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The constant appearance of new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern (VoCs) has jeopardized the protective capacity of approved vaccines against coronavirus disease-19 (COVID-19). For this reason, the generation of new vaccine candidates adapted to the emerging VoCs is of special importance. Here, we developed an optimized COVID-19 vaccine candidate using the modified vaccinia virus Ankara (MVA) vector to express a full-length prefusion-stabilized SARS-CoV-2 spike (S) protein, containing 3 proline (3P) substitutions in the S protein derived from the beta (B.1.351) variant, termed MVA-S(3Pbeta). Preclinical evaluation of MVA-S(3Pbeta) in head-to-head comparison to the previously generated MVA-S(3P) vaccine candidate, expressing a full-length prefusion-stabilized Wuhan S protein (with also 3P substitutions), demonstrated that two intramuscular doses of both vaccine candidates fully protected transgenic K18-hACE2 mice from a lethal challenge with SARS-CoV-2 beta variant, reducing mRNA and infectious viral loads in the lungs and in bronchoalveolar lavages, decreasing lung histopathological lesions and levels of proinflammatory cytokines in the lungs. Vaccination also elicited high titers of anti-S Th1-biased IgGs and neutralizing antibodies against ancestral SARS-CoV-2 Wuhan strain and VoCs alpha, beta, gamma, delta, and omicron. In addition, similar systemic and local SARS-CoV-2 S-specific CD4+ and CD8+ T-cell immune responses were elicited by both vaccine candidates after a single intranasal immunization in C57BL/6 mice. These preclinical data support clinical evaluation of MVA-S(3Pbeta) and MVA-S(3P), to explore whether they can diversify and potentially increase recognition and protection of SARS-CoV-2 VoCs.
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Introduction

SARS-CoV-2 virus has spread worldwide since 2019, causing as of July 2023 more than 700 million cases and close to 7 million deaths. The fast development of vaccines has made it possible to prevent severe illness and minimize the risk of death. However, immediately after the outbreak, several variants of concern (VoCs) emerged, each containing numerous mutations within the viral genome (1). SARS-CoV-2 VoCs, with mutations in the spike (S) protein, specifically in the receptor-binding domain (RBD), spread more efficiently and escape to neutralization by antibodies induced by vaccination or infection (1–8). Among the VoCs, SARS-CoV-2 beta (B.1.351) variant is of special interest for this work. SARS-CoV-2 B.1.351 was first identified in October 2020 in South Africa and contains 10 amino acid substitutions in the S protein, with three of them in the RBD that are reported to increase binding between S and its cell receptor angiotensin converting enzyme 2 (ACE2), and also results in a reduced level of neutralization by natural and vaccine-induced antibodies (8, 9). Moreover, recently the European Medicines Agency (EMA) recently approved for human use a protein-based COVID-19 vaccine, termed Bimervax, consisting of a fusion RBD heterodimer of Wuhan and beta (B.1.351) variant strains administered with an adjuvant (https://www.ema.europa.eu/en/medicines/human/EPAR/bimervax) (10–12).

The continued emergence of SARS-CoV-2 VoCs has led to imminent challenges in establishing protective immunity by using approved first-generation COVID-19 vaccines (based in the ancestral Wuhan strain), as two or three doses of approved COVID-19 vaccines confer variable efficacy against various SARS-CoV-2 VoCs (13–22). Following the same line of results, different Wuhan-based COVID-19 vaccines have been reported to protect against morbidity and mortality due to SARS-CoV-2 VoCs in several animal models, although with distinct degrees of protection against infection (23–32). Although Wuhan-based COVID-19 vaccines have proven useful in decreasing the number of hospitalizations and deaths caused by VoCs, new variant-specific vaccines capable of increasing protection capacity against disease and viral transmission are desirable.

We have previously described that modified vaccinia virus Ankara (MVA) vectors expressing full-length native (MVA-S) or prefusion-stabilized Wuhan-derived SARS-CoV-2 S proteins (MVA-S(3P)) were highly immunogenic and effective in mice (33–38), hamsters (39) and rhesus macaques (40). In particular, MVA-S(3P) was more immunogenic than MVA-S, and a single dose induced antibodies that neutralized several VoCs and protected K18-hACE2 mice from a lethal challenge with the ancestral Wuhan SARS-CoV-2 (isolate MAD6, containing the mutation D614G in the S protein) (36, 37). Moreover, we have recently reported that MVA-S(3P) fully protects against SARS-CoV-2 infection in hamsters (41). Here, to extend our previous studies on the capacity of MVA-based vaccine candidates to prevent SARS-CoV-2 infections, we describe the generation and characterization of an optimized MVA-based vaccine candidate expressing a human codon optimized full-length prefusion-stabilized S protein derived from SARS-CoV-2 beta (B.1.351). Head-to-head comparison of the immunogenicity and efficacy of MVA-S(3Pbeta) and MVA-S(3P) in C57BL/6 and transgenic K18-hACE2 mice, respectively, revealed that both vaccine candidates elicited potent and similar T-cellular and humoral immune responses against ancestral SARS-CoV-2 Wuhan strain and beta (B.1.351) variant and cross-neutralizing antibodies against other VoCs of human health relevance. Importantly, both vaccine candidates similarly protected K18-hACE2 mice from a lethal challenge with beta (B.1.351) variant, significantly reducing mRNA and infectious viral loads in the lungs and broncoalveolar lavages (BAL), pulmonary histopathological lesions, and levels of proinflammatory cytokines in the lungs. These findings highlight the importance of defining the preclinical immune efficacy against emerging VoCs of Wuhan- and VoC-based vaccines, to assure activation of markers of protection.





Materials and methods




Animals and ethics statement

Female C57BL/6OlaHsd mice (6–8 weeks old) used for immunogenicity experiments were purchased from Envigo Laboratories and stored in the animal facility of the Centro Nacional de Biotecnología (CNB) (Madrid, Spain). Female mice of the transgenic K18-hACE2 line, which express the human ACE2 receptor, were acquired from the Jackson Laboratory [034860-B6.Cg-Tg(K18-ACE2)2Prlmn/J, genetic background C57BL/6J x SJL/J)F2], and efficacy experiments using these mice were performed in the biosafety level 3 (BSL-3) facilities at the Centro de Investigación en Sanidad Animal (CISA)-Instituto Nacional de Investigaciones Agrarias (INIA-CSIC) (Valdeolmos, Madrid, Spain). The Ethical Committees of Animal Experimentation (CEEA) of the CNB-CSIC, CISA-INIA-CSIC and the Division of Animal Protection of the Comunidad de Madrid approved these animal studies (PROEX 49/20, 169.4/20 and 161.5/20). Animal procedures followed the international guidelines and Spanish law under the Royal Decree (RD) 53/2013.





Cells

DF-1 cells (a spontaneously immortalized chicken embryo fibroblast [CEF] cell line; ATCC catalog no. CRL-12203) and HeLa cells (human epithelial cervix adenocarcinoma; ATCC catalog no. CCL-2) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-Life Technologies) supplemented with penicillin (100 U/mL; Sigma-Aldrich), streptomycin (100 mg/mL; Sigma-Aldrich), L-glutamine (2 mM; Sigma-Aldrich), non-essential amino acids (0.1 mM; Sigma-Aldrich), amphotericin B (Fungizone, 0.5 mg/mL; Gibco-Life Technologies), gentamicin (50 mg/mL; Sigma-Aldrich) and 10% heat-inactivated fetal bovine serum (FBS) (Gibco-Life Technologies). Vero-E6 cells (from African green monkey kidney, ATCC catalog no. CRL-1586) were grown in DMEM (Gibco-Life Technologies) supplemented with HEPES (10 mM; Gibco-Life Technologies), non-essential amino acids (0.1 mM; Sigma-Aldrich), penicillin (100 U/mL; Sigma-Aldrich), streptomycin (100 mg/mL; Sigma-Aldrich), and 10% heat inactivated FBS. Vero/TMPRSS2 (VeroE6 cell line modified to constitutively express TMPRSS2 serine protease, under geneticin selection, in order to be highly susceptible to SARS-CoV-2 infection) were maintained in DMEM (Gibco-Life Technologies) supplemented with HEPES (10 mM; Gibco-Life Technologies), nonessential amino acids (0.1 mM; Sigma-Aldrich), penicillin (100 U/mL; Sigma-Aldrich), streptomycin (100 mg/mL; Sigma-Aldrich), Geneticin (G418, 1 mg/mL, Merck-Life Sciences), and 10% heat inactivated FBS. Cell cultures were maintained at 37°C in a humidified incubator containing 5% CO2.





Viruses

We used the attenuated MVA-WT poxvirus strain, derived from the Chorioallantois vaccinia virus Ankara strain (42) and the MVA-S(3P) vaccine candidate (36, 37). MVA-WT was employed as the parental virus for the generation of the MVA-S(3Pbeta) vaccine candidate expressing a beta (B.1.351) derived human codon optimized full-length prefusion-stabilized SARS-CoV-2 S protein, containing three mutations in the furin cleavage site (R682G, R683S, and R685S) to prevent cleavage of the S protein in S1 and S2 domains, and 3 proline (3P) substitutions in the S2 region that stabilize the S protein in a prefusion conformation (A942P, K986P, and V987P). All MVA viruses were grown in permissive culture chicken cells (DF-1) to produce a master virus seed stock (passage 2 [P2] stock) and titrated in DF-1 cells using a plaque immunostaining assay, as previously described (43). For use as inoculum in animal experiments, MVA viruses were expanded in DF-1 cells and purified by centrifugation through two 36% (wt/vol) sucrose cushions in 10 mM Tris-HCl (pH 9). All viral stocks were free of contamination with mycoplasma (checked by Mycoplasma Gel Detection kit; Biotools), bacteria (checked by growth on LB plates without ampicillin), or fungi (checked by growth on Columbia blood agar plates; Oxoid).

The SARS-CoV-2 beta (B.1.351) variant (hCoV-19/France/PDL-IPP01065i/2021), was supplied through the European Virus Archive-Global (Evag) platform, a project funded by the European Union’s Horizon 2020 research and innovation programme under grant agreement No. 653316. The virus was sent by the National Reference Centre for Respiratory Viruses hosted by Institut Pasteur (Paris, France) headed by Pr. Sylvie van der Werf, and the human sample from which the virus was isolated by Dr. Besson J., Bioliance Laboratory, Saint-Herblain; France. The stock virus was amplified by propagation in Vero-TMPRSS2 cells by inoculation at a multiplicity of infection (MOI) of 0.001 plaque-forming units (PFUs)/cell (passage 2). Cell supernatants were harvested at 72 h post-infection (hpi), cleared by centrifugation, aliquoted, and stored at −80°C. Virus infectivity titers were determined by standard plaque assay in Vero-E6 cells or by median tissue culture infectious dose (TCID50) assays in Vero-TMPRSS2 cells. The full-length viral genome was sequenced, and found to be identical to SARS-CoV-2 B.1.351 reference sequence (hCoV-19/South Africa/N00344/2020; GISAID accession ID: EPI_ISL_712096).

Finally, we have also used SARS-CoV-2 strain MAD6 (kindly provided by José M. Honrubia and Luis Enjuanes, CNB-CSIC, Madrid, Spain) (44) that is similar to the Wuhan strain but with the D614G mutation in the S protein. The stock virus was prepared as previously described (37).





Construction of plasmid transfer vector pCyA-S(3Pbeta) and generation of MVA-S(3Pbeta) vaccine candidate

The plasmid transfer vector pCyA-S(3Pbeta) was designed to generate the MVA-S(3Pbeta) vaccine candidate. A human codon optimized full-length prefusion-stabilized SARS-CoV-2 beta (B.1.351) strain S gene (hCoV-19/South Africa/N00344/2020; GISAID accession ID: EPI_ISL_712096) was inserted into the thymidine kinase (TK) locus of the parental virus MVA-WT, under the transcriptional control of the viral synthetic early/late (sE/L) promoter and with a Kozak sequence (GCCACC) before the ATG initiation codon of the S gene. Briefly, a 3,822-kbp DNA fragment encoding a human codon optimized SARS-CoV-2 full-length prefusion-stabilized beta (B.1.351) S gene was synthesized by GeneArt and inserted into plasmid vector pCyA (45), obtaining the plasmid transfer vector pCyA-S(3Pbeta) (11,322 bp). This plasmid includes a β-galactosidase (β-Gal) reporter gene between two repetitions of the left TK-flanking arm, which allows the deletion by homologous recombination of the reporter from the final recombinant virus after successive passages. The encoded human codon optimized full-length beta (B.1.531) S protein also contains 3 mutations in the furin cleavage site (R682G, R683S, and R685S) to prevent cleavage of the S protein in S1 and S2 domains, and the same 3 proline (3P) stabilizing amino acid mutations (A942P, K986P, and V987P) included in the MVA-S(3P) vaccine candidate validated previously (37).

Cultured DF-1 cells (3 × 106 cells) were infected with parental MVA-WT virus at a MOI of 0.02 PFUs/cell and transfected 1 h later with 10 μg of DNA plasmid pCyA-S(3Pbeta), using Lipofectamine 2000 (Invitrogen) reagent, according to the manufacturer’s recommendations. At 72 hpi, cells were harvested, lysed by freeze–thaw cycling, sonicated, and used for recombinant virus screening. Recombinant MVA-S(3Pbeta) viruses containing the SARS-CoV-2 beta (B.1.351) full-length prefusion-stabilized S gene, inserted in the TK locus, and transiently coexpressing the β-Gal marker gene were selected by three consecutive rounds of plaque purification in DF-1 cells stained with X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside, 1.2 mg/mL) (Sigma-Aldrich). In subsequent plaque purification steps, recombinant MVA-S(3Pbeta) viruses with the β-Gal gene deleted by homologous recombination between the left TK arm and the short-left TK arm repeat flanking the marker were isolated by three additional consecutive rounds of plaque purification screening for non-staining viral foci in DF-1 cells in the presence of X-Gal (1.2 mg/mL). In each round of plaque purification, the isolated plaques were grown in DF-1 cells, and the crude viruses obtained were used for the next round of plaque purification. The resulting recombinant virus MVA-S(3Pbeta) was grown, purified and titrated as previously described (37).





Expression of SARS-CoV-2 S protein by western blotting and analysis of virus growth

To check the correct expression of SARS-CoV-2 prefusion-stabilized S protein by MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates, monolayers of HeLa cells grown in 24-well plates were infected at 5 PFUs/cell with MVA-S(3P) and MVA-S(3Pbeta) (or with control virus MVA-WT). At different times (4 or 24 hpi), equal amounts of cell extracts were solubilized under reducing conditions (in the presence of 1× Laemmli plus β-mercaptoethanol). The Wester Blotting conditions employed were already detailed (37). We evaluated the expression of SARS-CoV-2 S protein with a rabbit polyclonal anti-SARS-CoV-2 S antibody (Genetex; recognizing SARS-CoV-2 S1 region). For a viral loading control, we used a rabbit anti-VACV E3 (CNB) antibody. An anti-rabbit HRP-conjugated antibody (Sigma-Aldrich) was used as the secondary antibody. The genetic stability of MVA-S(3Pbeta) vaccine candidate was also analysed by Wester Blotting. We confirmed the expression of SARS-CoV-2 S protein during 9 consecutive passages as previously reported (37).

Besides, we studied the virus growth profile of MVA-S(3P) and MVA-S(3Pbeta) analyzing viral titers after different times of infection (0, 24, 48, 72 hpi) as previously described for the validation of other vaccine candidates (34).





Efficacy study schedule in K18-hACE2 transgenic mice

Female K18-hACE2 mice (9 weeks old at the beginning of the study) immunized with two intramuscular (IM) doses of MVA-S(3P) or MVA-S(3Pbeta) were used to evaluate the efficacy of the vaccine candidates. Groups of animals (n = 11) received two doses, with a 4-week interval (days 0 and 27), of 1 x 107 PFUs of MVA-S(3P) or MVA-S(3Pbeta) by IM route in 100 μL of PBS (50 μL/leg). Mice inoculated with non-recombinant MVA-WT were used as a control group. On days 14 post-prime and 21 post-boost (day 48), blood was collected from each mouse by submandibular bleeding. The blood was incubated at 37 °C for 1 h, maintained at 4 °C overnight, and centrifuged at 3,600 rpm for 20 min at 4 °C to obtain serum samples. The obtained serum samples were then inactivated at 56 °C for 30 min and stored at -20 °C until analysis of humoral immune responses. Four weeks after the second immunization (day 56), all mice were anesthetized in an isoflurane chamber and challenged with a lethal dose (1 x 105 PFUs) of SARS-CoV-2 beta (B.1.351) strain by the intranasal (IN) route in 50 μL of PBS, after being anesthetized in an isoflurane chamber. Mice were then monitored for body weight changes, signs and symptoms of disease and mortality for 10 days post-challenge. Animals with more than a 20% of weight loss or presenting severe signs and symptoms of disease (lack of movement, breathing difficulties, etc) were euthanized by cervical dislocation. At 4 days post-challenge (day 60), at least three mice per group were euthanized, and lung, BAL, and serum samples were collected. The entire left lung lobe was removed from each mouse and immersion-fixed in zinc formalin (Sigma-Aldrich) for 48 h. After the fixation period, samples were routinely processed and embedded in paraffin for subsequent histopathological evaluation. The right lung lobes were divided longitudinally into two, with one part placed in RNALater stabilization reagent (Sigma-Aldrich) and stored at -80°C until RNA extraction, and the other lung part was weighed and stored at -80 °C until analysis of virus yields. BAL from each mouse was collected by flushing into the trachea 700 μL of Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco-Life Technologies) supplemented with HEPES (10 mM; Gibco-Life Technologies), β-mercaptoethanol (10 µM; Sigma-Aldrich), and L-glutamine (2 mM; Merck); then, the samples were spun down to remove cellular debris, and supernatants were stored at -80°C until viral load detection and RNA extraction. Blood was collected and processed to obtain serum samples following the procedure previously described after the immunization and prechallenge.





Quantification of SARS-CoV-2 mRNA and cytokine mRNA by reverse transcription-quantitative polymerase chain reaction

Lung and BAL samples obtained from K18-hACE2 mice on day 4 post-challenge. Lungs were stored in RNALater (Sigma-Aldrich) at -80°C, were homogenized using a gentleMACS dissociator (Miltenyi Biotec) in 2 mL of RLT buffer (Qiagen) containing β-mercaptoethanol (Sigma-Aldrich). A total of 600 μL of homogenized lung tissue was utilized to isolate total RNA using the RNeasy Mini Kit (Qiagen), according to the manufacturer’s specifications. On the other hand, 50 μL of BAL samples were used to extract RNA using an in-house TRIzol® (Invitrogen) method, following a protocol described elsewhere (46).

Lung and BAL were subjected to analysis for quantifying SARS-CoV-2 mRNA using RT-qPCR, following a previously described method (36, 37). SARS-CoV-2 viral mRNA content was determined using a previously validated set of primers and probes specific for the SARS-CoV-2 subgenomic RNA for protein E and the genomic virus RNA-dependent RNA polymerase (RdRp) gene, and gene expression was normalized to the expression of the cellular 28S ribosomal RNA gene (47). Additionally, the mRNA expression levels of key proinflammatory cytokines (IL-6, IL-12b, CCL2, CCL12, IFNb1, TNF-α and CXCL10) were also measured in lung samples using specific TaqMan probes (Thermo Fisher Scientific; the sequence will be provided upon request). The specific gene expression was also presented relative to the expression of the cellular 28S ribosomal RNA gene, as previously described (36, 37). mRNA arbitrary units (A.U.) were quantified relative to negative RNA samples (from uninfected mice) using the 2-ΔΔCt method. All samples were tested in duplicates.





Analysis of SARS-CoV-2 virus yields by plaque assay

Lung and BAL samples from K18-hACE2 mice, harvested at day 4 post-challenge, were analyzed for the presence of SARS-CoV-2 infectious virus using a plaque assay, as previously described (36, 37). Lungs were harvested, weighed, and stored directly at -80°C until homogenization with a gentleMACS dissociator (Miltenyi Biotec) in 2 mL of PBS buffer. Undiluted and serial ten-fold dilutions of homogenized lung tissue or BAL samples were added in triplicate to Vero-E6 cell monolayers seeded in 12-well plates at 5 x 105 cells/well. After 1 h of adsorption, the inoculum was removed and plates were incubated at 37°C, 5% CO2 in 2:1 DMEM 2X-4% FBS : Avicel® RC-591 (microcrystalline cellulose and carboxymethylcellulose sodium, DuPont Nutrition Biosciences ApS). After 4 days, cells were fixed for 1 h with 10% formaldehyde (Sigma-Aldrich), the supernatant was removed, and plaques were visualized by adding 0.5% crystal violet (Sigma-Aldrich). SARS-CoV-2 titers were determined in PFUs per gram of lung tissue or in PFUs per mL of BAL.





Lung histopathology

Lung histopathology was performed as previously described (36, 37). To assess the character and severity of histopathological lesions, lung inflammation scoring parameters based on previous reports on SARS-CoV-2 infection in mouse models were used (48). These histopathological parameters were graded following a semi-quantitative scoring system as follows: (0) no lesion; (1) minimal lesion; (2) mild lesion; (3) moderate lesion; (4) severe lesion. The cumulative scores of the histopathological lesions provided the total score for each animal. In each experimental group, individual scores were used to calculate the group average. In addition, H&E-stained sections were visually scored 0–6 based on the percentage of lung area affected by inflammatory lesions as follows: 0% lung injury (score 0); < 5% (score 1); 6-10% (score 2); 11–20% (score 3); 21–30% (score 4); 31–40% (score 5); > 40% (score 6). In each experimental group, individual scores were used to calculate the group average.





Enzyme-linked immunosorbent assay

The titers of binding anti-S IgG, IgG1, IgG2c and IgG3 antibodies in individual or pooled sera from immunized mice were measured by ELISA, as previously described (36, 37). Total binding anti-S IgG endpoint titers were measured as the last serum dilution that gave an absorbance value at 450 nm at least three times higher than that of a naive serum. The soluble SARS-CoV-2 S proteins used to coat the plates were derived from the Wuhan strain (GenBank accession number MN908947.3) or the beta (B.1.351) variant (GISAID: EPI_ISL_712096) and the recombinant expression vectors were prepared as previously described (36, 37). The soluble S proteins were expressed in mammalian cells and purified from cell supernatants as reported (34); they were used to analyze the levels of IgG antibodies in mice serum samples by ELISA.





Neutralization of live SARS-CoV-2 or pseudotyped variants of concern

The capacity of the sera obtained from immunized mice to neutralize live SARS-CoV-2 virus was measured using a microneutralization test (MNT) assay in a BSL-3 laboratory at the CNB-CSIC, as previously described (36, 37). Serially diluted serum samples in DMEM-2% FBS medium were incubated at a 1:1 ratio with 200 TCID50 of SARS-CoV-2 parental Wuhan strain virus (MAD6 isolate, containing the D614G mutation in the S protein) or beta (B.1.351) variant in 96-well tissue culture plates for 1 h at 37°C. Then, mixtures of serum samples and SARS-CoV-2 were added in triplicate to Vero-TMPRSS2 cell monolayers seeded in 96-well plates at 2 x 104 cells/well. To obtain the 50% neutralization titers (NT50), half maximal effective concentration (EC50) and 95% confidence intervals (95% CI) were calculated using a nonlinear regression model fit with settings for agonist concentration versus normalized response curve using GraphPad Prism v9 Software.

The capacity of pooled serum samples obtained from K18-hACE2 immunized mice to neutralize different SARS-CoV-2 VoCs was tested using SARS-CoV-2 pseudotyped vesicular stomatitis virus (VSV) expressing the SARS-CoV-2 S protein, as previously described (36, 37). The SARS-CoV-2 S variants used were S_614G, alpha (B.1.1.7), beta (B.1.351), gamma (P.1), delta (B.1.617.2), and omicron (BA.4/BA.5), and were produced as described elsewhere (49). The SARS-CoV-2 S mutant D614G was generated by site-directed mutagenesis (Q5 Site Directed Mutagenesis Kit; New England Biolabs) following the manufacturer’s instructions and used as an input DNA pcDNA3.1 expression vector encoding SARS-CoV-2 S_614D (34). The SARS-CoV-2 alpha (B.1.1.7; GISAID: EPI_ISL_608430), beta (B.1.351; GISAID: EPI_ISL_712096), gamma (P.1; GISAID: EPI_ISL_833140), delta (B.1.617.2; GISAID: EPI_ISL_1970335), and omicron (BA.4/BA.5; GISAID: EPI_ISL_13424827) VoCs were optimized, synthesized, and cloned into pcDNA3.1 by GeneArt (Thermo Fisher Scientific, GeneArt GmbH, Regensburg, Germany). NT50 titers, EC50 and 95% CI were calculated using a nonlinear regression model fit with settings for log(agonist concentration) versus normalized response curve using GraphPad Prism v9 Software.





Immunogenicity study schedule in C57BL/6 mice

To evaluate the immunogenicity of the MVA-based vaccine candidates against COVID-19, groups of female C57BL/6 mice (n = 6 per group; 6 to 8 weeks old) were slightly anesthetized with isoflurane (1-chloro-2,2,2-trifluoroethyl difluoromethyl ether; Isoflo®, Zoetis Belgium SA) and each mouse received one dose of 1 × 107 PFUs of MVA-S(3P) or MVA-S(3Pbeta) by the IN route in 50 μl of PBS. Mice inoculated with nonrecombinant MVA-WT were used as a control group. No adverse effects were detected in immunized mice. Then, 14 days after the immunization, mice were euthanized by using a lethal dose of 10% xylazine (Xilagesic 20 mg/mL; Laboratorios Calier, Barcelona, Spain) + 10% ketamine (Imalgene 100 mg/mL; Merial Laboratorios, Barcelona, Spain). Blood from each mouse was collected by cardiac puncture, maintained at 37°C for 1 h, kept at 4°C overnight, and centrifuged at 3,600 rpm for 20 min at 4°C to obtain serum samples that were stored at −20°C until used, to analyze SARS-CoV-2-specific humoral immune responses. Spleens, and bronchial lymph nodes (BLNs) extracted from each mouse were pooled per group, processed mechanically, blood-cell depleted, and filtered through 40-µm cell strainers until single-cell samples were obtained, which were used to measure the SARS-CoV-2 S-specific T-cell immune responses by an intracellular cytokine staining (ICS) assay.





ICS assay

The magnitude of SARS-CoV-2 S-specific CD4+ and CD8+ T cells expressing CD107a, and/or secreting IFNγ, and/or TNFα, and/or IL-2 were analyzed by an ICS assay as previously described (34) in cells (splenocytes or BLN cells) stimulated with two SARS-CoV-2 S peptide pools (1 µg/mL) (JPT Peptide Technologies, Berlin, Germany), spanning the S1 and S2 regions as consecutive 15-mers overlapping by 11 amino acids of the S protein from the Wuhan strain or beta variant. Moreover, the magnitude of SARS-CoV-2 S-specific CD4+ T follicular helper (Tfh) cells expressing CD154, and/or secreting IFNγ, and/or IL-21 were also analyzed by an ICS assay as previously described (34) in splenocytes stimulated with a matching SARS-CoV-2 S protein (5 µg/mL) plus S1 and S2 peptide pools (1 µg/mL). Cells were acquired with a Gallios flow cytometer (Beckman Coulter), and analyses of the data were performed with the FlowJo software version 10.4.2 (Tree Star), as previously described (34).





Statistical procedures

All graphs, calculations, and statistical analyses were performed using GraphPad Prism software version 9.4.1 (GraphPad Software). To determine differences between groups, ordinary one-way ANOVA of transformed data followed by Tukey’s multiple comparison test was used for the statistical analysis of SARS-CoV-2 and cytokine mRNA levels, and SARS-CoV-2 virus yields. An unpaired nonparametric Mann-Whitney test was employed for the statistical evaluation of lung histopathological scores and an ordinary one-way ANOVA followed by Tukey’s multiple comparison test for the percentage of lung area with lesions. An unpaired nonparametric Mann-Whitney test of transformed data was used for statistical analysis between groups of IgG titers, an unpaired t-test of transformed data for the live virus NT50 neutralizing titers, and an unpaired t-test with Welch’s correction of transformed data for NT50 neutralizing titers of pooled mouse serum samples against SARS-CoV-2 pseudotyped VSVs. Statistical analysis of the ICS assay data was realized as previously described (50), using an approach that corrects measurements for background response, calculating confidence intervals and p-values. Statistical significance is indicated as follows: *p < 0.033; **p < 0.002; ***p < 0.0002; ****p<0.0001.






Results




Generation of an MVA-based vaccine candidate expressing a prefusion-stabilized S protein from the SARS-CoV-2 beta (B.1.351) variant of concern

We previously reported the generation and preclinical evaluation of the immunogenicity and efficacy of an MVA-based vaccine candidate, named MVA-S(3P), which expressed a full-length prefusion-stabilized S protein from the ancestral SARS-CoV-2 Wuhan strain (36, 37). The S protein was stabilized in the prefusion conformation by introducing three proline substitutions in the S2 region (A942P, K986P, and V987P) and the furin cleavage site was mutated to avoid the processing of S into the S1 and S2 regions and fusion activation (Figure 1A). When compared to an MVA vector expressing a non-stabilized S protein (MVA-S), MVA-S(3P) increased the levels of expression of the S protein by 2-fold, induced higher binding IgG and neutralizing antibody titers against SARS-CoV-2 Wuhan strain and several VoCs and a single dose of the vaccine better protected mice against a lethal challenge with the ancestral SARS-CoV-2 Wuhan strain (36, 37). Now, following the identification of the SARS-CoV-2 beta (B.1.351) variant (9), we successfully generated a new MVA-based vaccine candidate expressing a full-length prefusion-stabilized S protein from the beta (B.1.351) variant, termed MVA-S(3Pbeta), which also contains three proline substitutions in the S2 region (A942P, K986P, and V987P) and the furin cleavage site mutated (Figure 1A). The expression profile of the S protein was characterized at different time points in non-permissive human HeLa cells infected with MVA-S(3P) and MVA-S(3Pbeta), revealing a major 180-kDa protein product (Figure 1B). The analysis by Western blot of SARS-CoV-2 S protein expression during successive passages in permissive DF-1 cell cultures infected at low MOI (0.05 PFUs/cell) with MVA-S(3Pbeta) showed that MVA-S(3Pbeta) efficiently expressed the S protein during 9 successive passages, demonstrating a high genetic stability (Figure 1C). In addition, stable S protein expression was determined in all individual plaques isolated at passage 9 (Figure 1D). Finally, the evaluation in permissive DF-1 cells of the growth kinetics of MVA-S(3Pbeta), compared with MVA-S(3P) and MVA-WT, showed that all viruses had a comparable growth kinetics (Figure 1E).




Figure 1 | Design, generation, and in vitro characterization of MVA-S(3Pbeta) vaccine candidate. (A) Scheme of the prefusion-stabilized full-length S proteins inserted in the MVA genome to generate the MVA-S(3P) and MVA-S(3Pbeta) vaccine candidate. S1 and S2 regions are indicated, together with the amino acid mutations in the furin cleavage site and changes to prolines in the S2 region (indicated in red). The amino acid mutations of beta (B.1.351) variant are also indicated in blue. The SARS-CoV-2 S gene is inserted within the TK locus of MVA-WT virus and is driven by the sE/L virus promoter. NTD, N-terminal domain; RBD, receptor binding domain; TM, transmembrane; CT, cytoplasmic tail; TK-L, TK left; TK-R, TK right. (B) Expression of SARS-CoV-2 S protein by MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates. Western blotting of MVA-infected (5 PFUs/cell) HeLa cell extracts at 4 and 24 hpi. Rabbit polyclonal anti-S and anti-VACV E3 antibodies were used for protein identification on 7% SDS-PAGE under reducing conditions. Size (in kilodaltons [kDa]) and migration of molecular weight markers are indicated. (C, D) Genetic stability of MVA-S(3Pbeta) vaccine candidate. Western blotting of DF-1 cell samples (24 hpi) infected with initial P2 stock and with 9 successive passages of MVA-S(3Pbeta) viruses (C) or from 23 individual virus plaques picked after 9 consecutive cell infection cycles (D). Samples were analyzed under reducing conditions. Rabbit polyclonal anti-S and anti-VACV E3 antibodies were used for protein identification. (E) Viral growth kinetics of MVA-S(3Pbeta). Monolayers of DF-1 cells were infected at 0.01 PFUs/cell with MVA-WT, MVA-S(3P) or MVA-S(3Pbeta). At different times postinfection (0, 24, 48, and 72 hpi), virus titers in cell lysates were quantified by a plaque immunostaining assay. The means of results from two independent experiments are shown.







MVA-S(3Pbeta) and MVA-S(3P) fully prevented morbidity and mortality in K18-hACE2 transgenic mice challenged with SARS-CoV-2 beta (B.1.351), reducing SARS-CoV-2 virus replication, lung pathology, and levels of pro-inflammatory cytokines

The efficacy triggered by MVA-S(3Pbeta) against SARS-CoV-2 beta (B.1.351) variant was then evaluated in transgenic K18-hACE2 mice (n = 11/group), susceptible to SARS-CoV-2 infection (51, 52), and compared to MVA-S(3P). Thus, mice were intramuscularly immunized with two doses of MVA-S(3Pbeta) or MVA-S(3P) (1 x 107 PFUs/mouse) with a 4-week interval, and challenged 4 weeks later with a lethal dose (1 x 105 PFUs/mouse) of SARS-CoV-2 beta (B.1.351) variant by the IN route (Figure 2A). Mice inoculated with MVA-WT were used as a control group of vector virus infection. Mice were supervised for changes in body weight and mortality for 10 days after SARS-CoV-2 infection. None of the mice immunized with MVA-S(3P) or MVA-S(3Pbeta) experience any body weight loss (Figure 2B) and exhibited 100% survival (Figure 2C). In contrast, mice immunized with MVA-WT showed significant body weight loss (more than 25%) (Figure 2B), and all mice died or were euthanized by day 4 post-challenge (Figure 2C).




Figure 2 | MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates protects K18-hACE2 transgenic mice from SARS-CoV-2 beta (B.1.351) infection. (A) Efficacy schedule. Female K18-hACE2 transgenic mice (n=11 per group) were immunized by the IM route with two doses, spanned by 4 weeks, of 1 x 107 PFUs of MVA-S(3P), MVA-S(3Pbeta) or MVA-WT as indicated. At day 14 post-prime and 21 post-boost, serum samples were obtained from each mouse, as indicated. At day 56 (4 weeks post-boost) mice were challenged intranasally with 1 x 105 PFUs of SARS-CoV-2 beta variant (B.1.351). At day 4 postchallenge, at least 3 mice per group were sacrificed and lungs, BAL and serum samples collected as indicated. Serum was also collected at day 10 postchallenge in groups 1, 2 (in group 3 all mice have died by this day). (B, C) The challenged mice were monitored for change of body weight (B) and mortality (C) for 10 days. †: mice were euthanized due to loss of more than 20% of initial body weight. (D, E) Virus replication in lung samples (D) and BAL (E). SARS-CoV-2 subgenomic E and genomic RdRp mRNA detected by RT-qPCR at 4 days after virus infection. Mean RNA levels (in arbitrary units [A.U.] normalized to uninfected mice) from duplicates of each lung and BAL samples and SEM of each group are represented. (F, G) SARS-CoV-2 infectious virus in lung samples (F) and BAL (G). Mean (PFUs/g of lung tissue or PFUs/mL of BAL) from triplicates of each sample and SEM of each group are represented. The dashed line represents the limit of detection. Ordinary one-way ANOVA of transformed data followed by Tukey’s multiple comparison test: *p < 0.033; **p < 0.002; ****p<0.0001.



To evaluate the effect of vaccination on SARS-CoV-2 replication, three mice per vaccinated group (n=6 in the MVA-WT control group) were sacrificed on day 4 after SARS-CoV-2 challenge, and lungs and BAL were collected and processed for the presence of SARS-CoV-2 subgenomic E and genomic RdRp RNA (Figures 2D, E), as well as for live infectious virus yields (Figures 2F, G). Subgenomic and genomic SARS-CoV-2 RNA levels were significantly lower in the lungs and BAL samples of mice immunized with MVA-S(3P) or MVA-S(3Pbeta) than in the control group immunized with MVA-WT (Figures 2D, E, respectively), with no significant differences between MVA-S(3P) and MVA-S(3Pbeta). Remarkably, no live infectious virus was detected in either the lungs or BAL samples of mice immunized with MVA-S(3P) or MVA-S(3Pbeta), whereas high titers of live virus were detected in the lungs and BAL samples of the MVA-WT control group (Figures 2F, G).

Lung histopathological analysis at 4 days post-challenge (n=3/vaccinated group; n=6/MVA-WT control group) showed that mice vaccinated with MVA-S(3P) or MVA-S(3Pbeta) displayed lesser lung inflammation scores (Figure 3A) and minor percentages of lung areas with lesions (Figure 3B) than control MVA-WT mice. Illustrative images of lung sections are shown in Figure 3C; mice vaccinated with MVA-S(3P) or MVA-S(3Pbeta) only exhibited focal thickening of the alveolar septa, and sporadic occurrence of inflammatory cells within the alveoli. However, mice immunized with control MVA-WT displayed severe diffuse thickening of the alveolar septa, a higher presence of mononuclear cell infiltrates within alveolar spaces, and larger multifocal perivascular and peribronchiolar mononuclear infiltrates (Figure 3C).




Figure 3 | MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates reduced SARS-CoV-2 beta variant lung pathology in K18-hACE2 transgenic mice. (A) Mean and SEM of cumulative histopathological lesion scores in lung samples taken from immunized K18-hACE2 mice that were euthanized at day 4 post-challenge. Unpaired nonparametric Mann-Whitney test: *p < 0.033. (B) Percentage of lung area affected by inflammatory lesions in lung samples taken from immunized K18-hACE2 mice that were euthanized at day 4 post-challenge. Ordinary one-way ANOVA followed by Tukey’s multiple comparison test: *p < 0.033. (C) Representative lung histopathological sections (H&E staining) observed in immunized K18-hACE2 transgenic mice that were euthanized at day 4 post-challenge. A general view of the lung area (magnification: 4x) along with histopathological details from selected lung areas (black boxes) have been displayed (magnification: 10x). In mice that were immunized with two doses of MVA-S(3P) and MVA-S(3Pbeta) (a, c), alveolar spaces were larger and evident while inflammatory changes were less severe than those observed in mice immunized with two doses of MVA-WT (e). Mice immunized with MVA-S(3P) and MVA-S(3Pbeta) showed mild lung lesions that were characterized by the presence of small perivascular and peribronchiolar mononuclear infiltrates mainly constituted by lymphocytes (arrowheads), as well as occasional alveoli with some scarce infiltrated mononuclear cells (arrows) (b, d). On the contrary, in mice immunized with MVA-WT (control non-protected group) inflammatory lesions were more severe and diffuse. Such lesions were characterized by the presence of numerous large and perivascular and peribronchiolar infiltrates (arrowheads), alveolar spaces densely populated by inflammatory cells (arrows) and generalized alveolar septa thickening (f).



Furthermore, the impact of vaccination on the pro-inflammatory cytokine profile elicited in infected mice was analyzed at 4 days post-challenge by measuring the mRNA levels of key cytokines in lung homogenates by RT-qPCR (Figure 4). Vaccination with MVA-S(3P) or MVA-S(3Pbeta) elicited significant downregulation of IL-6, IL-12b, CCL2, CCL12, IFNβ1, TNF-α and CXCL10 mRNA levels, compared to control infected mice (Figure 4).




Figure 4 | Vaccination with MVA-S(3P) or MVA-S(3Pbeta) diminished levels of proinflammatory cytokines in K18-hACE2 transgenic mice. mRNA levels of several cytokines/chemokines were detected by RT-qPCR in lungs obtained at 4 days postchallenge. Mean RNA levels (in A.U. normalized to uninfected mice) from duplicates of each sample and SEM of each group are represented. Ordinary one-way ANOVA of transformed data followed by Tukey’s multiple comparison test: *p < 0.033; **p < 0.002; ***p < 0.0002.







MVA-S(3Pbeta) and MVA-S(3P) triggered, in K18-hACE2 transgenic mice, high titers of anti-S IgGs and neutralizing antibodies against Wuhan, beta and several VoCs

Since we have previously correlated antibody levels with protection against SARS-CoV-2 infection (35), we next analyzed in serum the SARS-CoV-2-specific humoral responses induced in transgenic K18-hACE2 mice vaccinated with MVA-S(3P) and MVA-S(3Pbeta), after vaccine immunization (days 14 post-prime and 21 post-boost) and post-challenge (days 4 and 10 post-challenge). At day 14 post-prime, MVA-S(3P) vaccinated mice elicited higher IgG titers against Wuhan S protein (Figure 5A), but similar IgG titers against beta S protein (Figure 4B) than MVA-S(3Pbeta) vaccinated mice. On day 21 post-boost and 4 and 10 post-challenge, the two vaccinated groups showed comparable anti-S IgG titers against Wuhan (Figure 5A) and beta variant (Figure 5B). Furthermore, in both vaccinated groups, S-specific IgG1, IgG2c, and IgG3 antibodies were elicited with IgG2c > IgG1 > IgG3 and IgG2c/IgG1 ratios above 1, indicating a Th1-like protective immune response (Table 1).




Figure 5 | MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates induced high levels of SARS-CoV-2-specific humoral immune responses in vaccinated and challenged K18-hACE2 transgenic mice. (A, B) Anti-S IgG titers against Wuhan (A) and beta variant (B) determined by ELISA in individual mouse serum samples from K18-hACE2 mice collected at day 14 post-prime (pp), 21 post-boost (pb), 4 and 10 postchallenge (pc). Mean endpoint titers of each sample from duplicates and SEM from each group are represented. Dashed line represents the limit of detection. Unpaired nonparametric Mann-Whitney test of transformed data: ****p < 0.0001. (C, D) SARS-CoV-2 neutralizing antibody titers against ancestral Wuhan strain (isolate MAD6, having D614G mutation) (C) and beta variant (B.1.351) (D). NT50 titers were evaluated in individual mouse serum samples collected at day 14 pp, 21 pb, 4 and 10 pc) using a live virus MNT assay. Mean NT50 values of each sample from triplicates and SEM from each group are represented. Dotted line represented the limit of detection. Unpaired t-test of transformed data: *p < 0.033. (E) SARS-CoV-2 neutralizing antibody titers against several SARS-CoV-2 VoCs. NT50 titers were evaluated in pooled mouse serum samples collected at day 14 pp and 21 pb, using VSV-based pseudoparticles expressing the SARS-CoV-2 S protein of different VoCs. Mean NT50 values and 95% confidence intervals from triplicates of each pooled group sample are represented. The dashed line represents the limit of detection. Unpaired t-test with Welch’s correction of transformed data: *p < 0.033; **p < 0.002.




Table 1 | Isotype analysis of anti-S IgG antibodies in transgenic K18-hACE2 mice immunized with MVA-S(3P) or MVA-S(3Pbeta).



Analysis of neutralizing antibody levels in serum revealed that, after the first immunization (day 14 post-prime) MVA-S(3P) induced significantly higher neutralizing antibody titers against live Wuhan than MVA-S(3Pbeta) (Figure 5C), while MVA-S(3Pbeta) induced significantly higher neutralizing antibody titers against live beta variant than MVA-S(3P) (Figure 5D). After two doses (day 21 post-boost) the levels of neutralizing antibodies against Wuhan and beta variant induced by both vaccine candidates enhanced, with a trend to higher NT50 titers against Wuhan in MVA-S(3P)-vaccinated mice and higher NT50 titers against beta variant in MVA-S(3Pbeta)-vaccinated mice (Figure 5C, D). After challenge (days 4 and 10 postchallenge), MVA-S(3P) induced significantly higher neutralizing antibody titers against live Wuhan than MVA-S(3Pbeta) (Figure 5C), while the levels of neutralising antibodies against beta variant induced by both vaccine candidates were comparable (Figure 5D).

Moreover, the analysis of neutralising antibodies against several VoCs in pooled sera from 21 days post-boost by using SARS-CoV-2 pseudotyped VSVs, showed that mice immunized with MVA-S(3P) induced significantly higher NT50 titers against Wuhan (D614G mutant) than MVA-S(3Pbeta), while mice immunized with MVA-S(3Pbeta) induced significantly higher NT50 titers against beta (B.1.351), gamma (P1), and Omicron BA.4/BA.5 VoCs (Figure 5E). NT50 titers against alpha (B.1.1.7) and delta (B.167.2) VoCs were similar between both vaccinated groups (Figure 5E).





MVA-S(3Pbeta) and MVA-S(3P) induced local and systemic SARS-CoV-2 S-specific CD4+ and CD8+ T-cellular and humoral immune responses in immunized C57BL/6 mice

Since induction of cellular immune responses by SARS-CoV-2 vaccines is also an important marker for protective efficacy, we next assessed the SARS-CoV-2-specific T-cell immunogenicity induced in C57BL/6 mice (n=6/group) after one single IN dose of 1 × 107 PFUs of MVA-S(3P), MVA-S(3Pbeta), or MVA-WT (as a negative control group). At 14 days postimmunization, mice were euthanized and SARS-CoV-2 S-specific T-cell immune responses were evaluated locally (in BLNs) or systemically (in spleen) (Figure 6A). Cells were stimulated ex vivo with S peptide pools, spanning the entire S protein from Wuhan strain or beta variant, and an ICS assay was performed to measure the induction of SARS-CoV-2 S-specific CD4+ and CD8+ T cells expressing CD107a, and/or secreting IFN-γ, TNF-α, and/or IL-2.




Figure 6 | SARS-CoV-2-specific immunogenicity in C57BL/6 mice immunized with one IN dose of MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates. (A) Immunogenicity study schedule. Groups of female C57BL/6 mice (n=6 per group; 6 to 8 weeks old) were slightly anesthetized and each mouse received one dose of 1 × 107 PFUs of MVA-S(3P), or MVA-S(3Pbeta) by the IN route in 50 μl of PBS. Mice inoculated with nonrecombinant MVA-WT were used as a control group. At day 14 after the immunization, mice were euthanized and blood, spleens and BLNs from each mouse were collected. (B–F) SARS-CoV-2 S-specific T-cellular immune responses were evaluated in spleens (B, C, D), and BLNs (E, F). Cell percentages were determined by ICS. (B, C) Magnitude of Wuhan strain and beta variant S-specific CD4+ (B) and CD8+ (C) T-cell immune responses in spleens. Percentages of CD4+ or CD8+ T cells expressing CD107a and/or producing IFN-γ and/or TNF-α and/or IL-2. (D) Magnitude of Wuhan strain and beta variant S-specific CD4+ Tfh cell responses in spleen. Percentages of CD4+ Tfh cells expressing CD40L and/or producing IFN-γ and/or IL-21. (E, F) Magnitude of Wuhan strain and beta variant S-specific CD4+ (E) and CD8+ (F) T-cell immune responses in BLNs. Percentages of CD4+ or CD8+ T cells expressing CD107a and/or producing IFN-γ and/or TNF-α and/or IL-2. **p < 0.002.



In spleen, MVA-S(3P) and MVA-S(3Pbeta) vaccinated mice elicited similar S-specific CD4+ T-cell immune responses against Wuhan strain and beta variant S peptide pools (Figure 6B). Regarding CD8+ T-cell responses, MVA-S(3P) vaccinated mice induced significantly higher magnitude against S peptide pools from Wuhan strain than MVA-S(3Pbeta) vaccinated mice, but both immunization groups exhibited similar beta variant S-specific CD8+ T-cell immune responses (Figure 6C). Moreover, similarly to CD8+ T-cell immune responses, MVA-S(3P) vaccinated mice elicited significantly higher Wuhan strain S-specific CD4+ T follicular helper (Tfh) immune responses (comprising CD4+ T cells expressing CD40L, and/or secreting IFN-γ, and/or IL-21), but of similar magnitude against beta variant (Figure 6D).

In BLNs, MVA-S(3P) and MVA-S(3Pbeta) vaccinated mice elicited similar S-specific CD4+ T-cell immune responses against Wuhan strain and beta variant S peptide pools (Figure 6E), while MVA-S(3P) vaccinated mice induced significantly higher Wuhan strain S-specific CD8+ T-cell immune responses than MVA-S(3Pbeta) vaccinated mice, but similar magnitude against beta variant (Figure 6F). Interestingly, both groups of vaccinated mice prompted higher magnitude of S-specific CD4+ and CD8+ T-cell immune responses in the spleens than in BLNs, being also the magnitude of CD8+ T cells higher than that of CD4+ T cells in spleen and BLNs (Figure 6B, C, E, F).

We also evaluated in serum samples the SARS-CoV-2-specific humoral immunogenicity induced in C57BL/6 mice after IN administration with one dose of 1 × 107 PFUs of MVA-S(3P) and MVA-S(3Pbeta). At day 14 postimmunization, both immunization groups induced similarly high titers of total IgG antibodies against S of Wuhan strain (Figure 7A), but MVA-S(3Pbeta) elicited significantly higher titers of anti-S beta IgG antibodies than MVA-S(3P) (Figure 7B). By using a live MNT assay, we also detected high titers of SARS-CoV-2 neutralizing antibodies in serum samples from all vaccinated mice. MVA-S(3P) induced a trend towards higher NT50 titers against the parental Wuhan strain virus (MAD6 isolate, containing D614G mutation) than MVA-S(3Pbeta), but differences were not significant (Figure 7C). Similarly, MVA-S(3Pbeta) elicited a trend towards higher NT50 titers against the beta variant than MVA-S(3P), but differences were not significant (Figure 7D). MVA-WT were background, below the limit of detection; 1:100 dilution.




Figure 7 | SARS-CoV-2-specific humoral immune responses elicited in C57BL/6 mice immunized with one IN dose of MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates. SARS-CoV-2-specific humoral immune responses were evaluated in serum obtained at 14 days postimmunization. (A, B) Titers of binding IgG antibodies specific for the S protein from Wuhan strain (A) and beta variant (B), determined by ELISA in individual mouse serum samples in duplicate. Mean values and SEM are represented. The dashed line represents the limit of detection. Unpaired nonparametric Mann-Whitney test of transformed data: **p < 0.002. (C, D) SARS-CoV-2 NT50 antibody titers determined in individual mouse serum samples by using a live virus MNT assay. Mean NT50 values and SEM against parental Wuhan strain virus (MAD6 isolate, containing D614G mutation) (C) or beta variant (D) are represented. The dashed line represents the limit of detection. Unpaired t-test of transformed data.








Discussion

The current evolution of SARS-CoV-2 and the appearance of VoCs have raised concerns regarding the efficacy of the initially approved COVID-19 vaccines. These vaccines were designed and developed based on the antigenic characteristics of the original reference isolate, Wuhan-Hu-1. As the virus continues to evolve, there is a need to closely monitor the effectiveness of vaccines against newly emerging VoCs and consider the development of updated or modified vaccines to address any potential antigenic mismatch. The effectiveness of initially approved Wuhan-Hu-1-based COVID-19 vaccines against SARS-CoV-2 variants has been significantly reduced, especially against the Omicron variant (53, 54). Nevertheless, different studies have shown that some Wuhan-Hu-1-based COVID-19 vaccines can protect against SARS-CoV-2 VoC morbidity and mortality in different animal models, although with different degrees of infection protection (23–32). These results suggest that although approved COVID-19 vaccines can prevent hospitalization and death caused by VoCs, a variant-specific vaccine could ensure better protection against disease and beyond transmission. Therefore, recent research has focused on studying the ability of variant-adapted vaccine analogs to protect against ancestral SARS-CoV-2 and/or SARS-CoV-2 VoCs in different animal models (28, 30, 31, 55–57). We previously reported that immunization with one or two doses of an MVA-based vaccine candidate expressing a human codon-optimized full-length Wuhan-related SARS-CoV-2 S protein, MVA-S, induced robust titers of S- and RBD-binding IgG antibodies and neutralizing antibodies against parental SARS-CoV-2 and VoCs alpha, beta, gamma, delta, and to a lesser extent to omicron, either in mice (35–37), hamsters (39) or non-human primates (40). Moreover, a single dose of an optimized MVA-based vaccine candidate expressing a Wuhan-related full-length prefusion-stabilized SARS-CoV-2 S protein, MVA-S(3P), elicited in K18-hACE2 transgenic mice or in hamsters higher titers of S- and RBD-specific IgGs and neutralizing antibodies against different SARS-CoV-2 VoCs than MVA-S (36, 37, 41). To define the immune contribution of a VoC to control SARS-CoV-2 infections, in this study we generated a novel beta (B.1.351)-adapted vaccine analog of MVA-S(3P), termed MVA-S(3Pbeta). Afterwards, we studied in transgenic K18-hACE2 mice the degree of protection of both MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates against a lethal challenge with SARS-CoV-2 beta variant, and analyzed the correlation with the SARS-CoV-2-specific induced humoral immune responses. Concurrently, we investigated the T-cell immunogenicity induced in C57BL/6 mice after one IN administration of these two vaccine candidates.

The efficacy study showed that immunization with two IM doses of both vaccine candidates prevented death and body weight loss in K18-hACE2 mice challenged with SARS-CoV-2 B.1.351 variant and significantly reduced the levels of SARS-CoV-2 genomic and subgenomic mRNA in lung and BAL samples, as well as the levels of key proinflammatory cytokines. Importantly, no live infectious virus was detected in the lung and BAL samples of vaccinated mice compared to the MVA-WT control group. These results are similar to those recently reported by other MVA-based vaccine candidates expressing ancestral Wuhan S protein that prevented death and body weight loss in mice challenged with a SARS-CoV-2 beta variant (58, 59). Our findings demonstrate the efficacy of MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates in preventing morbidity and mortality in the context of beta-variant infections, and supporting the clinical evaluation of original or analogous variant-adapted vaccine candidates based on recombinant MVA-expressing prefusion-stabilized SARS-CoV-2 S protein.

Both vaccine candidates were able to induce in serum high anti-S IgG and neutralizing titers against ancestral SARS-CoV-2, beta variant and other VoCs. Small significant differences in strain-specific anti-S IgG and neutralizing titers were observed in the efficacy study in K18-hACE2 mice after the immunizations and after SARS-CoV-2 beta variant challenge. In general, mice immunized with MVA-S(3P) induced significantly higher anti-S IgG and NT50 antibody titers against Wuhan than MVA-S(3Pbeta) and mice immunized with MVA-S(3Pbeta) elicited significantly higher anti-S IgG and NT50 antibody titers against beta variant than MVA-S(3P). Similarly, in the immunogenicity study in C57BL/6 mice immunized with one IN dose of MVA-S(3P) or MVA-S(3Pbeta), we also detected significantly higher beta variant anti-S IgG titers in mice immunized with MVA-S(3Pbeta) than in those with MVA-S(3P), and a trend to higher NT50 antibody titers. The primary reason for these small differences appeared to be the level of genetic similarity (homology) between the vaccine antigen and the targeted antibody responses, with the response being more robust when the antigen matches the specific variant. Other studies have also observed strain-specific differential neutralizing responses when comparing the neutralizing capacity induced by Wuhan-Hu-1-specific vaccines with that of variant-adapted vaccine analogs (30, 53, 56, 57). For example, in Syrian hamsters vaccinated with two IM doses of a multi-antigenic COVID-19 Wuhan-Hu-1-S-specific vaccine candidate based on a synthetic MVA (sMVA) vector or its beta-adapted vaccine analog, it was reported a similar neutralizing activity against the ancestral Wuhan virus in both immunization groups but a higher neutralizing activity against beta and delta variants in hamsters vaccinated with the beta-analog compared with hamsters vaccinated with the COVID-19 Wuhan-Hu-1-specific vaccine candidate (30). Moreover, a significantly higher neutralizing activity against the ancestral Wuhan virus but significantly lower neutralizing titers against the beta and delta variants has been reported in mice vaccinated with two IM doses of a recombinant COVID-19 Wuhan-Hu-1-S-specific vaccine candidate based on MVA (rMVA) (56). Furthermore, it has been also stated a significant decrease in live-virus neutralization titers against SARS-CoV-2 beta variant in comparison with the ancestral Wuhan strain in mice vaccinated with an optimized MVA-based SARS-CoV-2 vaccine expressing Wuhan-Hu-1-S with the furin cleavage site inactivated and N proteins (57). In addition, it has been described significant distinct neutralizing responses in mice and hamsters vaccinated with 1 μg of COVID-19 Wuhan-Hu-1-S-specific RNA and beta-variant analog vaccine candidates when comparing homologous to heterologous infectious virus: a significant reduction in neutralization activity against the beta variant in animals vaccinated with their Wuhan-Hu-1-specific vaccine candidate and against ancestral virus in animals vaccinated with its beta-variant analog (53). These outcomes are also consistent with prior investigations showing diminished neutralization against beta (B.1.351) variant of sera from Wuhan-infected convalescents and Wuhan-based first-generation COVID-19 vaccines in vaccinees (7, 8, 60). In contrast, different results were observed in BALB/c mice after one IM dose of an ChAdOx1 Wuhan-Hu-1-specific vaccine or a beta-adapted vaccine analog expressing a non-stabilized S protein, where comparable levels of neutralizing capacity against both variants were observed (24). Further research is needed to understand the role of the antigenic variability between variants, and its relevance in humans.

In the efficacy study involving K18-hACE2 mice, after two immunization doses with both vaccine candidates, the levels of anti-S IgG antibodies and NT50 antibody titers against both the Wuhan strain and the beta variant were significantly enhanced and comparable between the two vaccines. In addition, the analysis of neutralizing antibodies against several VoCs in pooled sera by using SARS-CoV-2 pseudotyped VSVs, showed that mice immunized with two IM doses of MVA-S(3P) or MVA-S(3Pbeta) elicited cross-neutralizing antibodies against other VoCs such as alpha (B.1.1.7), delta (B.167.2), gamma (P1), and Omicron BA.4/BA.5. This result confirms that repetitive booster immunizations with vaccines based on the ancestral Wuhan strain or vaccine analogs can significantly improve immune responses against SARS-CoV-2, including VoCs. Similar findings have been previously reported with approved COVID-19 vaccines (13, 61). Because of the potent humoral responses elicited by the MVA-S(3P) and MVA-S(3Pbeta) vaccine candidates, both immunization groups showed full efficacy in protecting K18-hACE2 mice from mortality, weight loss, lower respiratory tract infection, and lung pathology following a lethal challenge with the SARS-CoV-2 beta variant, consistently demonstrating that both vaccine candidates elicited broadly cross-protective SARS-CoV-2 immunity. This indicates that a full antigenic match between the vaccine and the challenged virus is not needed for protection of the lower respiratory tract. These results further support the clinical evaluation of MVA-S(3P) or MVA-S(3Pbeta) vaccine candidates as potential booster doses in COVID-19 vaccination regimens.

As in addition to antibody responses, protection against SARS-CoV-2 infection by vaccines also correlates with induction of T-cell immune responses, we analyzed the impact of one single IN administration of MVA-S(3P) or MVA-S(3Pbeta) in the activation of CD4+ and CD8+ T cells. We used a single dose and IN route to better observe the potential differences between both vaccine candidates (36). Systemic (in spleen) and local (in BLNs) S-specific T-cell responses follow the same pattern, with MVA-S(3P) and MVA-S(3Pbeta) vaccinated mice eliciting similar S-specific CD4+ T-cell immune responses against the Wuhan strain than the beta variant. However, for CD8+ T-cell response, MVA-S(3P) vaccinated mice induced significantly higher CD8+ T-cell immune responses specific to the Wuhan strain compared to MVA-S(3Pbeta) vaccinated mice, while both groups exhibited a similar magnitude of response against the beta variant. Once again, these subtle yet significant differences in strain-specific T-cell responses indicate a distinction in epitope specificity and antigenicity of the S antigens. Nevertheless, these differences may be restricted to one dose immunization as it was previously shown that vaccine-induced T cells targeting the ancestral S protein demonstrate minimal reductions after booster vaccination in frequency and magnitude against the beta variant and other VoCs (62–64). Besides the essential role of T cells in identifying and eliminating virus-infected cells, specific T-cell responses also support B cell and antibody generation via CD4+ Tfh cells, which are instrumental to limit SARS-CoV-2 infection (65). Here, we find that one IN immunization with MVA-S(3P) or MVA-S(3Pbeta) was able to induce S-specific CD4+ Tfh cells expressing CD40L, and/or secreting IFN-γ, and/or IL-21, confirming our previous observation (36). Differences in epitope specificity and antigenicity of the MVA-S(3P) and MVA-S(3Pbeta) antigens may explain the higher Wuhan S-specific CD4+ Tfh magnitude observed in mice vaccinated with MVA-S(3P) compared with those vaccinated with MVA-S(3Pbeta).

In conclusion, our vaccine platform was successfully adapted to target emerging VoCs, and our results support the sustained development of the MVA vaccine platform for COVID- 19 and the clinical evaluation of MVA-S(3P) and MVA-S(3Pbeta) as booster vaccines to diversify and potentially increase the recognition of highly mutated VoC.





Data availability statement

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





Ethics statement

The animal study was approved by the Ethical Committees of Animal Experimentation (CEEA) of the CNB-CSIC, CISA-INIA-CSIC, and the Division of Animal Protection of the Comunidad de Madrid (PROEX 49/20, 169.4/20, and 161.5/20). Animal procedures conformed with international guidelines and with Spanish law under the Royal Decree (RD) 53/2013. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

PP: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. GA: Data curation, Formal Analysis, Investigation, Methodology, Validation, Visualization, Writing – review & editing. DA: Data curation, Formal Analysis, Investigation, Methodology, Validation, Visualization, Writing – review & editing. SF: Investigation, Methodology, Writing – review & editing. CS-C: Investigation, Methodology, Writing – review & editing. PS-C: Investigation, Methodology, Writing – review & editing. JL: Investigation, Methodology, Writing – review & editing. RD: Funding acquisition, Resources, Writing – review & editing. JC: Resources, Writing – review & editing. ME: Conceptualization, Funding acquisition, Writing – review & editing. JG-A: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by Fondo COVID-19 grant COV20/00151 (Spanish Health Ministry, Instituto de Salud Carlos III (ISCIII)), Fondo Supera COVID-19 grant (Crue Universidades-Banco Santander), and Spanish Research Council (CSIC) grant 202120E079 (to JG-A); CSIC grant 2020E84, la Caixa Banking Foundation grant CF01-00008, Ferrovial, and MAPFRE donations (to ME); and Spanish Ministry of Science and Innovation (MCIN)/Spanish Research Agency (AEI)/10.13039/501100011033 grant (PID2020-114481RB-I00; to JG-A and ME). This research work was also funded by the European Commission-NextGenerationEU, through CSIC’s Global Health Platform (PTI Salud Global) (to JG-A and ME). JG-A and ME acknowledges financial support from the Spanish State Research Agency, AEI/10.13039/501100011033, through the “Severo Ochoa” Programme for Centres of Excellence in R&D (SEV-2013-0347, SEV-2017-0712). JC acknowledges MCIN and CSIC support (project number 202020E079). RD received grants from ISCIII (FIS PI2100989), the European Commission Horizon 2020 Framework Programme (Project VIRUSCAN FETPROACT-2016: 731868 and Project EPIC-CROWN-2: 101046084), and Fundacioín Caixa-Health Research HR18-00469 (Project StopEbola).




Acknowledgments

We thank CSIC and MCIN for continuous support. We thank Centro de Investigación en Sanidad Animal (CISA)-Instituto Nacional de Investigaciones Agrarias (INIA-CSIC) (Valdeolmos, Madrid, Spain) for the BSL-3 facilities. SARS-CoV-2 MAD6 virus isolate was kindly provided by José M. Honrubia and Dr. Luis Enjuanes (CNB-CSIC, Madrid, Spain), and SARS-CoV-2 beta (B.1.351) variant was obtained through the European Virus Archive goes Global (Evag) platform by an MTA agreement. We thank the Histology Facility at CNB-CSIC for histological preparation of biological samples. We thank to Maria A. Noriega (CNB-CSIC, Madrid, Spain) for technical assistance, Jorge Esteban as administrative manager, and to Carlos Óscar Sánchez Sorzano from the CNB Bioinformatic Unit for help with the statistical analysis.





Conflict of interest

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





References

1. Hillary, VE, and Ceasar, SA. An update on COVID-19: SARS-CoV-2 variants, antiviral drugs, and vaccines. Heliyon (2023) 9(3):e13952. doi: 10.1016/j.heliyon.2023.e13952

2. Dejnirattisai, W, Zhou, D, Supasa, P, Liu, C, Mentzer, AJ, Ginn, HM, et al. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell (2021) 184(11):2939–54:e9. doi: 10.1016/j.cell.2021.03.055

3. Fernandes, Q, Inchakalody, VP, Merhi, M, Mestiri, S, Taib, N, Moustafa Abo El-Ella, D, et al. Emerging COVID-19 variants and their impact on SARS-CoV-2 diagnosis, therapeutics and vaccines. Ann Med (2022) 54(1):524–40. doi: 10.1080/07853890.2022.2031274

4. Garcia-Beltran, WF, Lam, EC, St Denis, K, Nitido, AD, Garcia, ZH, Hauser, BM, et al. Multiple SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity. Cell (2021) 184(9):2523. doi: 10.1016/j.cell.2021.04.006

5. Moore, JP, and Offit, PA. SARS-CoV-2 vaccines and the growing threat of viral variants. JAMA (2021) 325(9):821–2. doi: 10.1001/jama.2021.1114

6. Planas, D, Veyer, D, Baidaliuk, A, Staropoli, I, Guivel-Benhassine, F, Rajah, MM, et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody neutralization. Nature (2021) 596(7871):276–80. doi: 10.1038/s41586-021-03777-9

7. Wang, P, Nair, MS, Liu, L, Iketani, S, Luo, Y, Guo, Y, et al. Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature (2021) 593(7857):130–5. doi: 10.1038/s41586-021-03398-2

8. Zhou, D, Dejnirattisai, W, Supasa, P, Liu, C, Mentzer, AJ, Ginn, HM, et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and vaccine-induced sera. Cell (2021) 184(9):2348–61:e6. doi: 10.1016/j.cell.2021.02.037

9. Tegally, H, Wilkinson, E, Giovanetti, M, Iranzadeh, A, Fonseca, V, Giandhari, J, et al. Detection of a SARS-CoV-2 variant of concern in South Africa. Nature (2021) 592(7854):438–43. doi: 10.1038/s41586-021-03402-9

10. Barreiro, A, Prenafeta, A, Bech-Sabat, G, Roca, M, Perozo Mur, E, March, R, et al. Preclinical evaluation of a COVID-19 vaccine candidate based on a recombinant RBD fusion heterodimer of SARS-CoV-2. iScience (2023) 26(3):106126. doi: 10.1016/j.isci.2023.106126

11. Borralleras, C, Castrodeza Sanz, J, Arrazola, P, Camara Hijon, C, Eiros, JM, Castrodeza Sanz, J, et al. The PHH-1V HIPRA vaccine: a new tool in the vaccination strategy against COVID-19. Rev Esp Quimioter. (2023) 36(5):507–15. doi: 10.37201/req/046.2023

12. Corominas, J, Garriga, C, Prenafeta, A, Moros, A, Canete, M, Barreiro, A, et al. Safety and immunogenicity of the protein-based PHH-1V compared to BNT162b2 as a heterologous SARS-CoV-2 booster vaccine in adults vaccinated against COVID-19: a multicentre, randomised, double-blind, non-inferiority phase IIb trial. Lancet Reg Health Eur (2023) 28:100613. doi: 10.1016/j.lanepe.2023.100613

13. Andrews, N, Stowe, J, Kirsebom, F, Toffa, S, Rickeard, T, Gallagher, E, et al. Covid-19 vaccine effectiveness against the omicron (B.1.1.529) variant. N Engl J Med (2022) 386(16):1532–46. doi: 10.1056/NEJMoa2119451

14. Collie, S, Champion, J, Moultrie, H, Bekker, LG, and Gray, G. Effectiveness of BNT162b2 vaccine against omicron variant in South Africa. N Engl J Med (2022) 386(5):494–6. doi: 10.1056/NEJMc2119270

15. Kim, SS, Chung, JR, Talbot, HK, Grijalva, CG, Wernli, KJ, Kiniry, E, et al. Effectiveness of two and three mRNA COVID-19 vaccine doses against Omicron- and Delta-Related outpatient illness among adults, October 2021-February 2022. Influenza Other Respir Viruses. (2022) 16(6):975–85. doi: 10.1111/irv.13029

16. Lopez Bernal, J, Andrews, N, Gower, C, Gallagher, E, Simmons, R, Thelwall, S, et al. Effectiveness of covid-19 vaccines against the B.1.617.2 (Delta) variant. N Engl J Med (2021) 385(7):585–94. doi: 10.1056/NEJMoa2108891

17. Madhi, SA, Baillie, V, Cutland, CL, Voysey, M, Koen, AL, Fairlie, L, et al. Efficacy of the ChAdOx1 nCoV-19 Covid-19 Vaccine against the B.1.351 Variant. N Engl J Med (2021) 384(20):1885–98. doi: 10.1056/NEJMoa2102214

18. Rennert, L, Ma, Z, McMahan, CS, and Dean, D. Covid-19 vaccine effectiveness against general SARS-CoV-2 infection from the omicron variant: A retrospective cohort study. PloS Glob Public Health (2023) 3(1):e0001111. doi: 10.1371/journal.pgph.0001111

19. Sheikh, A, Robertson, C, and Taylor, B. BNT162b2 and ChAdOx1 nCoV-19 Vaccine Effectiveness against Death from the Delta Variant. N Engl J Med (2021) 385(23):2195–7. doi: 10.1056/NEJMc2113864

20. Shinde, V, Bhikha, S, Hoosain, Z, Archary, M, Bhorat, Q, Fairlie, L, et al. Efficacy of NVX-coV2373 covid-19 vaccine against the B.1.351 variant. N Engl J Med (2021) 384(20):1899–909. doi: 10.1056/NEJMoa2103055

21. Tang, P, Hasan, MR, Chemaitelly, H, Yassine, HM, Benslimane, FM, Al Khatib, HA, et al. BNT162b2 and mRNA-1273 COVID-19 vaccine effectiveness against the SARS-CoV-2 Delta variant in Qatar. Nat Med (2021) 27(12):2136–43. doi: 10.1038/s41591-021-01583-4

22. Vella, G, Genovese, D, Belluzzo, M, Mazzeo, L, Pisciotta, V, and Amodio, E. Effectiveness of mRNA Vaccine Booster against SARS-CoV-2 Infection and COVID-19 in the Adult Population during the First Three Months of the Omicron Wave in Sicily. Healthcare (Basel). (2023) 11(3):305. doi: 10.3390/healthcare11030305

23. Corbett, KS, Werner, AP, Connell, SO, Gagne, M, Lai, L, Moliva, JI, et al. mRNA-1273 protects against SARS-CoV-2 beta infection in nonhuman primates. Nat Immunol (2021) 22(10):1306–15. doi: 10.1038/s41590-021-01021-0

24. Fischer, RJ, van Doremalen, N, Adney, DR, Yinda, CK, Port, JR, Holbrook, MG, et al. ChAdOx1 nCoV-19 (AZD1222) protects Syrian hamsters against SARS-CoV-2 B.1.351 and B.1.1.7. Nat Commun (2021) 12(1):5868. doi: 10.1038/s41467-021-26178-y

25. Gagne, M, Corbett, KS, Flynn, BJ, Foulds, KE, Wagner, DA, Andrew, SF, et al. Protection from SARS-CoV-2 Delta one year after mRNA-1273 vaccination in rhesus macaques coincides with anamnestic antibody response in the lung. Cell (2022) 185(1):113–130.e15. doi: 10.1016/j.cell.2021.12.002

26. Hoffmann, D, Corleis, B, Rauch, S, Roth, N, Muhe, J, Halwe, NJ, et al. CVnCoV and CV2CoV protect human ACE2 transgenic mice from ancestral B BavPat1 and emerging B.1.351 SARS-CoV-2. Nat Commun (2021) 12(1):4048. doi: 10.1038/s41467-021-24339-7

27. Tostanoski, LH, Yu, J, Mercado, NB, McMahan, K, Jacob-Dolan, C, Martinot, AJ, et al. Immunity elicited by natural infection or Ad26.COV2.S vaccination protects hamsters against SARS-CoV-2 variants of concern. Sci Transl Med (2021) 13(618):eabj3789. doi: 10.1126/scitranslmed.abj3789

28. van Doremalen, N, Schulz, JE, Adney, DR, Saturday, TA, Fischer, RJ, Yinda, CK, et al. ChAdOx1 nCoV-19 (AZD1222) or nCoV-19-Beta (AZD2816) protect Syrian hamsters against Beta Delta and Omicron variants. Nat Commun (2022) 13(1):4610. doi: 10.1038/s41467-022-32248-6

29. Wuertz, KM, Barkei, EK, Chen, WH, Martinez, EJ, Lakhal-Naouar, I, Jagodzinski, LL, et al. A SARS-CoV-2 spike ferritin nanoparticle vaccine protects hamsters against Alpha and Beta virus variant challenge. NPJ Vaccines (2021) 6(1):129. doi: 10.1038/s41541-021-00392-7

30. Wussow, F, Kha, M, Faircloth, K, Nguyen, VH, Iniguez, A, Martinez, J, et al. COH04S1 and beta sequence-modified vaccine protect hamsters from SARS-CoV-2 variants. iScience (2022) 25(6):104457. doi: 10.1016/j.isci.2022.104457

31. Wussow, F, Kha, M, Kim, T, Ly, M, Yll-Pico, M, Kar, S, et al. Synthetic multiantigen MVA vaccine COH04S1 and variant-specific derivatives protect Syrian hamsters from SARS-CoV-2 Omicron subvariants. NPJ Vaccines (2023) 8(1):41. doi: 10.1038/s41541-023-00640-y

32. Yu, J, Tostanoski, LH, Mercado, NB, McMahan, K, Liu, J, Jacob-Dolan, C, et al. Protective efficacy of Ad26.COV2.S against SARS-CoV-2 B.1.351 in macaques. Nature (2021) 596(7872):423–7. doi: 10.1038/s41586-021-03732-8

33. Del Fresno, C, Garcia-Arriaza, J, Martinez-Cano, S, Heras-Murillo, I, Jarit-Cabanillas, A, Amores-Iniesta, J, et al. The bacterial mucosal immunotherapy MV130 protects against SARS-CoV-2 infection and improves COVID-19 vaccines immunogenicity. Front Immunol (2021) 12:748103. doi: 10.3389/fimmu.2021.748103

34. Garcia-Arriaza, J, Garaigorta, U, Perez, P, Lazaro-Frias, A, Zamora, C, Gastaminza, P, et al. COVID-19 vaccine candidates based on modified vaccinia virus Ankara expressing the SARS-CoV-2 spike induce robust T- and B-cell immune responses and full efficacy in mice. J Virol (2021) 95(7):e02260–20. doi: 10.1128/JVI.02260-20

35. Lazaro-Frias, A, Perez, P, Zamora, C, Sanchez-Cordon, PJ, Guzman, M, Luczkowiak, J, et al. Full efficacy and long-term immunogenicity induced by the SARS-CoV-2 vaccine candidate MVA-CoV2-S in mice. NPJ Vaccines (2022) 7(1):17. doi: 10.1038/s41541-022-00440-w

36. Perez, P, Astorgano, D, Albericio, G, Flores, S, Sanchez-Cordon, PJ, Luczkowiak, J, et al. Intranasal administration of a single dose of MVA-based vaccine candidates against COVID-19 induced local and systemic immune responses and protects mice from a lethal SARS-CoV-2 infection. Front Immunol (2022) 13:995235. doi: 10.3389/fimmu.2022.995235

37. Perez, P, Lazaro-Frias, A, Zamora, C, Sanchez-Cordon, PJ, Astorgano, D, Luczkowiak, J, et al. A single dose of an MVA vaccine expressing a prefusion-stabilized SARS-CoV-2 spike protein neutralizes variants of concern and protects mice from a lethal SARS-CoV-2 infection. Front Immunol (2021) 12:824728. doi: 10.3389/fimmu.2021.824728

38. Villadiego, J, Garcia-Arriaza, J, Ramirez-Lorca, R, Garcia-Swinburn, R, Cabello-Rivera, D, Rosales-Nieves, AE, et al. Full protection from SARS-CoV-2 brain infection and damage in susceptible transgenic mice conferred by MVA-CoV2-S vaccine candidate. Nat Neurosci (2023) 26(2):226–38. doi: 10.1038/s41593-022-01242-y

39. Boudewijns, R, Perez, P, Lazaro-Frias, A, Van Looveren, D, Vercruysse, T, Thibaut, HJ, et al. MVA-coV2-S vaccine candidate neutralizes distinct variants of concern and protects against SARS-CoV-2 infection in hamsters. Front Immunol (2022) 13:845969. doi: 10.3389/fimmu.2022.845969

40. Mooij, P, Garcia-Arriaza, J, Perez, P, Lazaro-Frias, A, Verstrepen, BE, Boszormenyi, KP, et al. Poxvirus MVA expressing SARS-CoV-2 S protein induces robust immunity and protects rhesus macaques from SARS-CoV-2. Front Immunol (2022) 13:845887. doi: 10.3389/fimmu.2022.845887

41. Abdelnabi, R, Perez, P, Astorgano, D, Albericio, G, Kerstens, W, Thibaut, HJ, et al. Optimized vaccine candidate MVA-S(3P) fully protects against SARS-CoV-2 infection in hamsters. Front Immunol (2023) 14:1163159. doi: 10.3389/fimmu.2023.1163159

42. Mayr, A, Stickl, H, Muller, HK, Danner, K, and Singer, H. [The smallpox vaccination strain MVA: marker, genetic structure, experience gained with the parenteral vaccination and behavior in organisms with a debilitated defence mechanism (author's transl)]. Zentralbl Bakteriol B (1978) 167(5-6):375–90.

43. Ramirez, JC, Gherardi, MM, and Esteban, M. Biology of attenuated modified vaccinia virus Ankara recombinant vector in mice: virus fate and activation of B- and T-cell immune responses in comparison with the Western Reserve strain and advantages as a vaccine. J Virol (2000) 74(2):923–33. doi: 10.1128/jvi.74.2.923-933.2000

44. Diez, JM, Romero, C, Vergara-Alert, J, Bello-Perez, M, Rodon, J, Honrubia, JM, et al. Cross-neutralization activity against SARS-CoV-2 is present in currently available intravenous immunoglobulins. Immunotherapy (2020) 12(17):1247–55. doi: 10.2217/imt-2020-0220

45. Gomez, CE, Perdiguero, B, Cepeda, MV, Mingorance, L, Garcia-Arriaza, J, Vandermeeren, A, et al. High, broad, polyfunctional, and durable T cell immune responses induced in mice by a novel hepatitis C virus (HCV) vaccine candidate (MVA-HCV) based on modified vaccinia virus Ankara expressing the nearly full-length HCV genome. J Virol (2013) 87(13):7282–300. doi: 10.1128/JVI.03246-12

46. Pandit, P, Cooper-White, J, and Punyadeera, C. High-yield RNA-extraction method for saliva. Clin Chem (2013) 59(7):1118–22. doi: 10.1373/clinchem.2012.197863

47. Corman, VM, Landt, O, Kaiser, M, Molenkamp, R, Meijer, A, Chu, DK, et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill. (2020) 25(3):2000045. doi: 10.2807/1560-7917.ES.2020.25.3.2000045

48. Sun, SH, Chen, Q, Gu, HJ, Yang, G, Wang, YX, Huang, XY, et al. A mouse model of SARS-CoV-2 infection and pathogenesis. Cell Host Microbe (2020) 28(1):124–33:e4. doi: 10.1016/j.chom.2020.05.020

49. Thepaut, M, Luczkowiak, J, Vives, C, Labiod, N, Bally, I, Lasala, F, et al. DC/L-SIGN recognition of spike glycoprotein promotes SARS-CoV-2 trans-infection and can be inhibited by a glycomimetic antagonist. PloS Pathog (2021) 17(5):e1009576. doi: 10.1371/journal.ppat.1009576

50. Garcia-Arriaza, J, Najera, JL, Gomez, CE, Sorzano, CO, and Esteban, M. Immunogenic profiling in mice of a HIV/AIDS vaccine candidate (MVA-B) expressing four HIV-1 antigens and potentiation by specific gene deletions. PloS One (2010) 5(8):e12395. doi: 10.1371/journal.pone.0012395

51. Moreau, GB, Burgess, SL, Sturek, JM, Donlan, AN, Petri, WA, and Mann, BJ. Evaluation of K18-hACE2 mice as a model of SARS-CoV-2 infection. Am J Trop Med Hyg (2020) 103(3):1215–9. doi: 10.4269/ajtmh.20-0762

52. Winkler, ES, Bailey, AL, Kafai, NM, Nair, S, McCune, BT, Yu, J, et al. SARS-CoV-2 infection of human ACE2-transgenic mice causes severe lung inflammation and impaired function. Nat Immunol (2020) 21(11):1327–35. doi: 10.1038/s41590-020-0778-2

53. Rabaan, AA, Mutair, AA, Hajissa, K, Alfaraj, AH, Al-Jishi, JM, Alhajri, M, et al. A comprehensive review on the current vaccines and their efficacies to combat SARS-CoV-2 variants. Vaccines (Basel). (2022) 10(10):1655. doi: 10.3390/vaccines10101655

54. Zhou, Z, Zhu, Y, and Chu, M. Role of COVID-19 vaccines in SARS-CoV-2 variants. Front Immunol (2022) 13:898192. doi: 10.3389/fimmu.2022.898192

55. Hawman, DW, Meade-White, K, Archer, J, Leventhal, SS, Wilson, D, Shaia, C, et al. SARS-CoV2 variant-specific replicating RNA vaccines protect from disease following challenge with heterologous variants of concern. Elife (2022) 11:e75537. doi: 10.7554/eLife.75537

56. Sharma, S, Vercruysse, T, Sanchez-Felipe, L, Kerstens, W, Rasulova, M, Bervoets, L, et al. Updated vaccine protects against SARS-CoV-2 variants including Omicron (B.1.1.529) and prevents transmission in hamsters. Nat Commun (2022) 13(1):6644. doi: 10.1038/s41467-022-34439-7

57. Spencer, AJ, Morris, S, Ulaszewska, M, Powers, C, Kailath, R, Bissett, C, et al. The ChAdOx1 vectored vaccine, AZD2816, induces strong immunogenicity against SARS-CoV-2 beta (B.1.351) and other variants of concern in preclinical studies. EBioMedicine (2022) 77:103902. doi: 10.1016/j.ebiom.2022.103902

58. Cotter, CA, Americo, JL, Earl, PL, and Moss, B. Protection from SARS-CoV-2 Variants by MVAs expressing matched or mismatched S administered intranasally to mice. NPJ Vaccines (2023) 8(1):47. doi: 10.1038/s41541-023-00645-7

59. Routhu, NK, Gangadhara, S, Lai, L, Davis-Gardner, ME, Floyd, K, Shiferaw, A, et al. A modified vaccinia Ankara vaccine expressing spike and nucleocapsid protects rhesus macaques against SARS-CoV-2 Delta infection. Sci Immunol (2022) 7(72):eabo0226. doi: 10.1126/sciimmunol.abo0226

60. Shen, X, Tang, H, Pajon, R, Smith, G, Glenn, GM, Shi, W, et al. Neutralization of SARS-CoV-2 variants B.1.429 and B.1.351. N Engl J Med (2021) 384(24):2352–4. doi: 10.1056/NEJMc2103740

61. Regev-Yochay, G, Gonen, T, Gilboa, M, Mandelboim, M, Indenbaum, V, Amit, S, et al. Efficacy of a Fourth Dose of Covid-19 mRNA Vaccine against Omicron. N Engl J Med (2022) 386(14):1377–80. doi: 10.1056/NEJMc2202542

62. Geers, D, Shamier, MC, Bogers, S, den Hartog, G, Gommers, L, Nieuwkoop, NN, et al. SARS-CoV-2 variants of concern partially escape humoral but not T-cell responses in COVID-19 convalescent donors and vaccinees. Sci Immunol (2021) 6(59):eabj1750. doi: 10.1126/sciimmunol.abj1750

63. GeurtsvanKessel, CH, Geers, D, Schmitz, KS, Mykytyn, AZ, Lamers, MM, Bogers, S, et al. Divergent SARS-CoV-2 Omicron-reactive T and B cell responses in COVID-19 vaccine recipients. Sci Immunol (2022) 7(69):eabo2202. doi: 10.1126/sciimmunol.abo2202

64. Tarke, A, Sidney, J, Methot, N, Yu, ED, Zhang, Y, Dan, JM, et al. Impact of SARS-CoV-2 variants on the total CD4(+) and CD8(+) T cell reactivity in infected or vaccinated individuals. Cell Rep Med (2021) 2(7):100355. doi: 10.1016/j.xcrm.2021.100355

65. Moss, P. The T cell immune response against SARS-CoV-2. Nat Immunol (2022) 23(2):186–93. doi: 10.1038/s41590-021-01122-w




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

Copyright © 2023 Pérez, Albericio, Astorgano, Flores, Sánchez-Corzo, Sánchez-Cordón, Luczkowiak, Delgado, Casasnovas, Esteban and García-Arriaza. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1264323-g001.jpg
S1/S2 furin
cleavage site

A
S$1 S2
SE/L TMCT
MVA-S(3P)
SP | | s
RRAR—GSAS A942P K986P/\V987P
(682-685)
SE/L, TMCT
20 0 0 == 1 1 O B B R
SP | | N
RRAR—GSAS A942P K986P/V987P
(682-685)
SN
MVA-S  MVA-S i
(3P) (3Pbeta) vﬁé
—l =
B 4h 24h 4h 24h c
MVA-S(3Pbeta) passage number
= 1 2 34 56 78 9
250 kDa— = S.SARS-CoV-2 250 kDa — €= 5. SARS-CoV-2
150 kDa > 150 kDa —
75 kDa —
100 kDa 50 kDa —
— = E3.VACV
25 kDa 25kDa pEr I
<= E3. VACV
D Plaque number MVA-S(3Pbeta), Passage 9
- o ¥
1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 &
250 kDa— = S. SARS-CoV-2
150 kDa—
75 kDa—
50 kDa—
25 kDa—
) _ « E3 VACY
E

— MVA-S(3P)
— MVA-S(3Pbeta)
— MVA-WT

Titer (PFU/mL)
3

0 24 48 72
Hours post-infection





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Preclinical immune efficacy against SARS-CoV-2 beta B.1.351 variant by MVA-based vaccine candidates

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Animals and ethics statement

          



          		

            Cells

          



          		

            Viruses

          



          		

            Construction of plasmid transfer vector pCyA-S(3Pbeta) and generation of MVA-S(3Pbeta) vaccine candidate

          



          		

            Expression of SARS-CoV-2 S protein by western blotting and analysis of virus growth

          



          		

            Efficacy study schedule in K18-hACE2 transgenic mice

          



          		

            Quantification of SARS-CoV-2 mRNA and cytokine mRNA by reverse transcription-quantitative polymerase chain reaction

          



          		

            Analysis of SARS-CoV-2 virus yields by plaque assay

          



          		

            Lung histopathology

          



          		

            Enzyme-linked immunosorbent assay

          



          		

            Neutralization of live SARS-CoV-2 or pseudotyped variants of concern

          



          		

            Immunogenicity study schedule in C57BL/6 mice

          



          		

            ICS assay

          



          		

            Statistical procedures

          



        



        



        		

          Results

        

          		

            Generation of an MVA-based vaccine candidate expressing a prefusion-stabilized S protein from the SARS-CoV-2 beta (B.1.351) variant of concern

          



          		

            MVA-S(3Pbeta) and MVA-S(3P) fully prevented morbidity and mortality in K18-hACE2 transgenic mice challenged with SARS-CoV-2 beta (B.1.351), reducing SARS-CoV-2 virus replication, lung pathology, and levels of pro-inflammatory cytokines

          



          		

            MVA-S(3Pbeta) and MVA-S(3P) triggered, in K18-hACE2 transgenic mice, high titers of anti-S IgGs and neutralizing antibodies against Wuhan, beta and several VoCs

          



          		

            MVA-S(3Pbeta) and MVA-S(3P) induced local and systemic SARS-CoV-2 S-specific CD4+ and CD8+ T-cellular and humoral immune responses in immunized C57BL/6 mice

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1264323-g002.jpg
A DOSE 1 DOSE 2 CHALLENGE

: . SARS-CoV-2 virus
MVA virus MVA virus : - :
.l = B
1x 107 PFU 1x 107 PFU (B.1.351 bseta variant) mmunization groups (n=11 mice/group)
- . 1x105 PFU
i.m. im. ™

¢ ‘ b

Days 60
- Serum - Serum l - Serum
- Lungs, BAL (RNA)
- Lungs, BAL (infectious virus)
- Lungs (histopathology)
- Serum (antibodies)
- Body weight, Survival
B C
105: 120
100 100
s -
2 95 R
3 —®— WVA.S(3P) | MVA-S(3P)  SARS.CoV-2 B1.351 >
z B AASaPbot) I HVA SOt SARS-CoN-28:1351 5 60
-g 90 —%— MVA-WT | MVA-WT | SARS-CoV-2 g
= < a0 - a7 AR cov2 .51
85 == MVA-S(3Pbota) | MVA-S(3Pbata) | SARS-CoV-2 B.1.351
20 - MVAWT/MVAWT | SARS.CoV-2 81,351
80 0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Days post-challenge Days post-challenge
D E
108 - 108 -
= — o ey R =
3 107 et — 3 e
< 3 < 104 v
~ 1068 — i
< — §
& 510° & 3 108
£
% 5 104 : ¥ T
> = = 2 102 © MVAMT MVAWT  SARS Gov2 81351
o 103 = Q
7 * .
2 102 2 401 3 -
< <
s o il -
E

SARS-CoV-2 PFU/g lung tissue

MVA-S(3P) | MVA-S(3Pbeta) / MVA-WT/
MVA-S(3P) | MVA-S(3Pbeta) | MVA-WT /
SARS-CoV-2B.1.351 SARS-CoV-2 B.1.351 SARS-CoV-2 B.1.351

104

103

102

101

SARS-CoV-2 PFU/mI (BAL)

10°

MVA-S(3P) / MVA-S(3Pbeta) / MVA-WT/
MVA-S(3P) / MVA-S(3Pbeta) / MVA-WT /
SARS-CoV-2B.1.351 SARS-CoV-2 B.1.351 SARS-CoV-2 B.1.351





OEBPS/Images/fimmu-14-1264323-g004.jpg
mRNA (A.U.)

mRNA (A.U.)
'S
(=]

N
=

IL-6

20

-
o

mRNA (A.U.)
>

20

-
d

mRNA (A.U.)
>

mRNA (A.U.)

100

300

N
o
o

mRNA (A.U.)

-
o
o

80

[=2]
=4

mRNA (A.U.)
'S
(=]

N
=4

1. MVA-S(3P) / MVA-S(3P) / SARS-CoV-2 B.1.351
2. MVA-S(3Pbeta) / MVA-S(3Pbeta) / SARS-CoV-2 B.1.351
3. MVA-WT / MVA-WT / SARS-CoV-2 B.1.351





OEBPS/Images/fimmu-14-1264323-g006.jpg
IMMUNIZATION

MVA virus
1x 107 PFUs » Immunization groups (n=6 mice/group):

i.n. Sacrifice

Group 1: MVA-S(3P)

l l Group 2: MVA-S(3Pbeta)
Days
¢ Group 3: MVA-WT

- Serum} Humoral responses

- Spleen 4+
- Bronchial Lymph Nodes}T'Ce” responses (T CD4*, T CD8*, CD4* Tfh)

C
CD4 T cells (Spleen) CD8 T cells (Spleen)
0.6 1.2
o B MVA-S(3P) o H MVA-S(3P)
=05 B MVA-S(3Pbeta) 5 10 B MVA-S(3Pbeta)
§ & B MVA-WT g B MVA-WT
2204 2208
58 43
S S
33 0.3 3% 0.6
noO hoO
‘ﬁ 0.2 g 0.4
(2] (2]
< 041 e 02
0.0 0.0
S (Wuhan) S (beta) S (Wuhan) S (beta)
CD4 Tfh cells (Spleen)
1.0 s
%) H MVA-S(3P)
[ B MVA-S(3Pbeta)
g 08 W MVA-WT
7o
n o
o 006
§ S
) 2 0.4
o
2o
<
0 0.2
B
0.0
S (Wuhan) S (beta)
F
CD4 T cells (BLNs) CD8 T cells (BLNs)
0.25 0.4 "
> B MVA-S(3P)
£ s B VA S(5pbeta £ B VA S(3Pbeta)
g O B MVA-WT 2 03
P 0 )
£30.15 23
>+ S+
33 3% 0.2
2. g .10 ‘é’ a
5 ;t, 0.1
B ES

.0
S (Wuhan) S (beta) S (Wuhan) S (beta)





OEBPS/Images/fimmu-14-1264323-g005.jpg
Prechallenge Postchallenge Prechallenge Postchallenge

6. ! i 106; '

2 z & 10 =F
) : ® i - :
z E = 104 . :
£ : K ; '
S 1 2 |
g : 5y 1033 :
(7] ' L 1
= : < :
& ‘: --------- B < 10? ---------- ‘:
’ 101 :

14 pp 21 pb 4 pc 10 pc 14 pp 21 pb 4 pc 10 pc

® MVA-S(3P) / MVA-S(3P) / SARS-CoV-2 B.1.351 @ MVA-S(3Pbeta) / MVA-S(3Pbeta) / SARS-CoV-2 B.1.351 & MVA-WT / MVA-WT / SARS-CoV-2 B.1.351

(9]

Prechallenge Postchallenge Prechallenge Postchallenge

102

NTj titer (MADS, D614G)
NTs5, titer (beta variant)
=

10° 10°

® MVA-S(3P) / MVA-S(3P) / SARS-CoV-2 B.1.351 @ MVA-S(3Pbeta) / MVA-S(3Pbeta) / SARS-CoV-2 B.1.351 & MVA-WT / MVA-WT / SARS-CoV-2 B.1.351

E
104 *k
*% —
—/ .
— *%
3

5 10 I_| ® MVA-S(3P) / MVA-S(3P) / SARS-CoV-2 B.1.351
':'8 ® MVA-S(3Pbeta) / MVA-S(3Pbeta) / SARS-CoV-2 B.1.351
=

102 N RS N EEN R IS R MR R Wm R N

101

614G Alpha Beta Gamma Delta  Omicron
(BAA.7) (BA.351)  (P1)  (B.1.617.2) (BA.4/IBA.5)





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2023.1264323_cover.jpg
’ frontiers | Frontiers in Immunology

Preclinical immune efficacy against SARS-
CoV-2 beta B.1.351 variant by MVA-based
vaccine candidates





OEBPS/Images/fimmu-14-1264323-g003.jpg
>

Lung inflammation scores

Magnification: 4x

Magnification: 10x

30

25

20

= =

% lung area with lesions

\A4

MVA-S(3P)/ MVA-S(3Pbeta) /

MVA-S(3P)/ MVA-S(3Pbeta) /

SARS-CoV-2  SARS-CoV-2
B.1.351 B.1.351

MVA-S(3P) / MVA-S(3P) /
SARS-CoV-2 B.1.351

2 ahe

MVA-WT / MVA-S(3P) /

MVA-WT / MVA-S(3P) /

SARS-CoV-2 SARS-CoV-2
B.1.351 B.1.351

MVA-S(3Pbeta) / MVA-S(3Pbeta) /
SARS-CoV-2 B.1.351

3

3

MVA-S(3Pbeta) /| MVA-WT/
MVA-S(3Pbeta)/ MVA-WT/
SARS-CoV-2  SARS-CoV-2
B.1.351 B.1.351

MVA-WT /| MVA-WT /
SARS-CoV-2 B.1.351

e






OEBPS/Images/table1.jpg
Time points analyzed

Anti-S 1gG1, IgG2c and IgG3 antibody titers and 1lgG2c/IgGLl ratio in transgenic K18-hACE2
vaccinated mice *

MVA-S(3P) / MVA-S(3P) / SARS-CoV-
2B.1.351

MVA-S(3Pbeta) / MVA-S(3Pbeta) / SARS-CoV-
2 B.1.351

1gG1 19G2c 19G3 IgG2c / 1gG1 1gG1 19G2c [e[€X] lgG2c / IgG1

Day 14 post-prime immunization 24414 152587 1562 6.25 9765 24414 250 25
Day 21 post-boost immunization 61035 381469 3906 6.25 61035 381469 1562 6.25
Day 4 post-challenge 24414 152587 9765 6.25 61035 152587 1562 25
Day 10 post-challenge 152587 953674 3906 6.25 152587 953674 1562 6.25

"Mean titer of IgG1, IgG2c and IgG3 antibody subclasses against SARS-CoV-2 § (Wuhan) protein, and IgG2¢/IgG1 ratio, from duplicates of pooled sera samples obtained from the different

immunization regimens studied.





OEBPS/Images/fimmu-14-1264323-g007.jpg
>

(9] Anti-S (Wuhan) IgG titer

NTs, titer (Wuhan, MAD6, D614G)

106

105

104

103

Anti-S (beta) IgG titer

102

107

MVA-S(3P) MVA-S(3Pbeta) MVA-WT
D
104
©
103 °
=
&
Q
=
=
3
102 =
z

101

MVA-S(3P) MVA-S(3Pbeta) MVA-WT

104

103

107

MVA-S(3P)

MVA-S(3P)

MVA-S(3Pbeta)

MVA-S(3Pbeta)






