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SUMMARY

Highly transmissible SARS-CoV-2 variants identified in India and designated
B.1.617, Kappa (B.1.617.1), Delta (B.1.617.2), B.1.618, and B.1.36.29 contain spike
mutations L452R, T478K, E484K, E484Q, and N440K located within the spike recep-
tor-binding domain and thus could contribute to increased transmissibility and
potentially allow re-infection or cause resistance to vaccine-elicited antibody. To
address these issues, we used lentiviruses pseudotyped by variant spikes to mea-
sure their neutralization by convalescent sera, vaccine-elicited and Regeneron ther-
apeutic antibodies, and ACE2 affinity. Convalescent sera and vaccine-elicited anti-
bodies neutralized viruses with Delta spike with 2- to 5-fold decrease in titer in
different donors. Regeneron antibody cocktail neutralized virus with the Delta spike
with a 2.6-fold decrease in titer. Neutralization resistance to serum antibodies and
monoclonal antibodies was mediated by L452R mutation. These relatively modest
decreases in antibody neutralization titer for viruses with variant spike proteins sug-
gest that current vaccines will remain protective against the family of Delta variants.

INTRODUCTION

Despite efforts to contain the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) the virus has
continued to spread throughout the world’s population, generating novel variants with mutations selected
for immunoevasion and increased transmissibility. The variants contain point mutations and deletions in the
spike protein driven by selective pressure for increased affinity for its receptor, ACE2, and escape from neutral-
izing antibody. They have been defined as Variants of Concern or Variants of Interest. The increased transmis-
sibility of the variants is, at least in part, the result of mutations in the spike protein that allow for increased affinity
of the spike protein for ACE2 and/or resistance to antibody neutralization. The N501Y mutation in B.1.1.7 (An-
drew Rambaut et al., 2020; Volz et al., 2021) results in increased affinity for ACE2 (Gu et al., 2020; Liu et al., 20213,
Starr et al., 2020), whereas the E484K mutation in the B.1.351 (Tegally et al., 2020) and P.1 (Faria et al., 2021) spike
proteins provides partial resistance to neutralizing antibodies in recovered individuals and antibodies elicited by
vaccination (Garcia-Beltran et al., 2021; Wang et al., 2021; Wibmer et al., 2021; Wu et al., 2021; Xie et al., 2021).
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B.1.617 and Kappa (B.1.617.1) spike proteins have L452R and E484Q mutations in the RBD in addition to
D614G mutation near the proteolytic processing site (Figures 1A and STA). The Delta (B.1.617.2) spike pro-
tein has L452R and T478K mutations in the RBD in addition to D614G and P618R mutations near the pro-
teolytic processing site (Figures 1A and STA). The B.1.618 spike has E484K in the RBD in addition to D614G
and the N-terminal deletion A145-146 (Figures 1A and STA). Residues 452 and 484 are in the RBD and thus
could play a role inimmunoevasion and/or resistance to antibody neutralization. A145-146 lies in the NTD,
which is known to be a site of monoclonal antibody binding. The Delta (B.1.617.2) spike has both L452R and
T478K mutations in the RBD, whereas the B.1.36.29 variant has a novel N440K mutation (Figures 1A and
S1A). Which of these mutations contribute to increased affinity for ACE2 and antibody neutralization resis-
tance that might account for the increased transmissibility of the variants is not well understood.

To address these questions, we generated lentiviral pseudotypes containing a genome encoding GFP and
luciferase reporters with the B.1.617, Kappa (B.1.617.1), Delta (B.1.617.2), B.1.618, and B.1.36.29 spike pro-
teins and those with the individual point mutations and used these to quantify neutralizing antibody titers.
Titers determined with this approach are highly consistent with those obtained with the live virus plaque
reduction neutralization test (Noval et al., 2021). Immunoblot analysis of transfected pseudotype virus pro-
ducer cells and virus-containing supernatants showed that the variant spike proteins were expressed well,
were proteolytically processed to a similar extent, and were incorporated into lentiviral virions at a level
similar to that of the parental D614G spike protein (Figures S1B and S1C). Analysis of the infectivity of
each virus, normalized for particle number, on ACE2.293T cells showed that the Kappa (B.1.617.1) spike
protein had a >2-fold increase in infectivity, whereas B.1.618 and B.1.36.29 were similar to the D614G spike
(Figure 1B left). Analysis of the individual mutations showed that the increased infectivity of the B.1.617
spikes was attributed to L452R, which itself caused a 3.5-fold increase in infectivity and in combination
with E484Q caused a 2-fold increase. The other point mutations had no significant effect on infectivity
(A145-146, E484K, T478K, P681R) (Figure 1B right). Analysis of the same panel of pseudotyped viruses
on ACE2.A549 cells showed a similar pattern of relative infectivity of each spike protein with an overall
decrease of 50-fold in infectivity on these cells (Figure 1C).

Neutralization of the Delta and related variants by convalescent sera and vaccine-elicited
antibody

To determine the sensitivity of the B.1.617 and B.1.618 pseudotyped viruses to antibody neutralization, we
tested the serum specimens from convalescent patients who had been infected prior to the emergence of
the variants for neutralization of the panel of pseudotyped viruses. The results showed that viruses with the
B.1.617 and B.1.618 spikes were 2- to 4-fold resistant to neutralization by convalescent sera compared with
wild type, a finding that was similar to the 3.6-fold resistance of the B.1.351 variant (Figure 1D). The resis-
tance of B.1.617 was caused by the L452R and E484Q mutations, and B.1.618 resistance was caused by the
E484K mutation, as is the case for B.1.351 (Figure S2A). A145-146 and P681R had no significant effect on
neutralization resistance. B.1.36.29 was neutralized well by the convalescent sera.

To determine the resistance of the variants to neutralization by vaccine-elicited antibodies, we tested sera
from individuals vaccinated with Pfizer BNT162b2 and Moderna mRNA-1273 vaccines for neutralization of
the variant spike pseudotyped viruses. The results showed a similar pattern of resistance to neutralization
as for the convalescent sera except that overall antibody titers were about 5-fold higher (Figures 1E and
S2B). Virus with the B.1.617 spike was about 3- to 5-fold more resistant to neutralization and B.1.618 was
about 4-fold resistant to antibodies in BNT162b2-elicited sera (Figure 1E). Similarly, Moderna mRNA-
1273-elicited sera neutralized virus with B.1.617 and B.1.618 spikes with a 3- to 5-fold decrease in titer (Fig-
ure TF). The resistance was attributed to L452R and E484Q in B.1.617 and E484K in B.1.618 (Figure S2C).

Variant pseudotype neutralization by REGN10933 and REGN10987 monoclonal antibodies

Monoclonal antibody therapy for COVID-19 has been shown to reduce disease symptoms and hospitaliza-
tion (Weinreich et al., 2021). However, the treatment is subject to becoming less effective for patients
infected with a variant in which the epitopes engaged by the antibodies are mutated. To address this ques-
tion, we tested the ability of monoclonal antibodies REGN10933 and REGN 10987 that constitute the Re-
generon REGN-COV?2 therapy to neutralize viruses pseudotyped by the variant spikes. The results showed
that the neutralizing titer of REGN10933 for Kappa (B.1.617.1) and Delta (B.1.617.2) viruses was decreased
by about 20-fold, similar to what was found for virus with the E484K variant spike (Figures 2A, S2D and Table
1), and was decreased on virus with the B.1.618 spike protein 43-fold (Figure 2A, Table 1). The A145-146 and
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Figure 1. Neutralization of spike protein variants by convalescent sera and antibodies elicited by BNT162b2 and
mRNA-1273 vaccine

(A) The domain structure of the SARS-CoV-2 spikes of B.1.617, Kappa (B.1.617.1), Delta (B.1.617.2), B.1.618, and B.1.36.29
is diagrammed. NTD, N-terminal domain; RBD, receptor-binding domain; RBM, receptor-binding motif; SD1 subdomain
1, SD2, subdomain 2; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; TM, transmembrane region; IC,
intracellular domain.

(B) Infectivity of virus pseudotyped by B.1.617, Kappa (B.1.617.1), Delta (B.1.617.2), B.1.618, B.1.36.29 variant spikes and
no envelope (no Env) pseudotyped lentivirus in ACE2.293T cells. Expression vectors for the variant spike proteins were
generated and used to produce pseudotyped viruses. Viruses were normalized for RT activity and applied to target cells.
Infectivity of viruses pseudotyped with the B.1.617, B.1.618, and B.1.36.29 spike protein (left) or individual mutations
(right) was tested on ACE2.293T cells. The experiment was done three times with similar results. (***p < 0.001, ****p <
0.0001).

(C) Infectivity of virus pseudotyped by B.1.617, Kappa (B.1.617.1), Delta (B.1.617.2), B.1.618, B.1.36.29 variant spikes and
no envelope (no Env) pseudotyped lentivirus in ACE2.A549 cells. Infectivity of viruses pseudotyped with the B.1.617,
B.1.618, and B.1.36.29 spike protein (left) or individual mutations (right) was tested on ACE2.A549 cells. The experiment
was done three times with similar results. (****p < 0.0001).

(D) Neutralization of viruses pseudotyped by A19 (dark), D614G (gray), B.1.1.7 (red), B.1.351 (blue), B.1.617 (yellow),
B.1.618 (light blue), and B.1.36.29 (pink) spikes by convalescent serum samples from 10 donors was tested. Each dot
represents the IC50 for a single donor. The experiment was done three times with similar results. (****p < 0.0001).
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Figure 1. Continued

(E) Neutralizing titers of serum samples from BNT162b2 vaccinated individuals (n = 16) was measured. IC50 of
neutralization of virus from individual donors is shown. Significance was based on two-sided testing (****p < 0.0001). The
experiment was done three times with similar results.

(F) Neutralizing titers of serum samples from mRNA-1273 vaccinated donors (n = 6) was measured. IC50 of neutralization
of virus from individual donors are shown. Significance was based on two-sided testing. (****p < 0.0001). The experiment
was done three times with similar results.

P681R mutations had no effect on neutralizing titer. REGN 10987, which is less subject to the effect of variant
mutations, neutralized viruses with the Kappa (B.1.617.1) spike or with the L452R mutation with an approx-
imate 3-fold decrease in titer (Figures 2B, S2E and Table 1). The REGN10933 and REGN10987 cocktail
neutralized virus with the Kappa (B.1.617.1) and Delta (B.1.617.2) spikes with a 2- to 7-fold decreased titer,
whereas the neutralizing titer of virus with the B.1.618 spike was unchanged (Figures 2C, S2F and Table 1).
To test for possible synergy, we tested cocktails containing different ratios of the two monoclonal anti-
bodies. We found no apparent synergy and optimal neutralization at a ratio of 1:1 (Figure S2G).

B.1.617, B.1.618 have increased affinity for ACE2

To determine whether the increased transmissibility of the variants could be caused by increased affinity for
ACE2, we measured the relative ACE2 affinities of virion avidity using an assay we have previously reported,
in which pseudotyped viruses were incubated with soluble ACE2, and then tested for infectivity on
ACE2.293T cells. The results showed a 6-fold increase in the avidity of B.1.617 spikes for ACE2 (Figures
2D, 2E and 2F). The spike and sACE2-Nluc binding assay showed around 3- to 4-fold increased binding
of B.1.617 spikes and ACE2 (Figure 2G). Variants with L452R showed a 3.7-fold increase in ACE2 affinity.
T478K, E484Q, E484K caused smaller 1.3- to 1.4-fold increases in affinity. The findings suggest that the
L452R mutation in the spike RBD increases virus binding to ACE2, likely contributing to the increased trans-
missibility of the variants.

DISCUSSION

We show here that the serum neutralizing antibody titers elicited by BNT162b2 and mRNA-1273 vaccina-
tion against the B.1.617 and B.1.618 variants showed only a modest 2- to 5-fold decrease. Average serum
neutralizing antibody titers were approximately 1:500, which is higher than that of individuals who have
recovered from infection with the earlier unmutated virus. According to the model of Khoury et al., 50% pro-
tection is achieved with a neutralizing antibody titer that is 20% of the mean convalescent serum titer
(Khoury et al., 2021). In our study, 20% of the mean titer from convalescent serum was approximately 60,
and thus the model predicts that the neutralizing antibody titers achieved by vaccination will provide a
high degree of protection against infection with the two variants.

The neutralization resistance to the vaccine-elicited antibody was mapped to the L452R, E484Q, and
E484K mutations. The L452R mutation was found to result in increased affinity of the spike protein for
ACE2, which is likely to have been the selection for the mutation in the virus. Amino acid 452 does
not directly contact ACE2 but is located in proximity to a negatively charged patch in ACE2 (E35, E37,
and D38) (Motozono et al.,, 2021). The introduction of a positive charge by the L452R mutation may in-
crease electrostatic complementarity resulting in increased affinity for ACE2. The L452R mutation is pre-
sent in the California B.1.427/B.1.429 variant and was found to cause a 2-fold increase in virus shedding
by infected individuals, increased infectivity in cell culture, and a 4- to 6.7-fold and 2-fold decrease in
neutralizing titer by the antibodies of convalescent and vaccinated donors, respectively (Deng et al.,
2021).

Table 1. Neutralization of viruses by REGN10933, REGN10987, and REGN10933 + REGN 10987 antibodies

IC50 (ng/mL)
A19 D614G B.1.351 B.1.617.1 B.1.617.2 B.1.618 B.1.36.29

REGN10933 3.9 3.2 424.6 78.8 62.1 139.8 1.4
REGN10987 13.9 50.3 73.5 151.7 28.2 31.4 1.4
REGN10933 + REGN10987 3.7 8.1 14.6 5588 20.1 11.8 3.4
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Figure 2. Neutralization of spike protein variants by monoclonal antibodies REGN10933 and REGN10987 and soluble ACE2

(A-C) Neutralization of B.1.617 and B.1.618 spike protein variants by REGN10933 and REGN10987. Neutralization of D614G, B.1.351, Kappa (B.1.617.1),
Delta (B.1.617.2), B.1.618, B.1.36.29 pseudotyped viruses by REGN10933 (A), REGN10987 (B), and 1:1 mixture of REGN10933 and REGN10987 (C) was
measured. The experiment was done twice with similar results.

(D) Neutralization of B.1.617, B.1.618, and B.1.36.29 spike proteins and individual mutated spike variants by soluble ACE2 (sACE?2). Viruses pseudotyped with
variant spike proteins were incubated with a serially diluted recombinant sACE2 and then applied to ACE2.293T cells. Each plot represents the percent
infectivity of D614G (black) and B.1.617 and B.1.618 (red) pseudotyped virus. The experiment was done twice with similar results.

(E) The histogram shows the calculated IC50 for each curve from (D). (*p < 0.05).

(F) Soluble ACE2 protein binds to variant spikes with high avidity. Variant spikes were transiently expressed in HEK293T cells for 1 day. sACE2-Nluc protein,
2.5 pg, was then incubated with equal variant spikes-expressing cells for 30 min. Cells were washed twice with PBS and followed by measurement of
luciferase activity. Relative luciferase unit 10° counts from non-transfected cells were subtracted in each group. Cell lysates of variant spike-expressing cells
were probed with anti-spike and anti-GAPDH antibodies. (*p < 0.05, **p < 0.01).

(G) Soluble ACE2 proteins bind with high affinity to SARS-CoV-2 pseudotyped virions. Nickel agarose beads were coated with different amounts (1, 0.5, and
0.1 ng) of soluble ACE2 proteins (sSACE2). D614G, N501Y, L452R, Kappa (B.1.617.1), and Delta (B.1.617.2) SARS-CoV-2 pseudotyped virions were incubated
with the beads. After 1 h of incubation, the bound virions were analyzed on an immunoblot probed with antibody p24 antibody. Input virions were analyzed
on an immunoblot probed with anti-p24 antibody. The experiment was done twice with similar results.

The degree of resistance of B.1.617, Kappa (B.1.617.1), Delta (B.1.617.2), and B.1.618 we found was similar
to that of B.1.351, P.1, and the New York B.1.526 (E484K) variants. The E484K mutation in the B.1.351,
B.1.526, and P.1 spike proteins has been shown to cause partial resistance to neutralization (Garcia-Beltran
etal., 2021; Tada et al., 2021; Wang et al., 2021; Wibmer et al., 2021; Wu et al., 2021; Xie et al., 2021). Mu-
tation of the same position, E484Q, in B.1.617 and Kappa (B.1.617.1) caused a 2- to 4-fold decrease of
neutralization by serum, demonstrating the importance of this residue as an epitope for antibody recog-
nition. Our findings are similar to those of Wall et al. who found that both Delta (B.1.617.2) and B.1.351
were partially resistant to neutralization (Wall et al., 2021); some previous reports found that Delta
(B.1.617.2) was highly sensitive to neutralization by mRNA vaccine-elicited serum antibody (Choi et al.,
2021; Liu et al., 2021b; Planas et al., 2021). The reason for this difference is not clear, but it could be caused
by differences in the study population or the time point post infection at which sera were collected (Choi
et al., 2021; Liu et al., 2021b; Planas et al., 2021).

The B.1.617 and B.1.618 variants were partially resistant to REGN10933, one of the two monoclonal anti-
bodies constituting the REGN-COV2 therapy, and virus with the B.1.617 spike was also partially resistant
to the antibody cocktail. Viruses with the B.1.617 and B.1.618 spikes were partially resistant to neutraliza-
tion, with an average 3.1-fold and 4.2-fold decrease in IC50 for convalescent sera and antibodies elicited
by Pfizer and Moderna mRNA vaccines, respectively.

The analyses in this study were limited to the mRNA-based vaccines; it will be of interest to determine
whether vector-based and protein-based vaccines induce a similar resistance profile. Although novel var-
iants may emerge that are more resistant to vaccine-elicited antibody and more difficult to protect against,
this has not yet occurred. The mRNA vaccines induce a robust T cell response to spike protein epitopes,
which is more resistant to mutational alterations found in the variants (Gallagher et al., 2021; Sahin et al.,
2020), and thus provide a second level of vaccine protection against current and future variants that may
emerge. The findings reported here highlight the importance of widespread adoption of vaccination,
which will protect from disease, will decrease virus spread, and slow the emergence of novel variants.

Limitations of the study

The number of donor sera analyzed in this study was sufficient to provide statistically significant data, but
analysis of large number would have achieved higher confidence level and accuracy. The study number of
sera analyzed was restricted by the number of subjects enrolled in the clinical studies at the NYULH Vaccine
Center. Neutralizing antibody titers were determined at a single time point post vaccination. It will be of
interest to test later time points to gauge the durability of antibody titers. The donors analyzed were re-
cruited from a single medical center. As a result, donor sampling could introduce a bias that could account
for the differences in results obtained in other studies that analyzed donors at different geographic loca-
tions and with different ethnicities, ages, or medical histories.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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IRB 20-00595 and IRB 18-02037

Chemicals, peptides, and recombinant proteins

Soluble ACE2 This paper N/A

Critical commercial assays

Nano-Glo® Luciferase Assay System Promega Cat# N1120
Nickel-nitrilotriacetic acid-agarose beads QIAGEN Cat# D-40724
Experimental models: Cell lines

2937 ATCC N/A
ACE2.293T This paper N/A
ACE2.A549 This paper N/A
Software and algorithms

MacVector ver 17.0.0 (27) MacVector Inc N/A
GraphPad Prism 8 Software GraphPad Prism Software, Inc. N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Nathaniel R. Landau (nathaniel.landau@med.nyu.edu).

Materials availability

All unique DNA constructs, proteins and pseudotyped virus generated in this study are available from the

Lead Contact upon request.

Data and code availability

Additional information and data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Plasmids

pLenti.GFP.NLuc based on pLenti.CMV.GFP.puro containing a GFP/nanoluciferase cassette separated by
a picornavirus P2A self-processing amino acid motif cloned into the BamH-I and Sal-I sites (Addgene
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plasmid #17448, provided by Eric Campeau and Paul Kaufman). pcCOV2.A19S is based on pCDNAG in
which the CMV promoter drives transcription of a synthetic, codon-optimized SARS-CoV-2 spike gene
based on Wuhan-Hu-1/2019 with a termination codon at position 1255 that deletes the carboxy-terminal
19 amino acids. B.1.617, Kappa (B.1.617.1), Delta (B.1.617.2), B.1.618 and B.1.36.29 spike mutations were
introduced into pcCOV2.A19.D614G.S by overlap extension PCR and confirmed by DNA nucleotide
sequencing. Plasmids used in the production of lentiviral pseudotypes (pMDL and HIV-1 Rev expression
vector pRSV.Rev) have been previously described (Tada et al., 2021). sACE2-Nluc was introduced into
pcDNAG by overlap extension PCR and confirmed by DNA nucleotide sequencing.

Human Sera

Convalescent serum samples were taken from patients who had positive COVID-19 PCR tests between 32
to 57 days post-symptom onset. Sera from BNT162b2 or Moderna-vaccinated individuals were collected on
day 28 and 35, respectively, 7 days post-second immunization, at the NYU Vaccine Center with written con-
sent under IRB approved protocols (IRB 18-02035 and IRB 18-02037). Donor age and gender were not
reported.

Cells

293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S) at 37°C in 5% CO,. ACE2.293T and ACE2.A549
are clonal cell-lines that stably express a transfected human ACE2. The cells were maintained in DMEM/
1 ng/ml puromycin/10% FBS/1% P/S.

METHOD DETAILS

SARS-CoV-2 spike lentiviral pseudotypes

Lentiviral pseudotypes with variant SARS-CoV-2 spikes were produced by cotransfecting 293T cells with
pMDL, pLenti.GFP-NLuc, pcCoV2.S (including variant spikes) and pRSV.Rev at a mass ratio of 4:3:4:1 by cal-
cium phosphate coprecipitation. Virus lacking an envelope glycoprotein (No Env) was produced by using
pcDNAG in place of pcCoV2.S. The viruses were concentrated by ultracentrifugation and normalized for
reverse transcriptase (RT) activity as previously described (Tada et al., 2021).

SARS-CoV-2 pseudotypes infectivity assay

ACE.293T or ACE2.A549 cells were plated in a 96 well tissue culture dish at 1 X 10% cells/well. Cells were
infected with pseudotyped virus normalized for RT activity at MOI=0.2. After 2 days, the culture medium
was removed, Nano-Glo luciferase substrate (Promega) was added and plate was read in an Envision
2103 microplate luminometer (PerkinElmer). To determine neutralizing antibody titers, sera or monoclonal
antibodies were serially diluted 2-fold and then incubated with pseudotyped virus (approximately 2.5 X 107
cps) for 30 minutes at room temperature and then added to target cells. After 2 days, medium was
removed, same amount of fresh medium and Nano-Glo luciferase substrate (Promega) was added and
transferred to a microtiter plate which was read in an Envision 2103 microplate luminometer (PerkinElmer).

Soluble ACE2 neutralization assay

Serially diluted recombinant sSACE2 protein prepared from transfected CHO cells was incubated with pseu-
dotyped virus for 30 minutes at room temperature and added to 1 X 10* ACE2.293T cells. After 2 days, lucif-
erase activity was measured using Nano-Glo luciferase substrate (Nanolight) in an Envision 2103 microplate
luminometer (PerkinElmer).

Virion-sACE2 pull-down assay

Different amounts (1, 0.5 and 0.1 pg) of sSACE2 was incubated with 30 pl of nickel-nitrilotriacetic acid-
agarose beads (QIAGEN). After 1 hour of incubation, beads were washed with PBS, then added 30 pl of
virus. Post 1 hour of incubation, the beads were washed, and bound protein was eluted with Laemmli
loading buffer. The proteins were analyzed on an immunoblot probed with anti-p24 mAb (AG3.0) and
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG secondary antibody (Sigma-Aldrich).
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Spike-sACE2-Nluc binding assay

HEK293T cells were transfected with variants spike expression vectors by lipofectamine 2000 (Invitrogen).
2.5 pg purified sACE2-Nuc protein prepared from transfected CHO cells was incubated with variant spikes-
expressing cells for 30 minutes. Free sSACE2-Nuc protein was washed away with PBS twice and luciferase
substrates were added to the cells. Luciferase activity was measured using Nano-Glo luciferase substrate
(Nanolight) in an Envision 2103 microplate luminometer (PerkinElmer).

Immunoblot analysis

Spike proteins were analyzed on immunoblots probed with transfected cells that were lysed in buffer con-
taining 50 mM HEPES, 150 mM KCI, 2 mM EDTA, 0.5% NP-40, and protease inhibitor cocktail. Protein
(40 pg) was separated by SDS-PAGE. The proteins were transferred to polyvinylidene difluoride mem-
branes and probed with anti-spike mAb (1A9) (GeneTex), anti-p24 mAb (AG3.0) and anti-GAPDH mAb
(Life Technologies) followed by goat anti-mouse HRP-conjugated secondary antibody (Sigma). The pro-
teins were visualized by luminescent substrate (Millipore) on iBright CL1000.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were in technical duplicates or triplicates and the data were analyzed using GraphPad
Prism 8. Statistical significance was determined by the two-tailed, unpaired t-test. Significance was based
on two-sided testing and attributed to p < 0.05. Confidence intervals are shown as the mean + SD or SEM.
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). The PDB file of D614G SARS-CoV-2 spike protein
(PDB: 7BNM) (Benton et al., 2021) was downloaded from the Protein Data Bank. 3D view of protein was ob-
tained using PyMOL.
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