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Material and methods
Virus titration and vaccine preparation
Zhejiang Provincial Center for Disease Control and Prevention carried out the screening of Delta variant strains from throat swab samples of imported cases in Zhoushan in 2021. Viral titers of SARS-CoV-2 were measured using a microdose cytopathic effect (CPE) assay. Virus samples were diluted 10-fold in series, mixed with Vero cells at a density of 3–5 × 104 in a 96-well plate, and checked for the presence of cells under a microscope after 4 days in a 5% CO2 incubator at 37 °C. Virus titers were determined using the Karber method (Ramakrishnan, 2016). Viruses were produced in a 10-layer cell factory at 37 °C. The virus solution was collected at 48–96 h after inoculation, inactivated with 1:4000 β-propiolactone at 2–8 °C for 20–24 h, and then purified using chromatography. The purified virus was mixed with Al(OH)3 adjuvant to prepare a candidate vaccine for SARS-CoV-2.
Validation of virus inactivation 
[bookmark: OLE_LINK11]We inoculated inactivated Delta SARS-CoV-2 vaccine into monolayer Vero cell T75 culture flasks, cultured at 37°C, and passaged every 4 days for 3 consecutive passages. The cytopathic conditions of each passage were observed. This experiment was repeated three times. At the same time, a negative control (normal Vero cells) experiment was performed. There was no CPE observed in each generation, and the negative control cells were also free of lesions.
qRT-PCR
[bookmark: OLE_LINK6]Total RNA was extracted from organs with a QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) and a HiScript® II One Step qPCR SYBR® Green Kit (Vazyme Biotech Co., Ltd, Nanjing, China). The forward and reverse primers targeting the S gene were used: RBD-qF1: 5′-CAATGGTTAAGGCAGG-3′; RBD-qR1: 5′-CTCAAGGTCTGGATCACG-3′. RT-PCR was performed under the following reaction conditions: 50 °C for 3 min, 95 °C for 30 s, and then subjected to 40 cycles of 95 °C for 10 s and 60 °C for 30 s. 
Analysis of vaccine immunogenicity in rodent
[bookmark: OLE_LINK9]144 female BALB/c mice (6–8 weeks old) and female SD rats (6–8 weeks old) were provided by Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. 144 BALB/c mice were randomly divided to receive two immunization schedules, D0/D14 or D0/D28. Each immunization program was divided into six groups: low (5 μg/dose with adjuvant, n = 12), medium (10 μg/dose with adjuvant, n = 12), high (20 μg/dose with adjuvant, n = 12), negative control (normal saline, n = 12), adjuvant control (10 μg/dose, n = 12), and medium dose (10 μg/dose) without adjuvant. Each BALB/c mouse received five separate injections (~ 0.1 mL per injection) for a total injection volume of 0.5 mL per mouse. The D0/D14 immunization schedule of SD rats was the same as that of the BALB/c mice, while the D0/D28 immunization schedule was divided into five groups: low, medium, high, adjuvant control, and medium dose without adjuvant. Each SD rat received two separate injections (~ 0.25 mL per injection) for a total injection volume of 0.5 ml per SD rat. All animals were injected intramuscularly, the conditions of the animals were observed, and blood was collected at the indicated times to detect serum specific anti-S1 protein IgG antibodies and the neutralizing activity against Delta (B.1.617.2) in the serum to analyze the immunogenicity of the vaccine.
Virus stocks
Vaccine strain SARS-CoV-2/Vero/LXG/2021/ZJ28 (Delta/B.1.617.2/EPI_ISL_1911196) was isolated from throat swab samples cultured in Vero cells. The prototype strain (No. CWV20200701B) was isolated by Rong An bio-pharmaceutical Co., Ltd. and five SARS-CoV-2 mutant strains were isolated from the throat swab and cultured in Vero cells in the Biosafety Level 3 Virology Laboratory (Zhejiang Center for Disease Control and Prevention, Hangzhou, China), including SARS-CoV-2/Vero/HMJ/2021/ZJ15 (Alpha), SARS-CoV-2/Vero/LXG/2021/ZJ28 (Delta/B.1.617.2/EPI_ISL_1911196), SARS-CoV-2/E6/DSh-P3/2022/ZJ25(Omicron/B.1.1/EPI_ISL_12040149), SARS-CoV-2/E6/ChXQ/2022/ZJ46 (Omicron/BA.2.3), and SARS-CoV-2/E6/FJH/2022/ZJ104 (Omicron/BA.5.2). The challenge experiment uses a strain sourced from the National Pathogen Microorganism Strain Preservation Center, with the specific code of CSTR.16698.06.NPRC 6.CCPM-B-V-049-2105-8. This strain also belongs to the B.1.617.2 lineage of the Delta variant, but it is different from the strain used for vaccine development. They were harvested at 80% cytopathogenic efficiency (CPE) and viral titers were determined by microdose CPE assay. All virus stocks were sequenced with Illumina NextSeq to verify that they contained the expected spike protein sequence and no changes to the furin cleavage sites.
Serum neutralizing assay
Serum was inactivated in a water bath for 0.5 h at 56 °C, and then serially diluted to the required range. The diluted serum was mixed with 200 CCID50/100 μL (the virus dose that can infect 50% of the cell culture) of the virus suspension in a ratio of 1:1. And a normal cell control without infection was set. The cells were incubated in a CO2 incubator (37  1 C) for 96 h. Then, 200 CCID50/100 μL of virus solution was diluted to 10−1–10−3 and mixed with cells. Each dilution was repeated in eight wells, and a normal cell control was set at the same time, followed by culture for 96 h. Neutralization endpoints were calculated by observing the CPE under an inverted microscope. We then calculated the mean titer for each group by summing the individual titers and dividing by the number of samples in that group. Next, we calculated the logarithm (base 10) of each mean titer, and then calculated the overall mean of these logarithmic values. Finally, we took the antilogarithm of the overall mean to obtain the GMT.
Serum antibody titers were determined by enzyme-linked immunosorbent assay (ELISA)
Add recombinant SARS-CoV-2 Spike S1 protein (His Tag) diluted to 2 µg/mL with CBS coating buffer (cat: CB07100, Thermo, Germany) to a 96-well plate, overnight at 2–8°C, and block with 3% BSA for 1 h at room temperature. Add diluted serum to each well and incubate at 25 °C for 1 h, washed with PBS three times, then add HRP-conjugated goat anti-mouse antibody (cat: SSA007, Sino Biological, China) and incubate at 25 °C for 1h. Use TMB to develop, then add 2mol/L H2SO4 to stop the reaction, and measure the OD value at 450 nm by ELISA plate reader [SpectraMax M5 (YO525), Molecular Device, USA].
Safety evaluation 
SD rats (6–7 weeks) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. Twenty SD rats (10/gender) were used in the single-dose toxicity test and were randomly divided into 2 groups (5/gender/group), which were the negative control group and the experimental group, respectively. Animals in the negative control group were given a single intramuscular injection of 0.9% sodium chloride; animals in the experimental group were given 4 doses/animal (10 μg/dose) of the inactivated vaccine (Vero cells, Delta strain) by a single intramuscular injection. All animals were administered at the gastrocnemius and quadriceps muscles of both hindlimbs, and the administration volume was 2 mL per SD rat. The injection volume for each point of all the above-mentioned animals was 0.25 mL. During the experiment, the SD rat’s death/moribundity, clinical symptoms, body weight and food intake were observed and recorded. All animals were euthanized on D15, gross anatomy was observed, abnormal tissues were fixed, and histopathological examination was performed.  
Cynomolgus monkeys (3.5–5.5 years old) were purchased from Guangxi Frontier Biotechnology Co., Ltd. Repeated dosing toxicity test used 30 cynomolgus monkeys, randomly divided into 3 groups, including negative control group and two experimental groups (low dose, high dose, n = 5/gender/group). The administration route of animals in each group was single-point or multi-point intramuscular injection into the quadriceps femoris muscle of the right hind limb, and the injection volume at each point did not exceed 0.5 mL. The animals in the negative control group were given 0.9% sodium chloride injection (2.5 mL/only); the low-dose group was administered 1 dose/animal in an injection volume of 0.5 mL (containing 10 μg of sample), and the high-dose group was administered 5 doses/animal in an injection volume of 2.5 mL (containing 50 μg of sample). One injection was administered at D1, D15, D29 and D43, respectively, for a total of 4 injections. During the experiment, the clinical observation, body weight, body temperature, electrocardiogram, blood pressure, eye examination, clinical pathology (blood count, coagulation function, blood biochemistry, urinalysis), T lymphocyte subsets (CD3+, CD3+CD4+, CD3+CD8+, CD3+CD4+/CD3+CD8+), serum cytokines (IL-2, IL-4, IL-5, IL-6, TNF-α, IFN-γ), C-reactive protein, serum complement (C3, C4), and serum-specific IgG antibodies against the SARS-CoV-2 S1 protein were monitored. Three days after the last dose (D46) and the end of the 4-week recovery period (D71), the animals were euthanized, and dissected. The main organs were weighed, the ratios of viscera to body and brain to brain were calculated, and pathological examination of various tissues and organs were performed.
Guinea pigs (4–5 weeks) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. The whole-body active allergic reaction test was performed using 36 female guinea pigs, randomly divided into 4 groups: negative control group, positive control group, and experimental group (low and high dose groups), with 9 animals in each group. The negative control group was given sodium chloride injection; the positive control group was given human serum albumin (HSA) at a sensitization dose of 20 mg/each and an excitation dose of 40 mg/each. HAS (2020114140) was purchased from Chengdu Rongsheng Pharmaceuticals Co., Ltd. The low and high dose groups were given the inactivated vaccine (Vero cells, Delta strain) In the low-dose group, the sensitization dose was 0.1 dose, and the stimulation was 0.2 dose, and in the high-dose group, the sensitization dose was 1 dose, and the stimulation was 2 dose. The concentration/content of each dose was 10 μg/0.5 mL. Sensitization was administered by intramuscular injection once in D1, D3, and D5, and a total of 3 injections were administered. The first three animals in each group were stimulated 14 days after the last sensitization (D19) and the last six animals in each group were stimulated 21 days after the last sensitization (D26). The animals in each group were observed for signs of allergic reactions after stimulation. All surviving animals were euthanized at the end of the excitation observation.
Challenge assay in rhesus macaques 
Twelve rhesus monkeys (5–6 years old) were purchased from Hubei Tianqin Biotechnology Co., Ltd.  (6/gender) and were divided into three groups (2/gender/group): four in the adjuvant group; four in the low-dose vaccine group, given 10 μg of inactivated vaccine intramuscularly; and four in the high-dose vaccine group, given 20 μg of inactivated vaccine intramuscularly. The administration volume was 0.5 mL/animal. All macaques were immunized on days 0 and 28. Peripheral blood was collected on day 36 and 42 for neutralizing antibody testing. After anesthesia, at 21 days after the second immunization (D49), SARS-CoV-2 was administered by the intratracheal route with a viral load of 1 × 105 TCID50. During the attack experiment, the general signs of each animal were recorded daily, as well as their body weight and body temperature. Peripheral blood and throat swabs were collected daily and routine blood biochemical tests as well as viral load measurements were performed. On day 7 post-infection, the animals in each group were euthanized and six lung lobes were collected for pathological, virological, and immunological analyses.
Phylogenic tree analysis 
The genome sequences of Delta variant vaccine strains were obtained by second-generation sequencing, and phylogenetic trees were mapped using mafft(Katoh et al., 2002) and fasgtree (Price et al., 2010) software to analyze the homology of the vaccine strains with other prevalent strains of the new coronavirus. The sequences used to map the evolutionary tree included whole genome sequences of approximately 500 endemic strains from the GISAID database (https://www.gisaid.org/). The inferred maximum likelihood tree was plotted by ggtree(Yu et al., 2017).
Western blotting 
[bookmark: OLE_LINK10]Samples containing 25 uL of protein (harvested, concentrated virus solution, purified virus solution) were mixed with the loading buffer and then boiled at 100 °C for 5 min. The proteins were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (300 mA, 55 min). Blots were blocked with 5% skimmed milk containing phosphate-buffered saline with 0.1% Tween-20 (PBST) at 37 °C for 2 h, and then subsequently mixed with anti-N protein rabbit Ab (1:1000, cat: 40143-R004, Sino Biological, China) and anti-S protein rabbit Ab (1:1000, cat: 40589-T62, Sino Biological, China) placed at room temperature and incubated on a horizontal shaker with slow shaking for more than 30 min, followed by incubation at 4 °C overnight. The membranes were incubated with secondary antibody goat anti-rabbit IgG H&L (HRP) (GE NA934, 1:5000, Abcam, UK) at room temperature on a horizontal shaker with slow shaking for 1 h. Protein bands were visualized using enhanced chemiluminescence (Azure Biomolecular Imager, USA).
Electron microscopy (EM) sample preparation 
For cryo-EM sample preparation, a 3 μL aliquot of purified viral particles was applied to a glow-discharged C-flat R2/1 Cu grid. Grids were manually blotted for 3 s in 100% relative humidity for plunge-freezing (Vitrobot; FEI) in liquid ethane, as described previously (Wang  et al., 2019). All samples were examined on a microscope (Titan Krios, FEI Company, Eindhoven).
Pathological Analysis
The lung tissues were fixed in 4% paraformaldehyde for paraffin embedding. These tissue specimens were sectioned into 4-μm-thick slices. The standard H&E staining protocol was followed for tissue staining, and the changes in lung tissues were observed under a light microscope (DM2500, Leica, Wetzlar, Germany).
Statistical analysis
Data are presented as the mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism 9.4.1 (GraphPad Inc., La Jolla, CA, USA). Statistics by one-way ANOVA with Tukey’s multiple comparisons test or Kruskal-Wallis test with Dunn’s multiple-testing correction. P < 0.05 was considered significant.
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Supplementary Fig. S1 Vaccine strain biological information. A SARS-CoV-2 maximum likelihood phylogenetic tree. The SARS-CoV-2 isolates used in this study are indicated with black arrows and labeled. B Schematic diagram of the 3D structure (Delta PDB: 7w9i) and mutation site of the full-length S protein of the vaccine variant.
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Supplementary Fig. S2 Vaccine virus stability and inactivation verification. A Determination of virus titer after the serial passage of the vaccine seed lot. B The effect of inoculation MOI on the inactivated vaccine stock virus titer. C Inactivation kinetics of three batches of virus supernatant. 
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Supplementary Fig. S3 Evaluation of vaccine immunogenicity and cross-immune protection. Inactivated vaccine (Vero cells, Delta strain) was administered to BALB/c mice and SD rats using different doses (0.9% NaCl, adjuvant, low, medium and high dose with adjuvant, and medium dose without adjuvant) and different immunization schedules (injection at D0/D14 and D0/D28), respectively. Serum collection times were all calculated from the first immunization (D0). Serum specific IgG antibody levels against Delta (B.1.617.2) in BALB/c mice (A, B) and SD rats (C, D). Serum neutralizing antibody levels in BALB/c mice (E, F) and SD rats (G, H). I–L Cross-neutralizing antibody activity against SARS-CoV-2 prototype and its variants. Animal serum samples were collected at D56. Cross-NAb titer against 200 CCID50/100 μL of viruses was determined in BALB/c mouse (I, J, n = 5) and SD rat (K, L, n = 10). Statistical analysis was performed by One-way ANOVA with Tukey’s multiple comparisons test (A–D) or Kruskal-Wallis test with Dunn’s multiple-testing correction (E–L) was applied.
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Supplementary Fig. S4 The blood routine data of rhesus macaques after viral challenge. Kruskal-Wallis test with Dunn’s multiple-testing correction was applied.
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