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ABSTRACT SARS-CoV-2 variants with undetermined properties have emerged 
intermittently throughout the COVID-19 pandemic. Some variants possess unique 
phenotypes and mutations which allow further characterization of viral evolution and 
Spike functions. Around 1,100 cases of the B.1.640.1 variant were reported in Africa and 
Europe between 2021 and 2022, before the expansion of Omicron. Here, we analyzed the 
biological properties of a B.1.640.1 isolate and its Spike. Compared to the ancestral Spike, 
B.1.640.1 carried 14 amino acid substitutions and deletions. B.1.640.1 escaped binding by 
some anti-N-terminal domain and anti-receptor-binding domain monoclonal antibodies, 
and neutralization by sera from convalescent and vaccinated individuals. In cell lines, 
infection generated large syncytia and a high cytopathic effect. In primary airway cells, 
B.1.640.1 replicated less than Omicron BA.1 and triggered more syncytia and cell death 
than other variants. The B.1.640.1 Spike was highly fusogenic when expressed alone. 
This was mediated by two poorly characterized and infrequent mutations located in the 
Spike S2 domain, T859N and D936H. Altogether, our results highlight the cytopathy of a 
hyper-fusogenic SARS-CoV-2 variant, supplanted upon the emergence of Omicron BA.1. 
(This study has been registered at ClinicalTrials.gov under registration no. NCT04750720.)

IMPORTANCE Our results highlight the plasticity of SARS-CoV-2 Spike to generate 
highly fusogenic and cytopathic strains with the causative mutations being unchar
acterized in previous variants. We describe mechanisms regulating the formation of 
syncytia and the subsequent consequences in a primary culture model, which are poorly 
understood.

KEYWORDS SARS-CoV-2, syncytia, fusion, cytopathy, hNECs

O ver the timespan of the COVID-19 pandemic, SARS-CoV-2 has been subjected to 
selection pressures, leading to emerging variants carrying their own repertoire 

of mutations and to temporal waves of epidemiological resurgence (1, 2). The most 
successful variants evolved to evade the immune response (3–8) displaying differing 
abilities to form syncytia in cell culture systems (9, 10). During the period of co-circu
lation, the disease severity of Omicron (BA.1) was reduced in comparison to Delta 
(11–13). Proposed explanations for this include background immunity, different tissue 
tropisms, with BA.1 preferentially replicating in the upper respiratory tract, and reduced 
cell-cell fusogenicity of BA.1 Spike due to mutations (14–17). Therefore, the mutations 
and subsequent mechanisms surrounding SARS-CoV-2 pathogenicity and Omicron’s 
attenuation are still debated.

SARS-CoV-2 fuses with the cell plasma membrane to transfer its genome into the 
cytoplasm and instigate replication. This process is initiated through the binding of 
the Spike to its receptor angiotensin-converting enzyme 2 (ACE2) (18). Spike comprises 
two subunits, S1 and S2, separated by a polybasi cleavage site cleaved during viral 

Month XXXX  Volume 0  Issue 0 10.1128/jvi.01351-23 1

Editor Tom Gallagher, Loyola University Chicago - 
Health Sciences Campus, Maywood, Illinois, USA

Address correspondence to Olivier Schwartz, 
olivier.schwartz@pasteur.fr, or Julian Buchrieser, 
julian.buchrieser@pasteur.fr.

Olivier Schwartz and Julian Buchrieser contributed 
equally to this article.

The authors declare no conflict of interest.

See the funding table on p. 21.

Received 31 August 2023
Accepted 28 November 2023
Published 13 December 2023

Copyright © 2023 American Society for 
Microbiology. All Rights Reserved.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
04

 J
an

ua
ry

 2
02

4 
by

 2
a0

1:
e0

a:
9a

:1
7e

0:
71

ae
:a

57
6:

10
3f

:5
da

b.

https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.01351-23&domain=pdf&date_stamp=2023-12-13
https://doi.org/10.1128/jvi.01351-23
https://doi.org/10.1128/ASMCopyrightv2


production in the trans-Golgi network. Certain mutations in Spike, such as P681H/R, 
allow for this process to occur more readily, subsequently improving viral fusion (19, 20). 
During entry, Spike is cleaved at the S2′ site by host proteases, such as TMPRSS2, at the 
cell surface (21, 22) or cathepsins in endosomes (23, 24). This allows the conformational 
changes necessary to project the fusion peptide (FP) into the host membrane, leading 
to membrane fusion. Thus, a series of proteolytic events regulate SARS-CoV-2 entry and 
tropism prior to replication of the viral RNA.

The later stages of the SARS-CoV-2 replication cycle occur in the endoplasmic 
reticulum (ER) and Golgi network. Here, the host protein COPI binds to the Spike 
cytoplasmic tail and traffics it to the packaging site of SARS-CoV-2 virions (25). However, 
suboptimal Spike binding to COPI results in leakage to the plasma membrane. Conse
quently, Spike at the cell surface may interact with ACE2 on neighboring cells leading 
to cell-cell fusion and syncytia formation (21, 26). The relationship between ACE2 affinity 
of Spike and fusogenicity is debated and not necessarily direct. For example, Alpha 
Spike displays higher affinity for ACE2 than Delta yet lower fusogenicity (9). Furthermore, 
Omicron sublineage BA.2.86 exhibits very high ACE2 affinity yet lower fusion than the 
D614G (27–29). Therefore, Spike fusogenicity is influenced by other factors aside receptor 
affinity.

Histological studies of lung tissue from severe COVID-19 patients describe the 
presence of abnormal pneumocytes and large, multinucleated syncytia (30, 31). Syncytia 
are also observed in the lungs of long-term COVID patients who eventually succumb 
to the disease up to 300 days after testing negative, yet their role in pathogenesis 
is unknown (32). Syncytia formation by SARS-CoV-2 has also been demonstrated 
in various human cell lines and primary cell cultures, including primary airway epi
thelia and induced pluripotent stem cell-derived cardiomyocytes (9, 33). Spike muta
tions can impact fusogenicity. Notably, D215G and P681R/H increase fusion, with the 
latter promoting S1/S2 cleavage. Conversely, N856K and N969K in Omicron decrease 
fusogenicity (16, 24). Nevertheless, the role of syncytia in SARS-CoV-2 replication and 
their impact on disease severity has yet to be fully explored.

Minor SARS-CoV-2 variants harboring uncharacterized mutations represent opportu
nities for understanding certain viral processes. Variant B.1.640.1 was first identified in 
the Central African Republic in January 2021 and later circulated in France in October 
2021 (34). As of November 2023, 1,107 sequences of B.1.640.1 are available on the GISAID 
database (35), 895 from France, with the most recent dating to February 2022. Here, we 
isolated a B.1.640.1 strain and investigated the humoral immune response, replication, 
fusogenicity, and cytopathy of this variant.

MATERIALS AND METHODS

Plasmids

Human codon-optimized SARS-CoV-2 Spikes (Alpha, Delta, BA.1, BA.5, B.1.640.1, and 
B.1.640.2) were produced in silico (GeneArt, Thermo Fisher Scientific). Spike sequen
ces were then cloned into a phCMV backbone (GenBank: AJ318514) using Gateway 
cloning (Thermo Fisher Scientific). Individual mutations (D614G, T859N, and D936H) 
were produced through Q5 site-directed mutagenesis (NEB) in indicated backbones. 
Spike chimeras were generated through Gibson assembly of PCR generated fragments 
(NEB). Primers used for site-directed mutagenesis and Gibson assembly are described in 
Table 1. pQCXIP-Empty plasmid was used as previously described (36). All plasmids were 
sequenced by the Eurofins Genomics TubeSeq service with the primers listed in Table 1.

Cells

HEK293T, Caco2/TC7, VeroE6, and A549 cells and their derivatives were purchased from 
the ATCC or generously provided by fellow staff at Institut Pasteur. Cells were cultured 
in DMEM with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. GFP-split 
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cells, expressing either GFP subunits 1–10 or GFP subunit 11, were generated through 
transduction of HEK293T or VeroE6 cells with respective pQCXIP-derived plasmids. 
Transduced cells were cultured with 1 µg/mL puromycin (InvivoGen). A549-ACE2 cells 
were generated through transduction of human ACE2 and cultured with 10 µg/mL 
blasticidin (21). All cells used in this study were tested negative for mycoplasma.

Cohorts

To study antibody neutralization of SARS-CoV-2 variants following infection or vaccina
tion, a cohort from the prospective, monocentric, longitudinal, interventional cohort 
clinical study (ABCOVID) from Orléans was used. This study was commenced in August 
2020 with the objective of studying the kinetics of COVID-19 antibodies in patients with 
confirmed SARS-CoV-2 infection (ClinicalTrials.gov identifier NCT04750720). A substudy 
aimed to describe the kinetic of neutralizing antibodies after vaccination. The cohort 
is described in previous publications (3, 8, 37). To exclude individuals infected before 
vaccination, anti-N antibodies were measured upon sera collection. This study was 
approved by the Ile-de-France IV ethical committee. Written informed consent from the 
participants was collected, and a questionnaire covering sociodemographic characteris
tics was completed.

TABLE 1 List of primers used throughout this study

Experiment Primer name Primer sequence 5′−3′
Site-directed mutagene

sis of S2 mutations
N859T Fwd CAACGGACTGACCGTGCTGCCTC
N859T Rev AACTTCTGGGCGCAAATCAG
T859N Fwd TAACGGACTGAACGTCCTGCCAC
T859N Rev AACTTCTGGGCGCAAATCAGATC
H936D Fwd CAAGATTCAGGACAGCCTGAGCA
H936D Rev CCGATGGCGCTGTTGAAC
D936H Fwd CAAGATTCAGCACAGCCTGAGTAG
D936H Rev CCGATGGCGCTGTTGAAC

Spike chimera 
generation

Spike NTDa Fwd AAGGGCATCTACCAGACCAGC
Spike NTD Rev TTGCTGGTCTGGTAGATGCCC
Spike (−) NTD Fwd AAGGGCATCTACCAGACCAGC
Spike (−) NTD Rev CACGTGGATGGCGTGGAAC
Spike RBDa Fwd AAGGGCATCTACCAGACCAGC
Spike RBD Rev GGAGCATGCAGCAGTTCGAA
Spike (−) RBD Fwd GGTGCTGAGCTTCGAACTG
Spike (−) RBD Rev TTGCTGGTCTGGTAGATGCCC
Spike S1 Fwd CTCCATAGAAGACACCGGGACC
Spike S1 Rev TAGGCAATGATGCTCTGGCT
Spike S2 Fwd GTGGCCAGCCAGAGCATCA
Spike S2 Rev GTTCTCAGGATCGGTCGACC

TMPRSS2 siRNA RT-qPCR b-Tubulin Fwd CTTCGGCCAGATCTTCAGAC
b-Tubulin Rev AGAGAGTGGGTCAGCTGGAA
TMPRSS2 Fwd GGGGATACAAGCTGGGGTTC
TMPRSS2 Rev GATTAGCCGTCTGCCCTCAT

Sequencing primers phCMV-Fwd CTCTTTCCTACAGCTCCTGG
Pan-CoV-2-S-1 CTACCCCGACAAGGTGTTCC
Pan-CoV-2-S-2 CTGATGGACCTGGAAGGCAAG
Pan-CoV-2-S-3 CAACTGCGTGGCCGACTAC
Pan-CoV-2-S-4 GCGTGAACTTCAACTTCAACGG
Pan-CoV-2-S-5 CCACCAACTTCACCATCAGCG
Pan-CoV-2-S-6 GTGCTGTACGAGAACCAGAAG

aNTD, N-terminal domain; RBD, receptor-binding domain.

Full-Length Text Journal of Virology

Month XXXX  Volume 0  Issue 0 10.1128/jvi.01351-23 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
04

 J
an

ua
ry

 2
02

4 
by

 2
a0

1:
e0

a:
9a

:1
7e

0:
71

ae
:a

57
6:

10
3f

:5
da

b.

https://doi.org/10.1128/jvi.01351-23


Origin of the B.1.640.1 strain

A nasopharyngeal swab, collected from a patient tested positive for SARS-CoV-2 on 
November 2021, was sent to Hôpital Henri Mondor sequencing platform in the context 
of a nationwide survey. Briefly, private and public diagnostic laboratories in France 
participated in the national SARS-CoV-2 genomic surveillance by providing a random 
subsampling of positive SARS-CoV-2 samples to national sequencing platforms weekly 
(38). After sequencing, the leftover sample was used for viral isolation. The virus was 
isolated and amplified by one or two passages on VeroE6 cells as previously described 
(37).

Virus sequencing

Viral RNA was extracted from the nasopharyngeal swab in viral transport medium. 
Sequencing was performed with the Illumina COVIDSeq Test (Illumina, San Diego, 
California), using 98 target multiplex amplifications along the full SARS-CoV-2 genome. 
The libraries were sequenced with NextSeq 500/550 High Output Kit v2.5 (75 Cycles) 
on a NextSeq 500 device (Illumina). The sequences were demultiplexed and assem
bled as full-length genomes using the DRAGEN COVIDSeq Test Pipeline on a local 
DRAGEN server (Illumina). The sample was identified as B.1.640.1 (hCoV-19/France/
GES-HMN-21112100277/2021) before being submitted to the GISAID database (35), with 
the following ID: EPI_ISL_6470307. The sequence obtained by metagenomic sequencing 
(random hexamer cDNA generation and Nextera XT library preparation) after amplifica
tion was identical, and no contamination was detected.

Other SARS-CoV-2 isolates

The D614G isolate was obtained through the European Virus Archive goes Global (Evag) 
platform and received from the National Reference Center for Respiratory Viruses at 
Institut Pasteur. The Delta and BA.1 isolates were previously described (8). Strains were 
amplified and titrated on VeroE6 cells. Viral stock titers were calculated through TCID50 
measurements. Viral stocks were diluted 1:10 in DMEM complete media and then serially 
diluted 10-fold for a total of eight dilutions (10−1–10−8 dilution). Titrated virus was added 
to a 96-well plate containing 1.2 × 104 VeroE6 cells per well. This was replicated six times 
per viral stock. Five days post-infection, cells were assessed for cytopathic effect using a 
light microscope. The lowest dilutions showing cytopathic effect were used to calculate 
the TCID50 of the viral stock. Manipulations of SARS-CoV-2 isolates were performed in a 
BSL-3 laboratory, under the guidelines of the risk prevention service of Institut Pasteur.

GFP-split fusion assay and video microscopy

To assess the fusion of the respective Spike constructs, HEK293T-GFP1-10 cells (6 × 
104 cells per well) were transfected in suspension at 37°C using a shaking incubating 
at 750 rpm for 30 min. The transfection mix was prepared using Lipofectamine 2000 
(Thermo Fisher Scientific) with 50 ng DNA in a 1:10 ratio of phCMV-SARS-CoV-2-Spike 
and pQCXIP-Empty (control), respectively, before being added to the cells. Following 
transfection, cells were washed and resuspended in DMEM 10% FBS. Transfected 
HEK293T cells were then co-cultured with either 1.5 × 104 VeroE6-GFP11 cells or 1.5 
× 104 Caco2-GFP11 cells per well in a µClear black 96-well plate for 18 hours. Spike 
expression was assessed by staining with 1 µg/mL anti-S2 mAb (mAb10) targeting an 
unknown yet conserved epitope within the S2 subunit (8). For TMPRSS2 knockdown (KD) 
experiments, Caco-2-GFP11 cells were transfected with either control siRNA targeting 
luciferase (5′-CGUACGCGGAAUACUUCGA-3′) or siGENOME Humam TMPRSS2 SMARTpool 
(#7113—Horizon Discovery) at 50 nM using Lipofectamine RNAiMAX (Thermo Fisher 
Scientific) for 48 hours. For protease inhibition assays, 10 µM camostat (CliniSciences, 
HY-13512), 10 µM marimastat (Abcam), or 10 µM E64d (Enzo Life Sciences) was added to 
Caco-2-GFP11 cells prior to co-culturing with HEK293T-GFP1-10 cells transfected with 
Spike. Hoechst 33342 was added to the media at a 1:10,000 dilution. At 18 hours 
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post-transfection, images were acquired using the Opera Phenix High-Content Screening 
System (PerkinElmer). A total of 20 images were acquired per well. Analysis was 
performed using Harmony High-Content Imaging and Analysis Software (PerkinElmer, 
HH17000012, v.5.0), including nuclei count and GFP area. For video microscopy, as 
described above, the cells were incubated (37°C, 5% CO2) inside the Mica Microhub 
system using the internal incubator (Leica microsystems). Videos were analyzed using the 
complementary software (Leica microsystems).

A549-ACE2 viral infection, immunofluorescence, and video microscopy

At 6 hours prior to infection, 3 × 104 A549-ACE2 cells were plated in a µClear black 
96-well plate. Cells were then infected with MOI 0.1, 0.01, and 0.001 of SARS-CoV-2 virus. 
Cells were fixed using 4% PFA at 24-, 48-, and 72-hour timepoints, and supernatant 
was collected for RT-qPCR and LDH analysis. Cells were then stained using 1 µg/mL of 
anti-Spike mAb [mAb102, (37)] and 0.05% saponin in PBS, 1% BSA, and 0.05% sodium 
azide for 30 min at room temperature. For the secondary antibody, cells were washed 
twice with PBS and stained as per the primary antibody with 1:600 goat anti-human 
IgG-FC alexa-647 antibody for 30 min, then washed twice with PBS. Hoechst 33342 
(Invitrogen) was added to the final PBS wash. Images and analyses were then performed 
as described above using the Opera Phenix High-Content Screening System. For video 
microscopy, A549-ACE2 cells were seeded in a µ-Dish 35-mm Quad (Ibidi) 6 hours prior 
to infection. Media was then replaced with DMEM 10% FBS with SARS-CoV-2 virus 
at an MOI of 0.1. Propidium iodide (PI) and Hoechst dyes were also added to the 
media. The microscopy was carried out using the BioStation video microscope, with 
six fields acquired per chamber. Images were acquired every 10 min over 36 hours. Video 
analysis and editing and nuclei counting for syncytia quantification were performed 
using ImageJ software (Fiji).

LDH activity assay

Cell supernatants were collected and stored in LDH storage buffer + Triton 10% as per 
the manufacturer’s instructions (Promega). Supernatants were inactivated for 2 hours 
at room temperature prior to usage outside the BSL-3. A volume of 50 µL of diluted 
supernatant was then added to 50 µL LDH substrate mix as described by Promega. LDH 
activity was recorded using the VICTOR3 multilabel plate reader (Perkin-Elmer).

Human nasal epithelium culture, infection, and imaging

MucilAir, reconstructed human nasal epithelial cells (hNECs) that had been differentiated 
for 4 weeks prior to obtention, was cultured in 700 µL MucilAir media on the basal 
side of the air/liquid interface (ALI) cultures and monitored for healthy cilia movements. 
One hour prior to infection, mucus was removed from the apical side of the culture by 
washing the apical side with warm 200 µL MucilAir media. Cells were then infected with 
equal virus titers in 100 µL MucilAir media for 2 hours. Viral input was removed and 
stored at −80°C. Cells were then washed for 10 min at 37°C in warm PBS and then for 
20 min in 200 µL MucilAir media for the day 0 recording. Washing with warm media 
was repeated every 24 hours for 96 hours. Every wash was subsequently centrifuged 
at 1,500 rpm to remove cell debris and frozen at −80°C. After 96 hours, cells were 
fixed on the apical and basal sides with 4% PFA for 15 min. For imaging, fixed cells 
were stained intracellularly with rabbit anti-ZO1 (40-2200; Invitrogen), anti-SARS-CoV-2 N 
AlexaFluor-488 Dylight, as described in reference (3), and rabbit anti-cleaved caspase-3 
(D175; Cell Signaling Technology) and imaged using the LSM-700 confocal microscope 
(Zeiss).

Flow cytometry

For surface staining, both primary and secondary antibodies were diluted with MACS 
buffer. Further information on the monoclonal antibodies (mAbs) used in this study is 
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listed in Table 2. Serum samples were diluted 1:300, and primary monoclonal antibod
ies were used at 1 µg/mL. Soluble-ACE2-human-IgG-FC was diluted to 10 µg/mL and 
serially diluted threefold six times. Cells were mixed with 50 µL of primary antibody and 
incubated in the dark at 4°C. Cells were then washed in 100µL PBS after staining. Goat 
anti-human FC AlexaFluor-647 was used as the secondary antibody at a dilution of 1:400. 
Cells were fixed in 4% PFA and acquired on an Attune NxT Flow Cytometer (Thermo 
Fisher). Data were analyzed using FlowJo software (BDBioSciences).

S-fuse neutralization assay

U2OS-ACE2 GFP1-10 or GFP11, termed S-fuse cells, were mixed (1:1), and 8 × 103 cells 
per well were plated in a mClear black 96-well plate. Heat-inactivated serially diluted sera 
were incubated with the indicated SARS-CoV-2 viruses for 15 min at a starting dilution of 
1:30 before being added to the cells. Therapeutic mAbs were serially diluted starting at 
a concentration of 10 µg/mL prior to 15 min incubation with virus. At 18 hours post-
infection (hpi), cells were fixed in 4% PFA and stained with Hoechst 33342 (Invitrogen). 
Cell images and GFP and nuclei quantification were performed using the Opera Phenix 
system as described above. Percentage neutralization was calculated with the following 
formula: {100*(1-(x with “serum” - x with “non infected”) - (x with “no serum” - x with 
“non infected”))} with x = number of syncytia. Percentage neutralization was then used 
to calculate the ED50 of each serum.

RT-qPCR, RNA extraction, and reverse transcription

For quantification of viral RNA release, cell supernatants were collected and diluted 
1:4 in H2O and then heat inactivated at 80°C for 20 min. An amount of 10 µM SARS-
CoV-2 E-gene Forward (5′-ACAGGTACCTTAATAGTTAATAGCGT-3′) and Reverse (5′-ATATT
GCAGCAGTACGCACACA-3′) primers was used with Luna Universal One-step RT-qPCR 

TABLE 2 List of antibodies used throughout this study

Antibody Target Concentration (μg/mL) Source

1 NTDa 1 Humoral Immunology 
Unit—Institut Pasteur 
(39)

10 S2 1
18 NTD 1
20 NTD 1
21 NTD 1
32 NTD 1
40 NTD 1
45 NTD 1
53 NTD 1
69 NTD 1
71 NTD 1
83 NTD 1
105 NTD 1
114 NTD 1
118 NTD 1
127 NTD 1
129 RBDa 1
Sotrovimab (VIR-7831) RBD 1 CHR Orleans
Cilgavimab (AZD1061) RBD 1
Tixagevimab (AZD8895) RBD 1
Imdevimab (REGN10897) RBD 1
Bebtelovimab (LY-

CoV1404)
RBD 1 (40)

Anti-IgG AF647 Human-IgG Fc 3.3 Thermo Fisher Scienfitic
aNTD, N-terminal domain; RBD, receptor-binding domain.
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Kit (New England Biolabs) and added to 1 µL supernatant ( 5µL total) in a 384-well 
plate. A standard curve was produced through a 1:10 serial dilution of EURM-019 
ssRNA SARS-CoV-2 fragments for reference (European Commission). To evaluate Caco-2 
TMPRSS2 KD, 5 × 105 cells were lysed in RLT buffer (QIAGEN) with 10 µL of β-mercaptoe
thanol. RNA extraction and reverse transcription were performed using the RNeasy Plus 
Mini Kit (QIAGEN) and Superscript II (Thermo Fisher Scientific), respectively, according 
to manufacturer’s instructions. RT-qPCR was carried out using iTaq universal SYBR green 
supermix (BioRad) and the primers listed in Table 1. All RT-qPCR experiments were 
performed with a QuantStudio 6 Flex Real-Time PCR machine (Thermo Fisher).

Scanning electron microscopy

MucilAir samples were fixed with 4% PFA for 1 hour at RT to inactivate SARS-CoV-2 and 
stored in PBS at 4°C prior to preparation. Samples were then washed in 0.1 M cacody
late buffer and several times in water and processed by alternating incubations in 1% 
osmium tetroxide and 0.1 M thiocarbohydrazide (OTOTO). Samples were then dehydra
ted by incubating with increasing concentrations of ethanol. Samples were critical point 
dried and mounted on a stub for analysis. Analysis was performed by field emission 
scanning electron microscopy with a Jeol JSM6700F microscope operating at 3 kV.

PyMOL

The SARS-CoV-2 Spike structure (PDB: 6 VXX) was imported in PyMOL. Mutations and 
residue proximities were calculated and annotated with the mutagenesis and measure
ment tools.

Western blotting

HEK293T cells were transfected with Spike for 24 hours. Cells were lysed by resuspending 
in TXNE buffer [1% triton X-100, 50 mM Tris-HCL (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1× 
Roche complete protease inhibitors] for 30 min on ice. Also, 15 µg of protein was loaded 
per condition. PageRuler Plus-prestained protein ladder (Thermo Fisher Scientific) was 
used as a reference. Membranes were blocked in PBS—5% BSA. Antibodies were diluted 
in PBS—1% BSA, 0.05% Tween, and 0.1% sodium azide. Primary antibodies consis
ted of mouse anti-S2 (GeneTex, GTX632604, 1:2000), mouse anti-actin (Cell Signaling, 
8H10D10; 1:2000). Anti-mouse IgG conjugated to DyLight-680 (Thermo Fisher Scientific, 
SA5-35521) was used as the secondary antibody. Membranes were revealed using a Licor 
imager and analyzed using Image Studio Lite v5.2.5 software.

Statistical analysis

Calculations were performed using Excel 365 (Microsoft). Figures and statistical analyses 
were conducted using GraphPad Prism 9. Statistical significance between different 
groups was calculated using the tests indicated in each figure legend. No statistical 
methods were used to predetermine sample size.

RESULTS

B.1.640.1 epidemiology

Analysis of the available B.1.640.1 sequences on the GISAID database suggests B.1.640.1 
was first detected in the Central African Republic in January 2021 before spreading 
to neighboring central African countries (Fig. 1A and B). The first detected sequence 
in Europe was followed 9 months later, with the majority of B.1.640.1 cases seen in 
central and northern France. Cases of B.1.640.1 rapidly declined in January 2022, and the 
variant was eventually supplanted in March 2022, culminating in 1,107 total recorded 
sequences.
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FIG 1 Epidemiology and Spike mutations of SARS-CoV-2 B.1.640.1. (A) Total number of B.1.640.1 variant cases by country as displayed by red circles. Also shown 

is total case number of B.1.640.1 variant by region of France. Data on sample number and location were obtained from GISAID EpiCoV database. Total case 

number = 1,107. (B) Total case number of B.1.640.1 variant per month during its circulation between January 2021 and April 2022. Data are grouped by continent. 

Data on sample collection date and sample location were obtained from GISAID EpiCoV database. (C) Schematic view of B.1.640.1 and B.1.640.2 Spike sequences 

and their respective amino acid mutations compared to the ancestral Wuhan Spike sequence (NC_045512.2) and Alpha, Delta, BA1, and BA5 variants.
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B.1.640.1 displays NTD antibody-binding escape and reduced neutralization 
sensitivity to Delta

The N-terminal domain (NTD) and receptor-binding domain (RBD) of Spike are continu
ously subjected to immune selection pressures (2, 41). B.1.640.1 carries several unique 
mutations in these regions, including an unusually large NTD deletion of nine amino 
acids (Fig. 1C). To investigate their contribution to immune evasion, HEK293T cells 
expressing Spikes from D614G, Delta, B.1.640.1, BA.1, and BA.5 were incubated with 
a set of anti-NTD monoclonal antibodies or anti-RBD therapeutic mAbs (Table 2). The 
therapeutic mAbs incubated at 1 µg/mL bound to all variants with the exceptions of 
cilgavimab to B.1.640.1 and tixagevimab to BA.5 (Fig. 2A). Conversely, D614G and BA.5 
showed a high level of binding to the anti-NTD mAbs, with 13/15 and 9/15 mAbs 
binding, respectively. B.1.640.1 displayed the greatest reduction in anti-NTD binding with 
only 1 mAb retaining activity (Fig. 2A).

Next, we used therapeutic mAbs and a longitudinal cohort of sera from convalescent 
and vaccinated individuals established in Orléans to test the sensitivity of B.1.640.1 to 
neutralizing antibodies. We isolated a B.1.640.1 strain from a swab of an infected 
individual. Comparisons were drawn against BA.1 and to Delta which circulated at the 
same time as B.1.640.1. To measure sera neutralization, we calculated the 50% effective 
dilution (ED50) of each serum sample to each variant. B.1.640.1 virus showed similar 
neutralization to the therapeutic mAb cocktails Evusheld (tixagevimab + cilgavimab) and 
Ronapreve (casirivimab + imdevimab) to Delta but was less sensitive to sotrovimab 
neutralization compared to both Delta and BA.1, with no virus being 100% neutralized at 
10 µg/mL (Fig. 2B), consistent with previous studies (8). Against sera, B.1.640.1 exhibited 
a consistent reduction in neutralization compared to Delta with median ED50 values 
reduced by 2.3-fold and 1.7-fold, at month 6 (M6) and month 12 (M12), respectively (Fig. 
2C). As expected, BA.1 showed the greatest reduction in neutralization, with median 
ED50 values reducing 2.6-fold and 2.0-fold at M6 and M12, respectively, compared to 
B.1.640.1 (Fig. 2C).

Circulation of B.1.640.1 ceased in early 2022 at the time of Omicron emergence and 
concomitantly to the second and third RNA vaccine rollout in France. To investigate the 
sensitivity of B.1.640.1 to Pfizer vaccination, sera from individuals that received their 
second or third doses of vaccine were used to test viral neutralization. Here, Delta 
showed a fivefold higher EC50 compared to B.1.640.1, whereas BA.1 was minimally 
neutralized after two vaccine doses (Fig. 2C). After three vaccine doses, B.1.640.1 
displayed a 2.1-fold decrease and 1.7-fold increase in median EC50 over Delta and BA.1, 
respectively.

In all, B.1.640.1 Spike showed anti-NTD mAb-binding escape, with the consequences 
of this on the humoral response needing further investigation. Neutralization of the 
variant was consistently reduced compared to Delta, yet higher than BA.1. B.1.640.1 was 
efficiently neutralized after three doses of Pfizer vaccine.

B.1.640.1 Spike displays a high fusogenic phenotype

Viral fitness is influenced by factors such as immune evasion, tissue tropism, and 
replication capacity (17). To investigate the replication kinetics of B.1.640.1, compared to 
D614G, Delta, and BA.1, we infected A549 human lung cell line expressing human ACE2 
(referred to herein as A549-ACE2 cells) with a range of MOIs. Viral release was measured 
by RT-qPCR, and the frequency of infected cells was quantified by Spike immunostaining. 
At 72 hours post-infection (hpi), there was no significant difference in viral RNA release of 
B.1.640.1 or Delta compared to D614G at MOI 0.01 and 0.1 (Fig. 3A). In accordance, no 
significant difference in the total area of Spike staining was observed between variants 
(Fig. 3A). BA.1 replicated poorly in this cell line after 72 hpi.

Microscopy analysis of B.1.640.1-infected cells revealed striking levels of cell-cell 
fusion at 48 hpi compared to other variants (Fig. 3C). Syncytia size and number were 
quantified through manual nuclei counting. Here, B.1.640.1-induced syncytia were 

Full-Length Text Journal of Virology

Month XXXX  Volume 0  Issue 0 10.1128/jvi.01351-23 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
04

 J
an

ua
ry

 2
02

4 
by

 2
a0

1:
e0

a:
9a

:1
7e

0:
71

ae
:a

57
6:

10
3f

:5
da

b.

https://doi.org/10.1128/jvi.01351-23


significantly larger than D614G (3.91 versus 6.98 nuclei/syncytia on average) and larger 
than Delta (5.81 nuclei/syncytia). In the 12 fields analyzed per variant, B.1.640.1 infection 

FIG 2 Binding and neutralization of B.1.640.1 by monoclonal antibodies and sera from convalescent and vaccinated individuals. (A) Radial plots showing binding 

of a panel of mAbs that target the S2, RBD, and NTD of Spike, as depicted by color. HEK293T cells were transfected with Spike or control plasmids 24 hours before 

staining with mAbs. Binding is quantified by mean fluorescence intensity (MFI) of each mAb, with the y-axis showing log10(MFI). Gray circles indicate the limit 

of detection [MFI = log10 (3)]. N = 3. (B) Neutralization activity of therapeutic mAbs. Dose-response analysis of the neutralization of Delta, B.1.640.1, and BA.1 

virus by sotrovimab and the combinations of tixagevimab + cilgavimab and casirivimab + imdevimab. Data points are a mean of two independent repeated 

experiments. (C) Neutralization activity of sera from convalescent individuals, 6 and 12 months after infection, and 1 month post second and third Pfizer RNA 

vaccine doses. Dotted line represents the limit of detection (ED50 = 30). Solid black bars represent median values. Data points are a mean of two independent 

repeated experiments. Mann-Whitney tests were performed to compare the respective variants, *P < 0.05, **P < 0.001, ns = not significant.
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FIG 3 Cytopathic effects of B.1.640.1 infection on A549-ACE2 cells. (A) (Top) Replication kinetics of D614G, Delta, and B.1.640.1 in A549-ACE2 cells shown by 

quantification of the viral E protein gene in the cell supernatant by RT-qPCR at the respective timepoints. (Bottom) Area of Spike-positive A549-ACE2-infected 

cells from respective variants over 72 hours. Cells were stained with anti-Spike mAb (mAb102) before staining with an Alexa-Fluor 647 conjugated secondary to 

allow quantification of infection. N = 4. (B) (Top) Quantification of LDH release in A549-ACE2-infected cell supernatant through a luciferase-based assay. N = 4. 

(Bottom) Nuclei count following infection of A549-ACE2 cells at the indicated timepoints with the respective variants. Nuclei were stained with Hoechst dye prior 

to quantification. (C) Confocal immunofluorescence of A549-ACE2 cells infected with MOI 0.1 D614G, Delta, and B.1.640.1 cells and control cells 48 hpi. Yellow 

arrows indicate the presence of syncytia. Scale bar = 200 µm. (D) Violin plot of number of nuclei per syncytia 48 hpi with D614G, Delta, and B.1.640.1 infection 

(MOI = 0.1). Results were taken from two independent experiments, with 12 fields analyzed per variant. Nuclei counting was performed manually using ImageJ 

software. Ordinary one-way ANOVA tests were performed with Tukey’s multiple comparison test to compare D614G to respective variants, *P < 0.05, ****P < 

0.00001, ns = not significant. For A and B, two-way ANOVA tests were performed with Geisser-Greenhouse correction to compare Delta and B.1.640.1 to D614G, 

*P < 0.05. Error bars represent SD.
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produced 118 syncytia versus 35 and 43 for D614G and Delta, respectively. To further 
investigate this phenomenon, we infected A549-ACE2 cells and monitored the cells using 
video microscopy for over 48 hours. Video microscopy analysis showed rapid fusion and 
syncytial formation in B.1.640.1-infected cells commencing 24 hpi, ultimately leading to 
large syncytia and cell death as detected by PI dye (Fig. S1A; Movie S1). D614G also 
induced syncytial formation but to a far lesser extent.

To confirm the high cytopathicity of B.1.640.1 observed by video microscopy, lactate 
dehydrogenase (LDH) activity was measured on cell supernatants to assess the level of 
plasma membrane damage in the infected cells. LDH activity peaked significantly at 72 
hpi following B.1.640.1 infection at MOI 0.1 (5.2 × 105 RLU and 1.6 × 105 RLU for B.1.640.1 
and D614G, respectively) indicating a surge in cytotoxicity (Fig. 3B). Infection of B.1.640.1 
at MOI 0.1 also showed a significant reduction in nuclei number compared to Delta and 
D614G, with 2%–6%, 17%–33%, and 38%–51%, fewer nuclei at 24, 48, and 72 hours, 
respectively (Fig. 3B).

We then quantified cell-cell fusion using a GFP-split S-fuse assay in U2OS-ACE2 cells 
(Fig. 4A), as described previously (9, 21, 37). B.1.640.1 infection at MOI 0.01 induced a 
2.3-fold and 1.4-fold increase in cell-cell fusion compared to D614G and Delta, respec
tively (Fig. 4A). Next, we investigated the fusogenicity of the variant Spike proteins 
independently of viral replication. We transfected Spikes into HEK293T cells expressing 
GFP1–10 subunits and incubated them with VeroE6 cells expressing GFP11 subunit for 
18 hours (Fig. 4B). Spike expression on transfected HEK293T cells was similar across 
variants, as measured by anti-S2 mAb staining (Fig. 4B). As seen during infection, 
B.1.640.1 Spike displayed the greatest fusogenicity compared to other variants, with a 
2.6-fold and a 1.3-fold increase over D614G and Delta, respectively (Fig. 4B). To further 
confirm the increased fusogenicity of B.1.640.1 Spike, we transfected HEK293T GFP-Split 
cells with variant Spikes and ACE2 and monitored cell fusion by video microscopy for 
over 18 hours (Fig. S1B; Movie S2). B.1.640.1 Spike demonstrated a more rapid fusion 
kinetic across 18 hours of cell co-incubation.

Overall, B.1.640.1 showed a highly fusogenic phenotype and an increase cytopathy 
while having similar replication kinetics to the Delta in A549-ACE2 cells. In addition, 
B.1.640.1 Spike alone displayed higher fusogenicity than D614G and Delta while being 
similarly expressed.

B.1.640.1-infected human nasal epithelial cells form large syncytia

To investigate our findings in a physiologically relevant model, we infected MucilAir 
primary hNECs in an ALI culture with D614G, Delta, B.1.640.1, and BA.1 variants for 96 
hours (Fig. 5A). This culture system is an effective tool to study SARS-CoV-2 infection (10, 
14, 42). As previously described (5), BA.1 exhibited a replication advantage compared to 
Delta and D614G, as quantified by viral RNA release (Fig. 5B). Compared to BA.1, B.1.640.1 
replication was delayed, with a 13-fold reduction in average RNA release after 24 hours of 
infection. B.1.640.1 replication kinetics closely resembled Delta after 48 hours of 
infection, with a 2.7-fold increase in peak Delta replication at 72 hpi (Fig. 5B). We next 
sought to examine if B.1.640.1 induced syncytia in this primary cell model. The cell 
cultures were fixed and stained 96 hpi when all variants had comparable viral RNA 
release. Due to the absence of fusion reporter systems, we assessed fusion through 
staining of Zonula Occludens 1 (ZO-1), a tight junction protein found at cell-cell borders, 
and phalloidin, binding to F-actin. ZO-1 and phalloidin staining revealed the presence of 
large, infected nucleoprotein-positive syncytia in the B.1.640.1 and Delta conditions (Fig. 
5C; Fig. S2A). D614G induced smaller and rarer syncytia, however, replicated to a far 
lesser extent. Conversely, BA.1 infection resulted in considerable deconstruction of the 
epithelium and presence of small syncytia. However, its significantly higher replication in 
the ALI culture system may impact comparisons to the other variants. Delta and B.1.640.1 
displayed similar replication kinetics, and both induced the formation of syncytia, with 
B.1.640.1 inducing large-rounded syncytia, confirmed through ZO-1 staining (Fig. 5C; Fig. 
S2A). Ultrastructural SEM analysis also revealed extensive loss of cilia on the surface in 
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Delta- and B.1.640.1-infected hNECs (Fig. S3A). B.1.640.1 thus efficiently induces cell-cell 
fusion in primary hNEC ALI cultures with no replicative advantage compared to Delta.

Elevated caspase-3 cleavage and LDH release during B.1.640.1 hNEC infec
tion

Next, we investigated the cytopathy of B.1.640.1 in the primary cell model. We first 
quantified LDH release in the supernatant of infected cells. LDH release was detected at 
72 hours and was significantly increased at 96 hpi for Delta and B.1.640.1, most notably 
for B.1.640.1 (Fig. 6A). BA.1 induced detectable but nonsignificant LDH, while D614G did 
not induce detectable LDH release 96 hpi. As SARS-CoV-2 replication results in cytopathy 
(42–44), we normalized the LDH release to the levels of replication. Once normalized, 
B.1.640.1 infection increased LDH activity by 35% compared to BA.1 following linear 

FIG 4 B.1.640.1 virus and Spike display high fusogenicity in cell lines. (A) (Top) Schematic of S-fuse assay utilizing U2OS S-fuse GFP-split cells to quantify viral 

fusion following infection (MOI = 0.01). (Middle) Confocal microscopy images of cells infected with respective variants at MOI 0.01. Hoechst dye stains the 

nuclei. (Bottom) Quantification of GFP area was performed 20 hpi, and data are normalized to D614G fusion. (B) (Top) Schematic of HEK293T-GFP1-10 and 

VeroE6-GFP11 co-culture system. HEK293T-GFP1-10 cells were transfected with Spike or control plasmids before co-culture with VeroE6-GFP11 cells. (Middle) 

Confocal microscopy images of co-cultured cells 20 hpi. Hoechst dye stains the nuclei. (Bottom) Quantification of GFP area 20 hours post-transfection and surface 

Spike expression by staining of HEK293T-GFP1-10 cells with an anti-S2 mAb. For A and B, ordinary one-way ANOVA tests were performed with Tukey’s multiple 

comparison test to compare D614G to respective variants, *P < 0.05, **P < 0.001, ***P < 0.0001, ****P < 0.00001, ns = not significant. Error bars represent SD. Scale 

bars = 400 µm.
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regression, suggesting B.1.640.1 is more cytopathic in primary nasal ALI cultures (Fig. 6A). 
To further investigate the mechanism of cell death, we examined the levels of cleaved 
caspase-3 induced by each variant. Caspase-3 undergoes cleavage following activation 
of the intrinsic or extrinsic cell death pathways; thus, its detection is a reliable marker for 

FIG 5 Apical replication and syncytia formation in hNEC air-liquid interface culture. (A) Schematic of hNEC ALI culture infection with SARS-CoV-2 variants over 

96 hours followed by cell fixation. (B) Viral RNA release from apical side of hNECs as measured by RT-qPCR targeting the SARS-CoV-2 E gene (n = 3/4; left). 

Apical viral RNA release measured at 24 hpi; bars represent mean values (right). Dotted lines and error bars represent SD. Mann-Whitney tests were performed 

to compare the respective variants to D614G, *P < 0.05. (C) Confocal immunofluorescence of hNECs 96 hpi with respective variants displaying syncytia formation 

(yellow asterisks) through ZO-1, phalloidin, SARS-CoV-2 nucleoprotein, and DAPI staining. Upper scale bar = 20 µm. Lower scale bar = 40 µm.
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cell demise (45–47). Caspase-3 activation, assessed by immunostaining, was increased 
significantly by infection with B.1.640.1 compared to D614G, Delta, and BA.1 (Fig. 6B and 
C). A similar but nonsignificant trend was seen in the replicate infection (Fig. S2B). After 
normalizing for replication, B.1.640.1 infection resulted in a twofold increase in caspase-3 
activation. Caspase-3 cleavage correlated significantly (P < 0.005) with LDH release across 
all variants (Fig. 6D). In accordance with the cell line observations, B.1.640.1 displays 
elevated markers of cytopathy in hNEC ALI cultures.

B.1.640.1 Spike is preferentially cleaved at polybasic cleavage site and by 
matrix metalloproteinases

We next explored the different mechanisms which could explain the increased fusoge
nicity of B.1.640.1 Spike. We first checked the affinity of Spike to ACE2 (Fig. 7A). Using a 
soluble ACE2-Fc-binding assay, B.1.640.1 Spike affinity was similar to that of D614G, 
suggesting that the increase in fusion is not due to differences in ACE2 affinity, as shown 
previously (9, 27, 29). Next, we investigated if B.1.640.1’s increased fusion can be 
explained by increased S1/S2 cleavage. Western blot analysis revealed greater S1/S2 
cleavage of B.1.640.1 Spike compared to D614G while exhibiting a similar profile to Delta 
(Fig. 7B). This is consistent with the P681H/R mutation increasing S1/S2 cleavage (48).

Next, we examined the processing of Spike by other cellular proteases. Serine 
proteases, such as TMPRSS2, and matrix metalloproteinases (MMPs) cleave Spike at the 
S2′ site to release the fusion peptide (21, 22). To study the impact of these proteases on 
fusion, we treated Caco-2-GFP11 cells with camostat, a TMPRSS2 inhibitor, marimastat, 
an MMP inhibitor, and E64d, a cysteine protease inhibitor (Fig. 7C). We also performed 
siRNA knockdown of TMPRSS2 confirmed by RT-qPCR (Fig. 7E). Both inhibitor-treated and 
siRNA-treated Caco-2 cells were incubated with HEK293T-GFP1-10 cells expressing Spike. 
Both camostat treatment and TMPRSS2 knockdown resulted in a 2.4-fold and 2.0-fold 
reduction in D614G and B.1.640.1 fusion, respectively (Fig. 7D). Nevertheless, B.1.640.1 
Spike maintained a twofold increase in fusion over D614G in TMPRSS2 inhibition or 
TMPRSS2-knockdown conditions (Fig. 7D and E). This suggests that the increase in 
B.1.640.1 Spike fusion compared to D614G is independent of TMPRSS2 processing. E64d 
had no effect on D614G fusion and a minor effect on B.1.640.1, suggesting cysteine 
proteases play a minor role in the cell-cell fusion process. Conversely, marimastat 
significantly inhibited B.1.640.1 Spike fusion but not D614G fusion, suggesting preferen
tial MMP-mediated Spike processing and S1/S2 cleavage contribute to the increase in 
B.1.640.1 fusion.

S2 domain mutations T859N and D936H promote the high fusogenicity of 
B.1.640.1

Mutations in Spike can alter the fusion capacity of SARS-CoV-2 variants. To investigate 
this, we generated chimeric Spike plasmids by swapping the NTD, RBD, or S2 domains of 
D614G and B.1.640.1 Spikes (Fig. 8A). We first confirmed that the chimeras were 
expressed at the surface at the same level (Fig. 8A). Next, using the HEK293T/VeroE6 GFP-
split system, we observed that B.1.640.1 S2 approximately doubled D614G fusion, while 
D614G S2 halved B.1.640.1 fusion, while the NTD and RBD regions had no significant 
impact on fusion (Fig. 8A). Interestingly, only two mutations reside in the B.1.640.1 S2 
domain, T859N and D936H. Using site-directed mutagenesis, we introduced these 
mutations and their respective reversions individually into the D614G and B.1.640.1 Spike 
backbones. Concurrent with the Spike chimeras, both mutations significantly increased 
D614G fusion, while the reversion mutations significantly reduced B.1.640.1 fusion (Fig. 
8B) while being expressed similarly (Fig. 8B). Altogether, these findings reveal that the 
increased fusogenic property of B.1.640.1 is also linked to the two S2 subunit mutations 
T859N and D936H.
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FIG 6 Cytopathic effects of hNEC infection with B.1.640.1. (A) LDH release from apical side of hNEC ALI culture over the time course of infection with respective 

SARS-CoV-2 variants (n = 3/4; left). Area under the curve (AUC) representation of LDH activity, bars represent mean values (middle). Linear regression analysis 

of LDH release (AUC) compared to viral copies/mL (AUC) from 96 hours of infection with respective SARS-CoV-2 variants (right). Asterisk colours represent 

respective variants. (B) Immunofluorescence of hNECs stained for cleavage products of caspase-3 and SARS-CoV-2 nucleoprotein. Shown is one field of each 

variant. Scale bar = 40 µm. (C) Quantification of total area of cleavage products of caspase-3. Each data point represents one randomly assigned field from a 

single biological repeat (left). An ordinary one-way ANOVA test was performed with Tukey’s multiple comparison test to compare D614G to respective variants, 

*P < 0.05, ***P < 0.0001, ns = not significant. Linear regression analysis of caspase-3 cleavage from two biological repeats (total number of fields = 8) normalized 

to Delta compared to mean viral copies/mL (AUC) 96 hpi (right). (D) Linear regression analysis of caspase-3 cleavage normalized to Delta compared to LDH 

activity (AUC) over 96 hours of infection. Error bars represent SD.
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B.1.640.2 Spike is less fusogenic than B.1.640.1

The sister variant of B.1.640.1, B.1.640.2, circulated in France over a similar timespan. 
The two variants differ  by five  mutations in the Spike protein (Fig. 1A). Notably, the 
D936H HR1 mutation is not present in B.1.640.2. Consistent with this,  fusion of 
B.1.640.2 Spike was reduced by twofold in comparison to B.1.640.1 (Fig. 8C) while 
being expressed similarly (Fig. 8C). This is a greater reduction than the single-point 
mutation alone, suggesting that other mutations within B.1.640.2 reduce its 
fusogenic potential.

FIG 7 The impact of host cell proteases on B.1.640.1 Spike fusion. (A) Staining of HEK293T cells transfected with Spike or control plasmids and stained 

with a serial dilution of soluble human ACE2-Fc followed by staining with anti-human-Fc secondary antibody. A two-way ANOVA test was performed with 

Geisser-Greenhouse correction to compare D614G to the respective variants, *P < 0.05, **P < 0.001. (B) S1/S2 cleavage of respective variant Spike proteins 

measured by western blot. HEK293T cells transfected with respective Spikes or control plasmids and cell lysates were analyzed 24 hours later (n = 2). 

(C) Schematic of HEK293T-GFP1-10 cells transfected with D614G Spike, B.1.640.1 Spike, or control plasmids and co-cultured with Caco-2-GFP11 in the presence 

of protease inhibitors. (D) Fusion of D614G and B.1.640.1 Spikes, quantified by GFP area, in the presence 10 mM camostat, marimastat, E64d, or a DMSO control. 

(E) (Left) Total RNA was extracted from Caco2 cells treated with TMPRSS2 siRNA or siCTRL, and RT-qPCR was performed. Data were normalized to β-Tubulin 

levels. Relative mRNA expression normalized to siCtrl condition (2−ΔΔCT) was plotted. (Right) Fusion of D614G and B.1.640.1, quantified by GFP, in the presence of 

TMPRSS2 knockdown or wild-type Caco-2 cells. For (D) and (E), ordinary one-way ANOVA tests were performed with Tukey’s multiple comparison test to compare 

D614G to respective variants, *P < 0.05, ***P < 0.0001, ****P < 0.00001. Error bars represent SD.
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DISCUSSION

We describe the phenotypic properties of the SARS-CoV-2 B.1.640.1 variant which 
transiently circulated in Europe and Africa in 2021–2022. Analysis of a panel of mAbs 
identified a loss of anti-NTD binding to this variant. The role of the NTD in neutralizing 
and non-neutralizing antibody (nnAb) functions is of current interest (39, 49, 50). A 
region termed the NTD antigenic supersite is a favorable target for potently neutralizing 
antibodies (2, 51). The supersite comprises three loops, N1 (residues 14–26), N3 (residues 
141–156), and N5 (residues 246–260). Deletion or mutation of these residues and 
proximal residues, such as C136Y, G142D, and Del144, greatly reduces neutralization by 
mAbs by changing loop conformations and antibody epitopes (51). The epitopes of the 
NTD mAbs we tested are unknown. It is likely that Del136-144 in B.1.640.1 NTD results 

FIG 8 B.1.640.1 Spike S2 mutations increase fusogenicity. (A) (Top) Schematic of D614G and B.1.640.1 chimeric Spike production through Gibson’s assembly. The 

NTD, RBD, and S2 domains of both Spikes were swapped to generate chimeric Spikes. For simplicity, only S1/S2 chimeras are shown. (Bottom) Fusion of D614G 

and B.1.640.1 Spike chimeras in HEK293T-GFP1-10 and VeroE6-GFP11 co-culture system. HEK293T-GFP1-10 cells were transfected with Spikes or control plasmids 

and then co-cultured with VeroE6-GFP11. Fusion was quantified by GFP area 18 hours post-transfection. Spike expression was assessed by surface staining of 

transfected HEK293T-GFP1-10 cells with an anti-S2 mAb. (B) D614G and B.1.640.1 Spikes were mutated to incorporate or revert B.1.640.1 S2specific mutations, 

respectively. HEK293T-GFP1-10 cells were transfected with Spikes or control plasmids before co-culture with VeroE6-GFP11 cells. Fusion was assessed by GFP area 

18 hours post-transfection. Spike expression was assessed by surface staining of transfected HEK293T-GFP1-10 cells with an anti-S2 mAb. (C) HEK293T-GFP1-10 

cells were transfected with B.1.640.1 or B.1.640.2 Spikes or control plasmids before co-culture with VeroE6-GFP11 cells. Fusion was assessed by GFP area 18 

hours post-transfection. Spike expression was assessed by surface staining of transfected HEK293T-GFP1-10 cells with an anti-S2 mAb. Mann-Whitney tests 

were performed to compare GFP area and spike expression, **P < 0.001. For (A) and (B), ordinary one-way ANOVA tests were performed with Tukey’s multiple 

comparison test to compare respective variants, **P < 0.001, ***P < 0.0001, ****P < 0.00001, ns = not significant. Error bars represent SD.
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in alteration to the antibody supersite and thus loss of antibody recognition, but this 
requires further structural analysis. B.1.640.1 Spike demonstrates a plasticity of the NTD 
to undergo large levels of mutation while maintaining the protein functions. Supersite 
deletions are seen during persistent infections of immunocompromised individuals (52, 
53). Additionally, the NTD is a region of interest for non-neutralizing antibody functions 
such as antibody-dependent cell-cytotoxicity and complement-dependent cytotoxicity 
(39, 50, 54). Future studies would be of interest to reveal if the B.1.640.1 NTD and 
Del136-144 arose as a mechanism of nnAb evasion.

Our mAb-binding analysis revealed the loss of cilgavimab (AZD1061) binding to 
B.1.640.1, whereas other anti-RBD mAbs maintained their binding capacities. A similar 
loss of binding was seen in recent Omicron subvariants BA.2.75.2 and BQ.1.1, all 
containing Spike mutation R346T, now known to cause the loss of binding (3, 55, 56). 
As such, cilgavimab is no longer recommended for therapeutic use. B.1.640.1 carries 
an R346S substitution, demonstrating that convergent mutations with clinical relevance 
have circulated in older variants.

Emergence and dominance of variants of concern are facilitated by many viral and 
host factors. The success of the initial Omicron variant, BA.1, was, in part, due to its 
considerable evasion of neutralizing antibodies (8, 57–60), among other factors. While 
B.1.640.1 virus showed a slight yet consistent reduction in neutralization by sera from 
convalescent or vaccinated individuals compared to Delta, it was more sensitive than 
BA.1. Therefore, while B.1.640.1 was able to circulate throughout France, its disappear
ance coincided with the rollout of the third SARS-CoV-2 vaccine dose and the emergence 
of BA.1.

We report the ability of B.1.640.1 to induce large syncytia in our culture systems. 
Syncytia are observed in histological studies of COVID-19 patients’ lungs; however, 
their role in pathogenesis is still debated, and their presence during mild disease 
remains unclear (31, 32, 61). We found B.1.640.1 elevated LDH release and caspase-3 
cleavage beyond that of the other variants. The replication of SARS-CoV-2 is sufficient 
to cause cytopathic effects in airway epithelial cells (42, 44, 62). To account for this 
and the differences in viral replication between the variants, we normalized measures 
of cytopathy to replication. Here, B.1.640.1 caused greater LDH release and caspase-3 
cleavage than the other variants. In accordance with the previous literature, SARS-CoV-2 
Spike-induced syncytia formation in HeLa cells causes activation of caspase-3 (45). 
Furthermore, cell-cell fusion induced by the FAST fusion protein of reoviruses enhances 
viral pathogenicity (63). Thus, it would be of interest to investigate the impact of the 
differing fusogenic phenotypes of SARS-CoV-2 variants on pathogenicity. Together, our 
results suggest that the highly fusogenic property of B.1.640.1 is responsible for its 
increased cytopathy.

The role of cell-cell fusion in SARS-CoV-2 transmission remains unclear. Syncytia 
formation facilitates cell-to-cell transmission of virus and provides a mechanism of 
evasion from the host immune response (64). Additionally, syncytia may allow for 
dissemination of virus within the host. Syncytia from multiple cellular origins containing 
high levels of infection are detected in the bronchoalveolar fluid of COVID-19 patients 
(65). On the contrary, increased cytopathy relating to syncytia formation may also be 
detrimental to SARS-CoV-2 replication at timepoints beyond those we have studied. 
Therefore, further understanding into how syncytia formation impacts viral transmission 
within and between hosts is warranted.

We show that B.1.640.1 Spike displays increased S1/S2 cleavage as well as increased 
protease activation by cell surface MMPs compared to D614G. P681H, present in 
B.1.640.1, increases S1/S2 cleavage and Spike fusogenicity (48). Additionally, this 
mutation reduces the dependence of S2′ processing by endosomal cathepsin proteases 
and promotes cell surface Spike processing (66), consistent with our findings. Further
more, through mutagenesis, we found T859N and D936H within the B.1.640.1 S2 subunit 
are independently and additively responsible for high intrinsic fusogenicity of Spike. 
Both mutations have continuously circulated at a low level (<0.05% of sequences), with 
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T859N most notably being in the Lambda variant and D936H being in a small proportion 
of omicron subvariants (covSPECTRUM; GISAID). The absence of these mutations in the 
Delta variant also suggests enhanced fusogenicity can arise through differing mutations. 
Additionally, B.1.640.1 Spike fusion was increased in the presence of TMPRSS2. Similar 
levels of inhibition to D614G suggest a preferential cell surface entry route for B.1.640.1, 
consistent with variants prior to Omicron BA.1 (67).

No mutations are present in the cytoplasmic tail of B.1.640.1, the region containing 
a suboptimal COPI-binding site which is responsible for surface trafficking of Spike (25). 
Therefore, surface levels of B.1.640.1 Spike are not impacted compared to other variants, 
as confirmed by cell surface staining, and do not explain differences in fusion. The 
S2 subunit also contains the membrane fusion machinery including the hydrophobic 
FP and the heptad repeat regions 1 and 2 (HR1 and HR2). Mutations can alter this 
process through different mechanisms. For example, N856K present in BA.1 introduces 
a charged lysine residue that forms a salt bridge with D568 which reduces shedding 
of the S1 subunit and fusion (16). In silico analysis reveals that residue 859 resides in 
close proximity to residue 614 within S1 (Fig. S3B). It would be of interest to study 
any potential interactions between residue 859 and the S1 subunit and if this mutation 
impacts S1 shedding. HR1 and HR2 within S2 form a six-helical bundle to bring the 
membranes together during fusion (68). D936 within HR1 forms a salt bridge with the 
positively charged R1185 residue of HR2 (69). Thus, the introduction of H936 may also 
impact the conformational changes Spike undergoes during fusion. Deep mutational 
scanning may also reveal how these mutations alter the effect of other Spike mutations 
to understand the evolutionary constraints of fusogenicity on Spike (70).

In silico analyses suggest B.1.640.2 to have greater infectivity than B.1.640.1 (71). 
We previously showed the E484K mutation, present in B.1.640.2 but not B.1.640.1, 
significantly reduces fusion (9) and contributes to immune evasion (72). Together with 
the absence of D936H, this explains the twofold reduction in fusogenicity of B.1.640.2. 
Further investigation into the evolution of the B.1.640 lineage would be relevant to 
determine the relationship between B.1.640.1 and 2.

We acknowledge that this study contains limitations. First, the low number of 
infections caused by B.1.640.1 limits the availability of clinical information on this variant. 
Further research may involve in vivo models, such as Syrian Hamsters or mice (42, 73), 
to assess B.1.640.1 pathogenicity. Additionally, we did not explore the role of other 
mutations outside of the Spike in B.1.640.1 replication and cytopathy which could be 
studied through reverse genetic approaches. Finally, we were unable to quantify the 
number of syncytia following infection in the hNEC culture system due to the 3D nature 
of the tissue. Future work would look to implement a reporter system to give an accurate 
readout of syncytia in this model.

Overall, the data presented here show a now supplanted SARS-CoV-2 variant B.1.640.1 
displaying a highly fusogenic phenotype. Analysis of the humoral response provides 
insight into how this variant, like many others, was displaced upon the emergence of 
BA.1. The unusually high fusogenic activity of B.1.640.1, linked to an increased cytopathy, 
provides insight into the consequences of SARS-CoV-2-induced cell-cell fusion.
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