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Development of safe and efficient vaccines is still necessary to deal with the COVID-19 pandemic. Herein, we reported that yeast-expressed recombinant RBD proteins either from wild-type or Delta SARS-CoV-2 were able to elicit immune responses against SARS-CoV-2 and its variants. The wild-type RBD (wtRBD) protein was overexpressed in Pichia pastoris, and the purified protein was used as the antigen to immunize mice after formulating an aluminium hydroxide (Alum) adjuvant. Three immunization programs with different intervals were compared. It was found that the immunization with an interval of 28 days exhibited the strongest immune response to SARS-CoV-2 than the one with an interval of 14 or 42 days based on binding antibody and the neutralizing antibody (NAb) analyses. The antisera from the mice immunized with wtRBD were able to neutralize the Beta variant with a similar efficiency but the Delta variant with 2~2.5-fold decreased efficiency. However, more NAbs to the Delta variant were produced when the Delta RBD protein was used to immunize mice. Interestingly, the NAbs may cross react with the Omicron variant. To increase the production of NAbs, the adjuvant combination of Alum and CpG oligonucleotides was used. Compared with the Alum adjuvant alone, the NAbs elicited by the combined adjuvants exhibited an approximate 10-fold increase for the Delta and a more than 53-fold increase for the Omicron variant. This study suggested that yeast-derived Delta RBD is a scalable and an effective vaccine candidate for SARS-CoV-2 and its variants.
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Introduction

The ongoing global COVID-19 pandemic caused by the SARS-CoV-2 virus and its variants poses a major threat to global public health. In response to this epidemic, various types of vaccines have been developed including inactivated SARS-CoV-2 virus, viral vectors, nucleic acids (mRNA and DNA), virus-like particles, and recombinant proteins (1–3). However, the continuous emergence of SARS-CoV-2 variants brought a huge challenge for vaccine development. Several major variants have circulated through the population including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529). Many vaccines partially or completely lost protective efficacy to these variants, especially to the Delta and Omicron variants (4–6). It was found that, after two-dose vaccination of CoronaVac or BBIBP-CorV, the geometric mean titers (GMTs) of neutralizing antibodies (NAbs) against Delta Variants in plasma decreased 5.1-fold (CoronaVac) or 1.47-fold (BBIBP-CorV) and were below the lower limit for the Omicron variants (6, 7). Similarly, after two doses of vaccination with mRNA-1273, BNT162b2, and AZD1222, NAb titers against Omicron decreased 39-, 37- and 21-fold, respectively (8).

Three recombinant protein vaccines have been licensed as SARS-CoV-2 vaccines (4, 9). Compared with other types of vaccines, recombinant vaccines are highly efficient, secure, and have relatively lower costs. They have been widely used to prevent viral infections caused by Hepatitis B and HPV (10, 11). To produce recombinant proteins, multiple expression platforms including bacteria cells, yeast cells, insect cells, and mammalian cells have been used according to specific requirements (9). Among these different expression systems, the yeast Pichia pastoris (P. pastoris) system is very attractive for the development of a COVID-19 vaccine. Firstly, methylotrophic cells produce post-translational modifications which is important for the vaccine and which does not happen in E. coli (9). Also, this system is less expensive than the insect and mammalian expression systems (12, 13). Furthermore, the extracellular secretion of the antigen, RBD protein, makes the purification process very simple. It has been demonstrated that the yield of SARS-CoV-2 RBD in the P. pastoris expression system was higher than in mammalian expression systems (14).

The weak immune responses elicited by the recombinant RBD protein should be overcome if it is used as the COVID-19 vaccine candidate. It has been found that recombinant proteins can only induce weak immune responses in the absence of adjuvants (15, 16). To this end, the selection of adjuvants is the priority for a vaccine based on the RBD protein. Alum is a standard adjuvant that has been used in approved SARS-CoV-2 vaccines such as EpiVacCorona and ZF2001 (4, 17, 18). To further increase the immune responses, unmethylated CpG-oligodeoxynucleotides (CpG) may be used in combination with Alum. CpG can elicit Th1 response via toll-like receptor 9 (TLR9), and studies showed that robust humoral immune responses against SARS-CoV-2 were detected in mice immunized with the antigen and a combination of Alum and CpG adjuvants (19–21). Finally, an optimal immunization regimen needs to be investigated. It has been found that the NAb titers against SARS-CoV-2 variants may be significantly increased after a third booster (6, 8).

In this study, to enhance the vaccine potency of the yeast-derived RBD-based recombinant protein vaccine, the immunization regimens and adjuvant selections were compared. Our results showed that either wtRBD or Delta RBD purified from P. pastoris cells may be used as an efficient antigen. A three-dose vaccine administration with a 28-day interval was most effective, and higher levels of NAb were induced when Alum and CpG were used as a combined adjuvant.



Materials and methods


Plasmid construction

The coding sequence for SARS-CoV-2 RBD (S protein residues 319-541, GenBank: MN908947) was codon-optimized for P. pastoris expression. An α-factor signal peptide was added to the N-terminal of RBD for protein secretion and an enterokinase (EK)-cleavable 6×His-tag was added to the C-terminal for purification. The sequence (referred to as wtRBD-co) listed in Table S1 was synthesized by Anhui Gene Universal Technology Co., Ltd, and the RBD fragment was subcloned into the pPICZ A vector to generate pPICZα A-wtRBD-co.

To construct the plasmid pPICZα A-Delta RBD-co, the SARS-CoV-2 RBD sequence was codon-optimized (referred to as wtRBD-co1) (Table S1), synthesized, and inserted into the pUC57 vector by GenScript (Nanjing). This plasmid was used as the template for PCR amplification of wtRBD-co1 using the primer pairs 3/4. The α-factor fragment was obtained with the primer pairs 1/2 using the pPICZα A as the template. The two PCR fragments were joined by overlapping PCR with the primer pairs 1/4 and cloned into the vector pPICZ A via EcoRI/SalI double digestions. The resulting plasmid was referred to as pPICZα A-wtRBD-co1. Next, site-specific mutagenesis (L452R and T478K) of the Delta SARS-Cov-2 RBD was performed using primer pairs 1/5 and 4/6, and pPICZα A-wtRBD-co1 served as the template. These two PCR fragments were then joined by overlapping extension PCR with the primer pairs 1/4, and inserted into the vector pPICZ A via EcoRI/SalI double digestions to generate the plasmid pPICZα A-Delta RBD-co. The primers used in this study were synthesized by Sangon Biotech (Shanghai) and listed in Table S2.



Cloning of recombinant P. pastoris

The plasmids pPICZα A-wtRBD-co and pPICZα A-Delta RBD-co were linearized with SacI and transformed into the P. pastoris X33 (Invitrogen, Carlsbad) by electroporation (Bio-Rad, Hercules). Yeast clones integrated with wtRBD-co or Delta RBD-co gene were selected on yeast extract peptone dextrose sorbitol (YPDS) plates containing 100 μg/mL zeocin (Invitrogen) at 30°C. Colony PCR was performed using the primer 5’AOX and 3’AOX (Table S2), and the positive clones were selected and grown in 3 mL BMGY medium (Sangon Biotech) at 30°C with a shaking speed of 250 rpm, until the OD600 reached 2.0-6.0. Yeast cells were harvested by centrifugation at 3,000 rpm for 5 min at 4°C, and the pellets were suspended with an equal volume of the BMMY medium (Sangon Biotech). Induction was performed at 30°C with shaking at 250 rpm for 72 h, and additional methanol (0.5% final concentration) was added to the medium every 24 h. The expression levels of RBD protein in the supernatant for individual yeast clones were quantified by western blot analysis.



Expression and purification of RBD protein

The selected yeast clones were cultured in 300 mL BMGY medium as described above, and the supernatants were harvested at approximately 72 h after induction by centrifugation at 15,000 rpm for 15 min at 4°C. For protein purification, the supernatant containing wtRBD or Delta RBD was filtered with a 0.22 μm filter (Millipore, Billerica) and purified through a 5-mL HisTrap HP column (GE Healthcare, Salt Lake City). Next, the protein was further purified using anion-exchange chromatography (HiTrap Q HP columns) and a size-exclusion column (Superdex 200 Increase 10/300 GL columns, GE Healthcare) (22, 23). The purified protein was digested with Enterokinase (Yeasen, Shanghai) at 4°C overnight to cleave the 6×His-tag. Enterokinase and the tag were removed by a HiTrap Q HP column and a Superdex 200 Increase 10/300 GL column in a buffer containing 20 mM Tris-HCl (pH 8.0) and 150 mM NaCl. The purity and molecular weight of the collected elutions were determined by Coomassie blue staining and western blot analysis. The protein concentration was calculated using a Bradford assay (Thermo Fisher Scientific, Massachusetts).

The samples were denatured by incubating for 10 min at 95°C in a loading buffer containing 1% bromophenol blue, 10% sodium dodecyl sulfate, 50% glycerol, and 60 mmol/L Tris-HCl (pH 6.8) and separated on 10% polyacrylamide gels. Gels were stained with Coomassie blue R-250 to check the purity and quantity. For western blot analysis, the gels were transferred onto PVDF membranes (Millipore) and blocked with TBST buffer containing 5% skimmed milk for 2 h at room temperature. Then, the membranes were incubated with the primary antibody anti-SARS-CoV-2 RBD (1:2000, Sino Biological, Beijing, Cat#40592-T62) overnight at 4°C, followed by the secondary antibody Anti-Rabbit IgG (1:4000, Abbkine, Wuhan) incubation for 1 h at room temperature. Signals were detected using an ECL kit (NCM biotech, Suzhou).



Analysis of glycosylation sites of wtRBD

The glycosylation sites of wtRBD were analyzed using liquid chromatography-mass spectrometry (LC-MS) (Q Exactive plus mass spectrometer, Thermo Fisher Scientific), and the method has been described previously by Yang et al. (22). Briefly, the purified wtRBD protein was precipitated by adding four volumes of pre-cooled acetone at -20°C overnight and centrifuged at 20,000 g for 10 min at 4°C. The protein precipitate was redissolved in a denaturing buffer (8 M urea, 50 mM NH4HCO3), and reduced with 20 mM DL-Dithiothreitol (DTT, Sigma, St Louis) for 1 h at 55°C. Furthermore, the proteins were alkylated with 55 mM iodoacetamide (IAA, Sigma) for 30 min at room temperature in the dark, and digested with trypsin at 37°C overnight. After digestion, the peptides were desalted using a C18 ZipTip column according to the manufacturer’s instructions (Millipore), and analyzed by high resolution mass spectrometry using an EASY-nano-LC 1200 (Thermo Fisher Scientific) coupled to a Q-Exactive HF-X (Thermo Fisher Scientific). Raw MS files were further processed using Proteome Discoverer version 2.3 (Thermo Fisher Scientific) with SEQUEST.



Mouse immunization

All experiments involving mice were approved by the Animal Care and Use Committee of Sichuan University. Female BALB/c mice (6-8 weeks old) were purchased from Ensiweier Biotechnology Co. (Chongqing). After random grouping, mice were intramuscularly immunized with Alum or the mixture of adjuvants (10 µg class C CpG plus 45 µg Alum/mouse) (Parr Bio, Nanjing) and immunogen (wtRBD or Delta RBD) in a total volume of 100 μL, then two further booster immunizations were performed according to the immunization protocols. Blood samples were obtained from retro-orbital venous plexus at 14-day and 28-day after each immunization. The blood samples were placed at room temperature for 2 h, and the sera were collected by centrifugation at 4,000 rpm for 30 min at 4°C. The serum samples were stored at -80°C.



Measurement of RBD specific antibodies

RBD specific antibodies from the serum samples were measured by ELISA. Briefly, each well of the ELISA plates (Corning Inc, NY) was pre-coated with 200 ng antigens, including wtRBD, Beta RBD, Gamma RBD, Delta RBD or Mink RBD. The wtRBD protein was purchased from Anhui Gene Universal Technology Co., Ltd (Chuzhou), the Beta RBD, Gamma RBD, Y453F RBD protein were obtained from Novoprotein (Shanghai), and the Delta RBD protein was purchased from Beyotime (Shanghai). These antigens were diluted in a coating buffer (35 mM sodium bicarbonate and 15 mM sodium carbonate, pH 9.6), followed by incubation overnight at 4°C. The plates were washed three times with PBST buffer (PBS buffer containing 0.05% Tween-20), and blocked with PBST buffer containing 5% BSA for 1.5 h at room temperature. To detect the binding capacity, serum samples were diluted 100-fold. To measure the RBD-specific titers, serum from immunized mice were serially diluted 3-fold with an initial dilution of 30. The diluted serum samples were added to the plates (100 µL per well), and incubated at room temperature for 1.5 h. After three washes, HRP-conjugated anti-mouse IgG (1:5000, Abbkine, Wuhan) was added (100 µL per well) and incubated for 1.5 h at room temperature. Finally, the plates were detected with 100 µL of 3,3’,5,5’-tetramethyl-biphenyldiamine (TMB) (SeraCare Life Sciences, Milford) for 3 min, and stopped with 1 M HCl solution (100 µL per well). The absorbance values were measured at 450 nm using a microplate reader with a background correction at 630 nm. The serum antibody titers were calculated according to the method described previously by Li et al. (24).



Neutralization antibody assay

The recombinant Vesicular stomatitis virus (VSV)-based wild-type and variant SARS-CoV-2 pseudoviruses were obtained from the Division of HIV/AIDS and Sex-Transmitted Virus Vaccines, the National Institutes for Food and Drug Control, China. The neutralization assay was carried out as previously published by Nie et al. (25). Briefly, 650 TCID50 of SARS-CoV-2 pseudovirus was mixed with a 3-fold serial dilution of the serum samples starting at 30-fold dilution, followed by incubations at 37°C for 1 h. 2×105 Vero cells were added to each well. After incubating at 37°C with 5% CO2 for 24 h, the expression of luciferase was detected using an Ensight plate reader (PerkinElmer, Waltham) for the calculation of NAb titers. The half maximal effective concentration (EC50) of serum samples was calculated. Each plate was set up with a cell-only control (CC) and a virus with cells control (VC). Neutralizing titers below 30 were shown as 30 on the graph.



Statistical analyses

All data were shown as the mean ± SD and analyzed using GraphPad Prism 8.0. One-way ANOVA with Tukey’s multiple comparisons test was used to analyze the statistical differences among the different groups, and the unpaired Student’s t-test was used to calculate the statistical significance between the two groups. p-values lower than 0.05 were considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) (22).




Results


Production of recombinant wtRBD in P. pastoris

Yeast has been shown to be an ideal system for the large-scale production of recombinant proteins (13, 14); thus, it was used in this study. The vector to overexpress wtRBD was shown in Figure 1A. The α-factor signal peptide, a yeast signal peptide, was fused to the N terminus of wtRBD for secretion, and an EK-cleavable 6×His tag was added to the C terminus for purification. The wtRBD was purified as described in the Materials and Methods, and the purity was revealed by SDS PAGE (Figure 1B), and the identity was further confirmed by western blot analysis with anti-RBD (SARS-CoV-2) and anti-His antibodies (Figure 1C). The purified wtRBD with or without EK digestion was detected using anti-RBD antibody while His-tag was not detected after EK digestion, suggesting nearly all of the protein tags were removed. In contrast to the predicted molecular weight of ~26 kDa, the purified wtRBD was found to be around 45 kDa, suggesting that the purified wtRBD was highly glycosylated (Figure 1C). Thus, the purified wtRBD after EK digestion was used to analyze the glycosylation sites using mass spectrometry (MS). As shown in Figure S1A, O-glycosylation sites and N-glycosylation sites were identified by Proteome Discoverer, and the presence of these sites have been proven not to affect the binding or recognition with ACE2 receptor (22). The glycosylation of the yeast-derived RBD proteins was further confirmed by PNGase F digestion (Figures S1B, C). Together, it was shown that wtRBD was produced efficiently using the P. pastoris expression system.




Figure 1 | Purification of recombinant wtRBD protein from Pichia pastoris. (A) Schematic of the expression vector for the recombinant wtRBD protein expressed in yeast. wtRBD contained the α-factor signal peptide (blue) at the N terminus, and an Enterokinase (EK) cleavage site (orange) and a 6×His-tag (purple) at the C terminus. (B) The purity analysis of the purified recombinant wtRBD by Commassie blue staining. (C) Western blot analysis using SARS-CoV-2 RBD antibody (left) and 6×His antibody (right).





Immune responses against SARS-CoV-2 elicited by yeast-expressed wtRBD

To evaluate the protective efficacy of the yeast-expressed wtRBD as a vaccine, mice were randomized into three groups according to immunization program 1 (Figure 2A). Each mouse received 0, 30, or 60 μg of wtRBD by intramuscular immunization for three times 28 days apart, and Alum was used as an adjuvant. Serum samples were collected 14 days after each immunization, and wtRBD-specific IgG and NAbs were detected. As expected, humoral immune responses were induced in both groups immunized with wtRBD antigens, and the dosage effect was observed after the first immunization according to evaluation of absorbance values (Figure 2B). Additionally, both wtRBD-specific IgG antibodies and NAbs significantly increased after the second and third immunizations (Figures 2B, C). The amounts of these two types of antibodies were also similar after the second and third immunizations according to immunization program 1. Notably, there was no statistical difference in the antibodies between the two groups immunized with 30 μg and 60 μg of wtRBD protein, respectively, indicating that 30 μg of wtRBD was enough as an antigen in mice.




Figure 2 | Humoral immune responses induced by yeast-expressed wtRBD in mice. Mice were intramuscularly immunized with different amounts of wtRBD with Alum adjuvant in two different immunization programs. The serum samples were collected at the fourteen day after each immunization and 1st, 2nd, 3rd indicated the serum samples collected the fourteen day after the first, second, and third immunization, respectively. The serum samples were diluted at a ratio of 1:100 for ELISA to detect IgG binding antibodies. NAbs were quantified based on a pseudovirus assay. (A) Schematic of immunization program 1. Each mouse received different amounts of wtRBD three times with a 28-day interval. (B) Detection of the wtRBD-specific binding IgG antibodies in serum according to immunization program 1. (C) Quantification of NAbs in serum according to immunization program 1. (D) Schematic of immunization program 2. Each mouse received different amounts of wtRBD three times at 42-day intervals. (E) Detection of the wtRBD-specific binding IgG antibodies in serum according to immunization program 2. (F) Quantification of NAbs in serum according to immunization program 2. Data are the mean ± SD. p-values were calculated using one-way ANOVA. *p < 0.05, ****p < 0.0001; ns, not significant.



Another immunization program was also set up to evaluate the potency of yeast-derived wtRBD in which each mouse was immunized with 0, 30, or 100 μg of protein three times 42 days apart (Figure 2D). Consistent with our results from immunization program 1, robust humoral immune responses were elicited after the second and third immunizations, suggesting that booster injections were necessary (Figures 2E, F). It was also found that there was no significant difference in antibody production between the two groups using 30 μg or 100 μg of protein as antigen. In conclusion, these data demonstrated that yeast-expressed wtRBD as antigen can elicit a strong protective immune response, and 30 μg of wtRBD plus Alum adjuvant was sufficient.



Cross-reactivity against SARS-CoV-2 variants by the vaccine using yeast-expressed wtRBD in mice

To analyze whether the antisera from the mice immunized with wtRBD at different time intervals can efficiently prevent the SARS-CoV-2 variants, the total IgG binding antibodies and NAbs in the endpoint serum samples were detected. As shown in Figure 3A, wtRBD induced the IgG antibodies bound the wild-type, Beta (B.1.351) and Delta (B.1.617.2) variants with similar efficiency, regardless of the 28-day or 42-day immunization program used in this study. This result was further supported by the IgG binding assays for the Gamma (P.1) and Mink (Y453F) variants (Figure S2). Notably, relative more binding antibodies were elicited in mice using the program 1 compared with using the program 2 (Figure S3).




Figure 3 | Cross-reactivity of the antisera from mice immunized with wtRBD against Beta and Delta SARS-CoV-2 variants. The endpoint serum samples from mice immunized with wtRBD according to immunization program 1 and 2, which had the immunization intervals of 28 and 42 days, respectively, were used for the IgG binding antibody and NAb assay. (A) Titers for IgG binding antibody against the Beta and Delta variant. (B) Titers for NAbs against the Beta and Delta variant. Each symbol indicates data from one mouse (n = 4 mice/group); geometric means of each group are shown.



In addition, compared with the NAb titers against wild-type SARS-CoV-2, no significant difference was found for Beta variant with the 28-day immunization program (Figure 3B). However, the NAb titers against the Delta variant were reduced by 2.0 folds and 2.5 folds in the groups immunized with 30 and 60 μg of wtRBD, respectively (Figure 3B). Interestingly, the NAb titers obtained by the program 1 were still higher than those by the program 2, further suggesting that a 28-day immunization regimen was superior to a 42-day regimen. Overall, cross-reactive NAbs against SARS-CoV-2 variants were elicited by the yeast-derived wtRBD vaccine in mice. Our results also showed that the Delta variants had greater vaccine escape capacity than the wild-type and Beta SARS-CoV-2, which was consistent with the results from the previous studies (4, 26, 27).



Immune response induced by yeast-expressed Delta RBD protein in mice

Given the immune evasion of the Delta variant, the vaccine effectiveness of the Delta RBD protein was investigated. The yeast-expressed Delta RBD protein was overexpressed and purified in a similar approach as described above for wtRBD (Figure 4A). The purity and identity were revealed by Coomassie staining (Figure 4B) and western blot analysis (Figure 4C).




Figure 4 | Humoral immune responses elicited by yeast-expressed Delta RBD in mice. (A) The schematic of the expression vector for Delta RBD in yeast. Delta RBD contained the α-factor signal peptide (blue) at the N terminus, and an Enterokinase (EK) site (orange) and a 6×His-tag (purple) at the C terminus. (B) The purity analysis of the purified recombinant Delta RBD stained by Commassie blue staining. (C) The identity of Delta RBD characterized by western blot analysis with the SARS-CoV-2 RBD antibody (left) and 6×His antibody (right). (D) Schematic of immunization program 3. Each mouse received 30 μg of Delta RBD protein for three times with an interval of 28-days. Serum samples were collected at the fourteen day after each immunization. (E) Measurement of the Delta RBD-specific binding IgG antibodies in the serum. (F) Quantification of NAbs against the Delta variant in the endpoint (day 84) serum. Data are the mean ± SD. p-values were calculated using unpaired Student’s t-test. ****p < 0.0001.



To assess the immunogenicity of the yeast-derived Delta RBD, mice were immunized with 30 μg of the Delta RBD in the presence of Alum according to the immunization program 3 (Figure 4D). The Delta RBD-binding antibody significantly increased after the second immunization, and further increased after the third injection (Figure 4E and Figure S4). At the study endpoint (day 84), the GMTs of Delta RBD-specific IgG in sera were 1028641 (7844–3720491), which was similar to that quantified using wtRBD (Figure S5). However, the GMTs of NAb against the Delta variant elicited by the Delta RBD in the endpoint serum was 32255 (2167–88084) (Figure 4F). This GMT represented a 5.2-fold increase compared with wtRBD, which was 6202 (899–16199) (Figure S5). Altogether, these results indicated that the yeast-derived Delta RBD was more effective in protecting mice from the Delta infection using immunization program 3.



Immune responses enhanced by CpG+Alum adjuvant with Delta RBD

Knowing that immunization with a third dose of many vaccines improves the neutralization breadth (6–8), we hypothesized that higher NAb titers would enhance the vaccine cross-reactivity to different emerging variants. To this end, a combined adjuvant (CpG+Alum) was investigated. The mice were grouped as listed in Figure 5A and various adjuvants with Delta RBD were immunized according to immunization program 3. It was observed that for both 5 μg and 30 μg antigen groups, the levels of the Delta RBD-binding antibodies were significantly higher in the groups immunized with CpG+Alum adjuvant than the groups immunized with Alum adjuvant alone after the second immunization (Figure 5B). Meanwhile, when CpG adjuvant was combined with Alum, the group with 5 μg of antigen achieved similar amounts of binding antibody as the group with 30 μg of antigen (Figure 5B).




Figure 5 | Humoral immune responses enhanced by formulating Delta RBD in conjunction with CpG+Alum adjuvant. (A) The treatment for different groups of mice. Mice were randomly grouped and intramuscularly injected according to immunization program 3. (B) Measurement of Delta RBD-specific IgG titers in serum. (C) Quantification of the NAb titers against the Delta variant in the endpoint serum samples. Data are the mean ± SD. p-values were calculated using one-way ANOVA. *p < 0.05, ***p < 0.001, ****p < 0.0001; ns, not significant.



To detect the NAbs for the Delta RBD, the endpoint serum samples were used. It was demonstrated that the GMTs of NAb with the CpG+Alum adjuvant induced 9.8-fold higher titers than the Alum adjuvant alone (385546 vs 39494) in the presence of 5 μg of Delta RBD, and it was 10.4-fold higher when 30 μg of Delta RBD was used (335614 vs 32255) (Figure 5C). This result suggested that the CpG+Alum adjuvant enhanced the production of NAbs. It was further supported by the results from IgG antibodies and NAbs against the Delta SARS-CoV-2 variant in sera from mice immunized with wtRBD plus CpG+Alum or Alum alone (Figure S6). It was observed that there was no significant difference in the amounts of NAbs between 5 μg and 30 μg antigen doses after the third immunization. Collectively, our data suggested that the immunogenicity raised by the yeast-derived Delta RBD was remarkably enhanced by the CpG+Alum adjuvant combination.



More neutralizing antibodies against Omicron variants elicited by the CpG+Alum adjuvant with Delta RBD

Recently, the Omicron variant has attracted the most attention for its enhanced infectivity and transmissibility (28). Ai et al. and Zhang et al. also showed that Omicron has a significant immune evasion compared with other SARS-CoV-2 variants (6, 29). Therefore, we inquired whether the antisera from the immunized mice contained IgG and NAbs against Omicron variants.

In the binding antibody assay, all of the endpoint (day 84) serum samples from mice immunized with 30 μg of the Delta RBD and adjuvants exhibited a 5.0- to 9.5-fold reduction in RBD-specific IgG titers against Omicron (Figure 6A). It was demonstrated that the decrease was even more pronounced when the Alum adjuvant was utilized alone. A similar trend was seen in the 5 μg group (Figure S7). The NAbs against Omicron showed a 10.1- to 51.7-fold decrease in the antisera compared with the ones against the Delta variant (Figure 6B). For the “Al(OH)3+CpG+Delta RBD 30 μg” group, the GMTs of NAbs against Omicron was 54 times higher compared with the “Al(OH)3+Delta RBD 30 μg” group (33215 vs 614), indicating that the combination of Delta RBD and CpG+Alum adjuvants was more effective to elicit a protective immune response against Omicron.




Figure 6 | Cross-reactivity of the antisera from mice immunized with wtRBD or Delta RBD against the Omicron variant. The endpoint (day 84) serum samples from the mice immunized with 30 μg Delta RBD (Figure 5A) or wtRBD (Figure S6) were used for the IgG binding antibody and NAb assays. (A) Measurement of the titers of the Omicron RBD-specific IgG antibodies. (B) Measurement of the NAb titers against Omicron. Each symbol indicates data from one mouse (n = 5 mice/group); geometric means of each group are shown.



Similarly, endpoint (day 84) antisera from mice immunized with 30 μg of wtRBD in conjunction with Alum or CpG+Alum also showed a reduction in IgG and NAbs against Omicron (Figure S8). Interestingly, in the presence of CpG+Alum, no significant differences were observed in the GMTs of IgG (3170910 vs 4937617) (Figure 6A) and NAbs (335614 vs 345145) (Figure 6B) against the Delta variant between 30 μg of Delta RBD and wtRBD, but a 10.5-fold decrease in NAbs against Omicron (33215 vs 3169) was observed (Figure 6B). This suggested that the wtRBD has less cross-protection against Omicron. In summary, antisera stimulated by the yeast-derived Delta RBD with CpG+Alum adjuvant was effective against Omicron, which demonstrated its broad-spectrum neutralizing ability to prevent SARS-CoV-2 variants.




Discussion

RBD is one of the major target antigens for COVID-19 vaccines. It is part of the S1 subunit of the spike and plays an important role in interacting with the ACE2 receptor (30, 31). The safety and efficacy of RBD-based vaccines have been proven in clinical trials (32). However, a more cost-effective and broad-spectrum vaccine is needed to protect against SARS-CoV-2 and its variants. In this study, we systematically explored the effectiveness of a yeast-derived recombinant RBD as a vaccine candidate.

Although various COVID-19 vaccines have been used worldwide and the efficiencies are very encouraging, the cost and storage conditions are still challenging. There is an urgent need for a low-cost and efficient COVID-19 vaccine, such as a yeast-derived Delta RBD, for developing countries. The latest world data showed that 64.3% of people globally have received at least one dose of the COVID-19 vaccine, but this number is only 14.5% in low-income countries (33). This may be one of the reasons why the Beta, Delta, and Omicron variants have caused three epidemic peaks in South Africa (34).

In this study, it was demonstrated that RBD proteins, either wtRBD or Delta RBD, were efficiently overexpressed and purified from yeast P. pastoris. Impressively, the final yield was around 4 mg/L for each protein. The production of RBD may be increased markedly in a bioreactor since the yield of wtRBD in a bioreactor can be up to 45 mg/L (14). Several studies demonstrated that yeast is a more scalable and cost-effective expression system than mammalian cells for the production of SARS-CoV-2 RBD (14, 30, 35). To purify the secreted RBD protein in media, a His-tag was fused to the protein. However, few attention has been paid to the elimination of the tag during purification, which may cause safety concerns in the clinical application. To overcome this limitation, an efficient and specific enterokinase (EK) cleavage site was added between the RBD and the His-tag. As expected, the tag was successfully removed from the purified protein (Figures 1C, 4C). In a binding antibody assay using the serum samples raised by CHO cell-derived RBD (36), it was also noted that the antigenicity of RBD protein derived from yeast cells was similar to that derived from mammalian cells (Figure S9).

Due to the low immunogenicity of recombinant proteins-based vaccines, multiple immunizations are generally required (9). We therefore explored whether the vaccine efficiency may be affected by the intervals between immunizations. In the present study, immunizations with wtRBD were performed three times at 28-day or 42-day intervals. Compared with the 42-day interval, the IgG antibody titer exhibited a 1.8-fold increase in the 28-day interval (44923 vs 80507) (Figure 3A). Similarly, the GMTs of NAb against wild-type SARS-CoV-2 after 3-dose immunizations with a 28-day interval was 2.5-fold higher than that with a 42-day interval (2214 vs 891) (Figure 3C). Moreover, after a 3-dose vaccination with Delta RBD, NAbs against the Delta SARS-CoV-2 also showed a 13-fold increase in the immunization program with a 28-day interval compared to that with a 14-day interval (Figure S10). Altogether, it was demonstrated that a 28-day interval between immunizations elicited more protective immune responses than a 14-day or 42-day intervals when using the yeast-derived RBD antigen, providing a reliable reference for future vaccine development.

The main challenge now for SARS-CoV-2 prevention is the continuous emergence of new variants rapidly, especially those listed in the VOC (5, 29, 32), that reduced the effectiveness of many vaccines. Although there was some cross-reactivity to Beta and Delta, the Omicron was barely detectable (6, 7). Our study found an obvious decrease of Delta NAb titers in antisera from mice immunized with wtRBD vaccines, which was consistent with previous studies (37, 38). To address this issue, yeast-derived Delta RBD was overexpressed and purified as an antigen. As expected, a strong humoral immune response against the Delta variant was found in mice immunized with Delta RBD and Alum adjuvant (Figure 4).

To further enhance the immunogenicity of yeast-derived Delta RBD proteins, a combination of the Th1 adjuvant class C CpG and the Th2 adjuvant Alum were utilized. Our result demonstrated that significantly higher NAb titers against the Delta variant were induced in mice immunized with this combination of antigen and double adjuvants compared with the same antigen plus Alum adjuvant alone (Figure 5C). The increases were approximately 10-fold for both 5 μg and 30 μg doses. These results were consistent with other studies (19, 20, 35). Notably, in the 30 μg of yeast-derived Delta RBD group, the GMT of IgG was 3170910 (range from 1483840 to 6297514), and the titer of NAb was 335614 (range from 143460 to 508024). Such high NAbs may be one of the important reasons why the omicron variant was effectively neutralized in this study (Figure 6B). In addition, no significant difference in the induction of the protective immune responses against Delta variants were observed between 5 μg and 30 μg of Delta RBD antigen treatments, suggesting that a plateau of protective immune responses may be reached using 5 μg of Delta RBD (Figures 5B, C). Such a low amount of antigen showed a great potential for Delta RBD to be applied as a vaccine candidate against Delta SARS-CoV-2 variants.

For the currently circulating Omicron variant (B.1.1.529), a similar NAbs trend was observed (Figure 6B). It was found that higher immune responses were elicited when Alum and CpG were used as a combined adjuvant regardless of Delta RBD or wtRBD as immunogen. In the absence of CpG, the GMT of NAbs against Omicron variant dropped to 1959 and 624 at a dose of 30 μg of wtRBD or Delta RBD, respectively (Figure 6B). However, in the presence of Alum and CpG, the GMT of NAbs against Omicron variant dropped only to 3169 and 33215, respectively. Toll-like receptor agonists (CpG) can directly activate the Th1-biased immune responses, stimulate plasmacytoid DC and B cells, and secrete the IL-6 and IFN-α, which induce more efficient immune responses. And it was seen that the NAb titers to Omicron was greatly reduced in the antiserum and it still remained a high titer at 30 μg of Delta RBD (Figure 6B), which was significantly higher than that of wtRBD-induced NAb (33215 vs 3169) (Figure 6B), implying that the Delta RBD vaccine candidate could be better against SARS-CoV-2 variants than the wtRBD vaccine candidate. This could be caused by the Delta and Omicron variants share the same mutation site T478K, which increases the binding affinity to ACE2 (39, 40). Thus, our work fully demonstrated the broad-spectrum capability and potential of yeast-derived Delta RBD as a vaccine candidate, making it possible to potentially prevent more SARS-CoV-2 variants.

Additionally, the recombinant RBD-based vaccine platforms have shown excellent safety and lower cost compared with the mRNA and inactivated vaccine platforms, and have been used for the prevention of HB and HPV. mRNA is one type of novel vaccine and showed great potency. However, it has never been applied for human vaccine production before COVID-19, so its long-term efficiency and safety, especially for myocarditis (41), need to be further evaluated. Traditional inactivated vaccine can be produced in mature platforms, but the high costs and complicated processes limit its access to vaccination in many middle-income and low-income countries. In this study, low intrinsic immunogenicity of yeast-derived RBD-based vaccine candidates was made up by the incorporation of a novel CpG adjuvant to a traditional Alum adjuvant, inducing highly protective immune responses against SARS-CoV-2 and its variants.

The evidence from clinical trials for malaria vaccine MSP1 42-C1 and COVID-19 vaccine SCB-2019 suggested that the CpG was a safe and potent adjuvant and could be further used in the next generation of vaccines (42, 43). It has also been demonstrated that more NAbs could be raised using the combination of Alum and CpG adjuvants in many studies (19, 20, 44), which was consistent with our findings (Figures 5B, C). However, such a vaccine would cost a bit more considering the CpG price, which should be noticed especially for the people in middle- and low-income countries.

One of the limitations of this study was the detection of antibodies in a relatively short period. The expression levels of RBD-binding antibodies and NAbs were measured only at week 4 after the third immunization. However, Zang et al. have demonstrated that the mice treated with yeast-derived immunogens remained to protect against the SARS-CoV-2 challenge at week 18 after the third immunization (35), suggesting that the yeast-derived RBD-based recombinant protein vaccine may induce a long-lasting immune response. Another limitation was the small number of mice was used, which decreased the ability to calculate the differences between the immunized and control groups.

In summary, the P. pastoris-expressed Delta RBD protein in conjunction with CpG+Alum adjuvant was able to efficiently induce NAbs against SARS-CoV-2 and its variants, which hold great potential as a low-cost and efficient vaccine candidate.
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