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SUMMARY

The SARS-CoV-2 variants B.1.617.1 (Kappa) contain multiple mutations in the
spike protein. However, the effect of B.1.617.1 lineage-related mutants on viral
infectivity and inactivated-virus vaccine efficacy remains to be defined.We there-
fore constructed 12 B.1.617.1-related pseudoviruses and systematically studied
the effects of mutations on virus infectivity and neutralization resistance to
convalescent and inactivated virus vaccine sera. Our results show that the
B.1.617.1 variant exhibited both higher infectivity and neutralization resistance
in sera at 1 or 3 months after vaccination of 28 individuals and at 14 and
200 days after discharge of 15 convalescents. Notably, 89% of vaccines and
100% of the convalescent serum samples showed more than 2.5-fold reduction
in neutralization against one single mutation: E484Q. Besides, we found a signif-
icant decrease in neutralizing activity in convalescent patients and BBIBP-CorV
vaccines for B.1.1.529. These findings demonstrate that inactivated-virus vaccina-
tion or convalescent sera showed reduced, but still significant, neutralization
against the B.1.617.1 variant.

INTRODUCTION

The COVID-19 pandemic has already lasted for more than a year, but new infections are still escalating

throughout the world (Wu et al., 2020; Zhou et al., 2020). Although mRNA-, viral vector-, protein- and inac-

tivated-virus-based COVID-19 vaccines have been deployed globally, a major concern is the emergence of

SARS-CoV-2 variants of concern (VOC) and variants of interest (VOI) (Gupta, 2021). These variants with mu-

tations in the spike protein have a strong influence on SARS-CoV-2 transmission, antibody resistance and

vaccine efficacy, essentially 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; Harvey et al., 2021; McCallum et al.,

2021) or in the ACE2-binding site which are themajor targets of potent virus-neutralizing antibodies (Piccoli

et al., 2020). Three independent SARS-CoV-2 VOCs, B.1.1.7 (Alpha) (Galloway et al., 2021; Volz et al.,

2021a,2021b), B.1.351 (Beta) (Tegally et al., 2020, 2021), and P.1 (Gamma) (Faria et al., 2021) have emerged.

Indeed, several groups have revealed that the B.1.1.7, B.1.351, P.1, and B.1.167.2 (delta) variants are differ-

entially resistant to the neutralizing antibodies elicited in convalescent and vaccinated individuals (Chen

et al., 2021; Collier et al., 2021; Edara etal., 2021; Garcia-Beltran et al., 2021; Liu et al., 2021a, 2021b; Mlco-

chova et al., 2021; Wang et al., 2021a, 2021b). These variants are known to possess multiple mutations

across the genome, including several in the S protein, such as E484K, N501Y, and K417 N/T (Leung

et al., 2021; Rambaut et al., 2020; Volz et al., 2021a,2021b). The E484K mutation, initially identified in

B.1.351 and subsequently appearing in B.1.1.7 and P.1 strains, helps the virus to escape immune response,

and thus higher level of neutralizing antibodies are required to prevent infection from B.1.1.7 variants with

E484K (Wise, 2021). Structurally, the E484K mutation results in a spike protein side chain charge change,

preventing salt bridge formation and allowing escape from some monoclonal antibodies (Zhou et al.,

2021). The N501Y mutation, which exists in all B.1.1.7, B.1.351, and P.1 variants, was found to enhance

the affinity between RBD and ACE2 by about 7-fold compared to wildtype (WT). This leads to enhanced
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viral transmission, but not increased virulence (Liu et al., 2021b). This mutation can also decrease the effi-

cacy of some monoclonal antibodies, supporting the therapeutic use of antibody cocktails (Zhou et al.,

2021). Mutations at K417 increase the affinity of the RBD to ACE2, increase chances of immune escape,

and reduce monoclonal antibody response and convalescent plasma-mediated neutralization (Wu et al.,

2021). K417N and K417T RBD mutations have been identified in B.1.351 and P.1, respectively. In combina-

tion with their common E484K and N501Y mutations, K417 alterations induce a relatively large conforma-

tional change that may increase the potential for immune escape (Nelson et al., 2021). The more recently

identified SARS-CoV-2 variants, B.1.617.1 (Kappa) and B.1.617.2 (Delta), are more infectious and virulent

compared to the original wild-type virus (Cherian et al., 2021). The World Health Organization has desig-

nated the B.1.617.1 lineage as a variant of interest (VOI). The B.1.617.1 variant contains several mutations

within the spike protein, including some in the N-terminal antigenic supersite (G142D and E154K), in the

receptor binding domain (L452R and E484Q) and in the polybasic furin cleavage site at the S1/S2 boundary

(P681R). A new variant with two mutations, E484Q and L452R, and initially reported in India was named as a

‘‘double mutant’’. This new variant is believed to be creating the latest wave of infections in India in 2021,

making it the second most affected country in the world, surpassing Brazil. Recent studies have shown that

the B.1.617.1 variant is resistant to mRNA vaccine-induced NAbs (Edara et al., 2021; Liu et al., 2021a). How-

ever, the effect of B.1.617.1 on viral infectivity and inactivated virus vaccine efficacy remains to be defined.

We therefore analyzed the infectivity of 12 pseudotyped viruses displaying spike proteins derived fromWT,

the B.1.617.1 variant and its single mutations, double mutations (L452R/E484Q) or triple mutations (L452R/

E484Q/P681R) in SARS-CoV-2-susceptible cell lines and HEK293T cells expressing ACE2. We also evalu-

ated the resistance of these pseudoviruses to neutralization using convalescent sera from 15 convalescent

volunteers infected with coronavirus disease 2019 (COVID-19) obtained 14 days and 200 days after recovery

and sera from 28 participants obtained 1 month and 3 months after receipt of the second dose of inacti-

vated-virus vaccine, BBIBP-CorV (Sinopharm), which was developed in China.

RESULTS

Construction of the pseudotyped viruses related to B.1.617.1

The B.1.617.1 variant was initially described in India in October 2020 (GISAID ID: EPI_ISL_1372093). It con-

tains 8 mutations within the spike protein (T95I, G142D, E154K, L452R, E484Q, D614G, P681R, and Q1071H)

(Figure 1A). To study the effects of B.1.617.1-related mutations, we generated a total of 12 pseudotyped

lentiviruses containing the spikes of wild-type Wuhan-1 reference strain (WT), each of the individual muta-

tions, and those with all 8 mutations or double mutations (L452R/E484Q) or triple mutations (L452R/E484Q/

P681R) of the B.1.617.1 variant (Figure 1B). These pseudoviruses were prepared as described in STAR

Methods, and each was found to have a robust titer (Figure S1).

Infectivity of the B.1.617.1-related variants

We generated 293T cells expressing the SARS-CoV-2 receptor ACE2 (293T-hACE2). ACE2 expression was

monitored using Western blot and flow cytometry (Figure S2). We first investigated the potential infection-

related effects of these mutations in assays with three cell lines known to be susceptible to SARS-CoV-2

pseudotyped virus infection: Huh-7-, Calu-3- and 293T-hACE2. Compared to WT pseudovirus, our findings

demonstrate that the B.1.617.1 variant displayed a 3-3.5-fold increase in infectivity in all three cell lines (Fig-

ure 1C), whereas no significant difference was found between the B.1.617.1 and D614G variants. Moreover,

the pseudotyped viruses carrying some of the single mutations (L452R, E484Q, D614G, P681R) or double

(L452R/E484Q) or triple (L452R/E484Q/P681R) mutations exhibited a 2- to 4-fold increase in infectivity

compared to WT, whereas no significant increase in infectivity was observed in these cell lines for the other

single point mutations (T95I, G142D, E154K, and Q1071H) (Figure 1C), and when the single (L452R), double

(L452R/E484Q), and triple (L452R/E484Q/P681R) mutations are combined with D614G, the infectivity of

double (L452R/E484Q) and triple (L452R/E484Q/P681R) mutations is also slightly increased compared

with that of the D614G mutation alone (Figure S3), which suggesting that the single mutants (L452R,

E484Q, D614G, and P681R) and double (L452R/E484Q) and triple (L452R/E484Q/P681R) mutations may

contribute to SARS-CoV-2 infectivity.

Effect of the B.1.617.1 variant on the binding affinity to ACE2 and membrane fusion

The 8 mutations in the spike protein of the B.1.617.1 variant are mapped on a structure of the spike protein

(Figure 2A). To directly assess the effect of these mutations on the binding affinity to ACE2, the spike pro-

teins of B.1.617.1-related variants were expressed and purified for binding affinity assay. Our findings
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demonstrate that the B.1.617.1 variant significantly increased the binding affinity to human ACE2

compared toWT. D614G itself did not cause an increase in ACE2 binding compared toWT; however, spike

proteins containing the single L452R or E484Q mutation, as well as those with double mutations (L452R/

E484Q) or triple mutations (L452R/E484Q/P681R), showed a significant increase in ACE2-binding

compared to D614G (Figure 2B). To characterize which amino acid change in the spike protein of

B.1.617.1 is responsible for its enhanced cleavage, pseudoviruses with each of the variant spike proteins

were lysed, and western blot showed that the level of cleaved S2 subunit was significantly increased by

the B.1.617.1 variant or single P681R or triple mutations with P681R (Figure 2C). This suggests that

P681R alone is responsible for the enhanced S cleavage seen in the pseudoviruses of B.1.617.1 lineages.

To investigate which amino acid change in the spike protein of B.1.617.1 is responsible for syncytia forma-

tion, 293T-hACE2 was infected by pseudoviruses with each of the variant spike proteins. Microscopic

Figure 1. Infectivity of variant spike protein pseudotyped virus

(A) Phylogenetic tree of SARS-CoV-2 variants.

(B) Mutations in the viral spike identified in SARS-CoV-2(WT), B.1.617.1, L452R + E484Q strain, and L452R + E484Q +

P681R strain.

(C) 293T-ACE2, Huh-7, Calu-3 cell lines were infected with pseudotyped viruses with 12 strains. The infected cell lysates

were analyzed by RLU. The results were represented by ratio of WT to variants. All experiments were performed with 3

duplications independently (mean G SEM).
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observations showed that the B.1.617.1 variant significantly increased syncytia formation compared to WT

(Figure 2D). Notably, only single P681R and triple mutations with P681R showed a significantly increased

fusion efficacy compared toWT (Figure 2D). These results suggest that the B.1.617.1 lineages can form syn-

cytia, mostly attributable to the P681R mutation.

Reduced neutralization activity of vaccine sera

To compare the protective effect of the inactivated vaccine against the wild-type SARS-CoV-2 and the

B.1.167.1 variant, we conducted a neutralization experiment to detect whether the neutralizing antibody

could be induced and whether protection could be effectively established. We serially diluted the serum

samples collected from 28 volunteers at 2 different time points (average 1 month and 3 months after vacci-

nation) (Table 1). Then we detected the neutralizing effect of antibodies in the plasma using a luciferase-

expressing lentiviral pseudotype system. Each vaccine’s serum sample was assayed for neutralization

against B.1.617.1 and WT viruses. Every sample from both the 1-month and the 3-month time points

showed neutralizing activity against B.1.617.1 or WT viruses, but the activity against B.1.617.1 was lower

compared to that of WT (Figures 3A and 3B) (Figures S4 and S5). To determine which amino acid change

in the spike protein of B.1.617 is responsible for the reduction of neutralizing activity, we used pseudovi-

ruses with 8 single mutations, or double mutations (L452R/E484Q) or triple mutations (L452R/E484Q/

P681R) to perform the antibody neutralization experiment. The neutralization curves are presented in

Figures S3 and S4. The results are quantified and tabulated as fold increase or decrease in neutralization

IC50 titers relative to the WT, and a summary can be found in Figure 3B. Relative to neutralization of WT

virus, it can be seen that the neutralization of some (L452R, E484Q, P681R), but not other single mutations

(T95I, G142D, E154K, D614G, Q1071H), was reduced in most serum samples. Especially 89% (25/28) of the

serum samples from both 1 and 3 months after vaccination had more than 2.5-fold reduction in neutralizing

activity against the single mutation E484Q (Figure 3B), indicating that E484Q in B.1.617.1 has an

Figure 2. Biological characteristics of different point mutations in B.1.167.1 strain

(A) B.1.167.1 S protein and ACE2 protein molecular interaction diagram. Different point mutation positions are marked

and displayed. The ACE2 protein is represented in green. The RBD region of the S protein is represented by yellow, and

the spike glycoprotein region is represented by purple.

(B) Analysis of the effect of different point mutations, double mutations, triple mutations and B.1.167.1 variant on the

affinity of S and ACE2. ACE2 protein was coated as an antigen in a 96-well plate, incubated with S protein with different

mutations, and then anti-HA was used as the primary antibody for ELISA detection.

(C) Analysis of different point mutations and B.1.167.1 cleavage of S1 and S2 subunits of S protein. S protein was

determined by western blot of whole pseudotyped virus lysate with anti-HA antibody.

(D) Analysis of the effect of different point mutations and B.1.167.1 variant on cell fusion. After 72 h of infection of 293T-

ACE cells with different strains, cell morphology was observed by fluorescence microscopy.
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appreciable impact on the neutralizing activity of vaccines’ serum. The double mutations (L452R/E484Q) or

triple mutations (L452R/E484Q/P681R) also have an appreciable impact on the neutralizing activity of vac-

cines’ serum. The extent of the decline in neutralizing activity is more evident in Figures 3C–3F. Compared

to WT, the pseudoviruses with B1.617.1, double mutations (L452R/E484Q) or triple mutations (L452R/

E484Q/P681R) showed a significant decrease in the neutralizing activity of vaccines’ sera from both 1

and 3 months (Figures 3C and 3D). The neutralizing activity against the wild-type SARS-CoV-2 or

B.1.617.1, or double mutations (L452R/E484Q), or triple mutations (L452R/E484Q/P681R) was essentially

unchanged when comparing vaccines’ serum from the 1-month and 3-month time points (Figures 3E

and 3F). Besides, in addition to the mutations near the RBD, we further explored whether the three muta-

tions (T95I/G142D/E154K) in the NTD region are synergistically resistant to neutralization by 10 vaccines

randomly selected. The results showed that the neutralizing activity of pseudoviruses containing mutations

in the three NTD regions decreased by 1.66 times and 1.87 times comparedwithWT, respectively, but there

was no significant statistical difference (Figure S6).

Reduced neutralizing activity of COVID-19 convalescent plasma

To evaluate the neutralizing activity of COVID-19 convalescent plasma against the B.1.167.1 variant, we

collected plasma samples from 15 convalescent volunteers obtained from Shanghai Public Health Clinical

Center at 2 different times (average 14 days and 200 days) (Table 1). Similar to inactivated-virus vaccine

sera, we found that plasma samples from all convalescent volunteers had neutralizing activity against

WT or the B.1.167 variant (Figures 4A and S7). These results are summarized as fold increase or decrease

in plasma neutralization IC50 titers in Figure 4B. Every plasma sample was also tested against each mutant

pseudovirus, and those findings are shown in Figure S7 and summarized in Figures 4B and 4C. We found

that mutations in the RBD region, including L452R and E484Q, as well as the P681R mutation near the furin

splice site, significantly reduced the neutralizing activity of plasma from COVID-19 convalescent volunteers

(Figure 4B). It is particularly worth noting that 100% (15/15) of the serum samples collected at either 14 or

200 days had more than 2.5-fold reduction in neutralizing activity against the single mutation E484Q

(Figure 4B). For point mutations in non-RBD regions, including T95I, G142D, E154K, and Q1071H, the

neutralizing activity of IC50 did not demonstrate any significant change compared to the WT strain

(Figures 4B and S7). However, we did find that the IC50 of neutralizing activity against the B.1.617.1 variant

was reduced by 3.65-fold and 5.28-fold compared to WT for the 14-day and 200-day time points, respec-

tively (Figures 4B and 4C). Compared to WT, the pseudoviruses with double mutations (L452R/E484Q) or

triple mutations (L452R/E484Q/P681R) were shown to significantly decrease the neutralizing activity of

convalescent plasma from 14 or 200 days (Figures 4B and 4D). The neutralizing activity against the wild-

type SARS-CoV-2 or B.1.617.1 was significantly reduced in sera from convalescent volunteers between

14 and 200 days (Figures 4C and 4D). Finally, we analyzed the neutralizing activity of the same variant at

different time points. For WT, the B.1.617.1 variant and triple mutations (L452R/E484Q/P681R), we found

that the IC50 of neutralizing activity in the convalescent volunteers’ plasma decreased significantly over

Table 1. Characteristics of study subjects

Characteristics of study subjects

Characteristics COVID-19 convalescent patients BBIBP-CorV inocultors

Number of volunteers 15 28

Age(median,range) 53(33-68) 29.5(22-56)

Gender

Male(%) 6(40%) 14(50%)

Female(%) 9(60%) 14(50%)

Blood sampling interval(median,range) 1st 14.5(9-19) 37.5(19-47)

Blood sampling interval(median,range) 2nd 200.5(189-229) 91(75-100)

Clinical classification

Severe 1 NA

Non-severe 14 NA

Age, sex, sampling interval, and clinical diagnostic information were included for 15 convalescent patients and 28 inactivated-

virus vaccines.
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time (WT: p = 0.005, B.1.617.1: p = 0.0026, and triple mutations: p = 0.0326) (Figures 4E, 4F, and S7), which is

different from what we saw for the vaccines’ sera (Figure 4F). Like the vaccines sera, we also randomly

selected 10 convalescent sera as samples to further explore the changes in the neutralizing activity of pseu-

doviruses containing mutations in the three NTD regions. The results showed that, like the vaccinated, the

neutralizing activity of the sera of the convalescents against the NTD mutation was 1.16 and 1.31 times

lower than that of the wildtype, respectively, but there was no statistical difference (Figure S6).

Reduced neutralization activity of vaccine sera and COVID-19 convalescent plasma for

B.1.1.529

Given that the main virus strain in the world was B.1.1.529, and B.1.1.529 also contains the mutation of

amino acid 484. Therefore, we also want to use our pseudovirus reporting system to explore neutralization

activity of vaccine sera and COVID-19 convalescent plasma for B.1.1.529. We detected the neutralizing ef-

fect of antibodies in the plasma and found that every sample from both the 1-month and the 3-month time

points showed neutralizing activity against B.1.1.529 had more than �4.16 or �7.18-fold reduction

compared to that of WT (Figures 5A and 5B). Similarly, for a random selection of 10 recovered patients,

at different time points, there were also similar results (Figures 5C and 5D). Combined with our B.1.617.1

results, we speculate that the E484A mutation also leads to a significant immune evasion effect of the

B.1.1.529 strain.

DISCUSSION

The recent surge in COVID-19 cases and deaths in India is paralleled by the spread of the novel SARS-CoV-

2 variant B.1.617.1. This variant harbors mutations in the spike protein that might alter important biological

properties of the virus, including the efficiency of entry into target cells and the degree of vaccine protec-

tion. Here, we constructed 12 B.1.617.1-related pseudoviruses using a lentivirus-based system and system-

atically studied the effects of mutations on virus infectivity and neutralization resistance to convalescent

plasma and inactivated-virus vaccine sera. Compared with the Wuhan-1 reference variant, we found that

the B.1.617.1 variant exhibited both higher infectivity and efficient neutralization resistance. In this study,

we also determined which of the B.1.617.1 mutations within the spike protein or their combinations

contribute to this enhanced infectivity and neutralization resistance. Relative to wild-type SARS-CoV-2,

we found that pseudoviruses carrying single mutants (L452R, E484Q, D614G, and P681R) and double

(L452R/E484Q) and triple (L452R/E484Q/P681R) mutations are highly infectious which could be associated

with significantly increased binding affinity between these mutations and ACE2. On the contrary, Ferreira

et al. reported that B.1.617.1 spike bearing L452R, E484Q, and P681R mediates entry into cells with only

slightly reduced efficiency compared to Wuhan-1 (Ferreira et al., 2021). A recent report using a spike

B.1.617.1 with a larger set of mutations found variable entry efficiency relative to wildtype across cell types

(Ferreira et al., 2021). The reason for the inconsistent results could be related to several factors, such as

different infected cells, virus titer and time to assay after pseudovirus infection.

Nonetheless, in the present study, we found that samples from both vaccines and convalescents acquired

neutralizing activity against WT and B.1.617.1 and that the corresponding protective effect lasted for at

least 3–6 months. This reminds us that vaccination with inactivated-virus vaccine is an effective way to fight

Figure 3. B.1.617.1, L452R, E484Q, L452R + E484Q, and L452R + E484Q + P681R pseudoviruses are more

resistant to neutralizing antibody of inactivated-virus vaccine vaccines

(A) Neutralization assay results of 28 vaccines (V01-V28) against WT and B.1.617.1 at 1 and 3 months after inoculation. All

data were obtained from three independent experiments (meanG SEM). The X axis is log10, which represents the plasma

dilution ratio, and the Y axis, which represents the protective efficacy of neutralizing antibody.

(B) Ratios of IC50 of WT to IC50 of all 12 variants of 1 and 3 months represented as a heatmap with darker color implying

greater change (R2.5-fold).

(C) Change in plasma neutralization IC50 values of 28 vaccines from WT to B.1.617.1 at 1 and 3 months after vaccination,

respectively.

(D) Change in plasma neutralization IC50 values of 28 vaccines fromWT to L452R + E484Q and L452R + E484Q+ P681R at 1

and 3 months after vaccination, respectively.

(E) Change in plasma neutralization IC50 values of 28 vaccines at 1 to 3 months after vaccination for WT and B.1.617.1,

respectively.

(F) Change in plasma neutralization IC50 values of 28 vaccines at 1 to 3 months after vaccination for L452R + E484Q and

L452R + E484Q + P681R, respectively. Mean fold changes in IC50 values are written above the p values. Statistical analysis

was performed using a paired t-test. P< 0.05 was considered statistically significant.
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against the SARS-CoV-2 variants such as B.1.617.1. On the other hand, we also found that most vaccinated

individuals and convalescent volunteers showed some level of neutralization resistance to the B.1.617.1

compared to WT, consistent with previous reports (Edara et al., 2021; Ferreira et al., 2021; Hoffmann

et al., 2021a,2021b; Jie et al., 2021; Liu et al., 2021b). For B.1.1.529, we found that all vaccinated individuals

and convalescent volunteers displayed significant immune escape, which is consistent with results reported

by other groups (Dejnirattisai et al., 2022; Cao et al., 2022; Carreño et al., 2022).

Our research focus is to determine which of the B.1.617.1 mutations within the spike proteins, or their com-

binations, contribute to potential neutralization resistance. It is notable that the E484K mutation has

emerged independently in many variants, such as P.1, P.2, B.1.351, B.1.526, B.1.525, and P3 (Baum et al.,

2020; Liu et al., 2021c; Winger and Caspari, 2021). Residue 484 has mutated into a variety of amino acids

under pressure of SARS-CoV-2 convalescent serum (e.g., E484A, E484G, E448D, and E484K). Intriguingly,

both the E484K (Baum et al., 2020; Chen et al., 2021; Liu et al., 2021c; Wang et al., 2021b; Weisblum et al.,

Figure 4. B.1.617.1, L452R, E484Q, L452R + E484Q, and L452R + E484Q + P681R pseudoviruses are more resistant to neutralizing antibody of

convalescent sera

(A) Neutralization assay results of 15 convalescent volunteers (P01-P15) against WT and B.1.617.1 at 14 and 200 days after discharge. All data were obtained

from three independent experiments (mean G SEM). The X axis is log10, which represents the plasma dilution ratio, and the Y axis, which represents the

protective efficacy of neutralizing antibodies.

(B) Ratios of IC50 of WT to IC50 of all 12 variants after 14 and 200 days represented as a heatmap with darker color implying greater change (R2.5-fold).

(C) Change in plasma neutralization IC50 values of 15 convalescent volunteers from WT to B.1.617.1 at 14 and 200 days after discharge, respectively.

(D) Change in plasma neutralization IC50 values of 15 convalescent volunteers from WT to L452R + E484Q and L452R + E484Q + P681R at 14 days and

200 days after discharge, respectively.

(E) Change in plasma neutralization IC50 values of 15 convalescent volunteers at 14 and 200 days after discharge for WT and B.1.617.1, respectively.

(F) Change in plasma neutralization IC50 values of 28 vaccines at 14 and 200 days after discharge for L452R + E484Q and L452R + E484Q + P681R,

respectively. Mean fold changes in IC50 values are written above the p values. Statistical analysis was performed using a paired t-test. P< 0.05 was considered

statistically significant.

Figure 5. Neutralization efficacy of plasma from vaccines and convalescent about B.1.1.529 mutant

(A and B) Change in plasma neutralization IC50 values of 28 vaccines from WT to B.1.1.529 at 1 (A) and 3 months (B) after

vaccination, respectively.

(C and D) Change in plasma neutralization IC50 values of 10 convalescent volunteers from WT to B.1.1.529 at 14 (C) and

200 days (D) after discharge, respectively.
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2020) and E484Q mutations (Ferreira et al., 2021) can contribute to the resistance. All variants of B.1.617.1

harbor the E484Qmutation, further supporting that this mutation can at least partially explain the observed

decreased susceptibility to neutralization by convalescent serum.

The P681R mutation in the S protein of B.1.617.1 lineage is a unique and newly identified mutation. We

found that the P681R mutation facilitates furin-mediated spike cleavage and enhances syncytia formation

compared to WT, which is consistent with previous reports (Weisblum et al., 2020).

In summary, we demonstrated that the B.1.617.1 variant exhibited both higher infectivity and neutralization

resistance. Pseudoviruses carrying single mutations (L452R, E484Q) or double (L452R/E484Q) or triple

(L452R/E484Q/P681R) mutations contribute to a potential neutralization resistance and enhanced infec-

tivity. A major contributor to the neutralization resistance of the B.1.617.1 variant virus appears to be

E484Q. Ultimately, development of new vaccines capable of eliciting broadly neutralizing antibodies

may be necessary to resolve the ongoing pandemic.
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STAR+METHODS

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, Professor Huanzhang Zhu (hzzhu@fudan.edu.cn).

Materials availability

These unique reagents will be made available upon request.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HA antibody Cell Signaling Technology Cat.#:3724; RRID:AB_1549585

goat anti-mouse lgG(H + L) HRP Beyotime Cat.#:A0216; RRID:AB_2860575

HIV-1 p24 antibody Abcam Cat.#:ab63958; RRID:AB_1139522

Flag antibody Cell Signaling Technology Cat.#:8146; RRID:AB_10950495

Chemicals

2 3 Taq Master Mix Vazyme Cat.#:P112

High fidelity PCR enzyme- 2 3 Phanta Max Master Mix Vazyme Cat.#:P515

DMEM HyClone Cat.#:SH300243.01

Fetal Bovine Sera ExCell Bio Cat.#:FSP500

Penicillin/streptomycin Gibco Cat.#:151140163

0.25% Trypsin-EDTA Gibco Cat.#:25200072

Critical commercial assays

luciferase detection kit Yeasen Cat.#:11407ES80

HIV-1 Gag P24 kit R&D Cat.#:7360-05

Experimental models: Cell lines

HEK293T/17 ATCC Cat.#:CRL-3216

Huh-7 CCLV Cat.#:RIE 1079

Calu-3 ATCC Cat.#:HTB-55 BCRJ

293T-hACE2 This paper N/A

Recombinant DNA

pLenti.GFP.NLuc This paper N/A

psPAX2 addgene Cat.#:12260

pcDNA3.1-B.1.617.1 This paper N/A

pcDNA3.1-B.1.1.529 This paper N/A

Software

FlowJo Version 10.0 Tree Star https://www.flowjo.com/

ImageLab software Bio-rad N/A

GraphPad Prism V7.0 GraphPad https://www.graphpad.com
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bioinformatics

200 SARS-CoV-2 whole genome sequences with related lineage information downloaded fromNCBI VIRUS

(https://www.ncbi.nlm.nih.gov/labs/virus) were aligned using alignment tools of NCBI, and a Maximum

Likelihood phylogenetic tree was constructed using the IQ-TREE Web Server (http://iqtree.cibiv.univie.

ac.at/) (Trifinopoulos et al., 2016), employing GTR as the substitution model and 1,000 bootstrap

replications.

Mutation analysis for all genomes was done using CoVsurver: Mutation Analysis of hCoV-19 (https://www.

gisaid.org/epiflu-applications/covsurver-mutations-app/). The frequency of each lineage’s nonsynony-

mous mutations was calculated by considering SARS-CoV-2 isolate WuhanHu-1 as the reference strain.

Several top mutations in the S protein, the crystal structure of which was complexed with ACE2, were ob-

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

studio visualizer 2020.The crystal structure of SARS-CoV-2 spike RBD domain complexed with ACE2(PDB

ID: 6LZG) (Cherian et al., 2021; Wang et al., 2020) was implemented.

Cell culture

HEK293T/17 and Calu-3 cell lines were purchased from ATCC, Huh-7was purchased from CCLV, and the

293T-hACE2 cell line was generated by our lab. These cells all were cultured in Dulbecco’sModified Eagle’s

Medium (DMEM, HyClone, SH300243.01) with 10% Fetal Bovine Sera (FBS, ExCell Bio, FSP500) and 1%

penicillin/streptomycin (Gibco, 151140163) in a 37�C incubator containing 5% CO2. 0.25% Trypsin-EDTA

(Gibco, 25200072) was used to digest cells for subculture.

Antibody and reagents

The following antibodies were used throughout this study: from Cell Signaling Technology (MA, USA), anti-

HA (3427), anti-Flag(8416), fromAbcam (MA, USA), anti-HIV-1 p24 (ab63958), and from Beyotime (Shanghai,

China), goat anti-mouse lgG(H + L) HRP (A0216). 2 3 Taq Master Mix (P112) and High fidelity PCR enzyme-

2 3 Phanta Max Master Mix (P515) were purchased from Vazyme (Nanjing, China). Plasmid Extraction Kits

(DP103, DP108, DP117) were purchased from Tiangen (Beijing, China). The luciferase detection kit

(11407ES80) was purchased from Yeasen (Shanghai, China).

Human plasma

This study was approved by the Ethics Committee of Shanghai Public Health Clinical Center and Fudan Uni-

versity. Human plasma samples were collected from 15 COVID-19 convalescent volunteers which were in-

fected with wild-type Wuhan strains at the Shanghai Municipal Public Health Center and 28 BBIBP-CorV

vaccines from Fudan University. Each volunteer underwent a total of two rounds of blood sampling. For vac-

cines, the first blood sample was taken after the second inoculation. The second blood sample was taken

three months after the vaccination was complete. For COVID-19 convalescent volunteers, the interval of

blood sampling was performed at two follow-up visits after discharge. The first interval was

nearly15 days, and the second interval was nearly 200 days. The detailed information of volunteers is listed

in Table 1.

Construction and production of pseudoviruses

The spike of SARS-CoV-2 and that of all variant plasmids were synthesized by the GeneScript Company. All

S proteins were optimized with 18 amino acids removed and an HA tag attached. The core plasmid, pLen-

ti.GFP.NLuc, that expresses GFP and luciferase at the same time was maintained in our laboratory.

For production of pseudoviruses, HEK293T/17 cells were seeded into 10cm dishes one day before trans-

fection. When the cells reached 80% confluence, plasmid and PEI were added into the Opti-MDM (Gibco),

mixed evenly, and left standing for 20 min pLenti.GFP.NLuc, psPAX2 and the S protein vector were co-

transfected into HEK293T/17 cells to produce the pseudoviruses. After incubation at 37�C and 5% CO2

for 24h, the culture medium was changed with DMEM with 2% FBS and 1% P/S. The supernatants contain-

ing SARS-CoV-2 pseudotyped viruses were harvested at 48 and 72h after transfection and filtered by

0.45mm pore size. The filtrates were centrifuged at 25000rpm and 4�C for 2h. The supernatants were
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discarded, and the pseudovirus stocks were dissolved in DMEM for storage at�80�C (Crawford et al., 2020;

Hyseni et al., 2020; Tan et al., 2020).

Titration of pseudoviruses

The HIV-1 Gag P24 kit (R&D, 7360-05) was used to detect the titration of pseudoviruses (Crawford et al.,

2020). Briefly, the capture antibody was diluted to the working concentration in PBS. A 96-well plate was

coated with 100ul per well of the antibody. The plate was sealed and incubated overnight at room temper-

ature. The 96-well plate was washed by wash buffer 3 times. 300 ul of reagent diluent were added to each

well to block the plate and then incubated at room temperature for 1h. The plate was then washed as the

last step. The standards and detection antibody diluted in reagent diluent were added to each well and

incubated for 2 h at room temperature. The wells were washed 3 times. 100ul of the working dilution of

streptavidin-HRP were added to each well. After incubation for 20 min at room temperature, the plate

was washed again. With the substrate added to each well, the titrations of pseudoviruses were calculated

in GraphPad Prism (Crawford et al., 2020).

Infection assay

To measure the infectivity of pseudoviruses (Hyseni et al., 2020), 1 mL (MOI = 0.1) of the pseudoviruses was

added to a 96-well plate and seeded at 104 cells per well in 100 mL culture medium at 37�C, 5% CO2. After

12–16 h, the culture medium was refreshed, and cells were incubated for an additional 48 h, followed by

photographing and harvesting for the luciferase reporter gene experiment. Briefly, cells were harvested

at 72 h post-infection, and the lysate was assayed for luciferase activity. Triplicate cultures were measured

for each experiment.

Western Blot

20 mL pseudoviruses were harvested, lysed, subjected to SDS PAGE, and then transferred onto nitrocellu-

lose filter (NC) membrane, followed by incubation with indicated primary antibody. Membranes were visu-

alized using the Immun-Star Western Chemiluminescence Kit (Bio-Rad). Images were captured using a

ChemiDoc XRS + System and processed using ImageLab software (Bio-Rad).

Protein purification

The S protein of SARS-CoV-2 pseudoviruses was produced in HEK 293T cells. After the plasmid of S protein

was transfected for 48 h, the cells were collected and lysed. Anti-HA protein A/Gmagnetic beads were then

used for immunoprecipitation and quantified by BCA kit.

Affinity of ACE2 and S protein

ELISA was used to detect the affinity of ACE2 and S protein (Tan et al., 2020). The plate was coated with

100 mL per well of ACE2 protein (Novoprotein, C419). The plate was sealed and incubated overnight at

room temperature. After blocking, the plate was incubated at room temperature for 1 h. The purified S

protein diluted in reagent diluent was added and incubated for 2 h. After washing, 100 mL of the working

dilution of anti-HA were added to each well. Another incubation was performed for 2 h in which goat anti-

mouse IgG HRP was combined with anti-HA to reveal the affinity of ACE2 and S protein with the addition of

substrate.

Flow cytometry

All the cells were washed, resuspended in 100 mL PBS containing specific antibodies and incubated for

30 min at 4�C. Data were acquired on a Beckman Coulter Gallios flow cytometer and analyzed by

FlowJo version 10 (Tree Star, Ashland, OR).

Neutralization assay

A total of 100ul 293T-hACE2 cells were seeded in a 96-well plate at a concentration of 13105/mL cells

(13104 cells per well) and cultured for 12 h. Briefly, each plasma was 10-fold serially diluted with 10%

FBS in DMEM after the first dilution of 1:40. The pseudoviruses with concentration of MOI = 0.25 were

added to 100 mL serial dilutions of plasma and incubated at 37�C for 30 min. The mixture was added to

cultured cells. The culture medium was refreshed after 24 h and incubated for an additional 48 h. Chemi-

luminescence was measured by luciferase assay kit (Chen et al., 2021). Each dilution has 3 duplicates. The

IC50 values were calculated by a three-parameter dose-response inhibition curve in GraphPad Prism 8.
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QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 was used for drawing plots and statistical analysis. Volunteer information was repre-

sented by themedian. T-test was used to analyze the difference between each group. Nonlinear regression

was applied to calculate the IC50. When the p value was less than 0.05, it was considered to be a statistically

significant difference. *p represented p value less than 0.05; **p represented p value less than 0.005;

***p represented p value less than 0.0005; ns represented no significant difference between each group.
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