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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) remained
genetically stable during the first 3 months of the pandemic, before acquiring a D614G
spike mutation that rapidly spread worldwide and then generating successive waves of
viral variants with increasingly high transmissibility. We set out to evaluate possible epi-
static interactions between the early-occurring D614G mutation and the more recently
emerged cleavage site mutations present in spike of the Alpha, Delta, and Omicron var-
iants of concern. The P681H/R mutations at the S1/S2 cleavage site increased spike proc-
essing and fusogenicity but limited its incorporation into pseudoviruses. In addition, the
higher cleavage rate led to higher shedding of the spike S1 subunit, resulting in a lower
infectivity of the P681H/R-carrying pseudoviruses compared to those expressing the
Wuhan wild-type spike. The D614G mutation increased spike expression at the cell sur-
face and limited S1 shedding from pseudovirions. As a consequence, the D614G muta-
tion preferentially increased the infectivity of P681H/R-carrying pseudoviruses. This
enhancement was more marked in cells where the endosomal route predominated, sug-
gesting that more stable spikes could better withstand the endosomal environment.
Taken together, these findings suggest that the D614G mutation stabilized S1/S2 associa-
tion and enabled the selection of mutations that increased S1/S2 cleavage, leading to
the emergence of SARS-CoV-2 variants expressing highly fusogenic spikes.

IMPORTANCE The first SARS-CoV-2 variant that spread worldwide in early 2020 carried
a D614G mutation in the viral spike, making this protein more stable in its cleaved form
at the surface of virions. The Alpha and Delta variants, which spread in late 2020 and
early 2021, respectively, proved increasingly transmissible and pathogenic compared to
the original strain. Interestingly, Alpha and Delta both carried the mutations P681H/R in
a cleavage site that made the spike more cleaved and more efficient at mediating viral
fusion. We show here that variants with increased spike cleavage due to P681H/R were
even more dependent on the stabilizing effect of the D614G mutation, which limited
the shedding of cleaved S1 subunits from viral particles. These findings suggest that the
worldwide spread of the D614G mutation was a prerequisite for the emergence of more
pathogenic SARS-CoV-2 variants with highly fusogenic spikes.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has
remained a major public health issue during the past 2 years, due to the repeated

emergence of viral variants endowed with increased transmissibility and/or immune
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escape capacity, leading to successive epidemic rebounds (1). The SARS-CoV-2 virus is
a beta-coronavirus characterized by a relatively low mutation rate (2), but the sheer
length of its RNA genome (30 kb) and its wide dissemination provide ample opportuni-
ties for the emergence and selection of viral mutations. SARS-CoV-2 remained geneti-
cally stable during the first few months of the pandemic, before the emergence in
February-March 2020 of a variant characterized by a D614G mutation in the spike gene
(3). The spread of the D614G mutation proved remarkably rapid, as this mutation
achieved worldwide dominance by June 2020 and has remained present in the vast
majority of SARS-CoV-2 genomes sequenced so far (4). The end of 2020 was marked by
the independent emergence of divergent SARS-CoV-2 lineages: B.1.1.7 in the United
Kingdom, B.1.351 in South Africa, and P1 in Brazil. These new lineages were associated
with rapid epidemic rebounds and have since been renamed the Alpha, Beta, and
Gamma variants of concern (VOC), respectively (5). The emergence of the VOC could
be ascribed to an increase in transmissibility and in escape from innate immunity in
the case of the Alpha variant (6–8) and to an efficient escape from preexisting neutral-
izing antibody responses in the case of the Beta and Gamma variants (9, 10). Other
emerging lineages characterized by a more localized spread, such as Kappa and
Epsilon, were labeled as variants of interest (VOI). February 2021 saw the emergence of
the B.1.617 lineage in Maharashtra, India, with a particularly successful sublineage giv-
ing rise to the Delta VOC. The Delta variant proved even more transmissible and patho-
genic than the Alpha variant and ended up superseding all the preexisting variants by
mid-2021 (11, 12). In November 2021, a highly divergent VOC called Omicron emerged
in South Africa (13). The transmissibility and immune escape capacity of Omicron
proved superior to those of all the previous VOC (14, 15), resulting in a worldwide
replacement of Delta by Omicron by early 2022. Recent studies point to a lower patho-
genicity of the Omicron variant (16), raising the possibility of a shift in SARS-CoV-2 evo-
lution toward viral attenuation.

Several key spike mutations have been shown to play a role in the increased trans-
missibility or immune escape capacity of the VOC. The initial D614G mutation was
shown to increase the infectivity of SARS-CoV-2 in several cell culture systems (3, 17–
19). This translated into an increased transmissibility and viral replication capacity in
the hamster and ferret models of SARS-CoV-2 infection (20, 21). Structurally, the D614G
mutation abrogated an interprotomer contact, which caused the spike receptor bind-
ing domain (RBD) to more readily adopt an up conformation, thus facilitating the inter-
actions with the ACE2 receptor (22, 23). Further structural studies showed that D614G
also had a key role in stabilizing the noncovalent association of the S1 and S2 spike
subunits once they were cleaved, through the ordering of a loop reinforcing intrapro-
tomer interactions (17, 24, 25). Thus, the D614G mutation made the spike more stable
but also more prone to interact with its receptor, accounting for the clear selective
advantage conferred to the virus.

The N501Y mutation shared by the Alpha, Beta, and Gamma VOC was shown to
increase the affinity of the spike for the ACE2 receptor and to be sufficient to increase
SARS-CoV-2 infectivity and transmissibility in the hamster model (26). Another group
of spike mutations located close to the receptor binding motif and including the
E484K, K417N/T, and L452R substitutions are involved in the escape of VOC from neu-
tralizing antibodies (1, 21). A third group of VOC mutations are located in the vicinity
of the S1/S2 cleavage site at R685/S686 and may thus influence the processing of the
spike. The original SARS-CoV-2 Wuhan strain is characterized by the presence of a poly-
basic motif, 681-PRRAR-685, just N-terminal to the S1/S2 cleavage site, a feature unique
among sarbecoviruses (27, 28). The polybasic motif is recognized by the furin protease
during spike export to the surfaces of infected cells, resulting in a partial cleavage of
the spike trimers incorporated into virions (29–31). The cleavage at the S1/S2 site pre-
activates the spike, so that SARS-CoV-2 virions may need only one additional proteo-
lytic cleavage for viral entry (29, 32), resulting in a more fit virus in vivo (33, 34). Indeed,
when the S1/S2 site is precleaved, the spike bound to the ACE2 receptor requires only
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a single cleavage at the S29 site to release the fusion peptide and transition to a fuso-
genic conformation (35). This additional cleavage may be provided by surface serine
proteases such as TMPRSS2 or by endosomal proteases such as cathepsin L if virions
are endocytosed (4, 36–39).

Notably, several of the SARS-CoV-2 variants carry a mutation at P681, just upstream
of the polybasic S1/S2 cleavage site (Fig. 1). The Alpha and Theta VOI carry a P681H
change, which increases the local positive charge and may thus facilitate furin cleavage
(40). Indeed, SARS-CoV-2 spikes carrying the P681H mutation were shown to be more
cleaved and more fusogenic than their nonmutated counterparts in most (41–43),
though not all (44), studies. Of note, the Alpha variant also carries a nearby T716I muta-
tion that may further influence spike cleavage. The Delta variant and the Kappa VOI
carry a P681R mutation, which further increases the basic nature of the S1/S2 cleavage
motif. This mutation was shown to increase the degree of cleavage at S1/S2, resulting
in a spike that is even more fusogenic than that of Alpha (45, 46). The P681R mutation
provides a clear competitive advantage to Delta in terms of infectivity in cell culture
systems and in animal models of infection (45, 47). More broadly, there has been a con-
sistent trend toward increased S1/S2 cleavage in the different VOC and VOI that
emerged in the past 2 years, which may help account for their higher transmissibility
and pathogenicity (42). In contrast, the recently emerged Omicron variant shows a low
degree of S1/S2 cleavage in virions released in culture, even though it carries the
P681H mutation also found in the Alpha spike (14, 48). The limited degree of precleav-
age reported for the Omicron spike and its preference for the endosomal rather than
the TMPRSS2 entry route may contribute to the lower pathogenicity reported for this
variant (16, 49).

Phylogenetic analyses suggest that each VOC arose independently, rather than by
sequential evolution (Fig. 1). However, it remains intriguing that VOC did not arise prior

FIG 1 Phylogeny of SARS-CoV-2 variants, with the spike genotype at position 681 highlighted. The phylogeny is based on 3,247 SARS-CoV-2 genomes
sampled globally between December 2019 and February 2022, from the database curated by the GISAID Initiative (https://www.gisaid.org/). The
phylogenetic tree was generated by the Nextstrain open-source project (https://nextstrain.org/), with data points colorized according to spike genotype at
position 681 (turquoise, P681; yellow, H681; blue, R681; orange, L681). The branches are labeled with SARS-CoV-2 clades according to the Nextstrain
nomenclature, with variant names in parentheses. VOC names are in red. The estimated emergence of the D614G mutation is indicated by a red arrow.
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to the selective sweep that replaced the original Wuhan strain by the D614G-carrying
variant. To address this issue, we assessed possible epistatic interactions between
D614G and the dominant S1/S2 cleavage site mutations. Analyses of fusogenic
capacity, spike processing, and infectivity of pseudotyped viruses did reveal interac-
tions between these two types of genetic changes. Specifically, the stabilizing effect of
the D614G mutation proved necessary to maintain the infectious capacity of virions
carrying a highly fusogenic spike, pointing to the critical role of D614G in enabling the
emergence of the VOC.

RESULTS
Design of spike mutations. The cleavage site mutations present in the SARS-CoV-2

VOC were introduced into the spike sequence of the reference Wuhan strain (Fig. 2).
Specifically, we constructed spike-expressing phCMV vectors carrying the point muta-
tion P681H or T716I, found in the Alpha variant, and P681R, found in the Delta variant
(Fig. 2A). Of note, the P681H mutation is also present in the currently emerging
Omicron variant. Controls included a Wuhan spike with a deletion of the furin cleavage
site (FCS) equivalent to that found in the naturally occurring bat coronavirus RaTG13.
This DFCS mutation corresponded to the deletion of amino acids (aa) 681 to 684
(PRRA), resulting in in a TNS/RSVA sequence at the S1/S2 junction. To evaluate interac-
tions between the early-occurring D614G mutation and the more recently emerged
cleavage site mutations, the Wuhan (wild type [WT]) and cleavage site mutant spikes
were constructed in two versions, with or without the D614G mutation (Fig. 2B). As
references, we also generated spikes carrying the full complement of mutations pres-
ent in the Alpha and Delta variants.

The D614G mutation and the deletion of the furin cleavage site both increase
intact spike expression at the cell surface. Spike-expressing vectors were initially
transfected in HEK 293Tn cells (referred to here as HEK cells) to verify that the spike
proteins were properly expressed at the cell surface. Transfected cells were labeled
with the human monoclonal antibody (MAb) 129, which is known to cross-react with
the S1 subunit of the SARS-CoV-2 variants included in the study (43). All of the vectors
tested resulted in efficient expression of the spike, with over 70% of HEK cells labeled
with MAb 129 (Fig. 3A and B; also, see Fig. S1A in the supplemental material). Analysis
of the mean fluorescence intensity (MFI) of transfected HEK cells showed that the DFCS
spike, lacking the FCS, was expressed to higher levels (Fig. 3C), possibly because the S1
subunit could not be shed from the cell surface. The difference in MFI between the WT
and DFCS spikes proved significant only for the versions of the spikes expressing G614.
To systematically evaluate the effect of the D614G mutation on spike surface expres-
sion, we computed the ratios of MFI for spike pairs carrying G614 or D614 (Fig. 3E).
This analysis showed that mean MFI ratios were above 1, suggesting that G614
increased spike surface expression. The MFI ratio was significantly higher for WT spikes
than P681R spikes, suggesting that the D614 effect was modulated by spike cleavage.
Similar trends were observed when analyzing the G614/D614 ratios of the percentage
of spike-expressing cells (Fig. 3D), though the difference between WT and P681R did
not reach significance. Overall, this analysis showed that both the FCS deletion and the
D614G mutation promoted the expression of S1-containing spikes at the cell surface.

Analysis of spike expression with an S1-specific antibody, as described above, quan-
titates only “intact” spikes that have not shed the S1 subunit and retain a fusogenic
capacity. To evaluate the expression of all the spike proteins that reach the cell surface,
independent of S1 shedding, we labeled the spike-transfected cells with an S2-specific
monoclonal antibody (GTX-S2). Analysis of the percent S2-positive cells showed equiv-
alent expression of all the spike proteins tested (Fig. S2A). This finding was confirmed
by performing surface staining with MAb 10-S2, a second S2-specific monoclonal anti-
body (Fig. S2B). Thus, the increase in spike surface expression associated with the FCS
deletion and the D614G mutation concerned only S1-containing intact spikes, not the
total spike content. These observations were compatible with an abrogation of S1
shedding by the FCS deletion and a limitation of S1 shedding by the D614G mutation,
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consistent with the literature (17–19, 24, 25). Further analyses of the fluorescence in-
tensity of the S2 subunit showed a trend toward the D614G mutation in decreasing S2
surface expression (Fig. S2C and D). This observation was confirmed by an analysis of
the G614/D614 ratios for S2 expression, which were below 1 for all the spike pairs
tested (Fig. S2E to H). The moderate decrease in S2 surface expression induced by the
D614G mutation may result from altered spike trafficking. Alternatively, the mutation
may decrease accessibility of S2 to monoclonal antibodies due to conformational
changes or increased S1 content. Overall, D614G induced an apparent decrease in total
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FIG 2 Spike mutations analyzed in the present study. (A) Sequences surrounding the spike mutations
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spike surface expression, which was largely compensated for by an increase in intact
spike content.

The P681H/R mutations increase SARS-CoV-2 spike fusogenicity. The fusogenic
capacity of the different spikes was evaluated in a green fluorescent protein (GFP) split
system where spike-transfected HEK cells expressing the truncated reporter protein
GFP1-10 were mixed with Vero-E6 cells expressing the complementary reporter protein
GFP11 (50, 51). Upon cellular fusion, reconstitution of a functional GFP due to GFP1-
10–GFP11 interaction resulted in fluorescent emission at 488 nm (Fig. 4A). GFP1 syncy-
tia were visualized on an Opera imaging system, and the GFP1 surface normalized to
the number of nuclei was quantified by automated image analysis.

The DFCS spike did not induce detectable fusion (Fig. 4B), compatible with the
notion that cleavage at the FSC is required for SARS-CoV-2 spike-dependent fusion at
the cell surface. In contrast, all of the other spikes induced the formation of GFP1 syn-
cytia, with syncytia appearing larger for spikes carrying the P681H/R mutations (Fig.
4B). Quantitative image analysis showed that the WT and T716I spikes had equivalent
fusogenic capacity (Fig. 4C). In contrast, the P681H and P681R spikes induced signifi-
cantly more fusion than the WT spike (P , 0.0001 in the presence of D614; P , 0.01 in
the presence of G614), consistent with previous findings by us and others (42, 43). The
Delta spikes also proved strongly fusogenic, compatible with the presence of the
P681R mutation (11).

Comparison of fusion achieved in presence and absence of the D614G mutation was
measured by fusion ratios (Fig. 4D). This analysis showed that the D614G mutation
increased the fusogenicity of the WT Wuhan and T716I spikes, with ratios of $1, possibly
due to increased spike expression at the cell surface. In contrast, the D614G effect was
weak or absent for the already highly fusogenic spikes carrying P681H/R mutations.

Cleavage site mutations limit spike incorporation into pseudoviruses. Pseudotyped
viruses (PV) were produced by cotransfecting HEK cells with a SARS-CoV-2 spike expression
vector, a GFP-lentivector backbone, and HIV-derived packaging plasmids. PV particles con-
centrated by ultracentrifugation were analyzed for spike incorporation and processing by
Western blotting. Dual labeling was obtained with a polyclonal anti-S1 antibody (green flu-
orescence) and a monoclonal anti-S2 antibody (red fluorescence), so that the uncleaved
spike precursor, S0, containing both the S1 and S2 subunits appeared yellow (Fig. 5A, top).
PV protein extracts were normalized according to their content in HIV p24 capsid protein
(Fig. 5A, bottom).

Particle pseudotyped with the DFCS spike showed a highly predominant S0 band,
as expected for a spike devoid of an S1/S2 cleavage site. In contrast, S1 and S2 subunits
were detected in PV expressing a spike with an FCS. To evaluate the total amount of
spike incorporated by the different PV, we measured the summed intensities of the S2
and S0 bands (in the red channel), relative to the amount of p24 capsid protein (Fig.
5B). Of note, the (S01S2)/p24 parameter takes into account all the spike moieties
incorporated into the PV, irrespective of their cleavage status or of the possible shed-
ding of the S1 subunit. Quantitation of this parameter showed that all of the cleavage
site mutations tended to decrease total spike incorporation, with an effect that was
more marked for the T716I mutant. The Alpha PV also showed low spike incorporation
compared to the WT G614 PV. Based on a G614/D614 ratio analysis (Fig. 5C), the
D614G mutation had minimal effect on total spike incorporation, except for a possible
decrease in incorporation of the P681R spike.

The D614G mutation promotes spike cleavage but limits S1 shedding. We then
analyzed the ratio of S2 subunit to S0 precursor, in order to evaluate the extent of spike
cleavage in PV particles. This analysis showed that the P681H/R mutations strongly pro-
moted spike cleavage (Fig. 5D), consistent with the literature (41, 42, 45, 46). The Delta PV
also harbored almost fully cleaved spikes, while this was not apparent for the Alpha PV,
suggesting that other mutations such as T716I counterbalanced the procleavage effect of
P681H. The G614/D614 ratio analysis showed that the presence of the G614 mutation
increased spike cleavage in the WT and T716I PV but had no discernible effect on the al-
ready highly cleaved spikes of the P681H and P681R PV (Fig. 5E).

D614G Stabilizes the Spike of SARS-CoV-2 Variants Journal of Virology

October 2022 Volume 96 Issue 19 10.1128/jvi.01301-22 7

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01301-22


A

B

C D

HEK GFP 1-10

Transfection

HEK GFP 1-10    +

Cells mixing
Ratio 1:1

Vero GFP11 Syncytia

GFP
fluorescence

Spike

Spike
vector ACE2

Empty WT
D614 D614 D614 D614 D614

�FCS T716I P681H P681R

�FCS
G614

T716I
G614

P681H
G614

P681R
G614

Alpha

VSV-G WT
G614

Delta

0

1

2

3

G
re

en
 a

re
a/

 n
uc

le
i n

um
be

r (
no

rm
al

iz
ed

)

D614

P681R Alpha DeltaP681HT716IFCSWT

G614
P681RP681HT716IWT

G614
Empty VSV-G FCS

WT T716I P681H P681R
0.0

0.5

1.0

1.5

2.0

R
at

io
 G

61
4 

/ D
61

4 
Fu

si
on 0.053

**

FIG 4 The P681H/R mutations increase spike fusogenicity. (A) Principle of the cell-cell fusion assay. HEK GFP1-10 are transfected with spike vectors and
then mixed with Vero GFP11 at a 1:1 ratio. Spike-ACE2 interactions lead to cell-cell fusion. Upon syncytium formation, complementation between the

(Continued on next page)

D614G Stabilizes the Spike of SARS-CoV-2 Variants Journal of Virology

October 2022 Volume 96 Issue 19 10.1128/jvi.01301-22 8

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01301-22


The relative amount of S1 subunit retained on the different PV was then measured
by quantifying the S1/S2 ratio (Fig. 5F). The T716I mutation was associated with a very
low S1/S2 ratio relative to WT, while the P681H/R mutations did not have a marked
effect on the S1/S2 ratio. Thus, the T716I mutation induced marked S1 shedding, while
the addition of a basic amino acid in the FCS appeared neutral for shedding, even
though it increased spike cleavage. The presence of the D614G mutation promoted S1
retention in all the PV tested, as shown by values above 2 in the G614/D614 ratio anal-
ysis relative to the S1/S2 parameter (Fig. 5G). In particular, D614G efficiently corrected
the deleterious effect of T716I on S1 shedding. Taken together, these results show that
the D614G mutation promoted spike cleavage but limited S1 shedding, consistent
with the literature (17–19, 24, 25). Presence of D614G thus enabled the production of
viral particles with a high content of cleaved spike.

A Western blot analysis was also carried out on lysates of HEK cells used to produce
the PV particles (Fig. S3). More spikes remained in an uncleaved S0 state in producer
cells than in PV, likely because a fraction of cellular spikes had not yet completed their
maturation. Nevertheless, the parameters that measured spike content [(S01S2)/actin],
spike cleavage (S2/S0), and S1 shedding (S1/S2) showed patterns similar to those
observed in PV, indicating that the studied spike mutations already exerted their
effects at the level of producer cells. One exception was the lower cleavage of the spike
carrying both the P681R and D614G mutations compared to the D614G-carrying WT
spike in producer cells (Fig. S3C). The reverse trend was observed in PV (Fig. 5D), sug-
gesting that spikes carrying P681R could be further cleaved after viral budding.

The D614G mutation preferentially increases the infectivity of P681H/R-carry-
ing pseudoviruses. To evaluate the impact of spike mutations on viral infectivity, we
measured the extent of single-cycle infection induced by PV on HEK cells expressing the
ACE2 receptor, in the presence or absence of the TMPRSS2-activating protease (Fig. S1B).
At 48 h, the infection was evaluated by the percentage of target cells expressing the GFP
reporter gene, after transfer by the pseudotyped lentivector added at a dose of 0.125 mg
p24 (representative examples in Fig. 6A and Fig. S4; quantitation in Fig. 6B). This analysis
showed that, in the absence of the D614G change, the infectivity of PV carrying the cleav-
age site mutations T716I and P681H/R was low compared to that of the WT (Fig. 6B). In
contrast, the DFCS spike conferred high infectivity in HEK-ACE2 cells, confirming that an
FCS was not required for viral entry in these cells (18, 31, 33). A dose response analysis sup-
ported these findings at different viral input doses (Fig. S5). Infectivity was overall higher in
HEK-ACE2-TMPRSS2 than HEK-ACE2 cells (Fig. S5A). Differences in infectivity between the
PV were less marked than in HEK-ACE2 cells (Fig. 6B and C), suggesting that an additional
entry route enabled by the TMPRSS2 protease could attenuate mutant-induced entry
defects.

The G614/D614 infectivity ratios were then computed for all the lentivector doses
tested (Fig. 6D and E), including the 0.125-mg dose shown in Fig. 6B and C. Analysis of
these ratios showed that the D614G mutation increased infectivity of the WT and
P681H PV in HEK-ACE2, as indicated by ratios significantly above 1 for the 0.125-mg
dose (P , 0.05) (Fig. 6D). A trend for increased infectivity was also observed for the
P681R PV carrying D614G at all doses tested. In contrast, infectivity of the T716I PV
remained unchanged and that of the DFCS PV was significantly decreased in the pres-
ence of the D614G mutation (Fig. 6D). A degree of cytotoxicity was observed at the
highest PV input dose (0.5 mg) (Fig. S5B), which may have affected the measurement

FIG 4 Legend (Continued)
GFP1-10 and GFP11 fragments generates functional GFP, resulting in a fluorescent emission. (B) Representative images of a fusion assay monitored at
18 h after spike transfection. Cell nuclei were stained with DAPI (blue), while syncytia were detected by GFP fluorescent emission (green). The spike
vectors used are shown, with those containing the D614G mutation in red. (C) Quantification of cell-cell fusion induced upon spike expression. The
green fluorescent area divided by the number of nuclei is reported, with normalization to the WT spike condition. Statistics were measured by one-way
ANOVA, with the Holm-Šidák correction for multiple comparisons. D614 backbone mutants were compared to the WT D614 spike, while G614
backbone mutants were compared to the WT G614 spike. (D) Ratios of cell-cell fusion measured for spikes in the G614 backbone to that in the D614
backbone. Statistics evaluating whether each ratio is different from 1 were measured by one-sample t tests. (C and D) Means and SD are shown for 4
independent experiments. Each dot represents the mean of technical triplicate measurements. **, P , 0.01; ****, P , 0.0001.
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of infectivity ratios at this dose (gray bars in Fig. 6D and E). Interestingly, the effect of
D614G appeared more marked for the PV carrying the basic P681R/H mutations than
for the WT, as shown by ratios of $2 (Fig. 6D, red line), suggesting that D614G may
have played a compensatory role that was important in the emergence of the P681H/
R-carrying variants. The Alpha PV retained relatively low infectivity in HEK-ACE2 cells
(Fig. 6B), suggesting that mutations other than D614G and P681H also impacted viral
entry, with a possible negative role of T716I. The effect of D614G was less apparent in
HEK-ACE2-TMPRSS2 than in HEK-ACE2 cells but remained more marked for the P681R/
H than the WT PV (Fig. 6C and E), confirming that D614G preferentially increased the
infectivity of PV carrying the P681H/R basic mutations.

The D614G mutation increases infectivity in different cellular contexts. To test
the generality of these findings, we measured the infectivity of PV in the osteosarcoma cell
line U2OS-ACE2 with and without TMPRSS2 and in the lung adenocarcinoma cell line Calu-
3. As PV expressing a GFP reporter gene gave a low detection signal in these cell lines, we
switched to a PV system where the backbone lentivector expressed luciferase, resulting in
a higher signal-to-noise ratio (Fig. 7). The pattern of infectivity observed in U2OS-ACE2 was
similar to that observed in HEK-ACE2, with a relative defect of the T716I, P681H, and P681R
PV compared to WT and a highly efficient entry of the DFCS PV (Fig. 7A). The D614G muta-
tion markedly increased PV infectivity in U2OS-ACE2 cells (Fig. 7B), with a partial restoration
of infectivity for the P681H/R mutants. The Alpha PV showed an infectivity equivalent to
that of WT-G614, while that of the Delta PV proved significantly higher (Fig. 7A).

Analyses in U2OS-ACE2-TMPRSS2 showed that the presence of TMPRSS2 led to an
overall increase in PV infectivity (Fig. 7C). The relative differences in PV infectivity
showed a pattern similar to that observed in the absence of TMPRSS2, except that the
Delta PV showed an infectivity comparable to rather than higher than that of the WT.
The presence of the D614G mutation led to a full restoration of infectivity for the
P681H PV and to a partial restoration for the P681R PV (Fig. 7C and D).

In the Calu-3 cell line, which expresses ACE2 and TMPRSS2 endogenously (37), PV
entry was lower than in cell lines transduced with the ACE2 and TMPRSS2 genes (Fig.
7E). The DFCS PV showed drastically decreased infectivity in Calu-3, confirming that a
functional FCS was required for efficient entry in this cell line (29, 32, 33). The T716I PV
still showed a decreased infectivity compared to WT, while the P681H/R PV were as in-
fectious as WT in the Calu-3 setting. The Alpha PV also showed an infectivity compara-
ble to that of WT-G614, while infectivity of the Delta PV was significantly increased
(Fig. 7E).

The G614/D614 infectivity ratios were above 1 for all the PV tested (Fig. 7F), indicat-
ing that the D614G mutation increased infectivity in Calu-3 cells, though this increase
appeared moderate compared to that seen in other cell lines. Concerning the P681R/H
mutants, the infectivity ratios were in the 1.5-to-2.5 range in Calu-3, while they were in
the 3-to-7 range in HEK-ACE2 and U2OS-ACE2 with and without TMPRSS2, suggesting
that the compensatory effect of the D614G mutation depended on the cellular
context.

FIG 5 Legend (Continued)
showing the S1 (green) and S2 (red) spike subunits (top) and the p24 Gag protein (red) used for normalization
(bottom). The equivalent of 300 ng p24 was loaded in each lane. Molecular weight markers were loaded in the
first lane, with the expected marker size indicated on the left. The uncleaved spike precursor S0 is visible in
yellow due to the superposition of green and red fluorescence. (B) Quantitation of total spike incorporated
(S0 1 S2), relative to p24 content, and normalized to the WT value. The fluorescence intensity of each band was
quantified with the Image Studio Lite software. (C) Ratio of total spike incorporated measured in the G614
backbone to that in the D614 backbone. (D) Quantitation of total cleaved spike, measured by the S2/S0 ratio and
normalized to the WT value. (E) Ratio of total cleaved spike measured in the G614 backbone to that in the D614
backbone. (F) Quantitation of S1 subunit retention in PV particles, measured by the S1/S2 ratio, and normalized
to the WT value. ND, not detectable. (G) Ratio of S1 retention in the G614 backbone to that in the D614
backbone. (B, D, and F) Statistics were measured by one-way ANOVA, with the Holm-Šidák correction for multiple
comparisons. D614 backbone mutants were compared to the WT D614 spike, while G614 backbone mutants
were compared to the WT G614 spike. (C, E, and G) Statistics evaluating whether each ratio was different from 1
were measured by one-sample t tests. (B to G) Means and SD are shown for $3 independent experiments,
except for T716I S1 retention, where n = 2. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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by one-way ANOVA, with the Holm-Šidák correction for multiple comparisons. D614 backbone mutants were compared to the WT D614 spike, while G614
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increasing doses of PV ranging from 0.0625 to 0.5 mg pf p24 equivalent. The preferential effect of the D614G mutation on the infectivity of PV carrying the
P681H/R mutation is evidenced by ratios above 2 (red line, ratio = 2; gray line, ratio = 1). Means and SD are shown for $3 independent experiments,
except for the T716I mutant at the highest dose, where n = 2. Statistics evaluating whether each ratio was different from 1 were measured by one-sample
t tests. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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FIG 7 The D614G mutation increases infectivity in different cellular contexts. The infectivity of Luc lentivector pseudotyped with
the different spikes was analyzed in different cell lines. (A to D) Luciferase activity in U2OS-ACE2 cells (A and B) and U2OS-ACE2-
TMPRSS2 cells (C and D) infected with 0.125 mg pf p24 equivalent. (E and F) Luciferase activity in Calu-3 cells infected with 1 mg
pf p24 equivalent. (A, C, and E) Statistics were measured by one-way ANOVA, with the Holm-Šidák correction for multiple
comparisons. D614 backbone mutants were compared to the WT D614 spike, while G614 backbone mutants were compared to
the WT G614 spike. (B, D, and F) Ratio of PV infectivity in U2OS-ACE2 (B), U2OS-ACE2-TMPRSS2 (D), and Calu-3 (F) cells for spikes
in the G614 backbone to that in the D614 backbone. Statistics evaluating whether each ratio is different from 1 were measured
by one-sample t tests. (A to F) Means and SD are shown for 4 independent experiments, with 2 technical replicates per
experiment. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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Limited effect of the D614G mutation on entry pathway usage. SARS-CoV-2 is
known to use different entry pathways depending on the availability of the proteases
involved in spike processing. Specifically, expression of TMPRSS2 promotes entry at the
cell surface, while in the absence of this protease, viral entry can take place in endo-
somes after spike processing via cathepsins B and L (4, 36, 37). As we noted a variable
compensatory effect of the D614G mutation depending on the target cell type, we
asked whether D614G influenced entry pathway usage. To investigate this, target cells
were pretreated with the serine protease inhibitor camostat, which blocks TMPRSS2 ac-
tivity, and/or with the cysteine protease inhibitor E64D, which blocks the activity of the
endosomal cathepsins B and L (36). Pretreated cells were then infected and cultivated
in the presence of the inhibitors for 2 days before the inhibition of PV infectivity was
measured by luciferase activity.

Viral entry into HEK-ACE2 cells was inhibited at 80% by E64D treatment for most PV
tested (Fig. 8A, green line in radar plot) while the blocking effect of camostat was mini-
mal (20%) (Fig. 8A, blue line), suggesting that the endosomal entry route predomi-
nated in this cell line (see Fig. S6A for raw infectivity data). The combination of E64D
and camostat (Fig. 8A, red line) resulted in inhibition equivalent to that seen with E64D
alone, reinforcing the notion of a predominantly endosomal entry. Entry inhibition did
not vary depending on the presence or absence of the D614G mutation, suggesting
that spike stability was not the main parameter determining the viral entry route. The
Delta PV was characterized by a lower susceptibility to entry blocking by the two pro-
tease inhibitors, possibly due to the high fusogenicity of the Delta spike. Another
exception was the T716I PV carrying the D614G mutation, which showed only 60% in-
hibition by E64D treatment. However, this resistance was only relative, as this PV
retained an overall low infectivity in HEK-ACE2 compared to the other PV carrying
D614G (Fig. S6A).

Analysis of entry inhibition in HEK-ACE2-TMPRSS2 showed an inverted pattern com-
pared to that seen in HEK-ACE2, with about 80% inhibition by camostat, and a negligible
effect of E64D (Fig. 8B). Thus, the expression of TMPRSS2 was sufficient to switch entry
pathways, with the surface route becoming predominant. The Delta PV proved again less
susceptible to entry inhibition. The other PV that showed low (40%) entry inhibition by
camostat was the DFCS PV, consistent with the limited capacity of an uncleaved spike to
promote surface entry (36). The DFCS PV were the only ones to show a degree of inhibition
by E64D in HEK-ACE2-TMPRSS2, suggesting that limited access to the endosomal route
remained available in the presence of TMPRSS2. The presence of the D614G mutation had
little or no effect on susceptibility to protease inhibitors, suggesting that the main determi-
nants of entry pathway usage lay with the host cell rather than with the viral particle.

Evaluation of entry inhibition in Calu-3 cells yielded a pattern that was overall similar to
that seen in HEK-ACE2-TMPRSS2, compatible with a predominant use of the surface entry
route in both cell lines (Fig. 8C and Fig. S6C). Camostat proved highly efficient at blocking
viral entry in Calu-3, consistent with a requirement for TMPRSS2 or related serine proteases
for viral entry in this cell line (19, 29, 36, 37, 39). Entry inhibition percentages upon camo-
stat treatment were above 80% for most PV, and no further increase in inhibition was seen
when E64D was added to camostat. The exception was again the DFCS PV, which were
not inhibited by camostat. However, entry of the DFCS PV was only marginally higher than
that seen for the control PV devoid of spike (Fig. S6C, Empty), confirming that a spike
devoid of the FCS enabled only minimal entry in Calu-3 cells (29, 32, 33).

Partial inhibition of infectivity by combined TMPRSS2 and cathepsin inhibitors
in U2OS cells. The entry inhibition pattern seen in U2OS-ACE2 cells proved intermediate,
with neither camostat nor E64D achieving efficient blocking of viral entry in this cell line
(Fig. 8D and E and Fig. S6D and E). The inhibition induced by E64D was in the 20-to-40%
range, except for DFCS PV, which remained cathepsin dependent for viral entry. We noted
that PV carrying G614 tended to be more susceptible to E64D inhibition than their D614
counterparts, suggesting that PV with stabilized spikes may still partially use the endoso-
mal entry pathway in the U2OS cellular context. Camostat did not inhibit viral entry in
U2OS-ACE2 and, intriguingly, also showed a limited effect (about 20% inhibition) in U2OS-
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FIG 8 Partial inhibition of infectivity by combined TMPRSS2 and cathepsin inhibitors in U2OS cells. The TMPRSS2 inhibitor camostat and the cathepsin
inhibitor E64D were evaluated for their capacity to block PV infectivity, alone or in combination. The percent infectivity inhibition was measured by the
mean decrease in luciferase activity for 3 independent experiments, with 2 technical replicates per experiment: [1 2 (RLU treated/RLU untreated)] � 100.
The percent infectivity inhibition is reported in radar plots for camostat (blue line), E64D (green line), or the combination of the two inhibitors (red line) in
HEK-ACE2 (A), HEK-ACE2-TMPRSS2 (B), Calu-3 (C), U2OS-ACE2 (D), and U2OS-ACE2-TMPRSS2 (E) cells. The names of PV carrying the D614G mutation are in
red.
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ACE2-TMPRSS2 (Fig. 8E). In contrast, the inhibitory effect of E64D was maintained and even
at times increased (range, 20 to 60%) in the presence of TMPRSS2. When considering abso-
lute infectivity values, addition of TMPRSS2 did increase viral entry in U2OS-ACE2 cells (Fig.
S6E). However, the expression of TMPRSS2 was not sufficient to entirely redirect viral entry
to a camostat-dependent pathway, in contrast to findings obtained in HEK-ACE2-TMPRSS2
cells. To determine whether U2OS cells may have a lower sensitivity to protease inhibitors,
we treated U2OS-ACE2 and U2OS-ACE-TMPRSS2 with different doses of E64D and camo-
stat (Fig. S7A and B), but we did not observe an increase inhibition of PV entry at higher
doses. Also, E64D started to induce cell toxicity at the highest dose tested (200 mM) (Fig.
S7C and D), precluding the testing of even higher doses. The fact that the DFCS PV entry
remained inhibited at 80 to 90% by 50 mM E64D in U2OS-ACE2 and U2OS-ACE2-TMPRSS2
cells (Fig. 8D and E) also suggested that the inhibitor was functional in those cells. For the
other PV tested, the partial entry inhibition observed with combined camostat-E64D treat-
ment raised the possibility of an additional entry route that would not depend on
TMPRSS2 or cathepsins.

DISCUSSION

This study demonstrates that spikes carrying the S1/S2 cleavage site mutations
characteristic of SARS-CoV-2 variants rely on the additional D614G mutation to main-
tain efficient viral entry. The acquisition of the D614G mutation was already viewed as
a key event that enabled the worldwide dissemination of the original SARS-CoV-2
strain (3, 4). We report here that D614G is even more important for the fitness of virions
carrying the P681R/H mutations, in particular when the endosomal entry pathway pre-
dominates. Indeed, the benefit conferred by D614G on infectivity was 1.5 to 3 times
higher for pseudoviruses carrying the P681R/H mutations than for those with the origi-
nal P681 residue in HEK-ACE2 cells. Based on these findings, we propose that acquisi-
tion of D614G played an essential role in the emergence of the highly transmissible
and pathogenic Alpha and Delta variants.

We had previously shown that P681H was the key mutation involved in conferring a
higher fusogenicity to the Alpha spike (43). We report in the present study that the P681R
mutation found in the Delta spike confers an even higher fusogenic capacity, consistent
with recent literature (45, 47, 52). In a D614 context, these highly fusogenic spikes were
characterized by equivalent or slightly lower expression than the Wuhan spike at the sur-
face of producer cells and by decreased incorporation into pseudotyped virions. This may
be due to differences in spike trafficking, as premature intracellular fusion events triggered
by the P681H/R spikes could perturb protein maturation pathways. Introduction of the
D614G mutation slightly increased the surface expression of the P681H spike, but not that
of the P681R spike, and did not restore incorporation of these spikes into virions. Thus, the
D614G change must have acted primarily after the virion release stage. The P681H/R spikes
incorporated into virions showed a clear increase in the degree of cleavage at the S1/S2
site, as expected (17, 46, 47). Introduction of the D614G mutation into the P681H/R spikes
did not significantly change their degree of cleavage, as measured by the S2/S0 ratio. The
key difference proved to be in the degree of S1 subunit retention on virions, with an S1/S2
ratio increased by a factor 2 to 3 in the presence of the D614G mutation. Of note, increased
S1 retention was also seen when D614G was inserted into the original Wuhan spike, as
reported here and in previous studies (17, 24). However, due to the higher cleavage rate
achieved by the P681H/R spikes, the proportion of S1 subunits retained in the presence of
the D614G was higher, accounting for the preferential effect of the D614G change on
highly fusogenic spikes.

The infectivity enhancement conferred by the D614G mutation proved higher in the
absence of TMPRSS2 overexpression. This was observed in the HEK-ACE2 as well as the
U2OS-ACE2 cellular contexts. In addition, the infectivity enhancement remained moderate
in Calu-3 cells, which endogenously express TMPRSS2 and enable viral entry via the surface
rather than the endosomal route (37). A likely explanation for these findings is that S1 sub-
unit stability is more critical when using the endosomal rather than the TMPRSS2-
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dependent surface entry pathway. This notion is compatible with findings by Laporte and
colleagues, who reported that the D614G mutation increased spike stability and promoted
the use of the cathepsin L-dependent entry pathway (19). SARS-CoV-2 entry via the endo-
somal route was shown to take longer than via the surface route and to require endosomal
acidification (36, 37). A more stable spike is likely to better withstand a long entry process
and/or an acidifying environment. Ultrastructural studies suggest that the release of S1
subunits facilitates the transition of the metastable spike trimer to a postfusion conforma-
tion and that these changes may at times happen prematurely, before attachment of S1 to
its receptor ACE2 (4). For instance, the presence of postfusion trimers lacking S1 has been
documented at the surface of virions by cryo-electron microscopy (53), and it is possible
that this phenomenon is further triggered within endosomes. The D614G mutation may
limit these premature conformational changes, as this mutation was shown to stabilize the
noncovalent association of the S1 and S2 subunits within a spike protomer (24). The stabi-
lizing effect of the D614G mutation may thus be particularly relevant in the case of pre-
cleaved spikes with a high propensity for fusion, and in cellular contexts that favor the
endosomal entry route. Of note, primary human epithelial cells of the nasal mucosa
express high levels of cathepsin-L, in contrast to Calu-3 cells (54). The endosomal entry
pathway dependent on cathepsin-L may thus be highly relevant for SARS-CoV-2 propaga-
tion in vivo.

A spike devoid of the polybasic S1/S2 cleavage site (DFCS) proved defective in the
cell-cell fusion assay. In contrast, pseudotypes carrying this spike were highly infectious
in the HEK-ACE2 and U2OS-ACE2 cellular contexts, consistent with previous reports
(18, 30, 31, 33). These observations highlight a disconnect between fusogenic capacity
measured at the cell surface and infectivity, likely due to differences in the subcellular
locations involved. Indeed, the DFCS spike was highly sensitive to E64D inhibition but
only minimally sensitive to camostat and thus mediated entry almost exclusively by
the endosomal route. This was further confirmed by the low infectivity of DFCS pseu-
dotypes in Calu-3 cells, where the surface route predominates, as previously reported
(29, 32, 33). The DFCS spike lacks the PRRA sequence but retains an arginine at 685
and may thus be cleaved at this site (or at neighboring sites) by cathepsins, accounting
for its capacity to mediate entry through endosomes. Of note, the presence of the
D614G mutation did not restore the fusogenic capacity of the DFCS spike and induced
only limited changes in its infectivity pattern. Indeed, D614G tended to decrease,
rather than increase, the infectivity of DFCS pseudotypes in HEK-ACE2 cells, slightly
increased infectivity in U2OS-ACE2 cells, and had no effect on infectivity in Calu-3 cells.
These observations further support the notion that D614G acts through stabilization of
S1/S2 association, as D614G loses its effects in situations where S1 and S2 are cova-
lently associated.

The sensitivity of pseudotyped viruses to entry inhibitors did not appear dependent
on the D614G mutation. Thus, D614G modulated the magnitude of infection but not
the proportion of infection that took place through the surface or the endosomal entry
routes. Rather, the choice of entry route varied according to the cell line studied, sug-
gesting that it mainly depended on host cell characteristics. As expected (19, 29, 36,
37, 39), the expression of TMPRSS2 redirected most of entry through the surface route
in HEK-ACE2-TMPRSS2 as well as Calu-3 cells. The findings in U2OS-ACE2 cells were
more intriguing, as neither camostat nor E64D could fully block pseudotyped virus
entry in this cell line (with the exception of DFCS). Further, expression of TMPRSS2 in
these cells did not fully redirect viral entry to a camostat-sensitive pathway. These
observations raise the possibility of an additional entry pathway that would be insensi-
tive to both camostat and E64D and would thus not depend on TMPRSS2 or on cathe-
psins. This putative pathway would still require a polybasic S1/S2 cleavage site, as it
did not play a role in the entry of the DFCS pseudotyped virus. One may note that
alternate receptors have been recently proposed for SARS-CoV-2 (55), which may pro-
vide a basis for alternate entry routes. Additional proteases, such as the metallopro-
teases ADAM10 and ADAM17 (18, 56, 57) and the coagulation factors Xa and thrombin
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(58), have also been proposed to play a role in SARS-CoV-2 entry. A possible role for
furin in directly cleaving the S29 site (59), in addition to the S1/S2 site, could also con-
tribute to an alternate entry pathway in U2OS-ACE2 cells.

The T716I mutation found in the Alpha spike had an overall deleterious effect on pseu-
dotyped virus infectivity, which was associated with decreased spike incorporation into viri-
ons. In addition, the T716I mutation induced slightly less spike cleavage but markedly
lower retention of cleaved S1 subunits. Taken together, the results suggest that the T716I
change resulted in a small amount of functional spike carrying the S1 subunit on virions,
accounting for a low infectivity. These observations are compatible with structural studies
showing that the T716I mutation has a locally destabilizing effect, by abrogating an intra-
spike protomer hydrogen bond (60). Combination of D614G with the T716I mutation did
have a stabilizing effect, as S1 retention improved. However, the infectivity of the D614G/
T716I pseudotypes remained lower than that of other mutants in all the cell lines tested.
The presence of T716I change may help explain why Alpha pseudotypes retain a low infec-
tivity in HEK-ACE2 cells. On the other hand, Alpha pseudotypes are as infectious as WT-
G614 pseudotypes in U2OS-ACE2 and Calu-3 cells, implying that the deleterious effect of
T716I is compensated for by other mutations present in the Alpha spike. Reasons for the
conservation of a destabilizing mutation such as T716I remain to be fully elucidated, but
they may be related to the capacity of the Alpha spike trimer to more frequently switch to
an RBD up conformation competent for ACE2 binding (60). Overall, structural studies point
to the interplay of several stabilizing and destabilizing mutations that control the degree of
exposure of the RBD.

Compensatory mutations that increase entry of the Alpha spike act through several
mechanisms. A two-residue deletion found in the N-terminal domain of the Alpha
spike, DH69V70, was reported to increase total spike incorporation into virions (61). In
contrast, the D614G change acts primarily through the stabilization of the S1/S2 non-
covalent association, as discussed above. The N501Y change found in the RBD
increases affinity of the spike for ACE2 by a factor up to 5, which promotes viral entry
(26, 60). The P681H mutation increased spike fusogenicity, which should have an
impact on viral entry. However, P681H by itself did not increase infectivity in our
assays, consistent with a previous report (41). Possible reasons include the instability of
the cleaved S1 subunit, which may not be fully compensated for by the D614G change,
and a trend toward lower incorporation of the P681H spike into pseudovirions. While
the P681H change does not directly increase infectivity of the Alpha variant, at least in
vitro, it may contribute its pathogenic potential though the facilitation of cell-cell
fusion. A pathogenic role for syncytia in pulmonary alveoli has been proposed (52, 62),
which may help account for increased pathogenicity of the Alpha variant compared to
that of the original Wuhan strain (63). The increased in fusogenicity associated with
the P681R mutation is even more marked, which may contribute to the superior patho-
genicity of the Delta variant (12). The recently emerged variant Omicron expresses a
spike with reduced fusogenic capacity (14, 48) and has shown signs of decreased path-
ogenicity (16), further supporting an association between these two parameters.

Epidemiological and modeling studies have shown that the Alpha VOC had increased
transmissibility compared to the D614G SARS-CoV-2 strain (6, 64). In addition, the Delta
VOC showed a further increase in transmissibility over the Alpha VOC (11). These findings
were not recapitulated in our in vitro study, as we did not observe a higher infectivity of
the Alpha and Delta pseudoviruses over the D614G reference pseudovirus. Further, the
analysis of point mutations showed that the P681H/R changes had a deleterious effect on
infectivity that was partially or fully reversed by the D614G change but that did not result
in a higher infectivity for the P681H/R-D614G combination. This discrepancy with in vivo
observations suggests that the pseudovirus system used does not recapitulate all aspects
of SARS-CoV-2 infectivity. For instance, it is possible that SARS-CoV-2 can also spread from
cell to cell in vivo, a phenomenon that cannot be reproduced in single-cycle infectivity
assays. This may help explain why increased fusogenicity does not translate into higher
infectivity in vitro. Another possibility is that highly fusogenic spikes induce a degree of
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cytotoxicity when overexpressed in producer cells, which may contribute to a lower spike
incorporation into pseudovirions, as observed for the P681R spike.

It remains intriguing that the Omicron variant retains the P681H change in its spike, in
spite of its low fusogenic capacity and a reported low degree of S1/S2 cleavage (48).
Omicron carries 33 nonsynonymous spike mutations compared to the Wuhan strain, an
unprecedented number of changes that induce a remodeling of the N-terminal domain
(NTD) and RBD surfaces and result in immune evasion of most classes of monoclonal anti-
bodies (65). These changes also impact the viral entry step, as Omicron infectivity is ham-
pered under conditions of low ACE2 expression (66), a property that may explain the low
infectivity of Omicron for lung alveolar tissue (49). Structurally, the regions that control RBD
flipping appear more structured in the Omicron trimer, which may slow down the transi-
tion of the RBD to the up position and thus make ACE2 binding a rate-limiting step in viral
entry (66). Residues close to the FCS also appear more structured, which may limit access
of the furin enzyme and account for the low cleavage rate. Thus, low fusogenicity of
Omicron appears to result from combinatorial changes that restrict several steps of the
entry process but accommodate a wide array of immune escape mutations.

The SARS-CoV-2 virus is demonstrating remarkable adaptability in the face of world-
wide vaccination efforts and mounting natural immunity. Due to the plasticity of the
spike, emerging variants could adopt distinct evolutionary strategies, based on differ-
ent degrees of trade-off between transmissibility, pathogenicity, and immune escape.
It remains striking, however, that all the SARS-CoV-2 variants relied on the D614G
mutation for S1 subunit stabilization. We report that the dependency on the D614G
mutation was more marked for highly fusogenic spikes, implying a key role of the
D614G mutation in the emergence of highly pathogenic SARS-CoV-2 variants.

MATERIALS ANDMETHODS
Plasmids. All the spike mutations were inserted into a codon-optimized version of the Wuhan-Hu-1

SARS-CoV-2 spike (GenBank accession no. QHD43416.1) cloned into a phCMV backbone (GenBank acces-
sion no. AJ318514). Mutations were introduced into the phCMV-Spike plasmids using mutagenic primers
and the Q5 site-directed mutagenesis kit (New England Biolabs [NEB]). In addition, a truncation of 19
amino acids was introduced into the cytoplasmic tail of each spike studied (deletion at amino acids
1255 to 1273 in the Wuhan-Hu-1 spike) to promote spike incorporation into lentiviral particles, as
described previously (67, 68). All the mutant plasmids were sequenced prior to use. Primers used for mu-
tagenesis and sequencing are reported in Table S1. The plasmid pQCXIP-empty was used as a negative
control for spike expression (50). Plasmids used to produce GFP-expressing lentiviruses were the lenti-
vector backbone pCDH-EF1a-GFP (System Biosciences), the packaging plasmid psPAXII (Addgene), and
the pRev plasmid (a gift from P. Charneau). For the production of luciferase-expressing lentivirus, the
plasmids used were pHAGE-CMV-Luc2-IRES-ZsGreen (NR-52516), pHDM-Hgpm2 (NR-52517), pHDM-
tat1b (NR-52518), pRC-CMV-rev1b (NR-52519), all generated in J. Bloom’s laboratory (69) and obtained
from BEI Resources (kit NR-53816).

Cell lines. HEK 293Tn (purchased from SBI Biosciences) and Calu-3 (ATCC HTB55) cells were maintained
in Dulbecco’s modified Eagle medium (DMEM) and DMEM-F12, respectively, supplemented with 10% fetal
bovine serum and 100 mg/mL penicillin/streptomycin (DMEMc). Cell lines transduced with ACE2 and/or
TMPRSS2 are described elsewhere (50). HEK 293T-hACE2-TMPRSS2 cells (called HEK-ACE2-TMPRSS2 cells
here) were induced for TPMRSS2 expression by addition of doxycycline (0.5 mg/mL; Sigma) and were main-
tained in DMEMc with blasticidin (10 mg/mL; InvivoGen) and puromycin (1 mg/mL; Alfa Aesar). U2OS cells
expressing hACE2 and GFP1-10 or hACE2, TMPRSS2, and GFP1-10 were maintained in DMEMc supplemented
with blasticidin (10mg/mL; InvivoGen), puromycin (1mg/mL; Alfa Aesar), and hygromycin B (0.2 mg/mL). HEK
293T and Vero-E6 cells expressing GFP1-10 and GFP11 were maintained in DMEMc supplemented with 1mg/
mL and 4 mg/mL of puromycin, respectively. All the cell lines were cultured at 37°C under a 5% CO2 atmos-
phere and were routinely screened for mycoplasma.

Transfection of HEK 293Tn cells with spike vectors. Transfection was performed with Lipofectamine
2000 (Thermo Fisher, 11668019), using 125 ng of phCMV-Spike plasmid diluted in Opti-MEM medium in
a final volume of 25 mL. DNA was incubated with 0.9 mL Lipofectamine 2000 diluted in 25 mL Opti-MEM
medium, and the mixture was incubated for 20 min before being added to 0.1 million HEK 293Tn cells
seeded in a 96-well plate. Transfection efficiency was assessed 18 h posttransfection by monitoring spike
surface expression by flow cytometry.

Production of spike-pseudotyped lentivectors. GFP lentiviral particles pseudotyped with the
SARS-CoV-2 spike were prepared by transfection of HEK 293Tn cells using the CaCl2 method. The lentivi-
ral vector pCDH-EF1a-GFP, the packaging plasmid psPAXII, the spike expression vector phCMV-Spike,
and the pRev plasmid were mixed at a 2:2:1:1 ratio, with a total DNA amount of 252 mg used per 175-
cm2

flask. The pQCXIP-empty plasmid was used to generate a spike-negative control. At 48 h posttrans-
fection, supernatants were collected and spun for 5 min at 270 � g for 5 min at 4°C to remove cell
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debris. Lentiviral particles were then concentrated by ultracentrifugation at 23,000 � g for 1.5 h at 4°C
onto a 20% sucrose cushion. The viral particle pellet was resuspended in phosphate-buffered saline
(PBS) and frozen in aliquots at280°C until use.

Luciferase lentiviral particles were produced according to the same protocol but with different plasmid
ratios: the lentiviral backbone pHAGE-CMV-Luc2-IRES-ZsGreen, the packaging plasmid pHDM-Hgpm2, the Tat
and Rev plasmids pHDM-tat1b and pRC-CMV-rev1b, and the spike plasmid phCMV-Spike were used at
4.4:1:1:1:1.5 to transfect a 175-cm2

flask. The pseudotyped lentiviral particles were normalized according to
their capsid content, by measuring the Gag p24 antigen concentration with the Alliance HIV-1 p24 antigen
enzyme-linked immunosorbent assay (ELISA) kit (Perkin Elmer).

Infection with spike-pseudotyped lentivectors. The day before infection with spike-pseudotyped
GFP-expressing lentivectors, 100,000 HEK-ACE2-TMPRSS2 cells were plated in 96-well plates, and TMPRSS2
was induced when needed by the addition of doxycycline. HEK-ACE2 cells with and without TMPRSS2 were
infected with serial 2� dilutions of GFP lentivectors, ranging from 0.0625mg to 0.5mg of p24 Gag content in
a final volume of 100mL. Cells were cultivated in the presence of lentivectors, and infection was quantified at
2 days postinfection (p.i.) by measuring the percentage of GFP1 cells by flow cytometry.

For infection with spike-pseudotyped luciferase lentivectors, the cells were plated in flat-bottom 96-
well plates the day before infection in the following numbers: 20,000 U2OS GFP1-10 ACE2 cells with and
without TMPRSS2, 50,000 HEK 293T ACE2 cells with and without TMPRSS2, or 50,000 Calu-3 cells. HEK
and U2OS cells were infected with 0.125 mg of p24 Gag equivalent, while Calu-3 cells were infected with
1 mg of p24 Gag equivalent, all in a final volume of 100 mL. Two days p.i., medium was removed and
replaced with 30 mL DMEM without red phenol. The same volume of luciferase Bright-Glo substrate
(Promega) was added before acquisition of luminescence on a Wallac Victor2 1420 multilabel counter
(Perkin Elmer system, v3.00.0.53). Infectivity was expressed in relative luciferase units (RLU). For infec-
tions experiments in the presence of protease inhibitors, cells were pretreated for 2 h before infection
with 100 mM E64-D (Enzo Life Sciences, BML-PI107-0001), 100 mM camostat (CliniSciences, HY-13512), or
both, in a final volume of 50 mL. For infection, 50 mL of medium containing 0.065 mg of p24 Gag equiva-
lent was added to HEK ACE2 cells with and without TMPRSS2 and U2OS ACE2 cells with and without
TMPRSS2, while 0.5 mg of p24 Gag equivalent in 50 mL was added to Calu-3 cells, resulting in a 2� dilu-
tion of the protease inhibitors. Infection was monitored at 2 days p.i. by measuring luciferase activity, as
described above. The percentage of infectivity inhibition was computed as follows: [1 2 (RLU treated/
RLU untreated)] � 100.

Western blotting. To prepare protein extracts, 2 million cells were lysed in buffer containing
150 mM NaCl, 50 mM Tris HCl (pH 8), 1% Triton, 5 mM EDTA, with 1� protease inhibitor cocktail (Roche,
11873580001) for 30 min on ice. For lentiviral particle extracts, an equivalent of 300 ng of Gag p24 was
lysed in ELISA lysis buffer containing 1% Triton (Alliance HIV-1 p24 antigen ELISA kit; Perkin Elmer) and
protease inhibitors for 30 min on ice. Samples were heated and reduced in 1� final dithiothreitol (DTT)
buffer (Thermo Fisher, NP0004) at 90°C for 10 min before being run on a 4-to-12% acrylamide denatur-
ing gel (Thermo Fisher, NP0323 NuPAGE). Proteins were then transferred onto a nitrocellulose mem-
brane (Thermo Fisher, IB23001). The membrane was blocked with 5% dried milk in 0.1% PBS-Tween,
before incubation with three primary antibodies (S1, S2, and p24 Gag or actin) for 1 h at room tempera-
ture (RT), followed by 3 washes in 0.1% PBS-Tween and incubation with secondary antibodies for 30 min
at RT. After 3 more washes, the fluorescent signal was revealed on a Li-Cor Odyssey CLx 9140 imaging
system. Images were quantified with the Image Studio Lite (v5.2.5) software, using a mode with auto-
mated background subtraction. Primary antibodies consisted of two antispike antibodies (rabbit anti-S1
[GeneTex, GTX135356], 1:1,000; mouse anti-S2 [GeneTex, GTX632604], 1:1,000), and one normalization
antibody, mouse anti-p24 Gag (R&D Systems, MAB7360; 1:1,000) or mouse antiactin (Cell Signaling,
8H10D10; 1:2,000). Anti-rabbit and anti-mouse IgG secondary antibodies, conjugated to DyLight-800
(Bethyl Laboratories, A80-304D8) and DyLight-680 (Thermo Fisher, SA5-35521), respectively, were each
used at a 1:5,000 dilution.

Cell-cell fusion assay. For the cell-cell fusion assay, 15,000 GFP1-10-expressing HEK 293T were trans-
fected with phCMV-Spike vectors, washed with DMEM supplemented with 10% fetal calf serum without
antibiotics (DMEMna), and then mixed at a 1:1 ratio with GFP11-expressing Vero-E6 cells. Briefly, 10 ng
of spike plasmid and 90 ng of empty vector were mixed in 25 mL Opti-MEM medium. Then, 0.3 mL
Lipofectamine 2000 diluted in 25 mL Opti-MEM medium was added to the DNA, and the mixture was
incubated for 30 min before being added to HEK GFP1-10 cells. After 30 min, transfected cells were
washed in DMEMna and spun at 500 � g for 5 min before being mixed at a 1:1 ratio with Vero GFP11
cells in DMEMna. Cells were stained with Hoechst. Cells were cultivated for 18 h in transparent-bottom
plates (mClear, 655090). Fusion measurement was assessed on an Opera Phenix high-content screening
system (PerkinElmer), by automatically measuring the GFP area normalized to the total number of
nuclei.

Flow cytometry. To quantify cells infected by GFP lentivectors, cells were harvested, washed in PBS,
and stained with the viability dye Aqua (Invitrogen) at a 1:800 dilution in PBS for 30 min at 4°C. After
two washes in PBS, cells were fixed with 2% paraformaldehyde (PFA) (Thermo Fisher, 43368-9M) and
acquired on an Attune NxT flow cytometer. To quantify spike expression in transfected HEK 293Tn cells,
cells were harvested as described above and stained with the pan-SARS-CoV-2 S1 human MAb 129 or
the pan-SARS-CoV-2 S2 human MAb 10 (43) at 1 mg/mL for 30 min at 4°C. Alternatively, cells were
stained with the murine anti-S2 MAb GTX-S2 (GeneTex, GTX632604) at 10 mg/mL. After two PBS washes,
cells were stained with the viability dye Aqua (1:800) and a goat anti-human IgG-AF647 antibody
(Thermo Fisher, A21445) or a goat anti-mouse IgG-AF647 antibody (Invitrogen, 2161043) at 1:500 for
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30 min at 4°C. Samples were fixed with 2% PFA before acquisition on the NxT flow cytometer. Data were
analyzed with the FlowJo software v10.8.1 (Becton Dickinson).

To evaluate ACE2 and TMPRSS2 expression in the target cell lines used, cells were surface labeled
with the goat anti-ACE2 antibody (R&D, AF933) at 5 mg/mL for 30 min at 4°C. After being washed, cells
were incubated with the secondary antibody donkey anti-goat-AF647 (Thermo Fisher, A21447) at a
1:500 dilution. Cells were then permeabilized with the Fix/Perm kit (BD Biosciences, 554714) according
to manufacturer recommendations. Cells were intracellularly stained with a rabbit anti-TMPRSS2 anti-
body (Atlas Antibodies, HPA035787) at 0.3 mg/mL. After a washing, the secondary staining was done
with a donkey anti-rabbit-AF555 antibody (Fisher, 16229260) at a 1:500 dilution. Cells were then fixed in
2% PFA and analyzed by flow cytometry as described above.

Statistical analysis. All statistical analyses were carried out with the GraphPad Prism software (v9).
The tests used and significance thresholds are stated in the figure legends. Mutants with mutations in
the D614 backbone were compared to the WT D614 spike, while mutants with mutations in the G614
backbone were compared to the WT G614 spike. Statistics were computed for all spikes studied by one-
way analysis of variance (ANOVA) with a Holm-Šidák correction for multiple comparisons. For G614/
D614 ratio analyses, we evaluated by one-sample t test whether each ratio significantly differed from 1.
All the graphs were generated in GraphPad Prism, except for the spider plots, which were made using
Microsoft Excel (v16.16.27).
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