential of any vaccine candidate, including those utilizing plant-based expression systems and targeting the S1 protein. Finally, the findings presented in this study are more important and relevant in the context of the current variants of SARS-CoV-2 and may provide potential directions for future research or therapeutic strategies.





Data availability statement

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





Ethics statement

The animal study was approved by Akdeniz University Experimental Animal Care Unit. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

TM: Conceptualization, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing. DY: Investigation, Software, Writing – original draft. IG: Investigation, Writing – original draft. BG: Investigation, Writing – original draft. GM: Investigation, Writing – original draft. AO: Investigation, Writing – original draft. SP: Investigation, Writing – original draft. HY: Investigation, Writing – original draft, Data curation. BK: Writing – original draft, Investigation. MU: Investigation, Writing – original draft. GH: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by the Health Institutes of Türkiye (TUSEB) (https://www.tuseb.gov.tr/en) through the projects coded 8611 to TM.




Acknowledgments

The authors are grateful to George P. Lomonossoff (John Innes Center, Biological Chemistry Department) and Plant Bioscience Limited for kindly providing the pEAQ binary expression vector. We thank Philip de Leon at Trade Connections International and Dr. Munevver Aksoy at Akdeniz University for editorial assistance.





Conflict of interest

TM is named as the inventor on the patent applications covering plant-produced COVID-19 vaccine development.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Ahmed, S. F., Quadeer, A. A., and McKay, M. R. (2020). Preliminary identification of potential vaccine targets for the COVID-19 coronavirus (SARS-CoV-2) based on SARS-CoV immunological studies. Viruses 12, 254. doi: 10.3390/v12030254

 Andersen, J. T., Dalhus, B., Viuff, D., Ravn, B. T., Gunnarsen, K. S., Plumridge, A., et al. (2014). Extending serum half-life of albumin by engineering neonatal Fc receptor (FcRn) binding. J. Biol. Chem. 289, 13492–13502. doi: 10.1074/jbc.M114.549832

 Capell, T., Twyman, R. M., Armario-Najera, V., Ma, J. K. C., Schillberg, S., and Christou, P. (2020). Potential applications of plant biotechnology against SARS-coV-2. Trends Plant Sci. 25, 635–643. doi: 10.1016/j.tplants.2020.04.009

 Dong, Y., Dai, T., Wei, Y., Zhang, L., Zheng, M., and Zhou, F. (2020). A systematic review of SARS-CoV-2 vaccine candidates. Signal Transduction Targeting Ther. 5, 237. doi: 10.1038/s41392-020-00352-y

 Farrance, C. E., Chichester, J. A., Musiychuk, K., Shamloul, M., Rhee, A., Manceva, S. D., et al. (2011). Antibodies to plant-produced Plasmodium falciparum sexual stage protein Pfs25 exhibit transmission blocking activity. Hum. Vaccin. 7 Suppl, 191–198. doi: 10.4161/hv.7.0.14588

 Gobeil, P., Pillet, S., Séguin, A., Boulay, I., Mahmood, A., Vinh, D. C., et al. (2021). Interim report of a phase 2 randomized trial of a plant-produced virus-like particle vaccine for Covid-19 in healthy adults aged 18–64 and older adults Aged 65 and older. medRxiv. doi: 10.1101/2021.05.14.21257248

 Hager, K. J., Pérez Marc, G., Gobeil, P., Diaz, R. S., Heizer, G., Llapur, C., et al. (2022). Efficacy and safety of a recombinant plant-based adjuvanted Covid-19 vaccine. N Engl. J. Med. 386 (22), 2084–2096. doi: 10.1056/NEJMoa2201300

 Huang, Y., Yang, C., Xu, X. F., Xu, W., and Liu, S. W. (2020). Structural and functional properties of SARS-CoV-2 spike protein: Potential antivirus drug development for COVID-19. Acta Pharmacol. Sin. 41, 1141–1149. doi: 10.1038/s41401-020-0485-4

 Jackson, C. B., Farzan, M., Chen, B., and Choe, H. (2022). Mechanisms of SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 23 (1), 3–20. doi: 10.1038/s41580-021-00418-x

 Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., et al. (2020). Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature. 581, 215–220. doi: 10.1038/s41586-020-2180-5

 Mamedov, T., Cicek, K., Gulec, B., Ungor, R., and Hasanova, G. (2017). In vivo production of non-glycosylated recombinant proteins in Nicotiana benthamiana plants by co-expression with Endo-β-N-acetylglucosaminidase H (Endo H) of Streptomyces plicatus. PloS One 12 (8), e0183589. doi: 10.1371/journal.pone.0183589

 Mamedov, T., Cicek, K., Miura, K., Gulec, B., Akinci, E., Mammadova, G., et al. (2019b). A Plant-Produced in vivo deglycosylated full-length Pfs48/45 as a Transmission-Blocking Vaccine candidate against malaria. Sci. Rep. 9, 9868. doi: 10.1038/s41598-019-46375-6

 Mamedov, T., Ghosh, A., Jones, R. M., Mett, V., Farrance, C. E., Musiychuk, K., et al. (2012). Production of non-glycosylated recombinant proteins in Nicotiana benthamiana plants by co-expressing bacterial PNGase F. Plant Biotechnol. J. 10 (7), 773–782. doi: 10.1111/j.1467-7652.2012.00694.x

 Mamedov, T., Gurbuzaslan, I., Yuksel, D., Ilgin, M., Mammadova, G., Ozkul, A., et al. (2021c). Soluble human angiotensin- converting enzyme 2 as a potential therapeutic tool for COVID-19 is produced at high levels in Nicotiana benthamiana plant with potent anti-SARS-CoV-2 activity. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.742875

 Mamedov, T., Musayeva, I., Acsora, R., Gun, N., Gulec, B., Mammadova, G., et al. (2019a). Engineering, and production of functionally active human Furin in N. benthamiana plant: in vivo post-translational processing of target proteins by Furin in plants. PloS One 14, e0213438. doi: 10.1371/journal.pone.0213438

 Mamedov, T., Yuksel, D., Gurbuzaslan, I., Ilgın, M., Gulec, B., Mammadova, G., et al. (2023). Plant-produced RBD and cocktail-based vaccine candidates are highly effective against SARS-CoV-2, independently of its emerging variants. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1202570

 Mamedov, T., Yuksel, D., Ilgin, M., Gurbuzaslan, I., Gulec, B., Mammadova, G., et al. (2020). Engineering, production and characterization of Spike and Nucleocapsid structural proteins of SARS–CoV-2 in Nicotiana benthamiana as vaccine candidates against COVID-19. BioRxiv. 2020. doi: 10.1101/2020.12.29.424779

 Mamedov, T., Yuksel, D., Ilgin, M., Gurbuzaslan, I., Gulec, B., Yetiskin, H., et al. (2021a). Plant produced glycosylated and in vivo deglycosylated receptor binding domain proteins of SARS-CoV-2 induce potent neutralizing responses in mice. Viruses. 13 (8), 1595. doi: 10.3390/v13081595

 Mamedov, T., Yuksel, D., Ilgın, M., Gurbuzaslan, I., Gulec, B., Mammadova, G., et al. (2021b). Production and characterization of nucleocapsid and RBD cocktail antigens of SARS-CoV-2 in Nicotiana benthamiana plant as a vaccine candidate against COVID-19. Vaccines. 9 (11), 1337. doi: 10.3390/vaccines9111337

 Mamedov, T., and Yusibov, V. (2013). In vivo deglycosylation of recombinant proteins in plants by co-expression with bacterial PNGase F. Bioengineered 5 (4), 338–342. doi: 10.4161/bioe.23449

 Mammadova, G., Gurbuzaslan, I., Nilufer, G., Yuksel, D., Mutlu, N., Hasanova, G., et al. (2022). Engineering, production, and immunogenicity studies of a truncated form of rabies virus glycoprotein produced in Nicotiana benthamiana plant. Med. Sci. 11 (2), 478–483. doi: 10.5455/medscience.2021.09.278

 Moon, K. B., Jeon, J. H., Choi, H., Park, J. S., Park, S. J., Lee, H. J., et al. (2022). Construction of SARS-CoV-2 virus-like particles in plant. Sci. Rep. 12 (1), 1005. doi: 10.1038/s41598-022-04883-y

 O'Kennedy, M. M., Abolnik, C., Smith, T., Motlou, T., Goosen, K., Sepotokele, K. M., et al. (2023). Immunogenicity of adjuvanted plant-produced SARS-CoV-2 Beta spike VLP vaccine in New Zealand white rabbits. Vaccine 41 (13), 2261–2269. doi: 10.1016/j.vaccine.2023.02.050

 Panapitakkul, C., Khorattanakulchai, N., Rattanapisit, K., Srisangsung, T., Shanmugaraj, B., Buranapraditkun, S., et al. (2022). Plant-Produced S1 subunit protein of SARS-CoV-2 elicits immunogenic responses in mice. Vaccines 10 (11), 1961. doi: 10.3390/vaccines10111961

 Pavel, S. T. I., Yetiskin, H., Aydin, G., Holyavkin, C., Uygut, M. A., Dursun, Z. B., et al. (2020). Isolation and characterization of severe acute respiratory syndrome coronavirus 2 in Turkey. PloS One 15, e0238614. doi: 10.1371/journal.pone.0238614

 Pillet, S., Arunachalam, P. S., Andreani, G., Golden, N., Fontenot, J., Aye, P. P., et al. (2022). Safety, immunogenicity, and protection provided by unadjuvanted and adjuvanted formulations of a recombinant plant-derived virus-like particle vaccine candidate for COVID-19 in nonhuman primates. Cell Mol. Immunol. 19, 222–233. doi: 10.1038/s41423-021-00809-2

 Royal, J. M., Simpson, C. A., McCormick, A. A., Phillips, A., Hume, S., Morton, J., et al. (2021). Development of a SARS-CoV-2 vaccine candidate using plant-based manufacturing and a tobacco mosaic virus-like nano-particle. Vaccines 9, 1347. doi: 10.3390/vaccines9111347

 Ruocco, V., and Strasser, R. (2022). Transient expression of glycosylated SARS-coV-2 antigens in nicotiana benthamiana. Plants 11, 1093. doi: 10.3390/plants11081093

 Sainsbury, F., Thuenemann, E. C., and Lomonossoff, G. P. (2009). pEAQ: Versatile expression vectors for easy and quick transient expression of heterologous proteins in plants. Plant Biotechnol. J. 7, 682–693. doi: 10.1111/j.1467-7652.2009.00434.x

 Shang, J., Ye, G., Shi, K., Wan, Y., Luo, C., Aihara, H., et al. (2020). Structural basis of receptor recognition by SARS-CoV-2. Nature 581 (7807), 221–224. doi: 10.1038/s41586-020-2179-y

 Shanmugaraj, B., Rattanapisit, K., Manopwisedjaroen, S., Thitithanyanont, A., and Phoolcharoen, W. (2020). Monoclonal Antibodies B38 and H4 Produced in Nicotiana benthamiana Neutralize SARS-CoV-2 in vitro. Front. Plant Sci. 11, 589995. doi: 10.3389/fpls.2020.589995

 Shanmugaraj, B., Siriwattananon, K., Malla, A., and Phoolcharoen, W. (2021). potential for developing plant-derived candidate vaccines and biologics against emerging coronavirus infections. Pathogens 10, 1051. doi: 10.3390/pathogens10081051

 Siriwattananon, K., Manopwisedjaroen, S., Shanmugaraj, B., Rattanapisit, K., Phumiamorn, S., Sapsutthipas, S., et al. (2021). Plant-produced receptor-binding domain of SARS-coV-2 elicits potent neutralizing responses in mice and non-human primates. Front. Plant Sci. 12, 682953. doi: 10.3389/fpls.2021.682953

 Song, S. J., Kim, H., Jang, E. Y., Jeon, H., Diao, H. P., Khan, M. R. I., et al. (2022). SARS-CoV-2 spike trimer vaccine expressed in Nicotiana benthamiana adjuvanted with Alum elicits protective immune responses in mice. Plant Biotehnol J. 20 (12), 2298–2312. doi: 10.1111/pbi.13908

 Tottey, S., Shoji, Y., Jones, R. M., Chichester, J. A., Green, B. J., Musiychuk, K., et al. (2018). Plant-produced subunit vaccine candidates l challenge in animal models. Am. J. Trop. Med. Hyg. 98 (2), 420–431. doi: 10.4269/ajtmh.16-0293

 Tottey, S., Shoji, Y., Mark Jones, R., Musiychuk, K., Chichester, J. A., Miura, K., et al. (2023). Engineering of a plant-produced virus-like particle to improve the display of the Plasmodium falciparum Pfs25 antigen and transmission-blocking activity of the vaccine candidate. Vaccine. 41 (4), 938–944. doi: 10.1016/j.vaccine.2022.12.048

 Walls, A. C., Park, Y. J., Tortorici, M. A., Wall, A., McGuire, A. T., and Veesler, D. (2020). Structure, function, and antigenicity of the SARS-coV-2 spike glycoprotein. Cell 181 (2), 281–292.e6. doi: 10.1016/j.cell.2020.02.058

 Wang, S. H., Smith, D., Cao, Z., Chen, J., Acosta, H., Chichester, J. A., et al. (2019). Recombinant H5 hemagglutinin adjuvanted with nanoemulsion protects ferrets against pathogenic avian influenza virus challenge. Vaccine. 37 (12), 1591–1600. doi: 10.1016/j.vaccine.2019.02.002

 Ward, B. J., Gobeil, P., Séguin, A., Atkins, J., Boulay, I., Charbonneau, P. Y., et al. (2021). Phase 1 randomized trial of a plant-derived virus-like particle vaccine for COVID-19. Nat. Med. 27, 1071–1078. doi: 10.1038/s41591-021-01370-1

 Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 579 (7798), 270–273. doi: 10.1038/s41586-020-2012-7




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Mamedov, Yuksel, Gurbuzaslan, Gulec, Mammadova, Ozdarendeli, Pavel, Yetiskin, Kaplan, Uygut and Hasanova. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1290042-g002.jpg
Commercial
Spike (RBD
BSA standards, ug PP g::u, gs1.  dst, pos M("' "') s‘s;. d:;.
M L —
1 25 50 £ o b w00 & 00 25 50 100 100 200 50 100
165 0 51 e — J
PAS: <« -16'0 kDa e -1::‘)1
g
wowa % s - < 3. -
—_
com. RBD .

~25kDa 7 ‘“ s






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        SARS-CoV-2 spike protein S1 subunit induces potent neutralizing responses in mice and is effective against Delta and Omicron variants

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Engineering, cloning, and production of S1 protein in N. benthamiana

          



          		

            2.2 Purification of S1 protein from N. benthamiana leaves

          



          		

            2.3 Gel filtration

          



          		

            2.4 Stability analysis

          



          		

            2.5 ELISA

          



          		

            2.6 Immunogenicity studies in mice for S1 protein

          



          		

            2.7 Glycan detection

          



          		

            2.8 Microneutralization assay

          



          		

            2.9 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Engineering, cloning, expression, production, and purification of S1 of SARS-CoV-2 from the N. benthamiana plant

          



          		

            3.2 Glycan detection analysis of glycosylated and deglycosylated S1 protein variants

          



          		

            3.3 Binding affinity of plant-produced S1 protein with ACE2

          



          		

            3.4 Stability assessment of plant-produced gS1 protein

          



          		

            3.5 Immunogenicity studies of S1 protein variants in mice

          



          		

            3.6 In vitro neutralization

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1290042-g003.jpg
~100kDa—+ 4

e
=
gst ds1 =

~100kDa—+

‘~42 kDr"

gS1

dS1

in vitro





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1290042-g005.jpg
2.0

- PBS
-e- Com S + Com ACE2
-= pp-S1+ Com ACE2

80 120 160 200 240
Concentration of Com ACE2, nM

EA ComS + Com ACE2
pp-S1+ Com ACE2

B

1.5

1.0-

ODus0 nm

0.5

0.0-

-»- PBS

-= pp-S1 + pp-dACE2

—+ pp-S1 + pp-gACE2
= - ComS + pp-dACE2

~»- Com S + pp-gACE2

40 60 80 100 120

Concentration of pp-gACE2 and pp-dACE2, nM

€3 pp-S1 + pp-dACE2
B3 pp-S1 + pp-gACE2
E3 ComsS + pp-dACE2
@ ComsS + pp-gACE2





OEBPS/Images/fpls.2023.1290042_cover.jpg
, frontiers | Frontiers in Plant Science

SARS-CoV-2 spike protein S1 subunit
induces potent neutralizing responses in
mice and is effective against Delta and
Omicron variants





OEBPS/Images/fpls-14-1290042-g007.jpg
A S1 21st day

1.0
g - PBS
S o8 - S1mice 1
o -+ S1mice 2
g 06 -* S1 mice 3
2 -+~ S1mice4
3 04
k)
v 02
2
. 0.0 3 4 5 6 7
102 10° 10* 10° 10° 10 10°
Reciprocal of serum dilution
CA 1.5 -e- PBS
3 -= S121stday
8 —— S142nd day
Tn’ 1.0
E
=
s
&
w 0.5
5]
i
£
" 0.0

102 10> 10* 10° 10° 10" 10
Reciprocal of serum dilution

Titers of serums (OD450)

S142nd day o PBS
1.5 -= S1mice 1
- S1 mice 2
-¥- S1 mice 3
10 —+- S1mice 4
-o- S1 mice 5
0.5
0.0
102 10° 10* 10° 10° 10" 10°
Reciprocal of serum dilution
108
107
o 108
g 10°
= 10°
S 10°
2 e
w
101
10°

PBS 21st day 42nd day





OEBPS/Images/fpls-14-1290042-g001.jpg
AGL1 EHA105

l_‘_\{_‘_\
C1 C2 C3 C1 C2 C3

- - .
gPAS3 —— G ' Lo
- *





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1290042-g004.jpg
UV absorbance (mAU)

u x «

Volume, (mL)

BSA standards, pg
——

10 25 50

25

SDS-PAGE






OEBPS/Images/fpls-14-1290042-g008.jpg
104

O Wuhan

— (o] Delta
ig 10° V¥ Omicron
S
S
N
% 102
-]
=5
[
=
o 107
0
= cutoff

100

42d post 2"? dose S1 protein





OEBPS/Images/fpls-14-1290042-g006.jpg
gs1

Initial 24hours 48 hours

72 hours 96 hours

bbbk bake

46—

32—

Commercial Spike
(RBD) protein

{—%\

25 50 100

——

gs1

Initial 24 hours 48 hours 72 hcurs 96 hours

m'!g"’1 "

-.nnoQ :0
TUmTes .-






