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Bao-Shan Wang,5 Li-Bo Li,2 Guo-Lin Wang,1 and Mai-Juan Ma1,7,*

SUMMARY

The emergence of the SARS-CoV-2 Omicron BA.1 (B.1.1.529) variant has raised
questions regarding resistance to neutralizing antibodies elicited by natural
infection or immunization. We examined the neutralization activity of sera
collected frompreviously SARS-CoV-2-infected individuals and SARS-CoV-2 naive
individuals who received BBIBP-CorV or CoronaVac to BA.1 and the earlier vari-
ants Alpha, Beta, and Delta. Both sera from convalescent patients over three
months after infection and two-dose BBIBP-CorV or CoronaVac vaccine recipients
barely inhibited BA.1, less effectively neutralized Beta andDelta, andmoderately
neutralized Alpha. However, administering a single dose of BBIBP-CorV or
CoronaVac in previously infected individuals or a third dose booster vaccination
of BBIBP-CorV or CoronaVac in previously vaccinated individuals enhances
neutralizing activity against BA.1 and other variants, albeit with a lower antibody
titer for BA.1. Our data suggest that a booster vaccination is important to
broaden neutralizing antibody responses against the variants.

INTRODUCTION

Several severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern (VOCs),

including B.1.1.7 (Alpha)—was first detected in the United Kingdom, B.1.351 (Beta)—was first detected

in South Africa, P.1 (Gamma)—was first detected in Brazil, and B.1.617.2 (Delta)—was first detected in India,

have successively emerged with multiple substitutions in the spike glycoprotein. The variant Beta showed

significant immune evasion from serum neutralizing antibodies (Wang et al., 2021a) and compromised the

efficacy of vaccines (Abu-Raddad et al., 2021; Madhi et al., 2021; Sadoff et al., 2021), whereas the variant

Delta quickly outcompeted all other VOCs since it was first identified in India in October 2020 (WHO,

2021) and partially evaded neutralization (Mlcochova et al., 2021). The Omicron variant BA.1 (B.1.1.529)

was first identified in South Africa in November 2021 and has spread rapidly worldwide, outcompeting

Delta to become the dominant circulating variant (Viana et al., 2021). Given a large number of over 30 mu-

tations in the BA.1 spike protein, it has substantially decreased the neutralization activity of monoclonal and

serum polyclonal antibodies elicited by infection or vaccination (Cao et al., 2021; Garcia-Beltran et al., 2022;

Henning et al., 2022; Hoffmann et al., 2021; Liu et al., 2021; Planas et al., 2021).

However, studies have shown that a single dose of administered mRNA vaccine booster in previously in-

fected individuals or vaccinated individuals significantly increased the antibody response to neutralize

the Omicron variant (Anichini et al., 2021; Bradley et al., 2021; Carreño et al., 2021; Garcia-Beltran et al.,

2022; Henning et al., 2022; Hoffmann et al., 2021; Lustig et al., 2021; Planas et al., 2021; Stamatatos

et al., 2021; Wang et al., 2021b). The two inactivated SARS-CoV-2 vaccines, BBIBP-CorV by Sinopharm

and CoronaVac by Sinovac developed in China, have been widely used in China and many countries,

but their immunogenicity (Xia et al., 2020; Zhang et al., 2021) seems low compared to individuals who

received an mRNA SARS-CoV-2 vaccine (Anderson et al., 2020; Lim et al., 2021; Walsh et al., 2020). There-

fore, whether a single dose of the inactivated vaccines in previously infected individuals or a third dose

booster vaccination in vaccinated individuals boosts an enhanced neutralization activity against BA.1

and the earlier variants needs to be determined. To address this question, we determined the sensitivity

of variants Alpha, Beta, Delta, and BA.1 to serum neutralizing antibodies in convalescent individuals after

natural infection, in previously infected individuals after one dose of the BBIBP-CorV or CoronaVac vac-

cines, in individuals after a primary vaccine series, and in two-dose BBIBP-CorV- or CoronaVac-vaccinated

individuals after a third dose booster.
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Figure 1. Serum neutralizing sensitivity to SARS-CoV-2 variants in previously infected individuals before and after a single-dose vaccination

(A) Schematic representation of cohorts and sample collection of convalescent individuals after SARS-CoV-2 Wuhan-Hu-1 (WA1) infection and previously

WA1-infected individuals before and after vaccination.

(B) Neutralizing activity of sera from convalescent individuals at approximately 3 (n = 19), 5 (n = 19), and 14 (n = 18) months after infection against Alpha, Beta,

Delta, and BA.1 compared with SARS-CoV-2 Wuhan-Hu-1 (WA1) virus.

(C) Neutralizing activity of Alpha, Beta, Delta, and BA.1 by sera from 171 previously infected individuals 14 months after infection compared with WA1.

(D) Serum neutralizing antibody toWA1 and variants in 171 previously infected individuals before and after one immunization with the BBIBP-CorV (n = 91) or

CoronaVac (n = 80) vaccines.

(E) Comparison of the geometric mean titer (GMT) between WA1 and variants in all 171 previously infected individuals after vaccination, 91 (90 for BA.1

variant due to limited serum volume) previously infected individuals after vaccination with BBIBP-CorV, and 80 previously infected individuals after

vaccination with CoronaVac.

(F) Comparison of GMT against WA1 and variants between previously infected individuals vaccinated with BBIBP-CorV and CoronaVac. The fold-change in

the GMT is displayed in (B–E), and GMTs are shown below each column. The pie charts in (B–D) show the percentage of samples with neutralization activity.

The bar represents the GMT and 95% confidence interval in (E) and (F). The 50% pseudovirus neutralization titer (pVNT50) was measured in serum samples as

a 50% inhibitory dilution of pseudovirus infection. The horizontal dashed line represents the limit of detection (titer = 30); this limit was assigned a value of 10
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RESULTS

Substantial escape of BA.1 to convalescent sera

We first examined the dynamic neutralization activity of available longitudinal serum samples (at least two

follow-up points) from 21 patients with COVID-19 in our cohort study (Jiang et al., 2021) to Alpha, Beta,

Delta, and BA.1 (Figure 1A and Table 1). All these patients were diagnosed with SARS-CoV-2 infection

by RT-PCR. They were not vaccinated at each sampling time. We analyzed available serum samples

collected at a median of 107 (IQR 103–109, n = 19), 151 (IQR: 146–152, n = 19), and 424 (IQR: 420–426,

n = 18) days after infection, referred to as months 3, 5, and 14 (M3, M5, and M14, respectively). The results

obtained in pseudovirus assays typically correlate well with those obtained against the authentic virus (Sho-

lukh et al., 2021). Wemeasured the pseudovirus neutralization titer (pVNT50) for each combination of serum

and viruses pseudotyped with the spike protein of Alpha, Beta, Delta, and BA.1 variants. With BA.1, the

geometric mean titers (GMT) were significantly decreased by �9- to 54-fold from M3 to M14 compared

to wild-type SARS-CoV-2 (Wuhan-Hu-1, WA1) (Figure 1B). This reduction in neutralizing titers was similar

to that of Beta (�3- to 19-fold) and Delta (�3- to 11-fold) (Figure 1B). We then classified the individuals

as neutralizers (titer R30) and nonneutralizers (titer <30) for the variants. Between 52.6% and 100% of

the individuals neutralized WA1, Alpha, and Beta at M3, whereas only 23.5% of individuals neutralized

BA.1 (Figure 1B). The fraction of neutralizers declined over time, and a few individuals neutralized BA.1,

and approximately 50% of individuals at each time point neutralized Beta and Delta (Figure 1B). In contrast,

most individuals can neutralize WA1 and Alpha. These results indicate that BA.1 displays extensive resis-

tance to neutralization by sera from convalescent individuals even three months after infection.

Pre-infection followed by immunization with inactivated vaccines elicits potent variant cross-

neutralization

Because of the significantly reduced neutralization activity of convalescent sera threemonths after infection

against BA.1, we asked whether previously infected individuals could boost neutralizing activity after

receiving a single-dose immunization inactivated vaccine. We analyzed sera from 171 previously infected

individuals before and after a single-dose vaccination with BBIBP-CorV (n = 91) or CoronaVac (n = 80)

(Table 2). The serum samples were collected before vaccination, with a median day of 433 (IQR: 433–

436, referred to as MV14) and three weeks after receiving a dose of BBIBP-CorV or CoronaVac, with a me-

dian of 19 (IQR 19–19) days for BBIBP-CorV and 19 (IQR 19–19) days for CoronaVac. Their ages ranged from

19 to 63 for the BBIBP-CorV vaccinee and 21 to 64 for the CoronaVac vaccinee. In line with the results at

M14, the greatest loss of neutralizing activity against BA.1 was observed with a 9.2-fold reduction in

GMT compared to WA1, and no individuals had neutralizing antibody titers above 100 (Figure 1C). Three

weeks after a single immunization, neutralizing antibody titers against WA1, Alpha, Beta, Delta, and BA.1

significantly increased by an overall of 2.9-, 7.4-, 3.6-, 3.9-, and 2.9-fold (GMT of 291.1, 186.2, 69.2, 72.1, and

32.1, respectively) when compared to the neutralizing antibody titers before vaccination (Figure 1C).

Although there was a significant increase in the neutralization titer against BA.1 after vaccination and

62.5% of sera neutralized BA.1, a low GMT of 34 was observed, and most serum samples had an antibody

titer less than 100. The neutralization titers were, however, reduced by 1.6- (2.2-fold for BBIBP-CorV and 1.0-

fold for CoronaVac), 4.2- (5.2-fold for BBIBP-CorV and 3.3-fold for CoronaVac), 4.0- (4.9-fold for BBIBP-CorV

and 3.2-fold for CoronaVac), and 9.1 (10.4-fold for BBIBP-CorV and 7.1-fold for CoronaVac)-fold against

Alpha, Beta, Delta, and BA.1, respectively, when compared to WA1 (Figure 1E). No significant differences

in antibody titers against WA1 and the tested VOCs were observed between the two inactivated vaccines

except for a higher antibody titer against Alpha in CoronaVac-vaccinated individuals than in BBIBP-CorV-

vaccinated individuals (Figure 1F). Therefore, a single dose of inactivated vaccines boosts efficient neutral-

izing activity to BA.1 and earlier VOCs, albeit with a lower antibody titer for BA.1.

Two doses of inactivated vaccines elicit poor neutralization of BA.1

To assess the neutralizing activity of sera collected from SARS-CoV-2 naive individuals after two-dose im-

munization of inactivated vaccine against the variants, 48 SARS-CoV-2 naive individuals who received two-

dose BBIBP-CorV (n = 25) or CoronaVac vaccines (n = 23) were enrolled, and their blood samples were

Figure 1. Continued

for geometric mean calculations and was considered seronegative. Each symbol of dots or triangles represents one serum specimen. Data are the

average of two duplicates. Statistical significance was determined using the two-tailed Friedman test with a false discovery rate for multiple

comparisons in (B), (C), and (E), and WA1 was used as the reference, two-tailed Wilcoxon matched-pairs signed-rank test between groups in (D), and

two-tailed Wilcoxon Mann–Whitney test between groups in (F).
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collected 2–3 weeks after the second dose (Figure 2A). Their ages ranged from 28 to 59 for the BBIBP-CorV

vaccinee and 34 to 59 for the CoronaVac vaccinee, with a median of 46 and 50, respectively. Eight were

male, 17 were female for BBIBP-CorV, seven were male, and 16 were female for the CoronaVac vaccinee

(Table 3). We found that 91.7% (44/48) of naive individuals �3 weeks after the second dose had a neutral-

izing antibody titer >30 with a GMT of 43.7 against WA1 (Figures 2B and 2C). However, we observed that

more than 60% of serum samples lost neutralizing activity against Beta and Delta variants, although there

was an approximately 2.5-fold reduction in GMT in BBIBP-CorV- or CoronaVac-elicited serum neutralizing

activity against Beta and Delta (Figures 2B and 2C). Moreover, BA.1 displayed extensive escape of serum

neutralization among the tested VOCs, and >80% of the serum samples had no antiviral activity. Similar to

the antibody titers against Alpha in the previously infected individuals after vaccination, CoronaVac vacci-

nees had higher antibody titers against Alpha than BBIBP-CorV vaccinees, whereas no significant differ-

ences in antibody titers against WA1 and other tested VOCs were observed between the two groups (Fig-

ure 2D). This finding indicates that BA.1 is poorly or not neutralized by serum from SARS-CoV-2 naive

individuals after the second vaccination, whereas other variants were less or moderately neutralized.

Three inactivated vaccine doses elicit potent variant cross-neutralization

We then asked whether a third-dose boost vaccination in previously vaccinated individuals would induce equal

or even stronger immune responses to neutralize BA.1 and earlier VOCs. Thirty-six healthcare workers (HCWs)

who received a third boost dose of BBIBP-CorV or CoronaVac vaccines were enrolled, with a median day of 269

(IQR, 264–288.8) and 259 (IQR, 234.0–259.0) after the second dose vaccination (Figure 2A and Table 4). For 11

HCWs with paired serum samples before and after the third vaccination, we observed that serum samples

collected before the third dose, approximately nine months after the second dose vaccination, had no neutral-

izing activity against WA1, Beta, Delta, and BA.1 except for three serum samples that had less neutralizing ac-

tivity against Alpha (Figure 2E). However, serum samples after booster immunization with BBIBP-CorV or

CoronaVac significantly enhanced neutralizing antibody responses, and most of them had neutralizing anti-

bodies againstWA1, Alpha, Beta, Delta, and BA.1 variants, with a 10.3-, 3.8-, 3.8-, and 3.8-, and 2.0-fold increase

in GMTs compared to the GMTs before the third vaccination (Figure 2E).

We then compared the neutralizing activity of sera from all 36 HCWs after the third dose to VOCs compared to

WA1. Similar to the results from the 11HCWs, over half of themhad neutralizing antibodies againstWA1, Alpha,

Beta, Delta, and BA.1 variants. However, the neutralization titers were significantly reduced by 4.6- and 4.2-fold

against Beta and Delta, respectively, when compared to WA1, and the greatest reduction of 7.4-fold was

observed for BA.1 (Figure 2F). Further analysis showed that neutralizing antibody titers against WA1, Alpha,

Beta, Delta, and BA.1 were significantly higher in both previously infected individuals with a single-dose booster

vaccination and vaccinated individuals with the third booster vaccination when compared to antibody titers in

uninfected individuals with two immunizations (Figure 2G). In addition, a single-dose vaccination in previously

infected individuals elicited higher antibody titers against Alpha, Beta, andDelta, whereas equal antibody titers

against WA1 and BA.1 were observed. These data indicate that the booster vaccination increased the

Table 1. Characteristics of the cohort of convalescent individuals

Characteristics N = 21

Sex

Male 13

Female 8

Age (median; IQR) 46 (37–54)

Severity

Severe 3

Moderate 16

Asymptomatic 2

Samples/sampling points after infection (median; IQR)

3 months 19/107 (103–109)

5 months 19/151 (146–152)

14 months 18/424 (420–426)

IQR, interquartile range.
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magnitude and breadth of neutralizing antibodies in previously vaccinated individuals and boosted a certain

degree of neutralizing activity to BA.1 and other tested variants.

DISCUSSION

This study indicates that sera from both previously infected individuals and SARS-CoV-2 naive vaccinees

with a two-dose vaccination course of BBIBP-CorV or CoronaVac displayed extensive loss of neutralizing

activity to BA.1. However, a single-dose vaccination of BBIBP-CorV or CoronaVac in previously infected in-

dividuals and a third booster vaccination in SARS-CoV-2 naive individuals with a two-dose vaccination

course could significantly enhance the neutralization activity of BA.1 and earlier VOCs. However, the

neutralization of BA.1 was significantly lower than that of other VOCs.

In contrast to a boost in vaccine-matched neutralizing antibodies in previously infected individuals who received

a single mRNA vaccine dose compared to those without prior infection (Anichini et al., 2021; Blain et al., 2021;

Bradley et al., 2021; Dimeglio et al., 2021; Lustig et al., 2021; Manisty et al., 2021; Prendecki et al., 2021; Saadat

et al., 2021; Stamatatos et al., 2021; Wang et al., 2021b), a single-dose vaccination of other types of vaccines in

previously infected individuals, including inactivated vaccine BBIBP-CorV or CoronaVac, has not been studied.

This study first documented the antibody response in individuals with prior infection during the first wave of

the COVID-19 outbreak in China in early 2020 after a single dose of the BBIBP-CorV or CoronaVac vaccines.

Consistent with previous studies (Li et al., 2021; Wang et al., 2021b), we found that approximately 88.3% of

171 previously infected individuals maintained neutralizing antibodies against WA1 14 months after infection.

However, the antibody titers against Alpha, Beta, Delta, and BA.1 were significantly decreased, and most of

the serum samples had lost the ability to neutralize the earlier variants Beta andDelta. A dramatic loss of neutral-

izing activity against BA.1 was observed. These findings suggest that most previously infected individuals over

one year after infection may be at a higher risk of reinfection with Beta, Delta, and BA.1.

Importantly, after receiving a single immunization with either BBIBP-CorV or CoronaVac, previously infected in-

dividualsgeneratedapotentantibody responseagainst vaccine-matchedWA1and thevariantsAlpha,Beta, and

Delta, with an�2- to 10-fold increase in GMT compared to WA1, which is in line with previous studies showing

that a singledoseofmRNA inpreviously infected individuals enhancedneutralizing activity (Garcia-Beltran et al.,

2022; Lustig et al., 2021; Stamatatos et al., 2021; Wang et al., 2021b). However, although approximately 66% of

serumsamples couldneutralize theBA.1pseudovirusafter a single immunization,mostof theserumsampleshad

anantibody titer less than100, indicating that a single immunizationwith eitherBBIBP-CorVorCoronaVac inpre-

viously infected individuals remainsathigher riskof infectionwithBA.1compared toother testedvariants (Garcia-

Beltran et al., 2022).However, whether a seconddoseofBBIBP-CorVorCoronaVac couldoffer additional benefit

against BA.1 remains to be determined because previous studies have revealed that a second dose mRNA vac-

cine administration did not induce a substantially greater benefit over a single dose in antibody neutralizing po-

tential in previously infected individuals (Ebinger et al., 2021; Saadat et al., 2021; Stamatatos et al., 2021). Collec-

tively, a singledoseofBBIBP-CorVorCoronaVac inpreviously infected individuals enhancesneutralizingbreadth

across the tested VOCs, including BA.1, albeit at a lower antibody titer.

Neutralizing antibodies are also believed tobe crucial for protection against COVID-19by vaccination (Feng

et al., 2021; Gilbert et al., 2021). In this study, we found that the antibody response induced by two doses of

Table 2. Characteristics of previously infected individuals with a single dose of BBIBP-CorV or CoronaVac vaccination

Characteristics Previously infected + 1-dose BBIBP-CorV Previously infected + 1-dose CoronaVac

No. of participants 91 80

Age (median, range) 42 (19–63) 40 (21–64)

Sex

Male (%) 86 (94.5) 72 (90.0)

Female (%) 5 (5.5) 8 (10.0)

Time interval to blood sampling (Median, IQR)

Infection to blood sampling 433.0 (433.0–435.0) 433.0 (433.0–437.8)

One-dose to blood sampling 19.0 (19.0–19.0) 19.0 (19.0–19.0)

IQR, interquartile range.
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BBIBP-CorV or CoronaVac was not only less effective in neutralizing earlier VOCs but also extensively inef-

fective in neutralizing BA.1, which is in accordance with recent results showing that BA.1 has extensively

escaped the serum from individuals with primary vaccination of mRNA, Ad26.COV2.S, ChAdOx1-nCoV-

19, and BBIBP-CorV or CoronaVac-inactivated vaccine (Ai et al., 2022; Ai et al., 2021; Chen et al., 2022; Dej-

nirattisai et al., 2021; Garcia-Beltran et al., 2022; Hoffmann et al., 2021; Wang et al., 2022). While in line with

recent studies that either homologous or heterologous booster vaccination enhanced neutralizing activity

against earlier VOCs and BA.1 (Ai et al., 2022; Ai et al., 2021; Chen et al., 2022; Garcia-Beltran et al., 2022;

Hoffmann et al., 2021; Wang et al., 2022), we also observed that a third dose boost vaccination of BBIBP-

CorV or CoronaVac enhanced antibody responses against WA1 in most vaccine recipients and neutraliza-

tion activity to all tested VOCs. However, �52% of serum samples from boosted individuals neutralized

BA.1, and a similar result was also observed in one study by Chen et al. in which �55% of individuals who

received a third dose of CoronaVac had neutralizing antibodies to neutralize BA.1 (Chen et al., 2022). In

contrast, two other studies by Ai et al. (2022) and Wang et al. (2022) showed that 70%–85% of individuals

with a third dose booster of BBIBP-CorV produced neutralizing antibodies against BA.1. Such differences

may be affected by sample size and different pseudovirus systems in these and our studies. Collectively,

these data suggest that it is essential to develop boost vaccination strategies for inactivated vaccines to

enhance herd immunity to prevent the transmission of SARS-CoV-2 and infection or severe disease.

In summary, our findings show that BA.1 significantly escapes neutralizing antibodies elicited by previous

SARS-CoV-2 infection or vaccination, but a single dose of BBIBP-CorV or CoronaVac could partly enhance

the immune response against BA.1. Although we did not test serum neutralizing activity against BA.2, BA.3,

BA.2.12.1, and BA.4/5, our results would be similar to recent studies that the neutralization data of BA.1,

Figure 2. Neutralizing antibody response following two-dose and three-dose vaccination

(A) Vaccination and blood sample draw timelines of individuals with primary vaccine series or booster vaccination.

(B and C) Serum neutralization of Alpha, Beta, Delta, and BA.1 by pseudovirus neutralization test in 25 BBIBP-CorV vaccine

recipients (B) and 23 CoronaVac vaccine recipients (C) 3 weeks after the second dose.

(D) Comparison of the geometric mean titer (GMT) against SARS-CoV-2 Wuhan-Hu-1 (WA1) and Alpha, Beta, Delta, and

BA.1 between naive individuals vaccinated with BBIBP-CorV and CoronaVac.

(E) Serum neutralization of Alpha, Beta, Delta, and BA.1 variants in 11 HCWs with paired serum before and after the third

dose vaccination.

(F) Neutralizing activity against variants in the serum of all 36 HCWs after the third dose vaccination.

(G) Comparison of pseudovirus neutralizing GMT to WA1 and variants among 48 naive individuals after two-dose

vaccination with BBIBP-CorV and CoronaVac and 36 naive individuals after third-dose vaccination with BBIBP-CorV or

CoronaVac and 171 (170 for Delta and BA.1 variant due to limited serum volume) previously infected individuals after a

single dose of BBIBP-CorV and CoronaVac. The fold-change of GMT is displayed in (B), (C), (E), and (F), and GMT is shown

below each column. The pie charts in (B), (C), (E), and (F) show the percentage of samples with neutralization activity. The

bar represents the GMT and 95% confidence interval in (G). The 50% pseudovirus neutralization titer (pVNT50) was

measured in serum samples as a 50% inhibitory dilution of pseudovirus infection. The horizontal dashed line represents

the limit of detection (titer = 30); this limit was assigned a value of 10 for geometric mean calculations and was considered

seronegative. Each symbol of dots, triangles, or hexagons represents one serum specimen. Data are the average of two

duplicates. Statistical significance was determined using the two-tailed Friedman test with a false discovery rate for

multiple comparisons in (B), (C), and (G), the two-tailedWilcoxonMann–Whitney test between groups in (D), andWA1was

used as the reference. The two-tailed Wilcoxon matched-pairs signed-rank test between groups in (E) and the two-tailed

Kruskal–Wallis with false discovery rate method in (G) were used.

Table 3. Characteristics of naive individuals with two doses of BBIBP-CorV or CoronaVac vaccination

Characteristics Naive individuals + 2-dose BBIBP-CorV Naive individuals + 2-dose CoronaVac

No. of participants 25 23

Age (median, range) 46 (28–59) 50 (34–59)

Sex

Male (%) 8 (32) 7 (30.4)

Female (%) 17 (68) 16 (69.6)

Time interval to blood sampling (Median, IQR)

One-dose to blood sampling 58.0 (53.0–67.0) 50.0 (48.0–57.0)

Two-dose to blood sampling 21.0 (19.0–24.0) 16.0 (16.0–17.0)

IQR, interquartile range.
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BA.2, and BA.3 could be comparable and that BA.2.12.1 and BA.4/BA.5 could be more substantially evade

(Ai et al., 2022; Arora et al., 2022; Cao et al., 2022; Evans et al., 2022; Qu et al., 2022; Yu et al., 2022). Collec-

tively, our findings support the need for the rapid development of additional inactivated vaccine doses as a

significant public health measure to reduce the spread of highly mutated SARS-CoV-2 variants.

Limitations of the study

Limitations of our study include that the neutralizing antibodies were measured�3 weeks after one single-

dose vaccination in previously infected individuals and �3 weeks after the third dose in previously vacci-

nated individuals. It remains to be determined whether the antibody response against BA.1 is long persis-

tent. In addition, despite the extensive escape of BA.1 to antibodies elicited by natural infection and

booster vaccination, recent studies have shown that the majority of T cell responses elicited by infection

or vaccination remain capable of recognizing BA.1 and early emerged variants (Keeton et al., 2022; Tarke

et al., 2022). Whether cellular immunity will be effective as a second-level defense in preventing severe dis-

ease after BA.1 infection in the absence of a potent neutralizing antibody response remains to be deter-

mined (Goel et al., 2021; Sette and Crotty, 2021). Therefore, measures of T and B cell responses can

shed further light on whether a single-dose vaccination of these two inactivated vaccines might be suffi-

cient for augmenting T and B cell memory in previously infected individuals.
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Table 4. Characteristics of vaccinated individuals with a third dose of BBIBP-CorV or CoronaVac vaccination

Characteristics

Third dose vaccination

BBIBP-CorV CoronaVac

No. of participants 22 14

Age (median, range) 47.0 (30.0–59.0) 41.0 (35.0–55.0)

Sex

Male (%) 13 (59.1) 8 (57.1)

Female (%) 9 (40.9) 6 (42.9)

Interval between 2nd and before 3rd (median, IQR) 269.0 (264.0–288.8) 259.0 (234.0–259.0)

Interval between 3rd and sampling (median, IQR) 21.5 (21.0–27.0) 23.0 (18.0–23.0)

IQR, interquartile range.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Mai-Juan Ma (mjma@163.com).

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

SARS-CoV-2 pseudovirus for WA1 This study N/A

SARS-CoV-2 pseudovirus for Alpha This study N/A

SARS-CoV-2 pseudovirus for Beta This study N/A

SARS-CoV-2 pseudovirus for Gamma This study N/A

SARS-CoV-2 pseudovirus for Delta This study N/A

SARS-CoV-2 pseudovirus for BA.1 This study N/A

SARS-CoV-1 pseudovirus This study N/A

E.coli DH5a Competent Cells TaKaRa Cat# 9057

Biological samples

Sera from convalescent patients This study N/A

Sera samples from previously infected individuals before

and after vaccination

This study N/A

Sera from vaccinees with two doses of inactivated vaccine This study N/A

Sera from vaccinees with the third dose of inactivated vaccine This study N/A

Chemicals, peptides, and recombinant proteins

Phosphate buffered saline (PBS) Gibco Cat# C10010500BT

Dulbecco’s modified eagle medium (DMEM) Gibco Cat# C111995500BT

Trypsin-EDTA (0.25%) Solarbio Cat# T1300

HEPES Gibco Cat# 15630-080

Fetal bovine serum (FBS) Gibco Cat# 10099-141C

Penicillin/streptomycin Gibco Cat# 15140-122

PEI MAX (MW 40000) Polysciences Cat# 24765-1

Luciferase Assay Reagent Vazyme Cat# DD1201-01

Experimental models: Cell lines

HeLa-hACE2 cells Tsinghua University N/A

HEK-293T cells ATCC Cat# CRL-3216

Recombinant DNA

pcDNA3.1-SARS2-Spike Addgene Cat# 145032

pCDNA3.3_CoV2_B.1.1.7 Addgene Cat# 170451

pcDNA3.3_CoV2_501V2 Addgene Cat# 170499

pcDNA3.3-SARS2-B.1.617.2 Addgene Cat# 172320

Omicron BA.1 spike plasmid This study N/A

Firefly luciferase encoding lentivirus backbone plasmid Tsinghua University N/A

Software and algorithms

GraphPad Prism GraphPad Prism https://www.graphpad.com/scientific-software/prism/

Adobe Illustrator Version 23.0.1 https://www.adobe.com/
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Materials availability

All unique reagents generated during this study are available from the lead contact with a completed ma-

terials transfer agreement.

Data and code availability

This study did not generate sequence data or codes. Data generated in the current study (including

neutralization and antibody measurements) have not been deposited in a public repository but are avail-

able from the lead contact upon request.

d All data reported in this paper are available within the main manuscript and the supplementary files.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

The study was approved by the Institutional Review Board of the Beijing Institute of Microbiology and

Epidemiology (IRB number: AF/SC-08/02.60 and AF/SC-08/02.124). All participants provided written

informed consent.

Sera from convalescent patients

Since February 2020, we have conducted a longitudinal cohort study enrolling 25 Wuhan-Hu-1 SARS-CoV-

2-infected individuals to measure one year’s humoral and cellular response maintenance. The partial re-

sults of the study regarding antibody and T-cell response in these COVID-19 patients 3–4 months after

infection have been published (Jiang et al., 2021). The cohort study is ongoing, the patients were followed

up at 5 and 14 months after infection, and blood samples were collected at each follow-up visit. The avail-

able longitudinal sera from 21 (8 females/13 males with a median age of 46 years, interquartile range [IQR]

37–54) of 25 COVID-19 patients at 3 (n = 19), 5 (n = 19), and 14 (n = 18) months after infection were included

for analysis to evaluate the dynamic changes of convalescent sera in neutralizing activity to variants of

concern.

Sera from previously infected individuals before and after vaccination

Between March and April 2021, 264 recovered COVID-19 patients were enrolled over one year after infec-

tion to analyze the antibody response, and blood samples were collected. In May 2021, 171 (13 females/158

males with a median age of 42 years; IQR, 33–50) of these 264 patients received a single dose vaccination of

BBIBP-CorV or CoronaVac vaccines, and their blood samples were collected �3 weeks after vaccination.

Sera from vaccinees with two doses of inactivated vaccine

Twenty-five (17 females/8 males with a median age of 46 years, IQR 28–59) sera for the BBIBP-CorV vacci-

nees were obtained from the staff who received two doses of immunization administered 14–28 days apart

at the local health service center in Dezhou City, Shandong Province, China. Twenty-three (16 females/7

males with a median age of 50 years, IQR 34–59) sera for CoronaVac vaccinees were obtained from health-

care workers who had no prior SARS-CoV-2 infection and received two-dose immunization administered

14–28 days apart at the Ningjin County Community Health Servers Center in Dezhou City, Shandong Prov-

ince, China. Sera for BBIBP-CorV vaccinees were collected approximately 58 days after the first dose immu-

nization and approximately 21 days after the second dose immunization. Sera for CoronaVac vaccinees

were collected approximately 50 days after the first dose immunization and16 days after the second

dose immunization.

Sera from vaccinees with the third dose of inactivated vaccine

Sera for BBIBP-CorV and CoronaVac recipients with two doses prior to vaccination were obtained from 36

(15 females/21 males with a median age of 47.0 years, IQR 40.0–52.8) HCWs at a local healthcare center and

the Jining Center for Disease Control and Prevention in Jining City of Shandong Province, China. These

HCWs were frontline medical staff and received two-dose vaccination with the two inactivated vaccines,

BBIBP-CorV by Sinopharm or CoronaVac by Sinovac, between July 2020 and February 2021. In April
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2021, serum samples from 11 of 36 HCWs were collected before the third dose vaccination. They received a

third dose vaccine between June and July 2021, and serum samples from all of them were collected

�3 weeks after the third dose vaccination.

Cell lines

Human embryonic kidney HEK-293T cells were cultured at 37�C and 5% CO2 in Dulbecco’s modified Ea-

gle’s medium (DMEM, Gibco) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco) and

supplemented with 1% penicillin–streptomycin (Gibco). Cells were disrupted at confluence with 0.25%

trypsin in 1 mM EDTA (Solarbio) every 48–72 h. HeLa-hACE2 cells were provided by Prof. Lin-Qi Zhang

from Tsinghua University and were cultured under the same conditions.

METHOD DETAILS

Pseudovirus production and neutralization assay

Pseudovirus particles were produced (Nie et al., 2020). SARS-CoV-2 pseudoviruses were generated by co-

transfecting HEK-293T cells (ATCC) with human immunodeficiency virus backbones expressing firefly lucif-

erase (pNL4-3-R-E-luciferase) and pcDNA3.1 vector encoding either wild-type (Wuhan-Hu-1), Alpha (D69-

70, D144, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H), Beta (L18F, D80A, D215G, R246I, K417N,

E484K, N501Y, D614G, A701V), Delta (T19R, G142D, D156–157, R158G, L452R, T478K, D614G, P681R and

D950N), BA.1 (A67V, D69–70, T95I, G142D, D143-145, D211, L212I, 214EPE, G339D, S371L, S373P, S375F,

K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G,

H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, L981F) S proteins. Themediumwas replaced

with fresh medium at 24 hours, and the supernatants were harvested at 48 hours post-transfection and clar-

ified by centrifugation at 300 3 g for 10 minutes before being aliquoted and stored at �80�C until use. The

SARS-CoV-2 pseudovirus neutralization assay was performed (Li et al., 2020) with the target cell line HeLa

cells expressing ACE2 orthologs (HeLa-ACE2). Duplicated threefold serially diluted serum (starting at 1:30)

from COVID-19-convalescent individuals and vaccinees was incubated with SARS-CoV-2 pseudotyped vi-

rus for 1 hour at 37�C. HeLa-ACE2 cells (200,000 cells/well) were subsequently added to the mixture and

incubated for approximately 48 hours at 37�C with 5% CO2. The supernatant was then removed, and lucif-

erase substrate was added to each well, followed by incubation for 2 minutes in darkness at room temper-

ature. Luciferase activity was then measured using a GloMax 96 Microplate Luminometer (Promega). The

half-maximal neutralization titers were determined by luciferase activity 48 hours after exposure to the vi-

rus-serum mixture with a four-parameter nonlinear regression inhibitor curve in GraphPad Prism 8.4.1

(GraphPad Software). Neutralization titers are reported as the reciprocal of serum dilution that inhibited

50% of pseudovirus infection (pVNT50) compared to control wells with virus alone. pVNT50 values reported

as below 30 (the detectable limit) were considered to be negative results and were assigned a value of 10

for the geometric mean calculation.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Kruskal–Wallis or Friedman test with the false discovery rate method was used for multiple group com-

parisons. The Wilcoxon Mann–Whitney U test or Wilcoxon matched-pairs signed-rank test was used to

compare the difference between the two groups. All statistical analyses were performed using

GraphPad Prism (version 8.4.2, La Jolla, California USA), and all statistical tests were 2-sided with a signif-

icance level of 0.05. Details are additionally provided in the Figure legends.
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