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David D. Ho,2 and Joseph G. Sodroski1,3,5,*

SUMMARY

We compared the functional properties of spike (S) glycoproteins from the orig-
inal SARS-CoV-2 strain (D614) (Wuhan, China), the globally dominant D614G
strain, and emerging geographic variants: B.1.1.7 (United Kingdom), B.1.351
(South Africa), P.1 (Brazil), and B.1.1.248 (Brazil/Japan). Compared with
D614G, the emerging variants exhibited an increased affinity for the receptor,
ACE2, and increased ability to infect cells with low ACE2 levels. All variants
lost infectivity similarly at room temperature and 37�C; however, in the cold,
B.1.1.7 was more stable, and P.1 and B.1.1.248 were less stable. Shedding of
the S1 glycoprotein from the S contributed to virus inactivation in the cold.
B.1.351, P.1, and B.1.1.248 were neutralized by convalescent and vaccinee sera
less efficiently than the other variants. S glycoprotein properties such as require-
ments for ACE2 levels on the target cell, functional stability in the cold, and resis-
tance to host neutralizing antibodies potentially contribute to the outgrowth of
emerging SARS-CoV-2 variants.

INTRODUCTION

The COVID-19 pandemic caused by the SARS-CoV-2 coronavirus has severely impacted global health,

world economy, and quality of life (Hu et al., 2021; Nicola et al., 2020; Wang et al., 2020). Over the past

several months, intensive efforts have been placed on vaccine production and distribution, raising hope

for the possibility of curtailing and controlling the virus’ spread (Krammer, 2020; Ng et al., 2020). Multiple

vaccine approaches employing SARS-CoV-2 spike (S) glycoprotein immunogens have demonstrated signif-

icant clinical efficacy (Anderson et al., 2020; AstraZeneca, 2021; Baden et al., 2021; Johnson, 2021; Novavax,

2021; Polack et al., 2020; Voysey et al., 2021; Xia et al., 2021). Although the results are promising, the virus

has continued to evolve; as early as November 2020, the first reports of global variants with higher trans-

missibility rates were released (du Plessis et al., 2021; Kupferschmidt, 2021). Changes in the genome result-

ing from the replication of RNA viruses such as SARS-CoV-2 are not unexpected, but indications that these

new strains of SARS-CoV-2 exhibit increased transmissibility, pathogenicity, and/or susceptibility to

neutralizing antibodies are concerning (Davies et al., 2021a, 2021b; Tegally et al., 2020). Consequently,

the Centers for Disease Control and Prevention has designated several newly emergent strains (B.1.1.7,

B.1.351, P.1, and B.1.427) as ‘‘variants of concern’’ (CDC, 2021).

Shortly after the beginning of the COVID-19 pandemic, a SARS-CoV-2 strain with a D614G alteration in the

S glycoprotein arose that exhibited greater S stability and infectivity than the original virus from Wuhan,

China (Korber et al., 2020; Li et al., 2020; Zhang et al., 2020, 2021). The D614G variant quickly became glob-

ally dominant (Korber et al., 2020). Additional SARS-CoV-2 variants have emerged as descendants of this

D614G strain, including B.1.1.7 (identified in the United Kingdom), B.1.351 (identified in South Africa),

P.1 (prevalent in Brazil), and B.1.1.248 (identified in travelers to Japan from Brazil) (Fujino et al., 2021; Kup-

ferschmidt, 2021; National Institute of Infectious Diseases, 2021; Tegally et al., 2020). Studies have demon-

strated that the observed changes in the S glycoproteins of these variants decrease the sensitivity of the

virus to neutralization by monoclonal antibodies or vaccine-induced antisera (Hoffmann et al., 2021;

Wang et al., 2021a, 2021b, 2021c). Clinical trials of some vaccines have suggested a reduction in efficacy

against the B.1.351 variant (Voysey et al., 2021; Wang et al., 2021d; Wu et al., 2021).

1Department of Cancer
Immunology and Virology,
Dana-Farber Cancer Institute,
Department of Microbiology,
Harvard Medical School,
Boston, MA 02215, USA

2Aaron Diamond AIDS
Research Center, Columbia
University Vagelos College of
Physicians and Surgeons,
New York, NY 10032, USA

3Department of Immunology
and Infectious Diseases,
Harvard T.H. Chan School of
Public Health, Boston, MA
02215, USA

4These authors contributed
equally

5Lead contact

*Correspondence:
joseph_sodroski@dfci.
harvard.edu

https://doi.org/10.1016/j.isci.
2021.103393

iScience 24, 103393, November 19, 2021 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:joseph_sodroski@dfci.harvard.edu
mailto:joseph_sodroski@dfci.harvard.edu
https://doi.org/10.1016/j.isci.2021.103393
https://doi.org/10.1016/j.isci.2021.103393
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103393&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Although each of the emerging SARS-CoV-2 variants exhibits changes throughout their proteome, such

changes particularly cluster in the S glycoprotein, the viral surface protein that mediates virus entry and

thus represents the predominant target of antibodies. The coronavirus S is a glycosylated trimer composed

of two subunits, S1 and S2 (Bosch et al., 2003). The receptor-binding S1 subunit is relatively exposed,

whereas much of S2 is buried as a transmembrane subunit. As such, neutralizing antibody responses are

primarily directed against the S1 subunit (Isho et al., 2020). The S1 subunit is further subdivided into an

N-terminal domain (NTD) and receptor-binding domain (RBD), both of which are targets of neutralizing an-

tibodies (Liu et al., 2020).

Several studies have examined the impact of S variation in emerging SARS-CoV-2 strains on virus suscep-

tibility to host antibody responses (Hoffmann et al., 2021; Wang et al., 2021a, 2021b, 2021c), but fewer

studies have examined the functional properties of the mutant S glycoproteins. The multitude of changes

in the S glycoproteins that become fixed in these variants supports their potential importance to transmis-

sion, pathogenesis, and/or immune evasion. Indeed, some of the observed changes enhance S glycopro-

tein binding to the receptor, angiotensin-converting enzyme 2 (ACE2) (Gobeil et al., 2021; Laffeber et al.,

2021).

Here, we examine the functional properties of the S glycoproteins of the emerging SARS-CoV-2 variants

B.1.1.7, B.1.351, P.1, and B.1.1.248. Using vesicular stomatitis virus (VSV) and human immunodeficiency

virus (HIV-1) pseudotypes, we evaluated the expression, post-translational processing, infectivity, stability

at various temperatures, and sensitivity to neutralization of the variants. The overall level of expression,

processing. and glycosylation of the variant S glycoproteins in cell lysates and pseudovirus particles

were similar to those of the original (D614) SARS-CoV-2 strain from Wuhan, China. Notably, compared

with the D614 S glycoprotein, the S glycoproteins of the emerging variants required less ACE2 receptor

expression on the target cell to mediate virus entry. This enhanced infection efficiency was in part ex-

plained by a 2- to 9-fold increase in ACE2 binding affinity. Although the infectivity of the S glycopro-

tein-pseudotyped viruses decayed comparably at room temperature (RT) and 37�C, marked differences

in susceptibility to cold inactivation, which reflects the stability of the trimeric S, were observed. At

0�C, P.1 and B.1.1.248 spontaneously shed the S1 glycoprotein from the trimer and lost infectivity,

whereas B.1.1.7 exhibited greater S stability and was more resistant to cold inactivation than D614.

The authentic B.1.1.7 SARS-CoV-2 variant resisted cold inactivation more than the other viruses tested.

Soluble ACE2 (sACE2) binding at 37�C resulted in the shedding of the S1 glycoprotein from the trimer

of all strains tested; however, strain-dependent differences in sACE2-induced shedding were observed

at 0�C. Finally, the B.1.351, P.1, and B.1.1.248 pseudoviruses were more resistant to neutralization by

sera from convalescent American COVID-19 patients than the other variants tested. The B.1.351 variant,

in the context of pseudovirus and authentic SARS-CoV-2, was less sensitive to neutralization by sera from

recipients of the Moderna COVID-19 vaccine. These unique properties of the S glycoproteins potentially

influence the transmissibility, prevention. and pathogenesis of the emerging SARS-CoV-2 variants.

RESULTS

S glycoprotein processing, subunit association, and incorporation into virus particles

In this study, we compare the functional phenotypes of the S glycoproteins of the newly emergent SARS-

CoV-2 variants B.1.1.7, B.1.351, P.1, and B.1.1.248 with those of the early/founder virus (D614) and the glob-

ally prevalent D614G variant (Korber et al., 2020; Volz et al., 2021). Figure 1A shows the amino acid substi-

tutions found in the emerging S glycoproteins relative to the D614 strain. The more recently emerged

B.1.1.7, B.1.351, P.1, and B.1.1.248 variants are the offspring of the D614G strain and therefore all contain

the D614G change. The B.1.1.7 variant, first identified in Southeast England in September 2020 and now the

dominant strain in the United Kingdom (Kupferschmidt, 2021), has 8 additional S glycoprotein changes,

including 2 deletions in the NTD and an N501Y change in the RBD. The B.1.351 variant emerged in South

Africa in October 2020 (Tegally et al., 2020) and has 9 S glycoprotein changes in addition to D614G,

including three in the RBD and several in the NTD. The P.1 variant is prevalent in Brazil; in addition to

D614G, P.1 has 10 changes, three of which are similar to those in the RBD of B.1.351 (Fujino et al., 2021).

P.1 also has five changes in the NTD, two of which introduce new potential N-linked glycosylation sites.

Compared with the P.1 variant, the B.1.1.248 variant, which was identified in travelers to Japan from Brazil,

has one change in HR2 (National Institute of Infectious Diseases, 2021).
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We studied the expression, processing, subunit association, and incorporation into pseudotyped virus par-

ticles of the variant SARS-CoV-2 S glycoproteins. We generated VSV and lentivirus (HIV-1) particles as pre-

viously described (Schmidt et al., 2020). The D614 and variant S glycoproteins were expressed in 293T cells

followed by VSVDG infection or were expressed in combination with lentiviral vector constructs. Subse-

quently, the S glycoproteins in the cell lysates and on the VSV/lentiviral particles were examined byWestern

blot. The uncleaved S precursor, as well as the cleaved S1 and S2 proteins, were evident in the cell lysates

and on VSV/lentiviral particles (Figure 1B). The majority of the S glycoproteins incorporated into VSV/len-

tiviral particles were cleaved into S1 and S2, whereas a higher ratio of uncleaved S precursor was present in

the cell lysates. Most of the variant S glycoproteins were processed and incorporated into viral particles

comparably; the proteolytic processing of D614G was slightly more efficient than that of D614 (Figure 1C),

CB

A

D

Figure 1. Processing, subunit association, and incorporation into virus particles of SARS-CoV-2 variant S glycoproteins

(A) A schematic representation is shown in the upper figure of the wild-type (D614) S glycoprotein from the SARS-CoV-2 strain responsible for the initial

outbreak in Wuhan, Hubei province, China. The NTD, RBD, and subdomains 1 and 2 (SD1 and SD2) of the S1 glycoprotein are indicated. The fusion peptide

(FP), heptad repeat regions (HR1 and HR2), central helical region (CH), connector domain (CD), transmembrane region (TM), and cytoplasmic tail (CT) of the

S2 glycoprotein are indicated. The amino acid changes in the indicated SARS-CoV-2 natural variants are shown in the diagrams beneath the schematic.

(B) HEK293T cells producing VSV (upper panels) and lentiviral (lower panels) particles pseudotyped with the indicated SARS-CoV-2 S glycoproteins were

used to prepare cell lysates (left panels) and viral particles (right panels), which wereWestern blotted with rabbit anti-S1 and anti-S2 antibodies. The samples

were also Western blotted with anti-VSV NP (upper panels), anti-HIV p17/p24/p55 (lower panels), and anti-GAPDH antibodies. The Western blots shown are

representative of those obtained in four independent experiments. Cells transfected with the pcDNA3.1 vector were used as a negative control.

(C) Processing indices were calculated fromWestern blots of cell lysates frommultiple experiments, as described (Nguyen et al., 2020). The processing index

of each S glycoprotein variant was compared with that of D614 using a Student’s unpaired t test (*p < 0.05; ns – not significant). Data are represented as

mean G SEM.

(D) The intensities of the S1 and S2 glycoprotein bands in Western blots derived from four independent experiments described in (B) were measured. The

average S1/S2 ratio was calculated and compared with that of D614G. Statistical analysis was performed using a Student’s unpaired t test (*p < 0.05). Data

are represented as mean G SEM.

ll
OPEN ACCESS

iScience 24, 103393, November 19, 2021 3

iScience
Article



as has been previously seen (Nguyen et al., 2020). The S1/S2 ratio on VSV and lentiviral particles was higher

for B.1.1.7 than that of the D614 and other variants (Figure 1D), suggesting a tighter association of the

B.1.1.7 S1 glycoprotein with the viral S.

Glycosylation of the severe acute respiratory syndrome coronavirus 2 S glycoprotein variants

To study the glycosylation of the SARS-CoV-2 D614 and variant S glycoproteins, cell lysates and VSV/lenti-

viral particles from S-expressing 293T cells were treated with PNGase F and Endo Hf. PNGase F removes

almost all types ofN-linked glycosylation, including high-mannose, hybrid, bi-, tri-, and tetra-antennary gly-

cans, whereas Endo Hf selectively removes high-mannose and some hybrid types of N-linked carbohy-

drates. The glycosylation patterns of S glycoproteins on pseudotyped VSV particles (Figure 2A) and lenti-

viral particles (Figure 2B) were similar. S glycoprotein precursors in 293T cell lysates were mainly modified

by high-mannose glycans. In contrast, the cleaved S1 and S2 glycoproteins contained mostly complex car-

bohydrates. The ratio of cleaved:uncleaved S glycoproteins in viral particles was increased compared with

that in cell lysates. Multiple S1 and S2 bands from the cell lysate samples treated with glycosidases were

detected, indicating diverse post-translational modification of the S1 and S2 subunits. Following PNGase

F digestion, the S2 glycoproteins incorporated into virus particles were more homogeneous than those in

cell lysates.

The untreated and the Endo Hf-treated S1 from P.1 and B.1.1.248 migrated slightly slower than that of

D614G. The two additional potential N-linked glycosylation sites created by the T20N and R190S changes

in the NTDs of P.1 and B.1.1.248 S1 glycoproteins likely account for the observed higher molecular weight.

B.1.1.7 S1, which has a deletion of three amino acids relative to D614G, as well as the S2 glycoprotein of P.1

and B.1.1.248, also migrated slower after Endo Hf but not PNGase F treatment, highlighting their addi-

tional modification by complex carbohydrates compared with that of D614G.

Analysis of authentic SARS-CoV-2 particles confirmed that the vast majority of the S, S1, and S2 glycopro-

teins incorporated into virions are modified by complex carbohydrates for all strains examined (Figure 2C).

Cell-cell fusion and virus infection mediated by the S glycoproteins of emerging SARS-CoV-2

variants

We examined the efficiency of cell-cell fusion mediated by the D614 and variant S glycoproteins. We used

two platforms to study this function, an alpha-complementation assay and a Tat-based assay. In the former

assay, COS-1 effector cells transiently expressing ⍺-gal and the S glycoprotein were co-cultured for 10 h

with 293T target cells transiently expressing u-gal and human ACE2, allowing quantitation of cell-cell

fusion by measurement of b-galactosidase activity (Nguyen et al., 2020). In the latter assay, 293T cells ex-

pressing Tat and the S glycoprotein were used as donor cells, while TZM-bl cells stably expressing human

ACE2 (TZM-bl-ACE2) were used as recipient cells. Cell-cell fusion of the cocultured donor and recipient

cells results in the activation of luciferase by HIV-1 Tat. In both systems, the SARS-CoV-2 S glycoprotein var-

iants mediated nearly equivalent levels of cell-cell fusion (Figure 3A). The relative cell-cell fusion activities of

the S glycoprotein variants were not changed by varying target cell ACE2 levels (Figure S1) or by cocultur-

ing the donor and recipient cells for longer periods of time (data not shown).

To investigate the ability of the variant SARS-CoV-2 S glycoproteins to mediate virus entry, we conducted a

single-round infection of target cells by S-pseudotyped VSV and lentiviral particles, as previously described

(Schmidt et al., 2020). Infection by VSV pseudotypes was measured on Vero-E6 and 293T-ACE2 cells (Fig-

ure 3B), and infection by lentivirus pseudotypes was measured only on 293T-ACE2 cells, as HIV-1 cannot

infect Vero-E6 cells. Consistent with previous reports (Korber et al., 2020; Li et al., 2020; Nguyen et al.,

2020; Zhang et al., 2020, 2021), D614G exhibited increased infectivity for both Vero-E6 and 293T-ACE2 cells

compared with that of D614 (Figure 3B). The P.1 and B.1.1.248 variants exhibited �4-fold higher infectivity

for Vero-E6 cells relative to that of D614G; the B.1.1.7 and B.1.351 variants entered these cells with an ef-

ficiency similar to that of D614G. Of note, the difference in infectivity between the P.1 and B.1.1.248 variants

and the other variants was less prominent on 293T-ACE2 target cells, irrespective of the pseudovirus back-

bone. Overall, our data indicate that the P.1 and B.1.1.248 S glycoprotein variants support a higher level of

infectivity than that of D614, to a degree dependent on the target cell.

One explanation for the observed target cell dependency of S-glycoprotein-mediated infection in Fig-

ure 3B is variation in the level of the ACE2 receptor on the target cell. To test this hypothesis, we
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transfected 293T cells with different doses of an ACE2-expressing plasmid and then evaluated the infec-

tivity of VSV pseudotypes on these target cells. We confirmed that ACE2 expression on the surface of the

transfected 293T cells was dependent on plasmid dose (Figures 3C and 3D). The level of ACE2 influ-

enced the relative infectivity of the VSV vectors pseudotyped by the variant SARS-CoV-2 glycoproteins

(Figure 3E). The 293T cells express a low level of endogenous ACE2, allowing some infection by the

S-pseudotyped viruses (Figure 3E, left panel). At low ACE2 expression levels, the relative infectivity of

the variants exhibited the rank order: P.1, B.1.1.248 > B.1.351 > B.1.1.7 > D614G > D614. At higher

ACE2 expression levels, the infectivity of all the viruses increased and the relative differences in infectivity

A

B

C

Figure 2. Glycosylation of the S glycoproteins of SARS-CoV-2 variants

(A–C) HEK293T cells producing VSV (A) and lentiviral (B) particles pseudotyped with the indicated SARS-CoV-2 S glycoproteins were used to prepare cell

lysates (left panels) and viral particles (right panels). The cell lysates and viral particle preparations were treated with PNGase F and Endo Hf, and the

deglycosylated samples were Western blotted with rabbit anti-S1 and anti-S2 antibodies. Cells transfected with the pcDNA3.1 vector were used as a

negative control. In (C), authentic virus particles from the indicated SARS-CoV-2 strains were prepared from the supernatants of infected Vero-E6 cells. Virion

lysates were treated with PNGase F or Endo Hf and analyzed as described above. The deglycosylated forms of the S glycoprotein precursor (dS), S1 subunit

(dS1), and S2 subunit (dS2) are indicated. NP, nucleocapsid (N) protein. The Western blots shown are representative of those obtained in two independent

experiments.
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among the strains diminished. Nonetheless, D614G infected the cells expressing higher ACE2 levels bet-

ter than D614, and P.1 and B.1.1.248 exhibited slightly higher infectivity than the other variants. The large

relative increase in infectivity of P.1 and B.1.1.248 pseudotypes in Vero-E6 cells compared with that in

293T-ACE2 cells could be explained by the lower level of ACE2 expression in these cells (Figure 3C).

In summary, compared with the D614 S glycoprotein, the S glycoproteins of the emerging SARS-CoV-

2 variants, particularly the P.1 and B.1.1.248 variants, support higher relative infectivity on target cells

that express low levels of ACE2.

C D

E

A B

Figure 3. Cell-cell fusion and virus infection mediated by the S glycoproteins of SARS-CoV-2 variants

(A) Cell-cell fusion efficiency between COS-1 effector cells transiently expressing ⍺-gal and the indicated S glycoprotein and 293T target cells transiently

expressing u-gal and human ACE2 was determined by quantitation of b-galactosidase activity in fused cells (left panel). Cell-cell fusion efficiency between

donor 293T cells co-transfected with HIV-1 Tat and variant S glycoproteins and target TZM-bl cells stably expressing human ACE2 was determined by

quantitation of luciferase activity in fused cells (right panel). The cell-cell fusion activity of each SARS-CoV-2 variant S glycoprotein was compared with that of

D614G. In both assays, cells transfected with pcDNA3.1 serve as negative controls. The results shown represent the means and standard deviations derived

from three independent experiments. See also Figure S1.

(B) The infectivity of VSV vectors pseudotyped by the indicated SARS-CoV-2 S glycoproteins was determined on Vero-E6 cells (left panel) and 293T-ACE2

cells (middle panel). The infectivity of lentiviral vectors pseudotyped with the variant S glycoproteins was measured on 293T-ACE2 cells (right panel). The

measured infectivity was normalized to that observed for the D614G variant. The pcDNA3.1-transfected cells serve as a negative control. The results shown

represent the means and standard deviations derived from three independent experiments.

(C) FACS analysis of ACE2 expression on 293T, 293T-ACE2, and Vero-E6 cells is shown in the left panel. FACS analysis of ACE2 expression on 293T cells

transfected with the indicated amounts of an ACE2-expressing plasmid is shown in the right panel. Mock represents unstained cells.

(D) Cells from (C) were lysed, and cell lysates were Western blotted for ACE2 or a GAPDH control.

(E) The infectivity of VSV vectors pseudotyped by the variant SARS-CoV-2 S glycoproteins was measured on 293T cells transfected with the indicated

amounts of an ACE2-expressing plasmid. The infectivity of each of the pseudoviruses was compared with that of the D614G variant. Note the differences in

the scales of the y axes. The means and standard deviations derived from two independent experiments are shown.

Statistical significance in A, B and E was evaluated with a Student’s unpaired t test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns – not significant).
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ACE2 binding and sACE2-induced S1 shedding of variant Ss

The above results suggest that changes in the S glycoproteins of emerging SARS-CoV-2 variants may

affect their interaction with ACE2. We, therefore, evaluated the binding of soluble S glycoprotein trimers

corresponding to D614G and four variants to the sACE2-Fc protein by ELISA (Figures 4A and 4B). The

sACE2-Fc protein is a soluble form of the ACE2 receptor fused to the immunoglobulin Fc. All four var-

iants exhibited modest (1.7–8.2-fold) increases in the estimated binding affinity for sACE2-Fc, relative to

that of D614G.

We also compared the neutralizing activity of a dimeric soluble ACE2 (sACE2.v2.4) (Chan et al., 2020)

against B.1.1.7, B.1.351, P.1, and B.1.1.248 pseudotypes with that against the D614 and D614G pseudo-

types. The VSV pseudotypes with D614 and D614G exhibited similar sensitivities to sACE2.v2.4 on Vero-

E6 cells (Figure 4C, left) and 293T-ACE2 target cells (Figure 4C, right). The viruses pseudotyped with the

four variant S glycoproteins were more sensitive to sACE2.v2.4 on both Vero-E6 cells (2.1- to 3.8-fold) and

293T-ACE2 cells (1.8- to 5.0-fold). The increased sensitivity to sACE2.v2.4 is consistent with greater ACE2

binding and/or responsiveness of the functional B.1.1.7, B.1.351, P.1, and B.1.1.248 variants.

D

A

F

E

B C

Figure 4. Interaction of soluble ACE2 with the S glycoproteins of SARS-CoV-2 variants

(A) Purified S2P trimers corresponding to the indicated SARS-CoV-2 variant S glycoproteins were analyzed on an SDS-polyacrylamide gel, which was stained

with Coomassie Blue.

(B) The S2P trimers in (A) were captured on ELISA plates. Increasing concentrations of soluble ACE2-Fc (sACE2-Fc) protein were incubated with the plates

and the bound sACE2-Fc protein was measured. The data in the graph are the means +/� SEM from triplicate measurements obtained in a representative

experiment. The concentrations (EC50 values) of sACE2-Fc protein required to achieve 50% saturation of binding were calculated and are presented to the

right of the graph.

(C) VSV vectors pseudotyped with the indicated S glycoproteins were incubated with increasing concentrations of soluble ACE2.v2.4 (sACE2.v2.4) and then

used to infect Vero-E6 cells (left panel) and 293T-ACE2 cells (right panel). The levels of infection were used to determine the % neutralization as a function of

sACE2.v2.4 concentration. The results shown in the graphs are themeans +/� SEM from triplicate measurements and are representative of those obtained in

two independent experiments. The sACE2.v2.4 concentrations resulting in 50% inhibition of infectivity were calculated and are presented to the right of the

graphs.

(D and E) VSV particles pseudotyped with the variant SARS-CoV-2 S glycoproteins were incubated with the indicated concentrations of soluble ACE2 (sACE2)

for one hour at 37�C (D) and on ice (E). Pelleted VSV particles were analyzed by Western blotting with antibodies against S1, S2, ACE2, and VSV NP.

(F) The intensities of the S1 and S2 glycoprotein bands in (D) and (E) were measured and the S1/S2 ratios for each concentration of sACE2 are shown.
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The noncovalent association of S1 and S2 allows spontaneous or soluble ACE2-induced shedding of S1

from the S trimer on SARS-CoV-2 virions, leading to the functional inactivation of the viral S proteins

(Nguyen et al., 2020; Zhang et al., 2020). To examine potential differences in S1 shedding from SARS-

CoV-2 S glycoprotein variants, we incubated S-pseudotyped VSV particles with various concentrations of

soluble ACE2 (sACE2) for one hour at 37�C and on ice. Viruses were then pelleted, washed, and lysed, after

which the viral lysates were Western blotted with antibodies against S1, S2, and ACE2 (Figures 4D and 4E).

We quantified the blots and examined the S1/S2 ratio (Figure 4F) as an indicator of the S1/S2 association. At

37�C, sACE2 induced S1 shedding from all the VSV pseudotypes, with D614G, B.1.351, P.1, and B.1.1.248

shedding S1 slightly more efficiently than D614 and B.1.1.7. Interestingly, the pattern of sACE2-induced S1

shedding differed on ice, with D614, D614G, and B.1.351 exhibiting more efficient S1 shedding than

B.1.1.7, P.1, and B.1.1.248. Thus, while the responses of the variant S glycoproteins to sACE2 differed

only modestly at 37�C, significant differences in this property were revealed at a colder temperature.

Stability of variant SARS-CoV-2 Ss at different temperatures

The above results suggest that temperature can influence the response of the SARS-CoV-2 S glycoprotein

to a one-hour exposure to soluble ACE2. This prompted us to evaluate the effect of temperature on the

long-term stability of the ligand-free SARS-CoV-2 variant S glycoproteins. We incubated VSV vectors pseu-

dotyped with the D614 and variant S glycoproteins at either 0�C (on ice), 4�C, RT, or 37�C for various pe-

riods of time before measuring their infectivity on Vero-E6 (Figures 5A and S2A, left) and 293T-ACE2 cells

(Figures 5B and S2A, right). The infectivity of the VSV vectors pseudotyped by the variant S glycoproteins

declined faster at 37�C than at RT, with little difference among the viruses with S glycoprotein variants at

these temperatures. Viruses retained from 20 to 40 percent of their infectivity even after three days at

RT. By contrast, incubation on ice or at 4�C revealed significant differences in the decay of infectivity among

the viruses pseudotyped with the different SARS-CoV-2 S glycoproteins. Among the variants, B.1.1.7 was

the most stable at 0 and 4�C, whereas P.1 and B.1.1.248 were inactivated at these temperatures more

rapidly than the others. The D614, D614G, and B.1.351 exhibited intermediate levels of stability on ice

and at 4�C. The S glycoproteins appear to be the major determinant of the loss of infectivity of the pseu-

dotyped VSV as a result of incubation at 0 and 4�C, and significant differences in cold sensitivity exist

among the S glycoproteins of the emerging SARS-CoV-2 variants.

As the cold sensitivity of the SARS-CoV-2 variants could hypothetically be related to the shedding of the S1

glycoprotein from the S trimer, we incubated each of the VSV pseudotypes on ice, at 4�C, at RT, and at 37�C
for two days and then quantified S1 shedding from the viral particles (Figures 5C, 5D and S2B). The S1/S2

ratio for each SARS-CoV-2 variant is summarized in Figure 5E, with a lower ratio indicating greater S1 shed-

ding. Spontaneous S1 shedding at 0 and 4�C for D614, P.1, and B.1.1.248 was significantly greater than that

of D614G, B.1.1.7, and B.1.351. The higher rate of S1 shedding for P.1 and B.1.1.248 on ice and at 4�C likely

contributes to their lower infectivity after prolonged incubation in the cold (Figures 5A, 5B, and S2A).

Conversely, the B.1.1.7 variant was relatively resistant to spontaneous S1 shedding at 0 and 4�C, which is

consistent with its higher infectivity after prolonged exposure to cold temperatures (Figures 5A, 5B, and

S2A). D614, D614G, and B.1.351 were inactivated similarly on ice and at 4�C, but exhibited different levels

of S1 shedding, suggesting that cold inactivation involves additional factors besides S1 shedding. With the

exception of D614G, S1 shedding for each S glycoprotein variant was less at RT and 37�C than on ice.

Collectively, these results suggest that factors in addition to S1 shedding can affect the infectivity of the

variant S-pseudotyped viruses exposed to different temperatures.

We evaluated the effect of cold temperature on the infectivity and composition of authentic SARS-CoV-2

variants. The B.1.1.7 SARS-CoV-2 variant retained infectivity at 4�C better than the D614G and P.1 variants

(Figure 5F). As was seen for the VSV pseudotypes, the authentic P.1 SARS-CoV-2 variant exhibited more S1

shedding over time at 4�C than the D614G and B.1.1.7 variants (Figure 5G). Thus, authentic SARS-CoV-2

variants exhibit differences in sensitivity to cold exposure.

Some SARS-CoV-2 variants are more resistant to convalescent COVID-19 patient sera and

vaccinee sera

As we observed differences among the relative infectivity of the S glycoprotein variants when different levels of

ACE2 were expressed on target cells, we hypothesized that the choice of target cells might also differentially

affect antibody neutralization.We used Vero-E6 and 293T-ACE2 cells (shown in Figures 3C and 3D to havemod-

erate and high levels of ACE2, respectively) as target cells in the neutralization assays. We tested the
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neutralization of VSV pseudotypes and authentic SARS-CoV-2 variants by two groups of sera: (1) sera collected

fromMarch to June 2020 from convalescent COVID-19 patients fromNew York City (Table S1) and (2) sera from

individuals fully vaccinated with two doses of the Moderna COVID-19 vaccine. Both sets of sera recognized a

SARS-CoV-2 S2P trimer; the titers of trimer-reactive antibodies were, on average, higher in the vaccinees than

in patientswithCOVID-19 (Figure S3). In general, the neutralization titers of the sera were higher for Vero-E6 cells

compared with those for 293T-ACE2 cells (Figures 6, S4, and S5). Qualitatively, the patterns of neutralization in

the two target cells were similar. Consistent with other studies (Wang et al., 2021a, 2021b, 2021c), the sera

CA B

E

D

F G

Figure 5. Stability of SARS-CoV-2 variants at different temperatures

(A and B) VSV vectors pseudotyped by the variant SARS-CoV-2 S glycoproteins were incubated on ice (upper panels), at room temperature (RT) (middle

panels), and at 37�C (lower panels) for various times. The infectivity of the viruses was measured on Vero-E6 cells (A) and 293T-ACE2 cells (B). The infectivity at

each time point is reported, relative to that observed at time 0 for each pseudovirus. Means and standard deviations derived from three replicates are shown.

The results are representative of those obtained in three independent experiments. See also Figure S2A.

(C and D) VSV particles pseudotyped with the variant SARS-CoV-2 S glycoproteins were incubated on ice (C) or at the indicated temperatures (D) for 48 h.

Pelleted VSV particles were analyzed by Western blotting with antibodies against S1, S2, and VSV NP. In (D), VSV pseudotypes that were not exposed to the

different temperatures for 48 h served as controls (Ctrl). The results shown are representative of those obtained in three independent experiments. See also

Figure S2B.

(E) The intensities of the S1 and S2 glycoprotein bands in (D) were measured. The S1/S2 ratios are shown for each variant relative to the ratio for the control

sample of the pseudoviruses. The means and standard deviations derived from three independent experiments are shown. The S1/S2 ratio for each variant

was compared with that of D614G. Statistical significance was evaluated with a Student’s t test (*p < 0.05; **p < 0.01; ****p < 0.0001; ns – not significant).

(F) Authentic SARS-CoV-2 variants were incubated at 4�C for various times. The infectivity of the viruses was measured on Vero-E6 cells. The infectivity at each

time point is reported, relative to that observed at time 0 for each virus variant. See also Figure S2A.

(G) Authentic SARS-CoV-2 variants were incubated at 4�C for 1 day and 2 days. Pelleted viral particles were analyzed by Western blotting with antibodies

against S1 and S2. Viruses that were not exposed to 4�C served as controls (Ctrl). See also Figure S2B.
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neutralized the B.1.1.7 variant as efficiently asD614 andD614G. By comparison, the neutralizing potency of these

sera against B.1.351 was significantly diminished. The neutralization titers of the sera against the P.1 and

B.1.1.248 variants were lower than those against D614G. These results are consistent with a recent report sug-

gesting that South African and Brazilian SARS-CoV-2 variants are less susceptible to neutralization by plasma

from German patients with COVID-19 (Hoffmann et al., 2021). Thus, the changes in the B.1.351, P.1, and

B.1.1.248 S glycoproteins allow various levels of escape from some neutralizing antibodies elicitedduring natural

SARS-CoV-2 infection or by vaccination.

DISCUSSION

The constant genetic evolution of viruses challenges the development of preventive measures and treat-

ments. Newly emerging variants of SARS-CoV-2 with enhanced transmissibility and/or pathogenicity

C

A

B

Figure 6. Neutralization sensitivity of SARS-CoV-2 variants

(A) The serum neutralization titers (ID50) of convalescent patient sera (CP1-CP6) andModerna vaccinee sera (V1-V6) against VSV particles pseudotyped by the

variant SARS-CoV-2 S glycoproteins are reported. The infectivity of the viruses was measured on Vero-E6 cells and 293T-ACE2 cells. The intensity of shading

is proportionate to the potency of neutralizing activity. The results shown are representative of those obtained in two independent experiments. See also

Table S1, Figures S3 and S4.

(B) The serum neutralization titers (ID50) of convalescent patient sera (CP1-CP6) and Moderna vaccinee sera (V1-V6) against authentic SARS-CoV-2 variants

are reported. The infectivity of the viruses was measured on Vero-E6 cells. The intensity of shading is proportionate to the potency of neutralizing activity.

See also Figure S5.

(C) Serum neutralization ID50 values of convalescent patient sera and Moderna vaccinee sera against VSV pseudoviruses (A) and authentic SARS-CoV-2

variants (B) were compared with those against D614G. Statistical analysis was performed using a paired t test (*p < 0.05; **p < 0.01; ***p < 0.001; and ****p <

0.0001; ns – not significant).
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potentially drive local or global surges in prevalence. In this study, we compared the functional properties

of the S glycoproteins of emerging SARS-CoV-2 variants with those of the original/founder D614 strain and

the globally dominant D614G variant. The emerging variant S glycoproteins demonstrated increased abil-

ity to support virus entry into cells with low levels of the ACE2 receptor, differences in physical and func-

tional S stability following exposure to the cold, and variation in sensitivity to neutralizing antisera. The phe-

notypes of the SARS-CoV-2 S glycoprotein variants are summarized in Figure 7.

Proteolytic cleavage of the variant S glycoprotein precursors, which are decorated with high-mannose car-

bohydrates, occurs in the Golgi, as evidenced by the extensive modification of the cleaved S1 and S2 gly-

coproteins by complex glycans. For all variants, we observed enrichment of the cleaved S1 and S2 glyco-

proteins in the pseudovirus particles compared with cell lysates. Thus, most of the S glycoproteins

incorporated into VSV or lentiviral particles have passed through the Golgi apparatus.

The infectivity of viruses pseudotyped with all of the variant S glycoproteins increased with higher levels of

expression of the ACE2 receptor on the target cells. At low target cell ACE2 levels, the relative ability of the

different SARS-CoV-2 S glycoproteins to mediate virus entry exhibited the following rank order: P.1,

B.1.1.248 > B.1.351 > B.1.1.7 > D614G > D614. Improved interaction with ACE2 and/or better triggering

following ACE2 binding likely contribute to the ability of the emerging variant S glycoproteins to utilize

lower levels of target cell ACE2. Supporting this assertion are the observed increases in the affinity of

B.1.1.7, B.1.351, P.1, and B.1.1.248 soluble S glycoprotein trimers for ACE2 and the greater sensitivity of

viruses pseudotyped with these S variants to dimeric soluble ACE2. Increased sensitivity to soluble

ACE2 has been attributed to the N501Y change found in the RBD of the B.1.1.7, B.1.351, P.1, and

B.1.1.248 S glycoproteins (Tian et al., 2021). As ACE2 expression levels vary depending on the location

and differentiation state of human airway epithelial cells (Jia et al., 2005; Ortiz et al., 2020), the ability to

support infection of cells with low ACE2 potentially enhances the tropism, transmission, and/or pathoge-

nicity of SARS-CoV-2 variants.

The infectivity of VSV vectors pseudotyped by the variant S glycoproteins decayed equivalently at RT and

37�C, with half-lives of approximately 24 and 12 h, respectively. These half-lives are much shorter than the

reported half-life of infectious VSV (28 and 7 days at RT and 37�C, respectively) (Zimmer et al., 2013); there-

fore, functional inactivation of the SARS-CoV-2 S glycoproteins on the VSV pseudotypes likely is the pre-

dominant determinant of the observed loss of infectivity at these temperatures. Spontaneous S1 shedding

from the S glycoprotein was apparently not required for functional inactivation at RT or 37�C, given the sig-

nificant amount of S1 remaining on the virus particles after 48 h at these temperatures.

Intriguing differences among the phenotypes of the emerging SARS-CoV-2 variant S glycoproteins were

revealed in the cold. Incubation on ice or at 4�C led to rapid loss of infectivity of P.1 and B.1.1.248 pseudo-

types, in comparison to the D614, D614G, and B.1.351 viruses. In contrast, the infectivity of the B.1.1.7 pseu-

dotype was more stable at 0 and 4�C than that of the other viruses. Likewise, the authentic B.1.1.7 SARS-

CoV-2 variant exhibited a longer half-life at 4�C than the authentic D614G and P.1 variants. We found that

the incubation of the pseudotyped viruses on ice or at 4�C led to a dramatic loss of the S1 glycoprotein from

the P.1 and B.1.1.248 S trimers, whereas the B.1.1.7 S glycoprotein was minimally affected under the same

conditions. These results suggest that the differential destabilization of the variant S glycoprotein trimers

Figure 7. Summary of phenotypes of the SARS-CoV-2 S glycoprotein variants

The primary data shown in Figures 1, 3, 4, 5, and 6 were used to calculate average values relative to those obtained for the D614 S glycoprotein. Decreases in

the phenotypes relative to those of D614 are shaded red to a degree dependent on the level of the decrease. Increases in the phenotypes relative to those of

D614 are shaded blue to a degree dependent on the level of the increase.
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leading to S1 shedding contributes to the observed inactivation of virus infectivity in the cold. However, we

note that, as previously seen (Nguyen et al., 2020), the D614G S is more stable and sheds S1 less at 0 or 4�C
than the D614 S, yet these two variants exhibit minimal differences in the rate of decay of infectivity at these

temperatures. Apparently, maintaining an intact S glycoprotein trimer after prolonged exposure to cold

temperatures is not sufficient for the retention of S function.

Some oligomeric proteins undergo denaturation at temperatures near 0�C as a result of the weakening of

intersubunit interactions (Lopez et al., 2008; Privalov, 1990; Tsai et al., 2002). For example, HIV-1 infectivity

can be attenuated by incubation on ice, and the different sensitivities of HIV-1 strains to cold inactivation

are determined by their envelope glycoproteins (Kassa et al., 2009a; Medjahed et al., 2013). Although the

cold denaturation of some proteins is reversible, cold-induced changes in high-potential-energy, meta-

stable viral envelope glycoproteins typically lead to irreversible transitions to low-energy states incapable

of mediating membrane fusion. Of interest, the sensitivity of HIV-1 strains to cold is related to the propen-

sity of their envelope glycoproteins to make the transition from the pretriggered conformation to the re-

ceptor-bound conformation (Kassa et al., 2009b). If the sensitivity of the P.1 and B.1.1.248 variants to

cold inactivation likewise indicates an increased propensity to sample receptor-bound conformations,

this tendency could contribute to the higher relative infectivity of these variants on cells with low ACE2

levels. Indeed, HIV-1 envelope glycoprotein mutants with changes that destabilize the pretriggered

conformation are better able to support virus entry into cells with low levels of the CD4 receptor (Haim

et al., 2011; Herschhorn et al., 2016).

Theability towithstand lowtemperatures couldhavepractical value fora respiratoryvirus that ishorizontally trans-

mittedbyaerosols/dropletsand ispotentially exposedtoa rangeofenvironmental conditions.Althoughnaturally

transmitted SARS-CoV-2 is not typically exposed to near-freezing temperatures for prolonged periods of time,

cold resistance is a surrogate indicator of the ability of the functional viral S glycoprotein trimer to resist confor-

mational changes induced by various forms of environmental stress (Lopez et al., 2008; Privalov, 1990; Tsai et al.,

2002). For example, as a virus transmittedby sexual or blood contacts, HIV-1 is not naturally exposed to cold tem-

peratures; nonetheless, viruses with cold-sensitive HIV-1 envelope glycoproteins revert to cold-resistant forms

in vivo, at least in part because the latter envelope glycoproteins elicit less effective host antibody responses

(McGeeet al., 2014). It is possible that local climatemight influence theevolutionof SARS-CoV-2 variants differing

in the stability of the functional S glycoprotein trimer. TheB.1.1.7, B.1.351, P.1, andB.1.1.248SARS-CoV-2 variants

all evolved from D614G, which exhibits an increase in S stability at low temperatures relative to D614, but is still

inactivated functionally by extended exposure to cold (Nguyen et al., 2020). The B.1.1.7 variant, which retains S

stability and infectivity in the cold, is becoming dominant in countries with a range of climates. B.1.351, P.1,

and B.1.1.248 emerged in the more temperate climates of South Africa and Brazil, where resistance to cold-

related stress may be less valuable to the success of the virus. It will be interesting to compare the spread and

evolution of the closely related P.1 and B.1.1.248 variants in Brazil and climatically diverse Japan, respectively.

We examined the sensitivity of authentic SARS-CoV-2 variants, as well as VSV vectors pseudotyped by the

variant S glycoproteins, to neutralization by sera from convalescent COVID-19 patients and recipients of

the Moderna COVID-19 vaccine. The neutralization profile of B.1.1.7 was similar to that of D614 and

D614G, whereas B.1.351, P.1, and B.1.1.248 were less sensitive to these antisera. The K417N and E484K

changes in the S1 RBD have been shown to contribute to escape from neutralizing antibodies (Chen

et al., 2021; Wang et al., 2021a, 2021b, 2021c). We found that serum neutralization was generally more

effective with target cells that express lower levels of ACE2. This supports the notion that ACE2 receptors

on the target cell and many neutralizing antibodies compete for binding to the S1 RBD.

Differing abilities of the S glycoprotein variants to utilize low levels of the target cell receptor, to maintain

structural and functional integrity in the cold, and to resist host neutralizing antibodies potentially

contribute to the adaptation of emerging SARS-CoV-2 variants to their environments. Understanding these

aspects of SARS-CoV-2 S biology should assist attempts to control the COVID-19 pandemic.

Limitations of the study

Additional studies of variant S glycoprotein phenotypes in the context of authentic SARS-CoV-2 would be

valuable. Mapping the S glycoprotein determinants of the observed phenotypes could provide insights

into structure–function relationships. The effect of colder temperatures on the stability of the virion S glyco-

protein trimer could be further assessed at the population level, where the efficiency of transmission of
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certain variants of concern might demonstrate a dependence on the local climate. Since the completion of

this work, multiple additional SARS-CoV-2 variants of concern have arisen. Similar studies of the function of

these variant S glycoproteins might identify determinants of transmissibility and pathogenesis. For

example, the S glycoprotein of the currently dominant B.1.617.2 variant (delta) has a cleavage site alteration

that is suggested to contribute to efficient cleavage and increased virus infectivity (Liu et al., 2021).
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-SARS-Spike S1 Sino Biological Cat# 40591-T62; RRID:AB_2893171

Rabbit anti-SARS-Spike S2 Sino Biological Cat# 40590-T62

Rabbit anti-p55/p24/p17 Abcam Cat# ab63917; RRID:AB_1139524

Mouse anti-VSV-NP Millipore Cat# MABF2348

Mouse anti-GAPDH Millipore Cat# CB1001; RRID:AB_2107426

SARS-CoV-2 Nucleocapsid Protein

Monoclonal Antibody (7E1B)

CliniSciences Cat# bsm-41414M; RRID:AB_2848129

HRP-conjugated anti-Rabbit antibody Cytiva Cat# NA934-1ML; RRID:AB_2722659

HRP-conjugated goat anti-mouse antibody Jackson ImmunoResearch Cat# 115-035-008; RRID:AB_2313585

Goat anti-ACE2 R&D Systems Cat# AF933; RRID:AB_355722

Alexa 488 conjugated Donkey anti-Goat Invitrogen Cat# A32814; RRID:AB_2762838

HRP-conjugated Mouse anti-Goat antibody Invitrogen Cat# 31400; RRID:AB_228370

Peroxidase AffiniPure goat anti-human IgG

(H+L) antibody

Jackson ImmunoResearch Cat# 109-035-003; RRID:AB_2337577

Bacterial and virus strains

VSV-G pseudotyped DG-luciferase Kerafast Cat# EH1020-PM

Biological samples

CP1-CP6 sera (Wang et al., 2021a, 2021b) N/A

V1-V6 sera (Wang et al., 2021a, 2021b) N/A

Chemicals, peptides, and recombinant proteins

sACE2.v2.4 (Wang et al., 2021a, 2021b) N/A

sACE2-Fc (Wang et al., 2021a, 2021b) N/A

sACE2-strep This paper N/A

SARS-CoV-2 D614G S2P (Wang et al., 2021a, 2021b) N/A

SARS-CoV-2 B.1.1.7 S2P (Wang et al., 2021a, 2021b) N/A

SARS-CoV-2 B.1.351 S2P (Wang et al., 2021a, 2021b) N/A

SARS-CoV-2 P.1 S2P (Wang et al., 2021a, 2021b) N/A

SARS-CoV-2 B.1.1.248 S2P (Wang et al., 2021a, 2021b) N/A

Critical commercial assays

Pseudotyped DG-luciferase (G*DG-luciferase)

rVSV

Kerafast Cat# EH1025-PM

Luciferase Assay System Promega Cat# E4550

Galacto-Star� Reaction Buffer Diluent with

Galacton-Star� Substrate

Thermo Fisher Cat# T1056

PNGase F NEB Cat# P0704L

Endo Hf NEB Cat# P0703L

3, 3’,5 ,5’-Tetramethylbenzidine Liquid

Substrate, Supersensitive, for ELISA

Sigma-Aldrich Cat# T4444

Q5 Site-Directed Mutagenesis Kit NEB Cat# E0554S

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

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

the lead contact, Dr. Joseph G. Sodroski (joseph_sodroski@dfci.harvard.edu).

Materials availability

All requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr.

Joseph G. Sodroski (joseph_sodroski@dfci.harvard.edu). This includes selective cell lines, plasmids, anti-

bodies, viruses, serum and proteins. All reagents will be made available on request after completion of

a Material Transfer Agreement.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

293T ATCC CRL-3216

293T-ACE2 BEI NR-5211

Vero-E6 ATCC CRL-1586

TZM-bl-ACE2 This paper N/A

COS-1 ATCC CRL-1650

Experimental models: Organisms/strains

SARS-Related Coronavirus 2 Isolate USA-WA1/

2020 (D614)

BEI Resources (NIAID, NIH) NR-52281

SARS-Related Coronavirus 2 Isolate Germany/

BavPat1/2020 (D614G)

NR-52370

SARS-Related Coronavirus 2 Isolate USA/

CA_CDC_5574/2020 (B.1.1.7)

NR-54011

SARS-Related Coronavirus 2 Isolate hCoV-19/

USA/MD-HP01542/2021 (B.1.351)

NR-54008

SARS-Related Coronavirus 2 Isolate hCoV-19/

Japan/TY7-503/2021 (P.1)

NR-54982

Recombinant DNA

Plasmid: SARS-CoV-2 D614 spike Sino Biological VG40589-UT(D614)

Plasmid: SARS-CoV-2 D614G spike This paper N/A

Plasmid: SARS-CoV-2 B.1.1.7 spike This paper N/A

Plasmid: SARS-CoV-2 B.1.351 spike This paper N/A

Plasmid: SARS-CoV-2 P.1 spike This paper N/A

Plasmid: SARS-CoV-2 B.1.1.248 spike This paper N/A

Plasmid: sACE2.v2.4 (Chan et al., 2020) Addgene Plasmid #154106

pHIV-1NL4-3 DEnv-NanoLuc (Liu et al., 2020) N/A

Plasmid: sACE2-strep (Nguyen et al., 2020) N/A

Plasmid: sACE2-Fc This paper N/A

Software and algorithms

ImageJ the National Institutes of Health https://imagej.nih.gov/ij/

Image lab Bio-rad https://www.bio-rad.com/en-us/product/

image-lab-software?ID=KRE6P5E8Z

GraphPad Prism 8 GraphPad Software Inc https://www.graphpad.com/scientific-

software/prism/

FlowJo 10 FlowJo LLC https://www.flowjo.com/solutions/flowjo/

downloads
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Data and code availability

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

contact upon request.

d Data

Data reported in this paper will be shared by the lead contact upon request.

d Code

This paper does not report original codes.

d All other items

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

Human subjects

Plasma samples were obtained from patients (aged 27–85 years) convalescing from SARS-CoV-2 infection.

The patients were enrolled into an observational cohort study of patients convalescing from COVID-19 at

the Columbia University Irving Medical Center (CUIMC) starting in the spring of 2020. The study protocol

was approved by the CUIMC Institutional Review Board (IRB) and all participants provided written informed

consent. Detailed descriptions of convalescent patients enrolled in the study can be found in Table S1.

Sera were obtained from 6 participants in a phase-I clinical trial of the Moderna SARS-CoV-2 mRNA-1273

vaccine conducted at the NIH, under a NIH IRB-approved protocol (Anderson et al., 2020).

Cell lines

HEK293T, 293T-ACE2 (BEI), Vero-E6, TZM-bl-ACE2 and COS-1 cells were cultured in Dulbecco modified

Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 mg/ml penicillin-strepto-

mycin (Thermo Fisher Scientific, Cambridge, MA). Expi293 cells were maintained in suspension culture

directly in Expi293TM Expression Medium, supplemented with penicillin and streptomycin and were incu-

bated at 37�C in a humidified atmosphere of 8% CO2 in air and on a shaker platform rotating at 125 rpm.

HEK293T cells, 293T-ACE2 cells, TZM-bl-ACE2 cells, Expi293 cells are of female origin. Vero-E6 and COS-1

were from African green monkey kidney.

METHOD DETAILS

Plasmid constructs

The codon-optimized SARS-CoV-2 spike (S) gene (Sino Biological, Wayne, PA) encoding the S glycoprotein

lacking 18 amino acids at the carboxyl terminus was cloned into the pcDNA3.1 vector. The SARS-CoV-2

spike variants were made by introducing additional mutations into the wild-type (D614) S gene using a

site-directed mutagenesis kit (Agilent, Santa Clara, CA). The expression plasmid for dimeric soluble

ACE2 high-affinity variant 2.4 (sACE2.v2.4) fused to human Fc (Chan et al., 2020) was purchased from Addg-

ene (Watertown, MA (Cat# 154106)). The pcDNA3.1(–)-sACE2 plasmid expressing soluble human ACE2

(1-740aa) with a StrepTag (GGG WSHPQFEK) at the C terminus (sACE2) was made from the

pcDNA3.1(–)-ACE2-Strep plasmid (Addgene, catalog no. 1786), by Q5 site-directed mutagenesis (New En-

gland Biolabs, Ipswich, MA) (Nguyen et al., 2020). The sACE2-Fc mammalian expression construct is similar

to the sACE2 construct but the StrepTag was replaced with the immunoglobulin Fc.

Expression and purification of protein reagents

To produce sACE2.v2.4, sACE2-Fc and sACE2, each expression vector was transfected into Expi293 cells

using FectPRO DNA transfection reagent (PolyPlus-transfection). Five days following transfection, sA-

CE2.v2.4 and ACE2-Fc were purified from cell supernatants using Protein A-agarose (Thermo Fisher Scien-

tific) or, in the case of sACE2, Strep-Tactin resin (IBA Lifesciences, Goettingen, Germany), according to the

manufacturer’s protocol. The soluble SARS-CoV-2 S2P trimer proteins of the D614G, B.1.1.7, B.1.351, P.1

and B.1.1.248 strains were generated by transfecting Expi293 cells with the trimer protein-expressing con-

structs using FectPRO DNA transfection reagent and purified from cell supernatants 5 days later using
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Strep-Tactin resin, according to the manufacturer’s protocol (Liu et al., 2020). Two micrograms of each S2P

trimer was analyzed on a NuPAGE Bis-Tris protein gel (Invitrogen, Waltham, MA) run at 200 V using MES

buffer, after which the gel was stained with Coomassie Blue dye.

VSV pseudotyped by SARS-CoV-2 S glycoproteins

To generate VSV-based vectors pseudotyped with SARS-CoV-2 S glycoproteins, 5 3 106 HEK293T cells

were plated in a 10-cm dish one day before transfection. Six micrograms of the SARS-CoV-2 S glycoprotein

plasmid was transfected into the HEK293T cells using Polyethylenimine (Polysciences, Warrington, PA).

Twenty-four hours later, the cells were infected at a multiplicity of infection of 3 to 5 with rVSV-DG pseudo-

virus bearing a luciferase gene (Kerafast, Boston, MA) for 2 h at 37�C and then washed three times with PBS.

Cell supernatants containing pseudoviruses were harvested after another 24 h and clarified by low-speed

centrifugation (2000 rpm for 10 min). Viruses were then aliquoted and stored at -80�C until use (Liu et al.,

2020; Wang et al., 2021a, 2021b).

Lentiviruses pseudotyped by SARS-CoV-2 S glycoproteins

To generate HIV-based vectors pseudotyped with SARS-CoV-2 S glycoproteins, 5 3 106 HEK293T cells

were plated in a 10-cm dish one day before transfection. Then, 6 mg SARS-CoV-2 S glycoprotein expressor

plasmid and 6 mg pHIV-1NL4-3 DEnv-NanoLuc reporter construct were transfected into the HEK293T cells

using Polyethylenimine (Polysciences). Cell supernatants containing pseudoviruses were harvested 48 h af-

ter transfection and clarified by low-speed centrifugation (2000 rpm for 10min). Viruses were then aliquoted

and stored at -80�C until use.

S glycoprotein expression, processing, and incorporation into pseudovirus particles

HEK293T cells were transfected to produce VSV- and HIV-based particles pseudotyped with SARS-CoV-2 S

glycoprotein variants, as described above. To prepare viral particles, cell supernatants were collected,

centrifuged at low speed (2000 rpm) to remove cell debris, and pelleted at 18,000 x g for 1 h at 4�C. In par-

allel with harvesting the pseudoviruses from the cell supernatants, cells were washed and lysed using 1.5%

Cymal-5 at 4�C for 10 min. Cell lysates were then clarified by high-speed centrifugation (18,000 x g for

10 min). Cell lysates and virions were analyzed by Western blotting with the following primary antibodies:

rabbit anti-SARS-Spike S1 (Sino Biological, Cat# 40591-T62), rabbit anti-SARS-Spike S2 (Sino Biological,

Cat# 40590-T62), rabbit anti-p55/p24/p17 (Abcam, Cambridge, MA (Cat# ab63917)), mouse anti-VSV NP

(Millipore, Burlington, MA (Cat# MABF2348)) or mouse anti-GAPDH (Millipore, Cat# CB1001). The Western

blots were developed with the following secondary antibodies: HRP-conjugated anti-rabbit antibody (Cy-

tiva, Marlborough, MA (NA934-1ML)) or HRP-conjugated goat anti-mouse antibody (Jackson ImmunoRe-

search, West Grove, PA (Cat# 115-035-008)).

S, S1, and S2 band intensities from unsaturated Western blots were calculated using ImageJ Software. S1/

S2 ratios represent the ratios of the intensities of the S1 and S2 glycoprotein bands in the Western blots.

The values for the processing index of mutant S glycoproteins were calculated as follows: Processing in-

dex = (S1/S 3 S2/S)mutant O (S1/S 3 S2/S)WT.

Deglycosylation of S glycoproteins

SARS-CoV-2 S glycoproteins in cell lysates or on pseudovirus particles were prepared as described above.

Protein samples were boiled in 1 3 denaturing buffer and incubated with PNGase F or Endo Hf (New En-

gland Biolabs, Ipswich, MA) for 1 h at 37�C according to the manufacturer’s protocol. The samples were

then analyzed by SDS-PAGE and Western blotting as described above.

Authentic SARS-CoV-2 viruses were obtained from BEI Resources (NIAID, NIH) and propagated for one

passage on Vero-E6 cells. To prepare viral particles, cell supernatants were collected, centrifuged at low

speed (2000 rpm, 10 min) to remove cell debris, and pelleted at 18,000 x g for 1 h at 4�C. Viral particles
then were treated with 1% Triton X-100 and incubated with PNGase F or Endo Hf (New England Biolabs,

Ipswich, MA) for 1 h at 37�C according to the manufacturer’s protocol. Virions were analyzed by Western

blotting with the following primary antibodies: rabbit anti-SARS-Spike S1 (Sino Biological, Cat# 40591-

T62), rabbit anti-SARS-Spike S2 (Sino Biological, Cat# 40590-T62), and SARS-CoV-2 Nucleocapsid Protein

Monoclonal Antibody (CliniSciences, Cat# bsm-41414M). The Western blots were developed with the

following secondary antibodies: HRP-conjugated anti-rabbit antibody (Cytiva, Marlborough, MA
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(NA934-1ML)) or HRP-conjugated goat anti-mouse antibody (Jackson ImmunoResearch, West Grove, PA

(Cat# 115-035-008)).

Virus infectivity and stability at different temperatures

The pseudoviruses were freshly prepared as described above, without freezing and thawing. The pseudo-

virus preparations were incubated with target cells seeded in 96-well plates at a density of 3 3 104 cells/

well. The target cells were processed as described below.

For VSV-based pseudoviruses, the target cells were cultured for 16-24 hours after infection and then har-

vested to measure the luciferase activity (Promega, Madison, WI (Cat# E4550)). For HIV-based pseudovi-

ruses, the target cells were cultured for 2-3 days after infection and then cells were harvested to measure

the NanoLuc luciferase activity (Promega, Cat# N1120). For authentic SARS-CoV-2 variants, the virus infec-

tious titers were determined by end-point dilution, monitoring cytopathic effects (CPE) on Vero-E6 target

cells.

To measure viral stability at different temperatures, pseudoviruses were incubated on ice, at 4�C, at room
temperature and at 37�C for different lengths of time prior to measuring their infectivity. Authentic SARS-

CoV-2 variants were incubated at 4�C for different lengths of time prior to measuring their infectivity, as

described above.

To measure the infectivity of pseudovirus variants on target cells expressing different levels of human

ACE2, several dilutions from 1 mg to 0.001 mg of human ACE2 expressor plasmid (Addgene, Watertown,

MA (Cat# 1786)) were transfected into 293T cells in 12-well plates using 1 mg/ml PEI. Two days after trans-

fection, cells were trypsinized and used as target cells for measuring the infectivity of VSV pseudotypes. In

parallel, ACE2 expression in the transfected cells was measured by FACS and Western blotting, as

described below.

For the FACS analysis of ACE2 expression, cells were incubated with a goat anti-ACE2 primary antibody

(R&D Systems, Minneapolis, MN (Cat# AF933)), followed by an Alexa 488-conjugated donkey anti-goat sec-

ondary antibody (Invitrogen, Cat# A32814). Cells were washed 3 times with FACS buffer (2% FBS in PBS)

before each antibody incubation step. Finally, cells were resuspended and ACE2 expression on the cell sur-

face was quantified on a BD FACSCantoTM flow cytometer.

For the Western blot analysis of ACE2 expression, cells were washed and lysed in PBS containing 1.5%

Cymal-5 for 10 min. Cell lysates were then clarified by high-speed centrifugation (18,000 x g for 10 min)

before being analyzed by Western blotting with a goat anti-ACE2 primary antibody (R&D Systems, Cat#

AF933) and an HRP-conjugated mouse anti-goat secondary antibody (Invitrogen, Cat#31400).

Cell-cell fusion assays

For the alpha-complementation assaymeasuring cell-cell fusion (Figure 3A, left panel), COS-1 effector cells

were plated in black-and-white 96-well plates and then cotransfected with a plasmid expressing alpha-gal

and either pcDNA3.1 or the SARS-CoV-1 S glycoprotein variant at a 1:1 ratio, using Effectene according to

the manufacturer’s protocol. At the same time, 293T target cells in 6-well plates were cotransfected with

plasmids expressing omega-gal and ACE2 at a 1:1 ratio, using Effectene. Forty-eight hours after transfec-

tion, target cells were scraped and resuspended in medium. Medium was removed from the effector cells,

and target cells were then added to effector cells (one target-cell well provides sufficient cells for 50

effector-cell wells). Plates were spun at 500 x g for 3 min and then incubated at 37�C in 5% CO2 for 10 h.

Medium was aspirated and cells were lysed in Tropix lysis buffer (Thermo Fisher Scientific). The b-galacto-

sidase activity in the cell lysates was measured using the Galacto-Star Reaction Buffer Diluent with Galacto-

Star Substrate (Thermo Fisher Scientific), following the manufacturer’s protocol.

For the alpha-complementation assay shown in Figure S1, 293T target cells in 6-well plates were cotrans-

fected with serially diluted ACE2 plasmid and 0.2 mg plasmid expressing omega-gal using Effectene.

For the cell-cell fusion assay shown in Figure 3A, right panel, 293T effector cells in 6-well plates were co-

transfected with plasmids expressing HIV-1 Tat and ACE2 at a 1:1 ratio, using PEI. Twenty-four hours after

transfection, 293T effector cells and TZM-bl cells stably expressing human ACE2 were trypsinized and
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cocultured at a ratio of 2:1 in black-and-white 96-well plates in quadruplicate. The cocultured cells were

incubated at 37�C in 5% CO2 for an additional 48 h before luciferase activity was measured.

Spike trimer ELISA

Fifty nanograms of S2P trimer was coated on each well of an ELISA plate at 4�C overnight. Then the plates

were blocked with 300 mL of blocking buffer (1% BSA and 10% bovine calf serum in PBS) at 37�C for 2 h.

Afterwards, serially diluted sACE2-Fc, convalescent serum, or moderna vaccinee serum was added and

incubated at 37�C for 1 h. Next, 100 mL per well of 10,000-fold diluted Peroxidase AffiniPure goat anti-hu-

man IgG (H+L) antibody (Jackson ImmunoResearch) was added and incubated for 1 h at 37�C. Between
each step, the plates were washed with PBST three times. Finally, the TMB substrate (Sigma, St. Louis,

MO) was added and incubated for 5 min at room temperature before the reaction was stopped using

1 M sulfuric acid. Absorbance was measured at 450 nm.

S1 shedding from spike trimers

VSV particles pseudotyped with S glycoprotein variants were prepared as described above. To evaluate

spontaneous S1 shedding at different temperatures, the cell supernatants containing pseudoviruses

were incubated on ice and at 4�C, room temperature and 37�C for 48 h. Authentic SARS-CoV-2 variants

were incubated at 4�C for 1 day and 2 days. Virus particles were then pelleted at 18,000 x g for 1 h at

4�C. The pelleted samples were resuspended in 1 X LDS sample buffer (Invitrogen, Cat# NP0008) and

analyzed by Western blotting. To evaluate soluble ACE2-induced S1 shedding, the cell supernatants con-

taining pseudovirus particles were incubated with soluble ACE2 at different concentrations on ice for 1 h.

Afterwards, virus particles were pelleted at 18,000 x g for 1 h at 4�C. The pelleted virus particles were

washed twice with cold PBS before the samples were resuspended in 1 X LDS sample buffer and analyzed

by Western blotting. S1, S2 and NP were detected as described above; soluble ACE2 bound to the pseu-

dovirus particles was detected with a goat anti-ACE2 primary antibody (R&D Systems, Cat# AF933) and an

HRP-conjugated rabbit anti-goat secondary antibody (Invitrogen, Cat#31400).

Neutralization assay

We evaluated the neutralization of pseudoviruses by sACE2.v2.4, six sera collected from March to June

2020 from New York City patients that recovered from COVID-19 and six sera from Moderna vaccinees

(Wang et al., 2021b). Pseudovirus neutralization assays were performed by incubating VSV vectors pseudo-

typed by S glycoprotein variants with serial dilutions of sACE2.v2.4, sera from convalescent COVID-19 pa-

tients or vaccinee sera in triplicate in 96-well plates for 1 h at 37�C. Approximately 3 x 104 target cells (Vero-

E6 or 293T-ACE2 cells) per well were then added. The cultures were maintained for an additional 16-24 h at

37�C before luciferase activity was measured as described above. Neutralization activity was calculated

from the reduction in luciferase activity compared with mock-treated controls.

For the authentic SARS-CoV-2 neutralization assay, serially diluted serum samples starting from 1:100 were

incubated with the SARS-CoV-2 preparation for 1 hour at 37�C in triplicate. Then, the virus-serum mixture

was transferred to Vero-E6 cells that had been grown overnight in 96-well plates. The multiplicity of infec-

tion of the uninhibited virus preparation was 0.1. The cells were incubated for 3 days before the cytopathic

effects of viral infection were visually scored for each well in a blinded fashion by two independent ob-

servers. The results were then converted into percentage neutralization at a given serum dilution.

The concentrations of sACE2.v2.4 and serum titers that inhibit 50% of infection (the IC50 and ID50 values,

respectively) were determined by fitting the data in five-parameter dose-response curves in GraphPad

Prism 8 (GraphPad Software Inc., San Diego, CA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Evaluations of statistical significance were performed employing Student’s unpaired or paired t test using

GraphPad Prism 8 software. Levels of significance are indicated as follows: *p<0.05; **p<0.01; ***p<0.001;

and ****p<0.0001. EC50, IC50 and ID50 values were determined by fitting the data in five-parameter dose-

response curves in GraphPad Prism 8.Western blot data were analyzed by Image Lab and ImageJ software.

FACS analysis was performed by a BD FACSCantoTM flow cytometer and data was analyzed using FlowJo

10 software. All data presented in this manuscript are representative of mean values derived from at least

two independent experiments.
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