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Saturation suppressor mutagenesis was used to generate thermostable mutants of the SARS-CoV-2 spike receptor-binding domain (RBD). A triple mutant with an increase in thermal melting temperature of ~7°C with respect to the wild-type B.1 RBD and was expressed in high yield in both mammalian cells and the microbial host, Pichia pastoris, was downselected for immunogenicity studies. An additional derivative with three additional mutations from the B.1.351 (beta) isolate was also introduced into this background. Lyophilized proteins were resistant to high-temperature exposure and could be stored for over a month at 37°C. In mice and hamsters, squalene-in-water emulsion (SWE) adjuvanted formulations of the B.1-stabilized RBD were considerably more immunogenic than RBD lacking the stabilizing mutations and elicited antibodies that neutralized all four current variants of concern with similar neutralization titers. However, sera from mice immunized with the stabilized B.1.351 derivative showed significantly decreased neutralization titers exclusively against the B.1.617.2 (delta) VOC. A cocktail comprising stabilized B.1 and B.1.351 RBDs elicited antibodies with qualitatively improved neutralization titers and breadth relative to those immunized solely with either immunogen. Immunized hamsters were protected from high-dose viral challenge. Such vaccine formulations can be rapidly and cheaply produced, lack extraneous tags or additional components, and can be stored at room temperature. They are a useful modality to combat COVID-19, especially in remote and low-resource settings.
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Introduction

SARS-CoV-2 is the etiological agent of the ongoing pandemic which has so far resulted in over four million deaths worldwide (1). The trimeric spike glycoprotein is the major surface protein of SARS-CoV-2 and the principal target of neutralizing antibodies (2). Each protomer consists of two subunits, S1 and S2 (3). The S1 subunit contains the receptor-binding domain (RBD) which interacts with the ACE-2 receptor and mediates viral entry via the fusion machinery present in the S2 subunit (4). The RBD is the major target of the neutralizing response (5–7), and serum titers against the RBD correlate well with neutralization titers. There are currently several vaccines in preclinical development and clinical use which include viral vector vaccines (8–14), nucleic acid vaccines (15–17), and inactivated virus vaccines (18, 19). A recombinant subunit vaccine candidate Novavax (NVX-CoV2373) (20) has also shown promising results. Of the vaccines currently in clinical use, the two mRNA vaccines have the highest clinical efficacy but also require ultra-low-temperature storage and are more expensive than the other modalities. The immunogens currently in clinical use or clinical trials are derived from the wild-type (WT) sequence (21) and employ the full-length viral spike as the primary antigen. In recent months, several viral variants of concern (VOC) have emerged. Current VOC are B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), and B.1.617.2 (delta). Both B.1.351 and B.1.617.2 show substantially decreased neutralization by many existing monoclonal antibodies and by convalescent as well as vaccine sera (22–24). The B.1.617.2 variant is currently driving a worldwide resurgence in infections (25–27). Thus, there is still a need for inexpensive, rapidly producible, and highly efficacious vaccines against VOC, which preferably do not require low-temperature storage. We recently showed that both monomeric and intermolecular disulfide-linked, trimeric RBD derivatives were highly thermotolerant with the latter showing improved immunogenicity (28), albeit with significant antibody titers against the trimerization domain.

Earlier studies in other systems have shown that improving thermostability can enhance immunogenicity (29–31). In the present work, we use second-site, saturation suppressor mutagenesis (SSSM) (32, 33) to isolate multiple single-site and multisite stabilized RBD derivatives that were expressed in high yield in mammalian cell culture. The principle of SSSM is as follows. We have previously shown in the context of unstable proteins displayed on the yeast surface that the relative amount of properly folded mutant proteins displayed on the yeast surface correlates with the thermal stability of the corresponding purified mutant measured in vitro (34). However, once the stability crosses a certain threshold, further stability increases are not accompanied by increased binding on the yeast surface; hence, it is challenging to isolate mutants with higher stability than the wild type from single-site saturation mutagenesis (SSM) libraries using this approach. To overcome this, a destabilizing mutant (termed as parent inactive mutant or PIM) can be introduced into all members of the mutant library (32, 33) and suppressors isolated (Figures 1A–D). A significant fraction of these suppressors is found to be stabilizing even in the wild-type background.




Figure 1 | Stabilized mutant identification using second-site saturation suppressor mutagenesis (SSSM). Schematic representation of second-site saturation suppressor mutagenesis. Proteins exist in an equilibrium between folded and unfolded states. (A) Generally, in the case of WT proteins, equilibrium is shifted toward the folded conformation. Such proteins show high levels of folded expressed protein when expressed on the yeast cell surface and bound to their cognate partner. However, upon introduction of a (B) parent inactive mutation (PIM), the equilibrium is shifted toward the unfolded state and the extent of equilibrium shift will be determined by the destabilizing effect of the PIM. Such PIMs show a lower level of expressed as well as folded proteins on the yeast cell surface. (C) The equilibrium between folded and unfolded states of the PIM can be shifted toward the folded state if a suppressor mutation is introduced. Such double mutants show higher levels of folded expressed proteins on yeast cell surface compared to the PIM alone. (D) Such suppressor mutants generally have a higher amount of folded fraction at the equilibrium than the WT protein. However, the amount of expressed protein on the yeast cell surface will be similar to WT. Normalized MFI of suppressor mutant (E) expression and (F) binding of individually analyzed putative suppressors in the background of the PIM. The MFI of double mutants was normalized with the MFI of PIM, and a twofold cutoff was used to differentiate between putative suppressors and non-suppressor mutations. (G) ΔTm of purified single mutants identified from suppressor analysis, measured by nano-DSF. The mutants were categorized into stabilized, WT-like, and destabilized mutants indicated by light gray, dark gray, and back bars, respectively. Binding MFI of double mutants relative to PIM (E) robustly identifies stabilizing suppressors. (H) ΔTm of multi-mutants which were generated by combining multiple stabilizing mutations, purified and in vitro characterized for thermal stability by nano-DSF. Details of mutations present in multi-mutants are provided in the Table 1. (I) mRBD1-3.2 has A348P, Y365W, and P527L mutations. The positions of A348 and Y365 are highlighted in green color. The C-terminal residues (521–526) are highlighted in red color indicating the absence of the electron density of residue 527 in PDB 6M0J. These stabilizing mutations are distant from the receptor-binding motif, highlighted in blue color. (J) Neutralizing antibodies can bind to different regions of RBD. The binding epitopes of CR3022, S309, and ACE2 are highlighted by green, red, and blue, respectively.



Mouse immunogenicity studies using MF59 equivalent SWE and AddaVax adjuvanted formulations were used to downselect to a single stabilized triple mutant (mRBD1-3.2) which elicited sera that neutralized all four current VOC. Sera from vaccinated as well as convalescent individuals infected during the first wave of the pandemic show a large drop in neutralization titers against the B.1.351 VOC (35, 36). However, sera from individuals infected with B.1.351 neutralize both B.1 and B.1.351 with similar neutralization titers (37). Hence, B.1.351 VOC mutations were introduced into the background of mRBD1-3.2 to give the construct mRBD1-3.2 beta. Since microbial expression is an inexpensive alternative to mammalian cell culture, another derivative named pRBD3-3.2 containing the three stabilizing mutations was also expressed in high yield in the methylotrophic yeast, P. pastoris. Like WT monomeric and trimeric RBD described by us previously (28, 38), the stabilized mutants were highly thermotolerant and upon lyophilization were stable at 37°C for over a month. In mice, a cocktail comprising WT and mRBD1-3.2-beta derivatives elicited significant neutralization titers after a single immunization and showed improved breadth relative to mRBD1-3.2. Pichia-expressed triple-mutant proteins also elicited broad neutralization of all VOC, although with 1.3–4.6-fold reduced titers relative to mammalian expressed proteins. Hamsters immunized with either mammalian or Pichia expressed stabilized RBD were protected from high-dose viral challenge. Overall, the immunogenicity of the stabilized monomers compared favorably with our recently described trimers as well as nanoparticle-displayed RBDs (28, 39–41). In addition, there are no extraneous tag or scaffold-directed antibodies, and permanent cell lines have been made. These data collectively suggest that the present stabilized RBDs are attractive candidates for clinical development and deployment included in remote and low-resource settings.



Materials and Methods


Bacterial Strains, Yeast Strains, and Plasmids

E. coli strain Top10 was used for cloning and as a host for plasmid propagation. The RBD of SARS-CoV-2 and its mutants were cloned in pCDNA3.4 for expression in Expi293F cells. RBD mutants were cloned in pPICZalphaA for expression in P. pastoris X-33 strain (38).



SSSM Library Generation

The SSSM library was generated as described previously (42). Briefly, an inverse PCR-based approach (43) was used to generate an SSM library of RBD. The RBD gene was cloned in the pUC57 vector, and for a given site, the forward primer had NNK at the 5′ end of the primer and the reverse primer starts at the -1 site, relative to the mutation. In the case of RBD, the residues directly interacting with ACE-2 were not mutated. Individual single-site mutants were generated by inverse PCR, pooled in an equimolar ratio, gel extracted, phosphorylated, and blunt end ligated at 15°C. The ligated product was column purified and transformed in electrocompetent E. coli Top10Gyrase cells. Transformed colonies were scraped, and pooled plasmids were purified. The second site suppressor mutant library for RBD was generated by introducing the V512A PIM in the SSM library, as described (32).



Flow Cytometric Analysis of Yeast Surface Displayed a Single Mutant

Yeast surface display and flow cytometric analysis were performed as described earlier (34). Briefly, Saccharomyces cerevisiae EBY100 cells containing WT RBD or mutant plasmids were grown in SDCAA media for 16 h and induced in SGCAA media for 16 h at 30°C. The amount of total protein expressed on the yeast cell surface was estimated by incubating induced cells with chicken anti-myc antibodies (for RBD, 1:400 diluted, from Invitrogen), for 30 min at 4°C. The cells were washed twice and incubated with goat anti-chicken antibodies conjugated to Alexa Flour 488 (1:300 diluted, from Invitrogen), for 20 min at 4°C. The amount of total active protein of RBD on the yeast cell surface was estimated by incubating the induced cells with 100 nM ACE2-hFc for 45 min at 4°C where ACE2-hFc consists of the ACE2 ectodomain fused to human Fc (38). The cells were washed twice and incubated with rabbit anti-human antibodies conjugated to Alexa Fluor 633 (1:1600 diluted, from Invitrogen). Flow cytometric analysis was done on a BD Aria III instrument.

The FACS sample preparation of the RBD SSSM library was performed similar to that for individual mutants of RBD. The number of induced cells and the volume of reagents used were 10-fold higher than for the individually analyzed mutants. Cells were enriched for two rounds to select for suppressor mutants of the PIM which showed improved binding to ACE2. Sanger sequencing of individual colonies of the enriched population was performed, and high-frequency clones were individually analyzed using YSD.



Expression and Purification of WT and Mutant RBD Proteins

RBD and its mutants were purified as described previously (38) and summarized below. For mammalian cell expression, Expi293F cells were revived and subcultured until the cell density reached approximately 3–5 × 106 cells/ml. On the day of transfection, cells were diluted to a density of 3 × 106 viable cells/ml with pre-warmed media. DNA (1 µg/ml of cell culture) and ExpiFectamine™ 293 reagent were diluted using Opti-MEM™ I medium and incubated at room temperature for 5 min. The diluted DNA and ExpiFectamine™ 293 reagents were mixed and incubated at room temperature for 20 min. The diluted mixture was added to a flask containing cells at a density of 3 × 106 viable cells/ml for transient transfection. Eighteen hours post transfection, ExpiFectamine™ 293 Transfection Enhancer 1 and ExpiFectamine™ 293 Transfection Enhancer 2 were added as per the manufacturer’s instructions. Six days post transfection, the proteins were purified as explained earlier (38), Briefly, the culture supernatant was separated using centrifugation, diluted threefold with PBS, and incubated with Ni Sepharose 6 Fast flow resin for 2 h at 4°C. The unbound fraction was removed, and the column was washed with 50 column volumes of PBS containing 30 mM imidazole. The proteins were eluted using PBS containing 250 mM imidazole, pooled, and dialyzed in PBS. The protein concentration was estimated using NanoDrop™ 2000c with ε280 calculated using the ProtParam tool (ExPASy). A polyclonal Flp-In CHO stable line was generated as described previously (28), the mRBD1-3.2 RBD protein expressed at yield of ~60 mg/l.

The RBD mutants were purified from P. pastoris as described (38). Briefly, 10 µg pPICZalphaA vector containing the RBD mutant clone, linearized with PmeI enzyme, was transformed in P. pastoris X-33 strain using electroporation. Positive transformants were selected on the YPDS plate containing Zeocin (2 mg/ml). Ten colonies were picked and screened for expression. Cells were grown in 8 ml BMMY media (pH 6.0) in a 50-ml shake flask for up to 120 h at 30°C, 250 rpm. The cells were induced with 1% methanol every 24 h, and the expression levels were measured using dot blot analysis with anti-His tag antibodies. The highest expressing colony was chosen for large-scale expression.

Cells were harvested using centrifugation at 4,000g, and the supernatant was passed through a 0.45-µm filter. The supernatant was incubated with pre-equilibrated Ni Sepharose 6 Fast flow resin. The beads were washed with 1× PBS containing 20 mM imidazole and 150 mM NaCl. The protein was eluted using 1× PBS containing 300 mM imidazole and 150 mM NaCl. Fractions containing proteins were pooled and dialyzed against 1× PBS. Tag removal, using HRV3C protease, was carried out as described (38).



Surface Plasmon Resonance Binding of mRBD1-3.2 and pRBD3-3.2

Protein-binding kinetic studies with ACE2-hFc and CR3022 antibodies were performed on a ProteOn XPR36 Protein Interaction Array V.3.1 (Bio-Rad) as described (38). The GLM sensor chip was activated using EDC (Sigma) and sulfo-NHS. Following activation, protein G (10 µg/ml) was coupled to the chip in 10 mM sodium acetate buffer pH 4.5 at a flow rate of 30 µl/min for 300 s in desired channels to ∼3,500–4,000 RU. Following coupling, unreacted sulfo-NHS ester was quenched using 1 M ethanolamine. Finally, ligands (ACE2-hFc or CR3022) were immobilized at ∼800 RU on desired channels excluding a single blank channel that acts as the reference channel at a flow rate of 30 µl/min. Interaction with ligands was monitored by passing the analyte over the chip at a flow rate of 30 µl/min for 200 s, and the subsequent dissociation phase was monitored for 600 s. An empty lane without ligand immobilization was utilized for measuring non-specific binding. After each kinetic assay, the chip was regenerated with 0.1 M glycine–HCl (pH 2.7). The ligand immobilization cycle was repeated prior to each kinetic assay. Various concentrations of analytes (100, 50, 25, 12.5, 6.25 nM) in 1× PBST were used for binding studies. The kinetic parameters were obtained by fitting the data to a simple 1:1 Langmuir interaction model using ProteOn Manager.



Long-Term Thermal Stress of mRBD1-3.2

Mammalian cell-expressed WT and mRBD1-3.2 RBD were 1:1 volumetrically diluted in PBS or adjuvants (SWE) at a final concentration of 0.2 mg per ml. The diluted proteins were stored at 4°C and 45°C for up to 28 days. Aliquots were taken at regular intervals and diluted in PBS to a final concentration of 100 nM, and the amount of folded protein remaining was estimated using surface plasmon resonance (SPR).

In another set of experiments, following dialysis against water and lyophilization, RBD was subjected to thermal incubation at 37°C for up to 30 days in individual aliquots. At each time point, aliquots were returned to 4°C. Prior to SPR and differential scanning fluorimetry (DSF), samples were resolubilized in PBS at concentrations of 100 nM and 0.2 mg/ml, respectively. SPR binding to immobilized ACE-2 hFc and DSF were performed as described previously (38).



Mouse Immunizations

Purified antigen protein (20 µg) was diluted in 50 µl PBS (pH 7.4), mixed with 50 µl of adjuvant (AddaVax™ or SWE) (1:1 v/v antigen: adjuvant), and immunized intramuscularly in groups of five, female, BALB/c mice, (6–8 weeks old, approximately weighing 16–17 g) on Days 0 (prime) and 21 (boost). Blood was collected and serum isolated on days -2 (prebleed), 14, and 35, following the prime and boost immunization, respectively. In a few cases, a second boost was given at day 42. The study was conducted at Central Animal Facility, Indian Institute of Science. All animal studies were approved by the Institutional Animal Ethics committee (IAEC no. CAF/ETHICS/799/2020).



ELISA-Serum Antibody Endpoint Titers

Serum antibody titers were measured as described (38); briefly, 96-well plates were coated with immunized vaccine antigen, mRBD (38), or spike-2P and incubated for 2 h at 25°C (4 µg/ml, in 1× PBS, 50 µl/well). ACE2-hFc protein coating was used as a control for antigen immobilization. Wells were incubated with blocking solution (100 µl, 3% skimmed milk in 1× PBST) for 1 h at 25°C. Post blocking, antisera (60 µl) starting at 1:100 dilution with fourfold serial dilutions were added, and plates incubated for 1 h at 25°C. Following this, the ALP enzyme conjugated to the rabbit anti-mouse IgG secondary antibody (diluted 1:5,000 in blocking buffer) (50 µl/well) was added, incubated for 1 h at 25°C (Sigma-Aldrich). The wells were washed four times with 1× PBST after each step of immobilization, blocking, and antiserum and secondary antibody binding. pNPP liquid substrate (50 µl/well) (pNPP, Sigma-Aldrich) was added, the plate was incubated for 30 min at 37°C, and the chromogenic signal was measured at 405 nm using an ELISA plate reader (Maxome Labsciences Cat # P3-5x10NO). The highest serum dilution which had a signal twofold above the negative control (empty blocked wells) was considered as the endpoint titer for ELISA.



Competition ELISA Experiments

Four sets of 96-well plates were coated with mammalian cell-produced WT RBD at 4 µg/ml concentration in 1× PBS (50 µl/well) and incubated for 2 h at 25°C under constant rotation (300 rpm) on a thermomixer (Eppendorf, USA). Ovalbumin (4 µg/ml in 1× PBS, 50 µl/well) coating was used as a negative control for RBD immobilization. Each well was washed with 200 µl/well of 1× PBST followed by blocking solution (100 µl 3% skimmed milk in 1× PBST) for 45 min at 25°C, 300 rpm. Mouse anti-sera were added at twofold serial dilution with a starting dilution of 1:80 in blocking solution (60 µl). Only the blocking solution was added to the control wells. The plates were incubated for 1 h at 25°C, 300 rpm. Three additional washes with 1× PBST were carried out with 200 µl of 1× PBST/well. An additional blocking step was also performed for 45 min with blocking solution (100 µl) incubated at 25°C, 300 rpm. Following this, an excess of either ACE2-hFc, antibody S309, or antibody CR3022 was added (60 µl at 20 µg/ml) to their respective wells and incubated for 1 h at 25°C, 300 rpm. Next, three washes were given (200 µl of PBST/well) to remove excess unbound proteins. Next, 50 µl/well Goat Anti-Human IgG Antibody, alkaline phosphatase conjugate (Sigma-Aldrich Cat # AP112A; diluted 1:5,000 in blocking buffer), was added and samples were incubated for 1 h at 25°C, 300 rpm. Plates were washed four times with 200 µl of PBST/well. Finally, 50 µl/well of a 37°C pre-warmed alkaline phosphatase yellow (pNPP) liquid substrate (Sigma-Aldrich, Cat # P7998) was added, and plates were incubated for 30 min at 37°C, 300 rpm. Finally, the chromogenic signal was measured at 405 nm using an ELISA plate reader (Maxome Labsciences Cat # P3-5x10NO).

The percent competition was calculated using the following equation:



	



The serum dilution factor and % competition data points were fitted using a three-parameter non-linear least-square fit curve using GraphPad Prism 8.4.2. The serum dilution at 50% competition on the fitted curve was termed as the IC50 competition titer.



Convalescent Patient Serum Samples

Convalescent patient sera were drawn (n = 10) and assayed for pseudoviral neutralization as described in the following pseudovirus neutralization section, or for ELISA titers as described above. The ethics approval of human clinical samples was approved by the Institute Human Ethical Committee (Approval No. CSIR-IGIB/IHEC/2020−21/01). Patient informed consent was obtained for obtaining the sera following the Code of the Ethics of the World Medical Association (Declaration of Helsinki).



Pseudoviral and Replicative Virus Neutralization Assays

Pseudoviral neutralization assays using spike variants displayed on an pHIV-1 NL4.3Δenv-Luc backbone were performed as described (28). Pseudovirus neutralization titers (ID50) were determined as the serum dilution at which infectivity was blocked by 50%. Genes encoding spike proteins from VOC were obtained by gene synthesis from GenScript (USA).

Replicative virus culture and neutralization assays were carried out essentially as described previously (28). Briefly, each serum sample was diluted 1:80 in DMEM-D in a deep-well plate, followed by a twofold serial dilution up to 1:163840. The dilution series for each serum sample was dispensed into rows of a 96-well plate, for a total volume of 50 μl per well, and triplicate wells per sample dilution. For the serum-containing wells, 50 μl virus diluted in medium to contain approximately 100 TCID50 (checked by back-titration) was added to each well. The plates were incubated at 37°C/5% CO2 for 1 h to allow neutralization complexes to form between the antibodies present in the sera and the virus. At the end of the incubation, 100 μl VeroE6 cells were added to each well and the plates were returned to the incubator for 4 days. Each well was scored for the presence of viral CPE, readily discernible on Day 4 postinfection, with SN50 neutralization titers calculated using the Spearman–Karber formula.



Hamster Experiments

The animal experimental work plans were reviewed and approved by the Indian Institute of Science, Institutional Animals Ethics Committee (IAEC). The experiment was performed according to CPCSEA (The Committee for the Purpose of Control and Supervision of Experiments on Animals) and ARRIVE guidelines. The required number (n = 6/group) of Syrian golden hamsters (Mesocricetus auratus) of both sexes (50–60 gm of weight) was procured from the Biogen Laboratory Animal Facility (Bangalore, India). The hamsters were housed and maintained at the Central Animal Facility at IISC, Bangalore, with feed and water ad libitum and a 12-h light and dark cycle. Hamster immunization was performed as described (28). Briefly, animals were acclimatized for 2 weeks and were randomly grouped (n = 6/group). The hamsters were pre-bled and immunized with 20 µg of subunit vaccine candidate in 50 µl injection volume intramuscularly, with the primary on day 0 and boosts on days 21 and 42. Bleeds were performed 2 weeks after each immunization. The hamster immunization study was non-blinded.

Virus challenge was performed as described (28). Briefly, after immunization, the hamsters were transferred to the virus BSL-3 laboratory at the Centre for Infectious Disease Research, Indian Institute of Science-Bangalore (India), and were kept in individually ventilated cages (IVC), maintained at 23 ± 1°C and 50 ± 5% temperature and relative humidity, respectively. After acclimatization of 7 days in IVC cages at the virus BSL-3 laboratory, the hamsters were challenged with 106 PFU of SARS-Cov-2 US strain (USA-WA1/2020 obtained from BEI resources) intranasally in 100 μl of DMEM, by sedating/anaesthetizing the hamsters with a xylazine (10 mg/kg/body wt.) and ketamine (150 g/kg/body wt.) cocktail intraperitoneally. The health of hamsters, body temperatures, body weights, and clinical signs were monitored daily by an expert veterinarian using the scoring system described previously (28). On the fourth day, post challenge, all the hamsters were humanely euthanized by an overdose of xylazine through intraperitoneal injection. The left lobe of the lung was harvested and fixed in 4% paraformaldehyde (PFA) for histopathological examination of lungs. The right lobes were frozen at −80°C for determining the virus copy number by qRT-PCR as described (28).

A histopathological examination of the lung lobes was performed as described (28). Briefly, the left lobes of the lung, fixed in 4% of paraformaldehyde, were processed, embedded in paraffin, and cut into 4-μm sections by a microtome for hematoxylin and eosin staining. The lung sections were microscopically examined and evaluated for different pathological scores by a veterinary immunologist as described (28).



Statistical Analysis

The p values for ELISA binding and neutralization titers were analyzed with a two-tailed Mann–Whitney test using the GraphPad Prism software 9.0.0 (* indicates p < 0.05, ** indicates p < 0.01, **** indicates p < 0.0001). VOC pseudovirus and replicative virus neutralization titer data were analyzed with non-parametric Kruskal–Wallis with Dunn’s multiple-comparison tests using the GraphPad Prism software 9.0.0 (* indicates p < 0.05, ** indicates p < 0.01, **** indicates p < 0.0001).




Results


Second-Site Suppressor Mutagenesis of RBD of SARS-CoV-2

A schematic of the principle of second-site saturation suppressor mutagenesis (SSSM) to isolate stabilizing mutations is shown in Figures 1A–D; more detailed descriptions can be found in Sahoo et al. and Ahmed et al. (32, 33). We generated an SSSM library of RBD containing the V512A PIM (parent inactive mutation) and displayed it on the yeast cell surface. Residues involved in ACE2 binding were excluded from mutagenesis. The library was sorted sequentially for two rounds and enriched for improved binders. Individual clones were Sanger sequenced, and flow cytometric analysis of enriched, individual double mutants was performed. The expression mean fluorescence intensity (MFI) of most of the enriched double mutants was similar to that of the PIM (Figure 1E) while the binding MFI was higher (Figure 1F). Three control mutants with putatively destabilizing mutations at buried sites (Y365V, A410S, V524R) showed lower binding than the PIM. Each of the individual, putatively stabilizing mutations was re-cloned into a mammalian expression vector, expressed, and purified following transient transfection in Expi293 cells as described previously (38). The characterized mutants showed enhancements in thermal stability (Tm) ranging from 0.7°C to 4.4°C (Figure 1G). Upon combining individual stabilizing mutations, we generated several multiple mutants and could enhance Tm by 8°C (Figure 1H). While combining multiple mutations, we considered only those combinations in which the individual positions have a side-chain centroid–centroid distance of at least 7 Å and are not part of any known neutralizing epitopes. Additional details are provided in Table 1. Two of the most stable mutants (mRBD1-3.2, mRBD1-3.3) had yields that were ~30% higher (~160–180 mg/l) than WT. These mutants were stable to incubation for 2 h at 60°C and for up to 20 h at 50°C, showing superior thermal tolerance to the WT (Supplementary Figure S1). mRBD1-3.3 had an exposed mutation V367F which is found in some circulating SARS-CoV-2 virus isolates (44). Hence, we primarily focused on detailed characterization of mRBD1-3.2 as it has a Y365W mutation which is buried as well as stabilizing (Figure 1I). It also has the A348P and P527L mutations, A348P is also present in SARS-CoV-1, and P527L is located in the disordered C-terminal region of RBD. None of the mutations are present in known neutralizing epitopes or in the receptor-binding motif of RBD (Figure 1J). mRBD1 contains two natural N-linked glycosylation sites at residues 331 and 343 and one engineered glycan at residue 532 (38).


Table 1 | Multi-mutant description.



Our previous attempts (28, 38) at expressing RBD in P. pastoris resulted in heterogeneous, hyperglycosylated protein which was poorly immunogenic. Hence, for P. pastoris expression we eliminated the glycosylation sites at residues 331 and 532, retained the three stabilizing mutations, and expressed the resulting construct (pRBD3-3.2) with a single glycosylation site at residue 343, in P. pastoris. Both mRBD1-3.2 and pRBD3-3.2 had high purified yields of 160–180 and 50–80 mg/l in shake flask cultures of Expi 293F cells and P. pastoris, respectively. These proteins were ~100% pure and showed a single protein band for pRBD3-3.2 and multiple bands for mRBD1-3.2 due to variable glycosylation on reducing SDS-PAGE (Figures 2A, E). mRBD1-3.2 and pRBD3-3.2 showed binding to soluble ACE2 and CR3022 with affinities similar to WT (Figures 2B, C, F, G). Both proteins were monomeric as deduced by SEC-MALS (Figures 2D, H). The proteins showed enhanced thermal stability compared to WT (Figures 2I, J) and retained ACE2 binding when lyophilized and stored at 37°C for over a month (Figure 2K). When stored in solution at 4°C for up to 28 days, mRBD1-3.2 retained ACE2 binding both in the presence and in the absence of the MF59 equivalent adjuvant SWE (Supplementary Figure S2) and retained significant ACE2 binding even upon storage at 45°C in SWE-adjuvanted solution without additional stabilizing additives for up to 14 days. VOC mutations for B.1.351 were introduced into WT RBD. However, the resultant protein expressed in much lower, 2.5-fold decreased yield, showed lower thermal stability and degraded rapidly when stored at 4°C for 2–3 days (Supplementary Figure S3A and Figure 2L). However, when the same mutations were introduced in the mRBD1-3.2 background, the protein could be expressed in monomeric form with a high yield of 140 mg/l, showed enhanced thermal stability, and remained stable after purification and extended storage at 4°C (Supplementary Figures S3A, B). In a similar fashion, stabilized Pichia expressed RBD containing only the B.1.351 mutations degraded rapidly when stored at 4°C, but introduction of the three stabilizing mutations into this background resulted in protein that was stable for extended periods at 4°C.




Figure 2 | Biophysical characterization of mRBD1-3.2 and pRBD3-3.2. (A–D) Characterization of mRBD1-3.2 by (A) SDS-PAGE. SPR assays for binding to (B) ACE2, (C) CR3022, and (D) SEC-MALS to estimate molecular mass. (E–H) Corresponding data for pRBD3-3.2. Comparison of thermal stability of purified (I) mRBD1-3.2 and (J) pRBD3-3.2 estimated using nano-DSF. (K) Extended thermal stability. Lyophilized mRBD1-3.2 and pRBD3-3.2 were stored at 37°C for 1 month, the lyophilized powder was resolubilized in PBS, and the amount of folded protein was estimated by its binding to ACE-2 hFc using SPR. RU is plotted after 200 s of association with ACE-2. (L) Reducing SDS-PAGE analysis of mRBD1-3.2 (i, iii) and mRBD1-3.2-beta (ii, iv) stored at -80°C for over a month and at 4°C for 3 days, respectively.





Mouse Immunizations

The immunogens were formulated in either AddaVax or SWE, which are oil-in-water emulsions that are both near identical to each other and to the MF59 adjuvant. The formulations were used to immunize mice at day 0 (prime) and day 21 (boost). Sera were collected 2 weeks after each immunization. We have previously shown that both adjuvants elicit similar antibody titers (28). Post boost, mice immunized with the stabilized mutants showed high geometric mean titers (GMT) against Spike S-2P as well as against RBD (Figure 3A). Relative to RBD lacking the stabilizing mutations, the stabilized mutants elicited considerably higher binding and neutralizing antibody titers against the B.1 pseudovirus (Figures 3A, B). Sera elicited by the SWE-adjuvanted mRBD1-3.2 also neutralized SARS-CoV-2 VOC pseudoviruses (Figure 3C). To further validate this result, an independent biological repeat immunization with mRBD1-3.2 was carried out. The results for the repeat studies are shown in Figure 3D. The neutralization data are similar for both the original and repeat studies, although the neutralization titers in the repeat study are qualitatively higher and less sensitive to VOC mutations than those reported in the first study. The Pichia-expressed stabilized mutant also showed neutralization of B.1 and VOC, although with slightly lower titers than mammalian-expressed proteins (Figure 3E). mRBD1-3.2 elicited sera from two independent studies were also tested for neutralization of pseudovirus and replicative virus (Figure 3F). The sera used in Figure 3F were after three immunizations, since the sera after two immunizations were largely used up in the pseudoviral assays (Figure 3D). The pseudoviral titers after two and three immunizations are similar (compare Figures 3D, F). The neutralization titers were largely insensitive to VOC mutations (Figure 3F).




Figure 3 | Comparative immunogenicity data. Mice were immunized on prime (day 0) and boost (day 21) except for the data in (F) which are after a third immunization at day 42. Unless otherwise specified, proteins were formulated with SWE. (A) ELISA endpoint titers elicited by WT and mutant RBDs against mRBD and Spike-2P ectodomain. (B) Neutralizing antibody titers elicited with WT and mutant RBDs against WT (B.1) pseudovirus. Neutralizing antibodies titer against WT, and VOC pseudoviruses were elicited after two immunizations with (C, D) mRBD1-3.2 and (E) pRBD3-3.2. (F) Pseudoviral and replicative virus neutralization titers after three immunizations spaced 3 weeks apart, using mRBD1-3.2 formulated with either SWE or AddaVax. The pseudoviral data for the SWE formulation after two immunizations are shown in (D). Pseudoviral neutralization titers elicited after two immunizations by (G) mRBD1-3.2-beta and (H) cocktail formulation of mRBD1-3.2 and mRBD1-3.2-beta. (I) Pseudoviral neutralization titers of HCS. p values for comparison of ELISA binding titers and neutralization titers were calculated with a two-tailed Mann–Whitney test. The paired comparisons of pseudoviral and replicating virus neutralization titers were performed utilizing the Kruskal–Wallis with Dunn’s multiple-comparison tests. A significant difference was only seen for (F) (between B.1 and B.1.617.2 pseudoviruses, p = 0.0163), (G) (between B.1.351 and B.1.617.2 pseudoviruses, p = 0.0116), and (I) (between B.1 and B.1.351, p = 0.0007). *, **, and *** indicate p < 0.05, <0.01, and < 0.001, respectively.



SWE-adjuvanted mRBD1-3.2-beta as well as a cocktail of mRBD1-3.2+ mRBD1-3.2-beta elicited high titers of antibodies (Supplementary Figure 3C). The cocktail displayed more uniform neutralization of VOC than mRBD1-3.2 or mRBD1-3.2-beta alone (Figures 3C, G, H). Using the present pseudoviral assay, the GMT neutralization titer observed for a set of human convalescent sera (HCS) against B.1 was ~137 (28). Hence, in order to measure the fold change in neutralization titer against VOC, a subset of high titer HCS was used as lower titer sera lost neutralization against B.1.351 (Figure 3I). It is known from other studies (28) that in human sera/plasma from both convalescent and vaccinated individuals, there is a significant drop in neutralization titers against VOC, in particular B.1.351, relative to those observed against B.1. We too observe similar results (Figure 3I), thus validating the pseudoviral constructs that we had made. Therefore, in the animal immunizations reported in the present study, the relative lack of sensitivity of elicited antibodies to VOC is significant (Figure 3). To map epitopes targeted in the various sera, we carried out competition binding of sera with mRBD1-3.2-binding mAbs (CR3022 and S309) as well as with ACE2-hFc to RBD (Supplementary Figure S4). We found significant competition of sera only with ACE2-hFc. We also measured ELISA titers of HCS against the WT and stabilized RBDs (mRBD1-3.2 and pRBD3-3.2) as well as the Spike-2P ectodomain (3, 45). ELISA titers for binding WT and stabilized RBDs were both comparable to those for the Spike-2P protein (Supplementary Figure S5).



Hamster Immunization and Challenge Studies

We next examined the efficacy of mRBD1-3.2 and pRBD3-3.2 respectively in two independent hamster immunization and challenge studies. Hamsters were immunized with SWE-adjuvanted formulations at weeks 0, 3, and 6 and subjected to a high-dose intranasal challenge with 106 pfu of replicative SARS-CoV-2 virus (USA-WA1/2020). ELISA titers are shown in Figures 4A, B and pseudoviral neutralizing titers in Figures 4C, D. Overall, the neutralizing titers elicited with Pichia-produced proteins were lower and more sensitive to the mutations in the B.1.351 VOC than corresponding sera elicited by mammalian cell-expressed proteins.




Figure 4 | Comparative immunogenicity and challenge data in hamsters. Hamsters immunized with mRBD1-3.2 or pRBD3-3.2 adjuvanted with SWE on weeks 0, 3, and 6. Animals were bled 2 weeks after each immunization. Comparison of IgG titers against mRBD and Spike-2P elicited by (A) mRBD1-3.2 and (B) pRBD3-3.2. Neutralization titers against pseudoviruses containing VOC RBD mutations elicited by (C) mRBD1-3.2 and (D) pRBD3-3.2. After three immunizations, hamsters were challenged intranasally with replicative SARS-CoV-2 virus (106 pfu/hamster). The hamsters were monitored for (E, F) weight change, (G, H) clinical signs, and (I, J) virus copy number in lungs. Histopathology score of lungs including (K, L) inflammation, (M, N) pathology, (O, P) immune cells influx, and (Q, R) edema score. Histology of lung sections at varying magnifications (×4, ×10, and ×40). Lung pathologies of unchallenged control (UC), unimmunized and virus challenged (VC) animals, and animals immunized with (S) mRBD1-3.2 or (T) pRBD3-3.2. Unchallenged animals showed normal lung parenchyma with minimal alveolar inflammation. Lung histology images were marked to identify 1) severe congestion of alveolar space, alveolar inflammation, alveolar edema, and diffuse alveolar damage; 2) bronchial inflammation; 3) infiltration of immune cells, leukocytic alveolitis, and necrosis; 4) blood hemorrhage, and 5) perivascular inflammation, edema, and vascular congestion. Immunized hamsters showed normal lung parenchyma with minimum to moderate alveolar and bronchial inflammation. The p values for comparison of ELISA binding titers; virus copy numbers in lungs were computed with a two-tailed Mann–Whitney test. The paired comparisons of pseudoviral neutralization titers were performed utilizing the Kruskal–Wallis test with Dunn’s multiple-comparison test. p value indicated with * and ** indicates < 0.05 and < 0.01, respectively.



Following immunization, the animals were challenged with replicative WT SARS-CoV-2 virus. We also included two additional groups as controls, namely, unimmunized-unchallenged (UC) and unimmunized-virus challenged (VC) animals. Post infection, vaccinated animals showed a slight weight reduction but regained weight after 3 days, in contrast to the VC control group (Figures 4E, F). The immunized hamsters also showed lower clinical signs (Figures 4G, H), lung viral titers (Figures 4I, J), and histopathology scores (Figures 4K–T) than the VC control group. The tissue sections show minimal immune cell infiltration and clear lung epithelial interstitial spaces in the immunized group compared to the VC control group.

In summary, both mRBD1-3.2 and pRBD3-3.2 elicited robust binding and neutralizing antibodies which protected hamsters from high-dose replicative viral challenge. Future, additional preclinical studies will assess the immunogenicity and protective efficacy of stabilized RBD in transgenic mice expressing human Ace2 to further assess the utility of this antigen in a vaccine.




Discussion

SARS-CoV-2 is the etiological agent of the ongoing pandemic which has so far resulted in over four million deaths worldwide. Multiple vaccines have been approved for emergency use. However, there remains a need for a cheap, highly scalable, efficacious vaccine which elicits antibodies that neutralize VOC and preferably does not require a cold chain. It has previously been shown in the context of HIV-1 antigens that stabilized mutants of a protein can enhance immunogenicity (29–31, 46). We recently described a workflow employing second-site saturation-suppressor mutagenesis (SSSM) coupled to yeast surface display to rapidly identify stabilizing mutations (33). Recent work describes related approaches to identify stabilizing point mutants of GFP and CI2 from multi-mutant libraries in E. coli (47–49). In the present study, we employ this to identify stabilizing mutations of the receptor-binding domain (RBD) of the spike protein of SARS-CoV-2. We identified numerous individual stabilization mutations which enhance Tm by 0.7°C to 4.4°C. We combined multiple stabilizing mutations resulting in a triple mutant with an increase in Tm of ~8°C. Incorporation of additional stabilization mutations did not further enhance the thermal stability. Two stabilized multi-mutants, namely, mRBD1-3.2 and mRBD1-3.3, were selected for additional characterization and showed 30% higher yield compared to the corresponding WT.

In our previous work, we found that Pichia-expressed RBD immunogens were more heterogeneous than their mammalian counterparts and failed to elicit neutralizing antibodies after two immunizations in mice or guinea pigs (28, 38). However, those earlier immunogens were based on WT sequence. Since Pichia offers a low-cost, high-volume microbial alternative to mammalian cell culture, in the present work we explored if Pichia RBD with stabilizing mutations performed better than the corresponding WT as well as mammalian cell-expressed proteins with the same stabilizing mutations. A construct containing the stabilizing mutations present in mRBD1-3.2 was therefore expressed in P. pastoris. Both mammalian and Pichia-expressed proteins were homogenous and monomeric and bound tightly to the conformation specific ligands, ACE-2 hFc and CR3022. The proteins also remained folded when lyophilized from either water or PBS. The lyophilized protein remained stable when stored at 37°C for over a month. Proteins in PBS buffer also remained folded when stored at 4°C for at least 28 days and 45°C for up to 7–14 days in the presence and absence of adjuvant SWE in solution. Our previous attempts at expressing monomeric or trimeric RBD in Pichia (28, 38) yielded heterogeneous, highly glycosylated proteins, which when formulated with SWE was poorly immunogenic in mice and elicited very low titers of neutralizing antibodies. In contrast, in the present study the stabilized pRBD3-3.2 was very homogenous. The stabilized mutants mRBD1-3.2 and pRBD3-3.2 elicited neutralizing antibodies against VOC albeit with the Pichia-expressed protein eliciting lower neutralization titers than mammalian-expressed protein (Figure 3E).

It has been previously observed (35–37) that while convalescent sera from B.1-infected individuals poorly neutralized B.1.351, convalescent sera from B.1.351-infected individuals neutralized both B.1 and B.1.351, suggesting that immunogens based on B.1.351 sequence might provide increased breadth of protection against VOC. However, this does not appear to be the case. Mice immunized with mRBD1-3.2-beta alone showed a significant decrease in titers for B.1.617.2 VOC, while this was not the case for mice immunized with mRBD1-3.2 (compare Figures 3D, G). It will be interesting and important to see if humans infected with B.1.351 show a similar trend of reduced neutralization and increased susceptibility to B.1.617.2. A cocktail of the above immunogens showed uniformly high neutralization titers against the various VOC (Figure 3H). These data suggest that vaccines based on either B.1 (ancestral) or an appropriate cocktail are likely to offer the best protection against current and closely related VOC.

Hamsters immunized with either mRBD1-3.2 or pRBD3-3.2 were well protected against high-dose viral challenge. Immunized animals showed substantial improvement in clinical signs, lung viral titers, and histopathology compared to unimmunized hamsters challenged with the virus. mRBD1-3.2-immunized hamsters showed improved neutralization breadth relative to pRBD3-3.2 immunized animals. There are a few differences between the Pichia- and mammalian cell-expressed proteins. Firstly, Pichia-produced proteins have high mannose glycans unlike mammalian cell-expressed proteins which can have complex glycans including terminal sialic acid residues. It is known from other studies that the chemical composition of incorporated glycans can alter immunogenicity (50, 51) as well as antigen half-life (52). Secondly, the Pichia-expressed protein pRBD3-3.2 has a single N-linked glycosylation site at residue 343. In contrast, the mammalian-expressed mRBD1-3.2 protein has two additional glycosylation sites at residues 331 and 532 in addition to the one at residue 343. We did not include the additional sites in the Pichia-expressed molecule because our prior experience with RBD expression in Pichia (28, 38), suggesting that incorporation of additional glycosylation sites led to formation of heterogeneous, hyperglycosylated molecules. It is thus possible that the altered glycosylation present in mammalian cell-expressed proteins as well as the presence of two additional glycosylation sites at the N and C termini improves the immunogenicity of mammalian cell-expressed mRBD1-3.2 relative to the Pichia-expressed protein.

P. pastoris-expressed pRBD3-3.2 provides an inexpensive platform for the large-scale production of affordable vaccines. Pichia expression technology is widely available in several developing countries including India, Bangladesh, Brazil, Cuba, and Indonesia (53). There have been other attempts to express RBD in Pichia, both as a monomeric protein (53–55) and displayed on the surface of hepatitis B VLPs (56); both are in clinical trials, but data from the trials are not currently available. In the case of the hepatitis B VLP-RBD, neutralization titers against B.1.1.7 were comparable to those against B.1; however, titers against the B.1.351 titer were ~25-fold lower than against B.1 (56). Recently, a deep mutational scanning-combined structure-guided mutational prediction approach led to generation of an RBD multi-mutant Rpk9 that showed enhanced thermostability (ΔTm: 3.8°C) and yield (41). In the context of a self-assembling two component nanoparticle, the above mutant showed similar immunogenicity to the corresponding WT derivative but increased thermotolerance in storage buffer containing glycerol and arginine. The Y365F, V395I, and F392W mutations present in Rpk9 are in the vicinity of a linoleic binding cavity, different from the ones in the present study, although one site, Y365, is common. In another study, a Pichia-expressed RBD (residues 332-549, C538A) adjuvanted with 3M-052 + alum, when used in macaque immunizations, elicited neutralizing antibodies that showed an ~5.4-fold decrease in ID50 against B.1.351, relative to B.1 in a pseudoviral neutralization assay (55). It is difficult to directly compare animal immunogenicity data since different studies have used different animal models, adjuvants, and neutralization assays. However, it is likely that the stabilizing mutations we have identified could be used to improve yield, immunogenicity, and stability of the above RBD derivatives as well. Monomeric RBD is likely easier to manufacture and characterize than VLP or self-assembling nanoparticle displayed material (39, 56–60), and there are no extraneous responses produced against the other components of the VLP which can be quite immunogenic (61–63). The improvement in immunogenicity with multivalent display is most apparent after a single immunization (41). The current Pichia-expressed, stabilized RBD shows considerably enhanced immunogenicity relative to a similar construct without the stabilizing mutations which we described previously (38), and an AddaVax-adjuvanted formulation of the latter construct failed to elicit neutralizing antibodies (38). Relative to our recently described trimeric RBD (28), the present stabilized monomer shows comparable to superior immunogenicity without the possible complication of trimerization scaffold-directed antibodies. The stabilizing mutations can also be incorporated into RBDs from VOC. In the present case, we showed that they considerably enhanced expression yield and stability of RBD derived from the B.1.351 VOC. While the stabilized mRBD1-3.2 RBD derived from the B.1 sequence elicited antibodies which neutralized all VOC, inclusion of mRBD1-3.2-beta RBD into the formulation further increased the neutralization titers and neutralization breadth relative to antisera elicited by either component alone. However, whether this lack of sensitivity to VOC also holds true in humans immunized with the same formulation can only be ascertained after clinical trials. In summary, we describe the isolation of a high-yielding, thermostable, and thermotolerant monomeric RBD vaccine candidate. In mice and hamsters, this formulation elicits antibodies that neutralize all current VOC and is currently being moved forward to clinical development. In addition, the work demonstrates that saturation suppressor methodology is a facile approach to stabilize proteins for vaccine and therapeutic application.
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Multi-mutant Mutations RBD start site RBD end site

mRBD1-2.1 P527L, Y365F 331 532
mRBD1-3.1 P527L, A520G, Y365F 331 532
mRBD1-3.2 A348P, Y365W, P527L 331 532
mRBD1-3.3 A348P, V367F, P527L 331 532
mRBD1-3.5 A348P/V367F/P5271 331 532
mRBD1-4.1 A348P/Y365W/V367F/P527L 331 532
mRBD1-4.2 A348P/Y365W/N367F/P5271 331 532
mRBD1-5.1 T333H, T385S, Y365F, A520G, P527L 331 532
mRBD1-5.2 T333H, A348P, Y365F, A520G, P527L 331 532
mRBD1-6.1 AB48P/A372M/P5271/A520G/Y365F/T333H 331 532
mRBD1-7.1 AB48P/A372M/T430V/P5271/A520G/Y365F/T333H 331 532
pRBD3-3.2 A348P, Y365W, P527L 332 530
mRBD1-3.2-beta A348P, Y365W, P527L, K417N, E484K, N501Y 331 532

The first letter denotes expression system used for RBD expression, where m and p correspond to mammalian and Pichia pastoris cells, respectively. The fifth character indicates the start
and end sites of RBD, where 1, 2, and 3 correspond to RBD from 331-532, 332-532, and 332-530, respectively. The last two numbers denote the number of mutations in the RBD and a
numerical identifier, respectively.





