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Highlights 

Pseudoviruses based on Alpha, Beta, Gamma, Delta and Omicron variants with GFP and luciferase reporter genes 

were constructed.  

Delta and Omicron variant pseudoviruses exhibited higher infection rates than wild-type or other VOCs strains. 

The neutralizing activity of vaccinee and convalescent serum against wild-type and VOCs weakened over-time. 

Omicron variant more easily escaped the neutralization activity of convalescent and BBIBP-CorV vaccinee serum. 
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ABSTRACT 

The prevalence of SARS-CoV-2 variants of concern (VOCs) is still escalating throughout the world. However, 

the level of neutralization of the inactivated viral vaccine recipients’ sera and convalescent sera against all VOCs, 

including B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron) remains 

to be lack of comparative analysis. Therefore, we constructed pseudoviruses of five VOCs using a lentiviral-

based system and analyzed their viral infectivity and neutralization resistance to convalescent and BBIBP-CorV 

vaccinee serum at different times. Our results show that, compared with the wild-type strain (WT), five VOC 

pseudoviruses showed higher infection, of which B.1.617.2 and B.1.1.529 variant pseudoviruses exhibited 

higher infection rates than wild-type or other VOC strains, respectively. Sera from 10 vaccinated individuals at 

the 1, 3 and 5-month post second dose or from 10 convalescent in 14 and 200 days after discharge retained 

neutralizing activity against all strains but exhibited decreased neutralization activity significantly against the 

five VOC variant pseudoviruses over time compared to WT. Notably, 100% (30/30) of the vaccinee serum 

samples showed more than a 2.5-fold reduction in neutralizing activity against B.1.1.529, and 90% (18/20) of 

the convalescent serum samples showed more than 2.5-fold reduction in neutralization against B.1.1.529. These 

findings demonstrate the reduced protection against the VOCs in vaccinated and convalescent individuals over 

time, indicating that it is necessary to have a booster shot and develop new vaccines capable of eliciting broad 

neutralization antibodies. 

 

Keywords: SARS-CoV-2; variants of concern (VOCs); convalescent; BBIBP-CorV vaccine; neutralization 
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1. Introduction 

 

Since the first reports of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in humans in December 

2019 (Wu et al., 2020; Zhou et al., 2020), numerous genetically distinct lineages have evolved (Harvey et al., 2021; 

Korber et al., 2020; Tao et al., 2021). Among those, the World Health Organization (WHO) reported that SARS-CoV-

2 variants of concern (VOCs) associated with increased viral transmissibility and new waves of infection were 

constantly reported by WHO. Five SARS-CoV-2 VOCs have been identified since the beginning of the pandemic, 

including B.1.1.7 (Alpha) (Galloway et al., 2021; Volz et al., 2021), B.1.351 (Beta) (Tegally et al., 2021), P1 (Gamma) 

(Faria et al., 2021), B.1.617.2 (Delta) (Hetemaki et al., 2021) and B.1.1.529 (Omicron, BA.1), which is currently 

circulating (Callaway, 2021; WHO, 2021). These variants have multiple mutations in the genome, some of which are 

located on the spike protein. The B.1.1.7 variant includes 17 mutations in the viral genome. Of these, eight mutations 

(Δ69-70 deletion, Δ144 deletion, N501Y, A570D, P681H, T716I, S982A, D1118H) are in the spike protein (Galloway 

et al., 2021; Volz et al., 2021). The B.1.351 variant includes nine mutations (L18F, D80A, D215G, R246I, K417N, 

E484K, N501Y, D614G, and A701V) in the spike protein, of which three mutations (K417N, E484K, and N501Y) 

are located in the receptor-binding domain (RBD) and increase the binding affinity for the ACE receptors (Tegally et 

al., 2021). The P1 variant harbors eleven mutations in the spike protein (L18F, T20N, P26S, D138Y, R190S, H655Y, 

T1027I, V1176, K417T, E484K, and N501Y). Three mutations (L18F, K417N, E484K) are located in the RBD, 

similar to the B.1.351 variant (Faria et al., 2021). The B.1.617.2 variant harbors ten mutations (T19R, (G142D*), 

156del, 157del, R158G, L452R, T478K, D614G, P681R, D950N) in the spike protein (Hetemaki et al., 2021). 

Omicron has by far the largest number of mutations among all SARS-CoV-2 variants. The reported mutations include 

N211del/L212I, Y145del, Y144del, Y143del, G142D, T95I, V70del, H69del, A67V in the N-terminal domain of the 

spike, Y505H, N501Y, Q498R, G496S, Q493R, E484A, T478K, S477N, G446S, N440K, K417N, S375F, S373P, 

S371L, G339D in the RBD of the spike, D796Y in the fusion peptide of the spike, L981F, N969K, Q954H in the 

heptad repeat 1 of the spike as well as multiple other mutations in the non-structural proteins and spike protein 

(Callaway, 2021; Daria et al., 2022; WHO, 2021).  

These VOCs with mutations in the spike protein strongly influence SARS-CoV-2 transmission, antibody resistance, 

and vaccine efficacy. Because the spike protein is critical for viral entry, many mutations reside in the antigenic 

supersite in N-terminal domain (NTD) (Cerutti et al., 2021; Daria et al., 2022; McCallum et al., 2021) or the ACE2-

binding site, a major target of potent virus-neutralizing antibodies (Piccoli et al., 2020). Indeed some groups have 

revealed that these variants are differentially resistant to the neutralizing antibodies elicited in convalescent and 

vaccinated individuals (Chen et al., 2021; Collier et al., 2021; Galloway et al., 2021; Garcia-Beltran et al., 2021; 

Greaney et al., 2021; Hoffmann et al., 2022, 2021; Liu J. et al., 2021; Liu Y. et al., 2021; Meng et al., 2022; Planas et 

al., 2021; Suzuki et al., 2022; Wang et al., 2021). 

Although these recent studies evaluated the neutralization activities of some VOCs by convalescent and/or vaccine 

sera, up-to-date all five VOCs' neutralization resistance to the inactivated-virus vaccine and convalescent remains to 

lack a comparative analysis. Here, we, therefore, constructed six pseudotyped viruses displaying spike proteins 

derived from wild-type SARS-CoV-2, five VOCs including B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 

(Delta) and B.1.1.529 (Omicron), and analyzed their infectivity in HEK293T cells expressing the ACE2 protein. We 

next compared this pseudovirus resistance to neutralization using sera obtained from ten vaccines at 1, 3 and 5-month 

after receipt of the second dose of inactivated-virus vaccines- BBIBP-CorV (Sinopharm, China), and from ten 

convalescents in 14 and 200 days after discharge. 

 

2. Materials and methods 

2.1 Bioinformatics 

The wild-type SARS-CoV-2 whole genome sequences (WT, NC_045512.2) and variants (B.1.1.7, OV054768.1; 

B.1.351, OX003129.1; P.1, MZ477859.1; B.1.617.2, OK091006.1; B.1.1.529, OW996240.1) with related mutation 
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information downloaded from NCBI VIRUS (https://www.ncbi.nlm.nih.gov/labs/virus), which were aligned using 

alignment tools of NCBI, and a Maximum Likelihood phylogenetic tree was constructed using IQ-TREE Web 

Server(http://iqtree.cibiv.univie.ac.at/) (Trifinopoulos et al., 2016), employing the GTR as the substitution model and 

1,000 bootstrap replications. Furthermore, mutations in the spike protein whose crystal structure complexed with 

ACE2 were obtained from the protein data bank (PDB ID: 7A98) (Benton et al., 2020) and were mapped using Biovia 

Discovery studio visualizer 2020. 

 

2.2 Cells 

HEK293T/17 was purchased from American Type Culture Collection (ATCC). The 293T-hACE2 cell line with 

high expression of human SARS-CoV-2 receptor ACE2 was previously generated in our lab. Huh-7 cells was 

purchased from Fubio Company (Suzhou, China). Cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM, HyClone, SH300243.01, USA) with 10% Fetal Bovine Serum (FBS, ExCell Bio, FSP500, China) and 1% 

penicillin/streptomycin (P/S, Gibco, cat.15140-122, USA) in a 37 °C incubator containing 5% CO2. 0.25% Trypsin-

EDTA (Gibco, cat.25200-056, USA) was used to digest cells for a subculture. 

 

2.3 Human sera 

Ten COVID-19 convalescent patients and ten BBIBP-CorV vaccinees were recruited from Shanghai Municipal 

Public Health center and Fudan University respectively. The basic information of volunteers was listed in 

Supplementary Table S1, including gender, age, disease severity, and sampling time interval. The study was approved 

by the School of Life Sciences at Fudan University (BE2001). For BBIBP-CorV vaccinees, the blood samples were 

obtained 1, 3, and 5 months after boosted the second vaccine. For COVID-19 convalescent patients, the blood 

sampling interval was according to the time of two follow-up visits after discharge. The first sampling time was 

nearly 14 days, and the second interval was nearly 200 days. 

 

2.4 Construction and production of pseudoviruses 

The spike segments of SARS-CoV-2 wild-type and five variants were synthesized by GeneScript Company 

(Nanjing, China) and inserted into pcDNA3.1 plasmid. All spike proteins were optimized with 18 amino acids 

removed and a HA tag attached. The pLenti.GFP.NLuc, which can express the green fluorescent protein (GFP) and 

luciferase simultaneously, was preserved by our laboratory. Plasmid psPAX2 was used for packaging the lentiviruses 

with pLenti.GFP.NLuc and the spike-pcDNA3.1.  

HEK293T/17 cells were seeded into the 10 cm dishes, and grown to 80% confluence before transfection. The 

plasmids pLenti.GFP.NLuc, psPAX2, spike-pcDNA3.1 and Polyetherimide (PEI, Polysciences, cat.705149, USA) 

were added into the Optimal Minimal Essential Medium (Opti-MEM, Gibco, cat.2412271, USA) and mixed evenly, 

standing for 15 min, then were co-transfected into the HEK293T/17 cells. The culture medium was changed with 2% 

FBS and 1% P/S after incubation at 37 °C, 5% CO2 for 24 h. The supernatants of the transfected cell containing 

SARS-CoV-2 pseudotyped viruses were harvested at 48 h and 72 h after transfection, filtered by 0.45 μm pore size 

(Merck Millipore, R1DB83053, USA). Then the filtrates were centrifuged at 125893×g 4 °C for 2 h (25,000 rpm, 

BeckmanCoulter, sw28, USA). The supernatants were discarded, and the pseudoviruses stocks were dissolved in 

Opti-MEM stored at −80 °C (Crawford et al., 2020; Hyseni et al., 2020; Riepler et al., 2020).  

 

2.5 Titration of pseudoviruses  

The titration of pseudoviruses was determined by HIV-1 Gag P24 DuoSet ELISA Kit (R&D, cat.7360-05, USA) 

according to the manufacturer's directions (Hyseni et al., 2020).  

 

2.6 Infection assay 
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To measure the infectivity of pseudoviruses, 293T-hACE2 cells and Huh-7 cells (104 cells per well) were seeded 

at 96-well plates, and 3 μL [multiplicity of infection (MOI) = 0.3] of the pseudoviruses were added to each well 

with100 μL culture medium. Then the plates were incubated at 37 °C, 5% CO2. After 12–16 h, the culture medium 

was refreshed, and the cells were cultured for another 48 h. The luciferase activity was measured by Luciferase 

reporter gene assay kit (Yeasen, cat.11401ES80, China) and SYNERGY2 microplate reader (BioTek, USA) to reflect 

the infectivity of pseudoviruses. . 

 

2.7 Neutralization assay 

The neutralization assay of pseudoviruses was performed as described previously (Chen et al., 2021; Wang et al., 

2021). The 293T-hACE2 cells were seeded in a 96-well plate (1×104 cells per well) and cultured for 12 h. Serial 

dilutions of serum (starting at 1:40 dilution) were incubated with 3 μL (MOI = 0.3) of different SARS-CoV-2 

pseudoviruses at 37 °C for 30 min before being adding to cells. Each dilution has three biology duplicates. 

Subsequently, the culture medium on cells was removed and 100 μL serum-pseudovirus mixture was added and 

incubated at 37 °C for 24 h. Then, the supernatant was discarded and cells were overlaid with fresh DMEM with 10% 

FBS and 1% P/S. After 48 h, chemiluminescence was measured by Luciferase reporter gene assay kit (Yeasen, 

cat.11401ES80, China). The ratio of the relative luminescence unit (RLU) of cells which added with serum- 

pseudovirus mixture and which infected with only pseudoviruses represented for the infectivity. The neutralization 

was calculated by (1–infectivity)%. The IC50 (50% inhibition concentration) values were calculated by a three-

parameter dose-response-inhibition curve by transforming the dilutions to log10 in GraphPad Prism 8.  

 

2.8 Quantification and statistical analysis 

GraphPad Prism 8 was used for drawing plots and statistical analysis. All statistical tests were performed as 

described in the figure legends. The Fisher's precision probability test was performed as described the difference in 

IC50 between neutralizing antibodies against mutants. Nonlinear regression curve fitting was performed to calculate 

IC50 values. The P-value was less than 0.05 and was considered a statistically significant difference. *P represented 

P-value was less than 0.05; **P represented P-value was less than 0.01; ***P represented P-value was less than 

0.001, ****P represented P-value was less than 0.0001, ns represented there is no significant difference between 

each group. The statistical significance was calculated by t-test. 

 

3. Results 

3.1 Constructions of pseudotyped viruses related to variants 

SARS-CoV-2 has undergone great diversification since the outbreak. WHO classified five lineages as the current 

VOCs, including B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron). The 

genealogical evolution suggests that B.1.1.529 variant was derived from the B.1.1.7 variant, but there was a large 

discrepancy between them (Fig. 1A). All five reported VOCs have mutations in the RBD and the NTD. The variant 

B.1.1.529 has 34 mutations in spike protein. Some amino acid changes (Δ69/70, T95I, G142D, Δ145, K417N, T478K, 

N501Y, and P681H) are shared mutations also found in the Alpha, Beta, Gamma, or Delta VOCs. The ACE2 receptor 

interacted with the spike protein of five VOCs (Fig. 1B). To study the ability of immune evasion of the current VOCs, 

we constructed a total of six (five VOCs and WT) pseudoviruses that express spike proteins on lentivirus vectors 

(Fig. 1C), the titers of all pseudoviruses are adjusted to unity. 

 

3.2 Infectivity of pseudoviruses related to five VOCs 

To investigate the infectivity of pseudoviruses with VOCs spike protein, the level of relative luminescence activity 

was considered to reflect the infectivity. Different pseudoviruses were inoculated into the 293T-hACE2- and Huh-7 

cells at the MOI of 0.3. Our findings showed that the five VOC variant pseudovirus displayed a 1.83–6.3 folds 
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increase in infectivity at 72 h post-infection in two cell lines compared to WT (Fig. 1D). Strikingly, B.1.617.2 and 

B.1.1.529 variants exhibited higher infection rates than wild-type or other VOCs variants. In contrast, no significant 

difference was found between the B.1.617.2 and B.1.1.529 variants in 293T-hACE2-, Huh-7 cells. These data suggest 

that mutants in the B.1.617.2 and B.1.1.529 variant promote viral entry into ACE2-expressing cells. 

 

3.3 Reduced neutralization by vaccinee sera 

To compare the neutralizing activity of antibodies induced by inactivated vaccines on WT and VOCs and to explore 

the effect of time on neutralizing activity, the neutralization experiments were conducted using a luciferase-

expressing lentiviral pseudotyping system, and geometric mean titers (GMTs) were calculated to assess the 

neutralizing efficacy. The changes in neutralization sensitivity were quantitated by the mean of IC50. We accrued a 

cohort of 10 BBIBP-CorV vaccinees (Supplement Table S1). The entire cohort had a median age of 36 years (range: 

22–56) and was 50% male. The serum samples were collected from vaccinated individuals at the 1-, 3-, and 5-months 

post the second dose of vaccination. The neutralization curves for vaccinated individuals are presented in Fig. 2. The 

result showed that sera from BBIBP-CorV vaccinee still have neutralizing activity against VOCs or WT five months 

after vaccination (Fig. 2).  

The neutralization IC50 titers relative to the WT are quantified and tabulated as a fold increase or decrease (Fig. 

3A). We found that the neutralizing activity of the vaccine serum against VOCswas decreased at the 1, 3, and 5-

months after vaccination (Fig. 2, Fig. 3A). Noted that 100% (30/30) of the serum samples had more than a 2.5-fold 

reduction in neutralizing activity against B.1.1.529 variant, followed by P.1 (28/30, 93%), B.1.1.7 (26/30, 86%), 

B.1.617.2 (22/30, 73%), B.1.351 (20/30, 66%) (Fig. 3A). However, at one month after the second dose of vaccination, 

the IC50 of neutralizing activity against VOCs was reduced by 2.79-fold, 2.83-fold, 4.41-fold, 4.30-fold and 6.08-

fold compared to WT , respectively. The IC50 of neutralizing activity against B.1.1.529 significantly decreased 

compared to other VOCs except P.1 (Fig. 3B).  

Next, we compared the neutralizing activity of the same variant at different time points. We found that the IC50 of 

neutralizing activity against all VOCs and WT in the vaccinees' serum decreased significantly after five months post-

vaccination (WT: 2.96-fold, B.1.1.7: 4.95-fold, B.1.351: 3.74-fold, P.1: 3.34-fold, B.1.617.2: 2.74-fold, and B.1.1.529: 

4.97-fold (Fig. 4), A similar reduction of neutralizing activity was observed between the 1-month and 3-month or 

between the 3-month and 5-month’s sera, respectively. 

 

3.4 Reduced neutralization in COVID-19 convalescent sera 

To evaluate the neutralizing activity of COVID-19 convalescent sera against the VOCs, the neutralization assays 

were conducted with WT and five VOCs. The serum samples of 10 convalescent volunteers infected with WT SARS‐

CoV‐2 were obtained from the Shanghai Public Health Clinical Center at two different time points (an average of 14 

days and 200 days after discharge) (Supplement Table S1). The entire cohort had a median age of 53 years (range: 

33–68) and was 40% male with one severe case. The serum samples were also diluted for neutralization experiments. 

Similar to inactivated-virus vaccinee sera, we found that serum samples from all convalescent volunteers at 14 and 

200 days after discharge maintained neutralizing activity against VOCs or WT (Fig. 5).  

The results are summarized in Fig. 6A as a fold increase or decrease in serum neutralization IC50 titers. We found 

that compared with the WT, 90% percent (18/20) of the serum samples had more than a 2.5-fold reduction in 

neutralizing activity against B.1.1.529 variant, followed by 50% (10/20) B.1.351, 35% (7/20) P.1, 25% (5/20) B.1.1.7, 

15% (3/20) B.1.617.2 (Fig. 6A). We found that the IC50 of neutralizing activity against B.1.1.7, B.1.351, P.1, 

B.1.617.2, and B.1.1.529 was reduced by 1.66-fold, 2.37-fold, 1.68-fold, 1.72-fold and 4.86-fold compared to WT at 

the time point of day 14, respectively (Fig. 6B). The IC50 of neutralizing activity against B.1.1.529 decreased 

significantly compared to other VOCs (Fig. 6B).  

Finally, we analyzed the neutralizing activity of the same variant in the convalescent volunteers' sera from different 
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time points. We found that the IC50 of neutralizing activity against all VOCs and WT in the convalescent volunteers’ 

sera decreased significantly over time (WT: 1.46-fold, B.1.1.7: 1.84-fold, B.1.351: 1.76-fold, P.1: 1.76-fold, 

B.1.617.2: 1.56-fold, and B.1.1.529: 1.81-fold) (Fig. 7). These data indicate that all VOCs escape from neutralizing 

antibodies in convalescent sera. 

 

4. Discussion 

SARS-CoV-2 VOCs have multiple mutations in the spike protein, which might alter important biological properties 

of the virus, including the efficiency of entry into target cells and the degree of vaccine protection. Here, we 

constructed five VOC-related pseudoviruses using a lentivirus-based system and systematically studied the effects of 

variants on virus infectivity and neutralization resistance to convalescent sera and inactivated-virus vaccine sera. Our 

findings showed that the VOC variant pseudoviruses displayed a 1.83–6.3 folds increase in infectivity at 72 h post-

infection in two cell lines compared to WT. Strikingly, B.1.617.2 and B.1.1.529 variants exhibited higher infection 

rates than wild-type or other VOC strains, whereas no significant difference was found between the B.1.617.2 and 

B.1.1.529 variants in 293T-hACE2 and Huh-7 cells. These data suggest that mutants in the B.1.617.2 and B.1.1.529 

variant promote viral entry into ACE2-expressing cells. Garcia-Beltran et al. reported that the Omicron pseudovirus 

continues to rely upon the human ACE2 receptor for target cell entry and infects target cells 4-fold more efficiently 

than wild-type pseudovirus and 2-fold more efficiently than Delta pseudovirus (Garcia-Beltran et al., 2022). The 

slightly inconsistent results of fold changes could be related to several factors, such as different infected cells 

(Mautner et al., 2022), virus titer, and time to assay after pseudovirus infection, but the trend of the infectivity is 

consistent. 

In this study, our findings showed that sera from 10 vaccinated individuals at the 1-, 3- and 5-months post the 

second dose retained neutralizing activity against all VOC strains but the neutralization activity significantly 

decreased owing to the escape mutations and the waning of antibodies over time. Similar trends were also reported 

in other reports. Wang et al. reported an about 12.5-fold decrease of neutralization against the Omicron variant from 

recipients who received two doses of inactivated vaccine (Wang et al., 2022). In a population-based study of 

BNT162b2-vaccinated Africans, the vaccine-elicited neutralization against the Omicron variant shows a 22-fold 

reduction when compared with the ancestral SARS-CoV-2 strains (Cele et al., 2022). 

Available evidence shows that the efficacy of major vaccines used worldwide against the VOCs are significantly 

dropped (Chen et al., 2021; Collier et al., 2021; Garcia-Beltran et al., 2022, 2021; Greaney et al., 2021; Hoffmann et 

al., 2022, 2021; J. Liu et al., 2021; Meng et al., 2022; Suzuki et al., 2022; X. Wang et al., 2022). Some studies showed 

a considerable decrease in the neutralizing potency of two doses of inactivated vaccines or RNA vaccines against 

Omicron (Cheng et al., 2022; Garcia-Beltran et al., 2022; Greaney et al., 2021; Hoffmann et al., 2022; Lu et al., 2021; 

Meng et al., 2022; Suzuki et al., 2022; X. Wang et al., 2022; Y. D. Wang et al., 2022; Zhang et al., 2022). The Omicron 

lineage of SARS-CoV-2 spread rapidly to become globally dominant and now has split into a number of sublineages 

including BA.1, BA.1.1, BA.2, BA.2.12.1, BA.2.75, BA.3, BA.4, and BA.5. Several recent studies showed that sera 

from individuals who received three doses of vaccines (Pfizer, AstraZeneca, or CoronaVac or BBIBP-CorV) have a 

reduced ability to neutralize BA.4, BA.5, and BA.2.75 compared with BA.1 (Ai et al., 2022; Cao et al., 2022; Tan et 

al., 2022; Tuekprakhon et al., 2022). These data suggest that BA.4, BA.5, and BA.2.75 subvariants can substantially 

escape neutralizing antibodies induced by vaccination. An Omicron-specific vaccine is advisable to developed, which 

expected to elicit neutralizing antibodies that help reduce the immune escape of Omicron strain. 

Individuals exposed to SARS-CoV-2 produce antibodies, which display neutralization activity. Zhang et al. 

reported that the neutralization activity of convalescent sera against Omicron was reduced by 8.4-fold, whereas the 

neutralization activity of convalescent sera against other VOCs and VOIs was decreased by 1.2–4.5-fold compared 

to the D614G strain (Zhang et al., 2022). Wang et al. reported that 16 convalescent serum samples showed an average 

10.5-fold reduction of neutralization against the Omicron variant when compared with the SARS-CoV-2 WT ( Wang 
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et al., 2022). In another study, the neutralization activity of sera from ten convalescents showed a 32-fold drop against 

the Omicron variant compared to the WT SARS-CoV-2 (Liu et al., 2022). Consistent with these reports, we observed 

that sera of convalescents 14 and 200 days after discharge exhibited significant decrease neutralization activity 

against the VOC variant pseudoviruses compared to WT. All of these data revealed that the Omicron variant could 

easily escape the neutralization activity of convalescent sera. 

 

5. Conclusions 

In summary, we demonstrated that sera from vaccinated individuals at five months post the second dose of 

vaccination or convalescents at 200 days after discharge retained neutralizing activity against all SARS-CoV-2 strains. 

But both the vaccinated and convalescent individuals exhibited decreased neutralization activity against all VOCs, 

especially the Omicron variant, compared to WT. It is necessary to reveal the precise mechanisms through which a 

large number of mutations in the VOCs facilitate immune escape from the actions of neutralizing antibodies and 

develop new vaccines capable of eliciting broad neutralization antibodies. 
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Figure legend 

Fig. 1. Identified SARS-CoV-2 variants. A Phylogenetic tree of SARS-CoV-2 VOC. B Spike protein 

diagram of B.1.1.7, B.1.351, P.1, B.1.617.2, B.1.1.529 strain. Different point mutation positions are 

marked and displayed with ACE2 receptor. C Mutations in the viral spike identified in B.1.1.7, B.1.351, 

P.1, B.1.617.2, B.1.1.529 strain and the corresponding mutation sites. D The infectivity of 

pseudoviruses in 293T-hACE2 cells and Huh-7 cells reflected by relative luminescence unit (RLU). 

Cells were infected with pseudoviruses and the luminescence activity was measured at 72 hours post-

infection. The ratios of RLU in variants groups compared to WT were marked on the top of bars. All 

experiments had three duplications independently (mean ± SEM). 

 

Fig. 2. Neutralization capability of sera from vaccinees at three different time posts post vaccination. 

Sera samples were collected from ten vaccinees (V001–V010) at the 1-, 3- and 5-months post the 

second dose of vaccination. The neutralization activity of sera against WT and VOC pseudoviruses 

was determined by neutralization assay. All data were obtained from three independent experiments 

(mean ± SEM). The X axis is log10 to represent the sera dilution ratio, and the Y axis is to represent 

the ability of neutralization of serum. 

 

Fig. 3. The comparison of resistance of SARS-CoV-2 variants to inactivated vaccine sera. A The fold 

changes in neutralization activity of vaccine sera were shown in the ratio of IC50 between the variant 

and WT SARS-CoV-2 (IC50 WT SARS-CoV-2/IC50 variant SARS-CoV-2) as a heatmap with darker color 

implying greater change (≥2.5-fold). B The comparison of neutralization activity of sera from ten 

vaccinees (V001–V010) at one month post the second dose of vaccination against different variants. 

The IC50 (50% inhibition concentration) values were calculated by a three-parameter dose-response-

inhibition curve. All data were obtained from three independent experiments (mean ± SEM). Mean 

fold changes in IC50 values are denoted above the P values. Statistical analysis was performed using 

a ratio paired t-test. ***P < 0.001; **** P <  0001. 

 

Fig. 4. The comparison of neutralization activity of vaccinees sera against the same variant at 1-, 3- 

and 5-mouths post vaccination. All data were obtained from three independent experiments (mean ± 

SEM). Mean fold changes in IC50 values are denoted above the P values. Statistical analysis was 

performed using a paired t-test. *P < 0.05; **P < 0.01; *** P < 0.001; **** P < 0.0001. 

 

 

Fig. 5. Neutralization capability of sera from convalescents at 14 days and 200 days after discharge. 

Sera samples were collected from ten convalescents (P001–P010) at 14 days and 200 days after 

discharge. The neutralization activity of sera against WT and VOC pseudoviruses was determined by 

neutralization assay. All data were obtained from three independent experiments (mean ± SEM). P007* 

is a severe case. The X axis is log10 to represent the plasma dilution ratio, and the Y axis is to represent 

the ability of neutralization of serum. 

 

Fig. 6. The comparison of resistance of SARS-CoV-2 variants to convalescent sera. A The fold changes 

in neutralization activity of convalescent sera were shown in the ratio of IC50 between the variant and 

WT SARS-CoV-2 (IC50 WT SARS-CoV-2/IC50 variant SARS-CoV-2) as a heatmap with darker color implying 

greater change (≥2.5-fold). P007* is a severe case. B The comparison of neutralization activity of sera 

from convalescents (P001–P010) at 14 days after discharge. All data were obtained from three 

independent experiments (mean±SEM). Mean fold changes in IC50 values are denoted above the P 
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values. Statistical analysis was performed using a ratio paired t-test. *P < 0.05; **P < 0.01. 

 

Fig. 7. The comparison of neutralization activity of convalescents’ sera against the same variant at 

different phases after discharge. All data were obtained from three independent experiments (mean ± 

SEM). Mean fold changes in IC50 values are denoted above the P values. Statistical analysis was 

performed using a paired t-test. *P < 0.05; **P < 0.01; *** P < 0.001. 
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