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Abstract: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) quickly spread world-
wide following its emergence in Wuhan, China, and hit pandemic levels. Its tremendous incidence
favoured the emergence of viral variants. The current genome diversity of SARS-CoV-2 has a clear
impact on epidemiology and clinical practice, especially regarding transmission rates and the effec-
tiveness of vaccines. In this study, we evaluated the replication of different SARS-CoV-2 isolates
representing different virus genotypes which have been isolated throughout the pandemic. We used
three distinct cell lines, including Vero E6 cells originating from monkeys; Caco-2 cells, an intestinal
epithelium cell line originating from humans; and Calu-3 cells, a pulmonary epithelium cell line
also originating from humans. We used RT-qPCR to replicate different SARS-CoV-2 genotypes by
quantifying the virus released in the culture supernatant of infected cells. We found that the different
viral isolates replicate similarly in Caco-2 cells, but show very different replicative capacities in Calu-3
cells. This was especially highlighted for the lineages B.1.1.7, B.1.351 and P.1, which are considered to
be variants of concern. These results underscore the importance of the evaluation and characterisation
of each SARS-CoV-2 isolate in order to establish the replication patterns before performing tests, and
of the consideration of the ideal SARS-CoV-2 genotype–cell type pair for each assay.

Keywords: SARS-CoV-2; COVID-19; viral culture; isolate; genotype; variants; Vero E6 cells; Caco-2
cells; Calu-3 cells

1. Introduction

A newly-emerging coronavirus that infects humans was reported in December 2019
in patients presenting with viral pneumonia in Wuhan, China [1]. Coronaviruses are en-
veloped viruses, with a positive single-stranded RNA genome and various host animals [2].
They are divided into four genera: alpha, beta, gamma, and delta [3]. However, only alpha
and beta coronaviruses are known to infect humans, leading to pathologies ranging from
symptoms typical of the common cold to life-threatening respiratory diseases in the lower
respiratory tract [3]. Before this new coronavirus was identified in China, only six human
pathogenic coronaviruses were known [2].

The aetiologic agent of the outbreak in Wuhan was later identified as a beta-coronavirus,
named Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) [4,5], and was
notable for its rapid spread. SARS-CoV-2 became a threat to global public health, as it
represents a risk of the health systems in each country collapsing [6]. In March 2020, the
World Health Organization (WHO) declared the new coronavirus disease, Coronavirus
Disease 2019 (COVID-19), to be a pandemic [3]. Currently, COVID-19 has led to almost
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195 million confirmed cases, and more than 4.2 million deaths had been reported worldwide
on 30 July 2021 [6].

As efforts were made to contain the virus, the eyes of the scientific community turned
to SARS-CoV-2. However, the high circulation of the virus favoured the emergence of
viral variants, which have become predominant in some regions [7–9]. The emergence of
new SARS-CoV-2 variants throughout the COVID-19 pandemic brought with them public
health concerns, due to the increase in transmissibility [10–12] and especially regarding
the effectiveness of vaccines [13,14], as mutations in the spike protein, which is a target for
many of the approved vaccines, were observed [11,15,16].

Mutations at sites such as the amino-terminal domain (NTD) and the receptor-binding
domain (RBD) have been associated with direct implications for virus infection rates due
to the greater affinity of RBD to the angiotensin-2 converting enzyme (ACE2), which is
known as the main receptor for SARS-CoV-2 [15]. Other evidence points to the selection
of variants with greater virulence and resistance to the action of neutralising antibodies
from convalescent or immunised individuals [10–12,15–17]. Viruses harbouring mutations
that confer a competitive advantage regarding viral replication, transmission, or immunity
escape will increase in frequency, becoming dominant variants [10–12,18].

The current genomic diversity of SARS-CoV-2 has a clear impact on viral epidemiology
and virus-associated clinical practice, especially regarding transmission rates and the
effectiveness of vaccines [19–23]. One challenging question of basic virology is about the
extrapolation of data obtained from the SARS-CoV-2 virus which was responsible for the
first wave of the pandemic in early 2020, and which was a close relative of the original
Wuhan-Hu-1 isolate, to new SARS-CoV-2 variants, which exhibit substantial genetic and
amino acid differences, especially regarding the standardisation of in vitro assays. As
new variants emerge, cell culture models help characterise their cell tropism and virus
replication kinetics, as well as the profiles of the induced cell damage [2,24–27]. These
variants present a challenge in dealing with the COVID-19 pandemic.

In this study, we explore the replication of different SARS-CoV-2 isolates in three
different cell lines which are known to be permissive to SARS-CoV-2: two human-derived
cells, Caco-2 (intestinal epithelium) and Calu-3 (pulmonary epithelium), and one monkey
renal epithelium-derived cell (Vero E6). The viruses were isolated in Marseille, France,
during different waves of the pandemic. These isolated viruses include variants which have
been classified as variants of interest or of concern by the Centers for Disease Control and
Prevention (CDC) [28]. The results demonstrate the difficulties of establishing standards
of virus replication and tropism for SARS-CoV-2, especially for in vitro assays, with its
current diversity of genotypes.

2. Materials and Methods
2.1. Cell Line Culture

The Vero E6 cell line (American type culture collection ATCC® CRL-1586™) was
cultured in Minimum Essential Medium (MEM. Gibco, Thermo Fischer) containing 4%
foetal bovine serum (FBS. Invitrogen) and 1% L-glutamine (L-GLn. Invitrogen) at 37 ◦C in a
5% CO2 atmosphere using 175 cm2 flasks. Every three days, the medium was replenished,
and the confluent culture flask was subcultured by trypsinisation. Calu-3 cells (ATCC®

HTB-55™) were cultured in MEM containing 10% FBS and 1% L-Gln in 175 cm2 flasks.
Caco-2 cells (ATCC® HTB-37™) were also cultured in 175 cm2 flasks at 37 ◦C and 5% CO2,
using Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 1%
L-Gln, and 1% amino acids (Aa). In the assays using culture plaques, the Calu-3 and Caco-2
cells were prepared three days beforehand, and the Vero E6 cells one day beforehand; all of
the cells were incubated at 37 ◦C and 5% CO2.

2.2. Production of Fresh SARS-CoV-2 Inoculum

Vero E6 cell 12-well plates were prepared with 5 × 105 cells/well, and cultured with
2 mL of 10% SFB MEM and 1% L-Gln incubated overnight at 37 ◦C in a 5% CO2 atmosphere.
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The fresh viral inoculum was produced from frozen stocks of 32 distinct isolated SARS-CoV-
2 samples previously genotyped by whole-genome next-generation sequencing (Table S1)
and thawed at room temperature. The supernatant from the previous day was removed
and replaced with fresh medium. The inoculum of 5300 µL of the virus was then added to
the well. The plaque was incubated again at 37 ◦C and 5% CO2 overnight. After incubation,
the cell layer and the supernatant were collected and filtered at 0.2 µm, and 100 µL of the
filtrates were collected for RNA extraction using the QIAamp 96 Virus QIAcube HT Kit
(QIAGEN, Hilden, Germany) on the QIAcube HT System (QIAGEN, Hilden, Germany). RT-
PCR was performed using the SuperScript III Platinum One-Step qRT-PCR Kit (Invitrogen,
Carlsbad, EUA) in the Roche LightCycler® 480 Instrument II. The primers were designed
against the N gene (Fwd: 5′ GACCCCAAAATCAGCGAAAT 3′; Rev: 5′ TCTGGTTACT-
GCCAGTTGAATCTG 3′ and probe: 5′ FAM-ACCCCGCATTACGTTTGGTGGACC 3′). Af-
ter the RT-qPCR, the supernatants which collected 24 h.p.i. from Vero E6 infected cells were
diluted based on the RT-qPCR to an specific Ct (Ct = 20), and TCID50 was performed in the
Vero E6 cells using nine isolates, four replicate wells by dilution, performed in duplicate,
and read 7 days post-infection. The TCID50 was calculated according to the Spearman and
Kärber algorithm.

2.3. Cell Infection and Assessment of SARS-CoV-2 Replication

The 24-well plates were previously prepared with 4 × 105 cells/well of Caco-2 and
Calu-3, and with 2 × 105 cells/well of Vero E6, grown in 1 mL of their corresponding
medium, as mentioned above. For the Calu-3 and Caco-2 cells, the medium was removed
and replaced with new medium the previous day. The cells were kept incubated at 37 ◦C
and 5% CO2 until infection, immediately after the PCR. Before infection, one well of each
plate was trypsinized, and the cells were counted in a disposable neubauer chamber to
determine the multiplicity of infection (MOI). Fresh SARS-CoV-2 inocula were diluted in
MEM 4% SFB and 1% L-Gln for a Cycle Threshold (Ct) value of 20. After dilution, 200 µL
of the inoculum was added to the corresponding well in the plate. The adsorption was
performed by centrifugation at 2272× g, for 1 h at 37 ◦C (Sorvall Legend XT/XF, M-20 rotor,
Thermo Scientific™,Waltham, MA, USA, 75217406/DEL). After the adsorption, the medium
was discarded, and the wells were washed twice with 1 mL of the medium. The medium
was replaced (1 mL) and 100 µL was collected for the PCR, with this being considered
time = 0 (T0). For the Caco-2 and Calu-3 cells, 100 µL of the supernatant was also collected
1 (t1), 3 (t3), and 7 (t7) days post-infection (d.p.i.). The final volume of 1 mL was maintained
throughout the manipulation. For Vero E6, aliquots were collected on days 1 and 3 p.i. The
supernatants were stored at −80 ◦C until the RNA extraction was performed, as well as
the PCR, as described above. Replication was assessed based on the ∆Ct of the samples
where ∆Ct = Ctt0 – Ctt3. Three different experimenters carried out this experiment in order
to guarantee the reproducibility of the manipulation.

2.4. Genomic Analysis of the Isolates

The sequences referring to each of the isolates were retrieved from the results previ-
ously obtained in order to characterise the isolates. The classification of the isolates was
determined using the Nextclade tool (Nextstrain, Nextclade: https://clades.nextstrain.org/
(accessed on 20 May 2021 and 27 November 2021) and the Pangolin classification tool
(https://pangolin.cog-uk.io/ (accessed on 20 May 2021), and for the name of the mutation.
Mutations leading to structural protein substitutions were grouped with their respective
isolates and tabulated.

The phylogenetic relationship between the different isolates was inferred using the
Maximum Likelihood method and the Tamura-Nei model [18]. The heuristic tree was
obtained automatically by applying Neighbour-Joining and BioNJ algorithms to a matrix of
pairwise distances, which was estimated using the Tamura-Nei model, then by selecting the
topology with the higher log likelihood value; the evolutionary analyses were conducted
in MEGA X [29].

https://clades.nextstrain.org/
https://pangolin.cog-uk.io/
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The network graph presented in this study was built using Gephi version 0.9.2 [30].
The graph components were listed in a common separated values (.csv) spreadsheet, and
this file was imported into the software. The layout was generated using algorithms based
on the nodes’ forces of attraction and repulsion (Fruchterman Reingold). Modularity class
statistics were performed in order to identify and colour the clusters, and the size of the
nodes was defined by the gradient incoming. Finally, the nodes were locally rearranged for
the better visualisation of the connections between them.

3. Results
3.1. Viral Replication Analysis

The replication of different SARS-CoV-2 genotypes was evaluated based on the detec-
tion of the viral genome in the supernatant of three different cell lines infected with fresh
inoculum from 36 SARS-CoV-2 isolates (Figure 1). Among the viruses inoculated in the
Vero E6 cell at an MOI of 0.036, no significant differences were observed between the viral
replications of different genotypes, suggesting the good adaptation of all of the viruses to
the Vero E6 cells in which the inoculum was produced (Figure 2a).
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Figure 1. Replication rate of different SARS-CoV-2 lineages isolated in distinct cell lines. The
replication rate of 36 SARS-CoV-2 isolates is expressed in delta CT (cycle threshold), three days
post-infection, in cells derived from monkey kidney epithelium (Vero E6 in green), human intestines
(Caco-2 in pink) and human lungs (Calu-3 in blue). Each isolate was classified according to its lineage,
based on the PANGO classification, and viruses from the same lineage were grouped together.

During the evaluation of the viral expression in Caco-2 cells (MOI = 0.042), a higher
viral production was detected in cells inoculated with SARS-CoV-2 of the B.1.1.7 lineage
compared to close Wuhan-Hu-1 relatives of lineage B, and to viruses of lineages B.1.416
and B.1.160 (Figures 1 and 2b). Isolates of the B.1.416 lineage also showed a significantly
lower viral replication than those of the P.1 lineage (Figure 2a). However, these isolates did
not show significant differences in terms of replication within the same lineage (Figure 1).
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Figure 2. Replication levels of different SARS-CoV-2 lineages in three distinct cell lines. The replication
levels of the SARS-CoV-2 lineages (PANGO) are expressed in delta CT (cycle threshold), three days
post-infection, in three distinct cell lines: (a) Vero E6, (b) Caco-2, and (c) Calu-3. The values with
different superscript letters in a column are significantly different (p < 0.05). (d) Comparison of the
replication of a SARS-CoV-2 isolate from each viral lineage inoculated on different cells: Vero E6
(Green), Caco-2 (Pink) and Calu-3 (Blue).

In contrast, in Calu-3 (MOI = 0.044), which are lung epithelial cells, there was greater
variation in the replication between isolates. In contrast to that which was observed in
Caco-2 cells, the most distinct profile was associated with the P.1 and B.1.617.2 genotypes,
which presented a higher replication in Calu-3 cells when compared to five of the other
eight genotypes tested, which were B, B.1.416, B.1.367, B.1.1.7, B.1.351, A.27 and B.1.160
(Figure 2c). The B.1.1.7 and B.1.351 genotypes presented a lower replication in Calu-3 cells
when compared to the virus from lineages B and B.1.160. Exceptionally, isolate IHU-MI3428
(B.1.1.7*) had a high rate of replication in Calu-3 cells, which was significantly higher than
the other B.1.1.7, with a replication very similar to that observed for P.1 (Figure 2c).

Interestingly, viruses inoculated on Vero E6 cells and Caco-2 cells presented higher
replication when compared to viruses inoculated on Calu-3 (Figures 1 and 2d). While only
lineages B.1.416 and B.1.160 showed a significantly lower replication in Caco-2 compared
to Vero E6 (Figures 1 and 2d), all of the isolates inoculated in Calu-3 had a lower virus
production level. The virus production was also significantly lower when comparing the
isolates inoculated in Calu-3 and Caco-2 (Figures 1 and 2d). These comparative results
between the viral replications in different cell lines may suggest a greater adaptation of the
virus to Vero E6 and Caco-2 cells.

3.2. Analysis of Genetic Diversity

The phylogenetic analysis confirmed that the isolates classified as belonging to the
same lineage by the Nextclade tool were close relatives and clustered (Figure 3a). The
mutations that resulted in amino acid substitution for each isolate were listed and compared
to the initial isolate (b). The close relationship between the isolates observed in the phylo-
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genetic analysis (Figure 3a) was also evidenced by the modular analysis of the mutations
conducted by GEPHI to generate the network graphic (Figure 3b). Altogether, 64 mutations
in structural proteins were identified in the 36 isolates evaluated in this work, with many
of them being shared by several isolates from different lineages. For example, the D614G
substitution in the SARS-CoV-2 spike protein was shared by 22 isolates, including the B,
B.1.1.7, B.1.160, B.1.351, B.1.367, P.1, and R.1 lineages (Figure 3). Other mutations often
shared by viruses of different lineages were N501Y and E484K, both located in the spike
protein (Figure 3).
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Figure 3. Genetic diversity of the SARS-CoV-2 isolates used. (a) Phylogenetic analysis of isolated
SARS-CoV-2 presented through a maximum likelihood tree, with a bootstrap analysis based on the
values of 1,000 replicates. The isolates were grouped according to the PANGO classification, based
on the analysis previously obtained from the Nextclade tool. (b) Distribution of the mutations that
generate amino acid exchange in structural proteins of SARS-CoV-2 among the isolates used in the
study. Arrows link the isolates to their identified mutations; the size of the nodes represents the
gradient incoming (the most shared mutations are in bigger circles). Legend: E, envelope protein; M,
membrane protein; N, nucleocapsid protein; S, spike protein.

This analysis also revealed isolates that accumulated a variety of unique mutations,
such as IHU-MI2096 (B.1.525) and IHU-MI3224 (A.47), with ten and five unique substitu-
tions (not present in any other isolate tested), respectively (Figure 3b).

4. Discussion

Considering aspects of the basic virology of SARS-CoV-2, cell culture is a great way
of determining the tropism of the virus and its replication level, which are important
attributes to be determined in in vitro assays [31]. Many studies have sought to establish cell
lines that are permissive to SARS-CoV-2 and different isolates, and they have highlighted
Caco-2 and Calu-3 cells as the cells that best support a complete cycle of SARS-CoV-2
replication [2,26,31,32].
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In this study, we sought to evaluate the replication of different SARS-CoV-2 isolates
isolated throughout the pandemic (2020 and 2021) in Marseille, France. For this, we used
three distinct cell lines: Vero E6 cells, which originated from monkeys, and Caco-2 and
Calu-3 cells, which both originated from human tissues; the replication was assessed by
qPCR in the cellular supernatant.

All of the viruses used in these assays were previously isolated and produced in
Vero E6 cells. Vero E6 cells were established from kidney tissue sampled from an African
green monkey, and are a mammalian cell line which is widely used for the isolation and
production of viruses, including SARS-CoV-2, as these cells abundantly express ACE2 and
allow the complete replication cycle of the virus [32–34].

Even if only a few passages have been conducted in these cells, it was evident that
all of the isolated SARS-CoV-2 mutations are well adapted to this cell line, regardless of
the lineage to which they belong, as the replication levels in these cells were the same
for all of them (Figure 2a). This rapid adaptation was previously reported in trials using
SARS-CoV-2 that went through four passages on Vero E6 [34,35]. However, the kinetic
analysis of second-passage variants (in Vero E6 cells) pointed out differences in replication
between the strains [36].

SARS-CoV-2 replicates in gastrointestinal cells in vivo, and is frequently detected in
faeces [37–41]. SARS-CoV-2 RNA has already been detected in samples obtained from
gastric mucosa, rectal mucosa, duodenal mucosa and faeces, and therefore the digestive
system has been understood as a potential source of transmission [42–44]. Caco-2 cells
were established from a human colorectal adenocarcinoma [45], and have been widely
used to study infection with SARS-CoV [46,47]. SARS-CoV-2 has recently been successfully
isolated using Caco-2 cells. Here, we observed that in Caco-2 cells, the lineage B.1.1.7 stood
out with a higher viral replication compared to the other lineages, especially to lineage
B, which was prevalent in our geographical area in March and April 2020, and to lineage
B.1.416 (Figure 2b).

According to the CDC, the lineage B.1.1.7/alpha was initially detected in the United
Kingdom, and established itself as a variant of concern [28]. This new variant was at-
tributed to an increased transmission rate of around 50% [19] and a minimal difference in
neutralisation by convalescent and post-vaccination sera [11,13,48]. Genomic sequencing
revealed 23 mutations [10,48]. Most of the non-synonymous mutations were observed in
the gene encoding the spike protein that is responsible for viral adsorption and entry [49].

The impact of these mutations on viral replication, transmission, and pathogenesis is
still not well understood, much less the impact of these mutations on the virus replication
cycle and cell tropism. A comparison between the replication of one isolate of the B.1.1.7
lineage and one of an early B.1 lineage (containing the D614G substitution) in both Vero
E6 and Caco-2 cells did not find any differences in the replication kinetics between these
isolates [37]. However, in a study using intestinal organoid models, the B.1.1.7 virus was
associated with higher titres of virus production at the end of infection, and with a greater
replicative fitness compared to SARS-CoV-2 of lineage B [50]. This supports the evidence
that lineage B.1.1.7 would have greater suitability for intestinal cells than the isolates that
spread worldwide at the beginning of the pandemic in 2020.

Calu-3 cells, in turn, are a human lung adenocarcinoma cell line commonly used in
cancer research and drug development [51]. In the previous SARS-CoV epidemic, it was
initially difficult to establish infection models in cells derived from human lungs, which
compromised studies on the pathogenesis of the virus, which mainly causes manifestations
in the respiratory tract [52]. Calu-3 cells were then perceived as highly permissive to
SARS-CoV infection [52]. These characteristics were also observed for SARS-CoV-2 [2,40].

Our results, based on the possession of SARS-CoV-2 regarding the representatives
of the diversity of the currently available genotypes, demonstrate that viral replication in
Calu-3 cells is the most heterogeneous (Figure 2c). As observed in Caco-2 cells, the B.1.1.7
genotype stood out; however, in Calu-3 cells, its replication was reduced compared to those
of isolates of the lineages B, B.1.160 and P.1/gamma (Figure 2c). A similar reduction was
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observed for variant B.1.351, the replication of which was significantly lower than those for
isolates of lineages B and B.1.160 (Figure 2c).

It was previously described that a B.1.1.7 variant isolate was strongly attenuated on
Vero E6 cells compared with a lineage B isolate from the early phase of the pandemic [35,50].
In addition, both B.1.1.7 and early B isolates rapidly acquire multibasic cleavage site (MBCS)
mutations on Vero E6 cells, but not on Calu-3 cells [34,50]. Attenuation in Vero E6 cells has
also been described for the mink-associated SARS-CoV-2 variant (Cluster 5) [53]. Therefore,
passages in Vero E6 cells can lead to the attenuation of isolates of these two lineages, and
explain the diminished replication pattern in Calu-3 cells.

On the other hand, the P.1/gamma and B.1.617.2/delta isolates had a higher replication
level in Calu-3 cells than viruses from lineages B.1.416, B.1.367, B.1.1.7, B.1.351, and B.1.160.
A similar replication pattern was observed for a single isolate belonging to the B.1.1.7
lineage, IHU-MI3428.

The P.1/gamma lineage was initially detected in Brazil [9], and like B.1.1.7, it was
considered to be a variant of concern by the CDC [28]. The P.1 variant has ten unique
spike protein mutations, including a combination of three important substitutions in the
spike protein, E484K and N501Y in its receptor-binding motif, and K417T in its RBD [13].
However, to date, little is known about the transmissibility of the P.1 variant, even though it
shares several mutations with the B.1.325 strain (K417N/T, E484K, N501Y), which appears
to have increased transmissibility [54].

The B.1.617.2 and AY lineages represent the delta variant, which was first detected in
India [28] and almost exclusively shares the D614G mutation with P.1/gamma (Figure 3b).The
D614G change in the spike protein of SARS-CoV-2 has been suggested to be a factor that
enhances the replication and transmission of SARS-CoV-2 [55], and this mutation was
present in 29 of the 36 isolates used in our assays (Figure 3), including variants with
reduced replication, such as B.1.351/beta. Like P.1/gamma and B.1.617.2/delta, it is also
considered a variant of concern associated with increased transmission of approximately
50% [56], and reduced neutralisation by convalescent and post-vaccination sera [20,57–59].

One study using isogenic variants of SARS-CoV-2 demonstrated that the spike D614G-
containing variant has a greater affinity to the ACE2 receptor, increasing replication in
primary human bronchi and epithelial nasal airways in vitro. However, no changes were
observed to be significant in replication in Vero E6 cells or Calu-3 [11,60]. When the
viral titres recovered from washes in hamsters infected with spike D614G SARS-CoV-2
were evaluated, higher infectious titres were recovered in the nasal washes and trachea,
but not in the lungs, supporting the clinical evidence that the mutation increases viral
loads in the upper respiratory tract of patients with COVID-19 [12,61]. This may explain
why, in lung cells, the B.1.1.7 and B.1.351 viruses have reduced expression in pulmonary
Calu-3 cells; however, it does not explain the increased replication of the delta, gamma or
IHU-MI3428 isolates.

Something similar occurs in the N501Y replacement in the spike protein. SARS-CoV-2
carrying the N501Y substitution exhibited consistent fitness gains in replication in the
upper airways in the hamster model and higher fitness at almost all of the time points in
Vero and Calu-3 cells [62]. This led to the conclusion that the N501Y substitution improved
the affinity of the viral spike for cell receptors.

However, as noted for D614G, an N501Y substitution is present in P.1, B.1.1.7 (including
IHU-MI3428) B.1.351, and A.27. Therefore, it does not explain the different replication
patterns between them. Using pseudoviruses with spike proteins designed based on the
sequences of viruses of early lineage B and variants B.1.1.7, B.1.351 and P.1, no differences
were observed in the pseudovirus entry into Vero E6, Caco-2 and Calu-3 cells [63].

When comparing virus production by different cells, it seems usual for Vero E6 and
Caco-2 cells to have better viral production than Calu-3 [1,33,64–66]. Interestingly, in
a previous study that evaluated 13 human cell lines that could potentially support the
replication of the first SARS-CoV, Caco-2 cells were the only cell line found that allowed the
complete virus cycle and were shown to be as efficient as African green monkey cells [67].
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One more recent study reports that SARS-CoV infects and replicates more efficiently in
Caco-2 cells than in Calu-3 cells under the same MOI [2]. Thus, the results in which Vero
E6 cells and Caco-2 cells have comparable replication levels are consistent with what was
previously reported, while Calu-3 cells produce less SARS-CoV-2 compared to these two
cells (Figure 2d) [65–67]. This was also reported for patients in a study suggesting that
viral shedding from the digestive tract might be greater than that from the respiratory
tract [41,42].

Despite the similarity in the present study with the increase of replication in Calu-3
of isolates from the gamma and delta variants, IHU-MI3428 (B.1.1.7*) does not seem to
have the same mutations as a source, as they share only the N501Y and D614G mutations,
which are widely distributed among the isolates (Figure 3). The greater replication of these
isolates in Calu-3 cells must be associated with a unique combination of mutations found
in these isolates.

The P.1 isolates share several mutations in the spike protein restricted to this variant,
according to our comparative analysis between the isolates used in this study (Figure 3).
The IHUMI-3428 (B.1.1.7) isolate presents other interesting mutations, such as Q677H in
the spike protein, which is absent in the other B.1.1.7, with reduced replication (Figure 3).
This mutation would have appeared independently in several strains in the USA, in an
adaptation suggested due to the alterations associated with this mutation in the proximal
polybasic furin cleavage site [68,69]. In addition to the Q677H mutation, IHU-MI3428 has
two other unique mutations in the spike protein, A27S and P1162S (Figure 3). However,
Q677H is shared with another isolate, IHU-MI2096 (B.1.160), which does not seem to
have increased replication, reinforcing the evidence that it is the complex combination of
mutations that makes certain isolates better adapted to replication in specific cells.

5. Conclusions

The current genome diversity of SARS-CoV-2 has a clear impact on clinical practice,
especially regarding transmission rates and the effectiveness of vaccines, making it difficult
to effectively combat COVID-19. However, it also poses challenges to basic virology and
the standardisation of in vitro assays, as evidenced by the differences in the replication
levels for each SARS-CoV-2 lineage in different human cells. Variants such as alpha, beta,
delta and gamma, for example, can show distinct replication patterns if they are inoculated
into cells derived from the lungs or intestines compared to a clade B lineage, which was
responsible for the first wave of the pandemic in early 2020, and which was the focus
of many of the basic virology/in vitro studies. These variations in replication patterns
among SARS-CoV-2 isolates appear to result from the complex combination of mutations
that make certain isolates better adapted to replication in specific cells. These results
underscore the importance for all of the research groups working with SARS-CoV-2 to
evaluate and characterise their SARS-CoV-2 isolates to establish the replication patterns
before performing their tests, and to consider the optimal combination of viral genotype
and cell type for these assays.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v14010023/s1—Table S1: List of isolated SARS-CoV-2 lineages and their respective genotypes.

Author Contributions: Conceptualisation, B.L.S., N.W.; methodology, B.L.S., N.W.; validation, B.L.S.,
P.C., C.D.; formal analysis, G.A.P.d.S., M.L.B., B.L.S., N.W.; investigation, G.A.P.d.S., M.L.B., L.F.;
resources, B.L.S.; data curation, P.C.; writing—original draft preparation, G.A.P.d.S., M.L.B., C.B.;
writing—review and editing, G.A.P.d.S., B.L.S., C.D., P.C.; visualisation, G.A.P.d.S., B.L.S., C.D., P.C.;
supervision, B.L.S., N.W., C.D., P.C.; project administration, B.L.S.; funding acquisition, B.L.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the French government under the “Investments for the Future”
programme managed by the National Agency for Research (ANR) under number, Méditerranée-
Infection 10-IAHU-03.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/v14010023/s1
https://www.mdpi.com/article/10.3390/v14010023/s1


Viruses 2022, 14, 23 10 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: The genome sequences were submitted to the GISAID database (https:
//www.gisaid.org/ (accessed on 20 May 2021).

Acknowledgments: We are grateful to Priscilla Jardot, Marielle Bedotto and Jeremy Delerce for their
technical support. A sincere thank you also goes to Rita Jaafar for her fellowship and suggestions to
improve the text.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from

Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef] [PubMed]
2. Chu, H.; Chan, J.F.-W.; Yuen, T.T.-T.; Shuai, H.; Yuan, S.; Wang, Y.; Hu, B.; Yip, C.C.-Y.; Tsang, J.O.-L.; Huang, X.; et al. Comparative

tropism, replication kinetics, and cell damage profiling of SARS-CoV-2 and SARS-CoV with implications for clinical manifestations,
transmissibility, and laboratory studies of COVID-19: An observational study. Lancet Microbe 2020, 1, e14–e23. [CrossRef]

3. Murgolo, N.; Therien, A.G.; Howell, B.; Klein, D.; Koeplinger, K.; Lieberman, L.A.; Adam, G.C.; Flynn, J.; McKenna, P.;
Swaminathan, G.; et al. SARS-CoV-2 tropism, entry, replication, and propagation: Considerations for drug discovery and
development. PLoS Pathog. 2021, 17, e1009225. [CrossRef]

4. Gorbalenya, A.E.; Baker, S.C.; Baric, R.S.; de Groot, R.J.; Drosten, C.; Gulyaeva, A.A.; Haagmans, B.L.; Lauber, C.; Leontovich,
A.M.; Neuman, B.W.; et al. The species Severe acute respiratory syndrome-related coronavirus: Classifying 2019-nCoV and
naming it SARS-CoV-2. Nat. Microbiol. 2020, 5, 536–544. [CrossRef]

5. Hui, D.S.; I Azhar, E.; Madani, T.A.; Ntoumi, F.; Kock, R.; Dar, O.; Ippolito, G.; Mchugh, T.D.; Memish, Z.A.; Drosten, C.; et al. The
continuing 2019-nCoV epidemic threat of novel coronaviruses to global health—The latest 2019 novel coronavirus outbreak in
Wuhan, China. Int. J. Infect. Dis. 2020, 91, 264–266. [CrossRef]

6. WHO. WHO Coronavirus (COVID-19) Dashboard. WHO Coronavirus (COVID-19) Dashboard with Vaccination Data. Available
online: https://covid19.who.int/ (accessed on 26 June 2021).

7. Tang, X.; Wu, C.; Li, X.; Song, Y.; Yao, X.; Wu, X.; Duan, Y.; Zhang, H.; Wang, Y.; Qian, Z.; et al. On the origin and continuing
evolution of SARS-CoV-2. Natl. Sci. Rev. 2020, 7, 1012–1023. [CrossRef]

8. Funk, T.; Pharris, A.; Spiteri, G.; Bundle, N.; Melidou, A.; Carr, M.; Gonzalez, G.; Garcia-Leon, A.; Crispie, F.; O’Connor, L.; et al.
Characteristics of SARS-CoV-2 variants of concern B.1.1.7, B.1.351 or P.1: Data from seven EU/EEA countries, weeks 38/2020 to
10/2021. Eurosurveillance 2021, 26, 2100348. [CrossRef]

9. Faria, N.R.; Mellan, T.A.; Whittaker, C.; Claro, I.M.; da Candido, D.S.; Mishra, S.; Crispim, M.A.E.; Sales, F.C.S.; Hawryluk, I.;
McCrone, J.T.; et al. Genomics and epidemiology of the P.1 SARS-CoV-2 lineage in Manaus, Brazil. Science 2021, 372, 815–821.
[CrossRef]

10. Volz, E.; Hill, V.; McCrone, J.T.; Price, A.; Jorgensen, D.; O’Toole, Á.; Southgate, J.; Johnson, R.; Jackson, B.; Nascimento, F.F.; et al.
Evaluating the Effects of SARS-CoV-2 Spike Mutation D614G on Transmissibility and Pathogenicity. Cell 2021, 184, 64–75.e11.
[CrossRef] [PubMed]

11. Zhou, B.; Thao, T.T.N.; Hoffmann, D.; Taddeo, A.; Ebert, N.; Labroussaa, F.; Pohlmann, A.; King, J.; Steiner, S.; Kelly, J.N.; et al.
SARS-CoV-2 spike D614G change enhances replication and transmission. Nature 2021, 592, 122–127. [CrossRef]

12. Korber, B.; Fischer, W.M.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.; Bhattacharya, T.;
Foley, B.; et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell
2020, 182, 812–827.e19. [CrossRef] [PubMed]

13. Garcia-Beltran, W.F.; Lam, E.C.; St. Denis, K.; Nitido, A.D.; Garcia, Z.H.; Hauser, B.M.; Feldman, J.; Pavlovic, M.N.; Gregory, D.J.;
Poznansky, M.C.; et al. Multiple SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity. Cell 2021,
184, 2372–2383. [CrossRef]

14. Kemp, S.A.; Collier, D.A.; Datir, R.P.; Ferreira, I.A.T.M.; Gayed, S.; Jahun, A.; Hosmillo, M.; Rees-Spear, C.; Mlcochova, P.;
Lumb, I.U.; et al. SARS-CoV-2 evolution during treatment of chronic infection. Nature 2021, 592, 277–282. [CrossRef] [PubMed]

15. Gómez, C.E.; Perdiguero, B.; Esteban, M. Emerging sars-cov-2 variants and impact in global vaccination programs against
sars-cov-2/covid-19. Vaccines 2021, 9, 243. [CrossRef]

16. Pohl, M.O.; Busnadiego, I.; Kufner, V.; Glas, I.; Karakus, U.; Schmutz, S.; Zaheri, M.; Abela, I.; Trkola, A.; Huber, M.; et al.
SARS-CoV-2 variants reveal features critical for replication in primary human cells. PLoS Biol. 2021, 19, e3001006. [CrossRef]
[PubMed]

17. Fournier, P.E.; Colson, P.; Levasseur, A.; Devaux, C.A.; Gautret, P.; Bedotto, M.; Delerce, J.; Brechard, L.; Pinault, L.;
Lagier, J.C.; et al. Emergence and outcomes of the SARS-CoV-2 ‘Marseille-4′ variant. Int. J. Infect. Dis. 2021, 106, 228–236.
[CrossRef] [PubMed]

18. Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans
and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526. [CrossRef] [PubMed]

https://www.gisaid.org/
https://www.gisaid.org/
http://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://doi.org/10.1016/S2666-5247(20)30004-5
http://doi.org/10.1371/journal.ppat.1009225
http://doi.org/10.1038/s41564-020-0695-z
http://doi.org/10.1016/j.ijid.2020.01.009
https://covid19.who.int/
http://doi.org/10.1093/nsr/nwaa036
http://doi.org/10.2807/1560-7917.ES.2021.26.16.2100348
http://doi.org/10.1126/science.abh2644
http://doi.org/10.1016/j.cell.2020.11.020
http://www.ncbi.nlm.nih.gov/pubmed/33275900
http://doi.org/10.1038/s41586-021-03361-1
http://doi.org/10.1016/j.cell.2020.06.043
http://www.ncbi.nlm.nih.gov/pubmed/32697968
http://doi.org/10.1016/j.cell.2021.03.013
http://doi.org/10.1038/s41586-021-03291-y
http://www.ncbi.nlm.nih.gov/pubmed/33545711
http://doi.org/10.3390/vaccines9030243
http://doi.org/10.1371/journal.pbio.3001006
http://www.ncbi.nlm.nih.gov/pubmed/33760807
http://doi.org/10.1016/j.ijid.2021.03.068
http://www.ncbi.nlm.nih.gov/pubmed/33785459
http://doi.org/10.1093/oxfordjournals.molbev.a040023
http://www.ncbi.nlm.nih.gov/pubmed/8336541


Viruses 2022, 14, 23 11 of 13

19. Davies, N.G.; Abbott, S.; Barnard, R.C.; Jarvis, C.I.; Kucharski, A.J.; Munday, J.D.; Pearson, C.A.B.; Russell, T.W.; Tully, D.C.; Wash-
burne, A.D.; et al. Estimated transmissibility and impact of SARS-CoV-2 lineage B.1.1.7 in England. Science 2021, 372, eabg3055.
[CrossRef]

20. Estofolete, C.F.; Banho, C.A.; Campos, G.R.F.; de Marques, B.C.; Sachetto, L.; Ullmann, L.S.; Possebon, F.S.; Machado, L.F.; Syrio,
J.D.; Araujo Junior, J.P.; et al. Case Study of Two Post Vaccination SARS-CoV-2 Infections with P1 Variants in CoronaVac Vaccinees
in Brazil. Viruses 2021, 13, 1237. [CrossRef]

21. Leung, K.; Shum, M.H.H.; Leung, G.M.; Lam, T.T.Y.; Wu, J.T. Early transmissibility assessment of the N501Y mutant strains of
SARS-CoV-2 in the United Kingdom, October to November 2020. Eurosurveillance 2020, 26, 2002106. [CrossRef]

22. Zucman, N.; Uhel, F.; Descamps, D.; Roux, D.; Ricard, J.D. Severe reinfection with South African SARS-CoV-2 variant 501Y.V2:
A case report. Clin. Infect. Dis. 2021, 10, ciab129. [CrossRef]

23. Harrington, D.; Kele, B.; Pereira, S.; Couto-Parada, X.; Riddell, A.; Forbes, S.; Dobbie, H.; Cutino-Moguel, T. Confirmed Reinfection
With Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Variant VOC-202012/01. Clin. Infect. Dis. 2021, 2, ciab014.
[CrossRef] [PubMed]

24. Chan, J.F.W.; Chan, K.H.; Choi, G.K.Y.; To, K.K.W.; Tse, H.; Cai, J.P.; Yeung, M.L.; Cheng, V.C.C.; Chen, H.; Che, X.Y.; et al.
Differential cell line susceptibility to the emerging novel human betacoronavirus 2c EMC/2012: Implications for disease
pathogenesis and clinical manifestation. J. Infect. Dis. 2013, 207, 1743–1752. [CrossRef]

25. Chan, J.F.W.; Yip, C.C.Y.; Tsang, J.O.L.; Tee, K.M.; Cai, J.P.; Chik, K.K.H.; Zhu, Z.; Chan, C.C.S.; Choi, G.K.Y.; Sridhar, S.; et al.
Differential cell line susceptibility to the emerging Zika virus: Implications for disease pathogenesis, non-vector-borne human
transmission and animal reservoirs. Emerg. Microbes Infect. 2016, 5, 1–12. [CrossRef] [PubMed]

26. Kaye, M.; Druce, J.; Tran, T.; Kostecki, R.; Chibo, D.; Morris, J.; Catton, M.; Birch, C. SARS-associated Coronavirus Replication in
Cell Lines. Emerg. Infect. Dis. 2006, 12, 128–133. [CrossRef] [PubMed]

27. Kumar, S.; Sarma, P.; Kaur, H.; Prajapat, M.; Bhattacharyya, A.; Avti, P.; Sehkhar, N.; Kaur, H.; Bansal, S.; Mahendiratta, S.; et al.
Clinically relevant cell culture models and their significance in isolation, pathogenesis, vaccine development, repurposing and
screening of new drugs for SARS-CoV-2: A systematic review. Tissue Cell 2021, 70, 101497. [CrossRef]

28. Centers for Disease Control and Prevention SARS-CoV-2 Variant Classifications and Definitions. Available online: https:
//www.cdc.gov/coronavirus/2019-ncov/cases-updates/variant-surveillance/variant-info.html (accessed on 2 August 2021).

29. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

30. Bastian, M.; Heymann, S. Gephi: An Open Source Software for Exploring and Manipulating Networks. Fond. Maison Sci.
l’Homme 2009.

31. Wurtz, N.; Penant, G.; Jardot, P.; Duclos, N.; La Scola, B. Culture of SARS-CoV-2 in a panel of laboratory cell lines, permissivity,
and differences in growth profile. Eur. J. Clin. Microbiol. Infect. Dis. 2021, 40, 477–484. [CrossRef]

32. Naoki, O.; Arihiro, K.; Toshiyuki, Y.; Noriko, H.; Fumio, K.; Suyoshi, S.; Makoto, K.; Kentaro, H.; Hattori, M. The genome
landscape of the African Green Monkey kidney-derived vero cell line. DNA Res. 2014, 21, 673–683. [CrossRef]

33. Matsuyama, S.; Nao, N.; Shirato, K.; Kawase, M.; Saito, S.; Takayama, I.; Nagata, N.; Sekizuka, T.; Katoh, H.; Kato, F.; et al.
Enhanced isolation of SARS-CoV-2 by TMPRSS2- expressing cells. Proc. Natl. Acad. Sci. USA 2020, 117, 7001–7003. [CrossRef]

34. Ogando, N.S.; Dalebout, T.J.; Zevenhoven-Dobbe, J.C.; Limpens, R.W.A.L.; van der Meer, Y.; Caly, L.; Druce, J.; de Vries, J.J.C.;
Kikkert, M.; Barcena, M.; et al. SARS-coronavirus-2 replication in Vero E6 cells: Replication kinetics, rapid adaptation and
cytopathology. J. Gen. Virol. 2020, 101, 925–940. [CrossRef]

35. Lamers, M.M.; Mykytyn, A.Z.; Breugem, T.I.; Wang, Y.; Wu, D.C.; Riesebosch, S.; van den Doel, P.B.; Schipper, D.; Bestebroer,
T.; Wu, N.C.; et al. Human airway cells prevent sars-cov-2 multibasic cleavage site cell culture adaptation. Elife 2021, 10, 1–22.
[CrossRef]

36. Pyke, A.T.; Nair, N.; Van Den Hurk, A.F.; Burtonclay, P.; Nguyen, S.; Barcelon, J.; Kistler, C.; Schlebusch, S.; Mcmahon, J.; Moore, F.
Replication Kinetics of B.1.351 and B.1.1.7 SARS-CoV-2 Variants of Concern Including Assessment of a B.1.1.7 Mutant Carrying a
Defective ORF7a Gene. Viruses 2021, 13, 1087. [CrossRef]

37. Chen, Y.; Chen, L.; Deng, Q.; Zhang, G.; Wu, K.; Ni, L.; Yang, Y.; Liu, B.; Wang, W.; Wei, C.; et al. The presence of SARS-CoV-2
RNA in the feces of COVID-19 patients. J. Med. Virol. 2020, 92, 833–840. [CrossRef] [PubMed]

38. Cheung, K.S.; Hung, I.F.N.; Chan, P.P.Y.; Lung, K.C.; Tso, E.; Liu, R.; Ng, Y.Y.; Chu, M.Y.; Chung, T.W.H.; Tam, A.R.; et al.
Gastrointestinal Manifestations of SARS-CoV-2 Infection and Virus Load in Fecal Samples From a Hong Kong Cohort: Systematic
Review and Meta-analysis. Gastroenterology 2020, 159, 81–95. [CrossRef] [PubMed]

39. Xiao, F.; Tang, M.; Zheng, X.; Liu, Y.; Li, X.; Shan, H. Evidence for Gastrointestinal Infection of SARS-CoV-2 Fei. Gastroenterology
2020, 158, 1831–1833. [CrossRef]

40. Lee, S.; Yoon, G.Y.; Myoung, J.; Kim, S.J.; Ahn, D.G. Robust and persistent SARS-CoV-2 infection in the human intestinal brush
border expressing cells. Emerg. Microbes Infect. 2020, 9, 2169–2179. [CrossRef] [PubMed]

41. Wu, Y.; Guo, C.; Tang, L.; Hong, Z.; Zhou, J.; Dong, X.; Yin, H.; Xiao, Q.; Tang, Y.; Qu, X.; et al. Prolonged presence of SARS-CoV-2
viral RNA in faecal samples. Lancet Gastroenterol. Hepatol. 2020, 5, 434–435. [CrossRef]

42. Arslan, M.; Xu, B.; Gamal El-Din, M. Transmission of SARS-CoV-2 via fecal-oral and aerosols–borne routes: Environmental
dynamics and implications for wastewater management in underprivileged societies. Sci. Total Environ. 2020, 743. [CrossRef]

http://doi.org/10.1126/science.abg3055
http://doi.org/10.3390/v13071237
http://doi.org/10.2807/1560-7917.ES.2020.26.1.2002106
http://doi.org/10.1093/cid/ciab129
http://doi.org/10.1093/cid/ciab014
http://www.ncbi.nlm.nih.gov/pubmed/33421056
http://doi.org/10.1093/infdis/jit123
http://doi.org/10.1038/emi.2016.99
http://www.ncbi.nlm.nih.gov/pubmed/27553173
http://doi.org/10.3201/eid1201.050496
http://www.ncbi.nlm.nih.gov/pubmed/16494729
http://doi.org/10.1016/j.tice.2021.101497
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/variant-surveillance/variant-info.html
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/variant-surveillance/variant-info.html
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1007/s10096-020-04106-0
http://doi.org/10.1093/dnares/dsu029
http://doi.org/10.1073/pnas.2002589117
http://doi.org/10.1099/jgv.0.001453
http://doi.org/10.7554/eLife.66815
http://doi.org/10.3390/v13061087
http://doi.org/10.1002/jmv.25825
http://www.ncbi.nlm.nih.gov/pubmed/32243607
http://doi.org/10.1053/j.gastro.2020.03.065
http://www.ncbi.nlm.nih.gov/pubmed/32251668
http://doi.org/10.1053/j.gastro.2020.02.055
http://doi.org/10.1080/22221751.2020.1827985
http://www.ncbi.nlm.nih.gov/pubmed/32969768
http://doi.org/10.1016/S2468-1253(20)30083-2
http://doi.org/10.1016/j.scitotenv.2020.140709


Viruses 2022, 14, 23 12 of 13

43. Zhang, H.; Kang, Z.; Gong, H.; Xu, D.; Wang, J.; Li, Z.; Li, Z.; Cui, X.; Xiao, J.; Zhan, J.; et al. Digestive system is a potential route
of COVID-19: An analysis of single-cell coexpression pattern of key proteins in viral entry process. Gut 2020, 69, 1010–1018.
[CrossRef]

44. Kipkorir, V.; Cheruiyot, I.; Ngure, B.; Misiani, M.; Munguti, J. Prolonged SARS-CoV-2 RNA detection in anal/rectal swabs and
stool specimens in COVID-19 patients after negative conversion in nasopharyngeal RT-PCR test. J. Med. Virol. 2020, 92, 2328–2331.
[CrossRef] [PubMed]

45. Fogh, J.; Fogh, J.M.; Orfeo, T. One hundred and twenty seven cultured human tumor cell lines producing tumors in nude mice. J.
Natl. Cancer Inst. 1977, 59, 221–226. [CrossRef] [PubMed]

46. Bojkova, D.; Klann, K.; Koch, B.; Widera, M.; Krause, D.; Ciesek, S.; Cinatl, J.; Münch, C. Proteomics of SARS-CoV-2-infected host
cells reveals therapy targets. Nature 2020, 583, 469–472. [CrossRef] [PubMed]

47. Cinatl, J.; Hoever, G.; Morgenstern, B.; Preiser, W.; Vogel, J.U.; Hofmann, W.K.; Bauer, G.; Michaelis, M.; Rabenau, H.F.; Doerr,
H.W. Infection of cultured intestinal epithelial cells with severe acute respiratory syndrome coronavirus. Cell. Mol. Life Sci. 2004,
61, 2100–2112. [CrossRef] [PubMed]

48. Rambaut, A.; Loman, N.; Pybus, O.; Barclay, W.; Barrett, J.; Carabelli, A.; Connor, T.; Peacock, T.; Robertson, D.; Volz, E. Preliminary
Genomic Characterisation of an Emergent SARS-CoV-2 Lineage in the UK Defined by a Novel Set of Spike Mutations—SARS-
CoV-2 Coronavirus/nCoV-2019 Genomic Epidemiology—Virological. Available online: https://virological.org/t/preliminary-
genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563 (ac-
cessed on 22 September 2021).

49. Touret, F.; Cochin, M.; De Lamballerie, X.; Gilles, M.; Thirion, L. Replicative Fitness of a SARS-CoV-2 20I/501Y.V1 Variant from
Lineage B.1.1.7 in Human Reconstituted Bronchial Epithelium. MBio 2021, 12, e00850-21. [CrossRef]

50. Lamers, M.M.; Breugem, T.I.; Mykytyn, A.Z.; Wang, Y.; Groen, N.; Knoops, K.; Schipper, D.; van der Vaart, J.; Koopman, C.D.;
Zhang, J.; et al. Human organoid systems reveal in vitro correlates of fitness for SARS-CoV-2 B.1.1.7. bioRxiv 2021. [CrossRef]

51. Zhu, Y.; Chidekel, A.; Shaffer, T.H. Cultured Human Airway Epithelial Cells (Calu-3): A Model of Human Respiratory Function,
Structure, and Inflammatory Responses. Crit. Care Res. Pract. 2010, 2010, 394578. [CrossRef]

52. Tseng, C.-T.K.; Tseng, J.; Perrone, L.; Worthy, M.; Popov, V.; Peters, C.J. Apical Entry and Release of Severe Acute Respiratory
Syndrome-Associated Coronavirus in Polarized Calu-3 Lung Epithelial Cells. J. Virol. 2005, 79, 9470–9479. [CrossRef]

53. Lassaunière, R.; Fonager, J.; Rasmussen, M.; Frische, A.; Polacek, C.; Rasmussen, T.B.; Lohse, L.; Belsham, G.J.; Underwood, A.;
Winckelmann, A.A.; et al. In vitro Characterization of Fitness and Convalescent Antibody Neutralization of SARS-CoV-2 Cluster
5 Variant Emerging in Mink at Danish Farms. Front. Microbiol. 2021, 12, 698944. [CrossRef]

54. Di Caro, A.; Cunha, F.; Petrosillo, N.; Beeching, N.J.; Ergonul, O.; Petersen, E.; Koopmans, M.P.G. Severe acute respiratory
syndrome coronavirus 2 escape mutants and protective immunity from natural infections or immunizations. Clin. Microbiol.
Infect. 2021, 27, 823–826. [CrossRef] [PubMed]

55. Hou, Y.J.; Chiba, S.; Halfmann, P.; Ehre, C.; Kuroda, M.; Dinnon, K.H.; Leist, S.R.; Schäfer, A.; Nakajima, N.; Takahashi, K.; et al.
SARS-CoV-2 D614G variant exhibits enhanced replication ex vivo and earlier transmission in vivo. bioRxiv 2020, 1468, 1464–1468.
[CrossRef]

56. Pearson, C.A.; Russell, T.W.; Davies, N.G.; Kucharski, A.J.; CMMID COVID-19 Working Group; Edmunds, W.J.; Eggo, R.M.
Estimates of severity and transmissibility of novel South Africa SARS-CoV-2 variant 501Y.V2. Preprint 2021, 50, 1–4.

57. Madhi, S.A.; Baillie, V.; Cutland, C.L.; Voysey, M.; Koen, A.L.; Fairlie, L.; Padayachee, S.D.; Dheda, K.; Barnabas, S.L.; Ebrahim
Bhorat, Q.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 (AZD1222) Covid-19 vaccine against the B.1.351 variant in South
Africa. Alex Sigal 2021, 13, 1–26.

58. Novavax Novavax COVID-19 Vaccine Demonstrates 89.3% Efficacy in UK Phase 3 Trial. 2021. Available online:
https://ir.novavax.com/2021-01-28-Novavax-COVID-19-Vaccine-Demonstrates-89-3-Efficacy-in-UK-Phase-3-Trial (accessed
on 22 September 2021).

59. Centers for Disease Control COVID-19 SARS-CoV-2 Variant Classi Cations and De Nitions Variant Classi Cations. Available
online: https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/variant-surveillance/variant-info.html#print (accessed on
2 June 2021).

60. Laporte, M.; Raeymaekers, V.; van Berwaer, R.; Vandeput, J.; Marchand-Casas, I.; Thibaut, H.J.; van Looveren, D.; Martens, K.;
Hoffmann, M.; Maes, P.; et al. The SARS-CoV-2 and other human coronavirus spike proteins are fine-tuned towards temperature
and proteases of the human airways. PLoS Pathog. 2021, 17, e1009500. [CrossRef]

61. Plante, J.A.; Liu, Y.; Liu, J.; Xia, H.; Johnson, B.A.; Lokugamage, K.G.; Zhang, X.; Muruato, A.E.; Zou, J.; Fontes-Garfias, C.R.; et al.
Spike mutation D614G alters SARS-CoV-2 fitness. Nature 2021, 592, 116–121. [CrossRef]

62. Liu, Y.; Liu, J.; Plante, K.S.; Plante, J.A.; Xie, X.; Zhang, X.; Ku, Z.; An, Z.; Scharton, D.; Schindewolf, C.; et al. The N501Y spike
substitution enhances SARS-CoV-2 transmission. bioRxiv Prepr. Serv. Biol. 2021. [CrossRef]

63. Hoffmann, M.; Arora, P.; Groß, R.; Seidel, A.; Hörnich, B.F.; Hahn, A.S.; Krüger, N.; Graichen, L.; Hofmann-Winkler, H.;
Kempf, A.; et al. SARS-CoV-2 variants B.1.351 and P.1 escape from neutralizing antibodies. Cell 2021, 184, 2384–2393.e12.
[CrossRef]

64. Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [CrossRef]

http://doi.org/10.1136/gutjnl-2020-320953
http://doi.org/10.1002/jmv.26007
http://www.ncbi.nlm.nih.gov/pubmed/32401374
http://doi.org/10.1093/jnci/59.1.221
http://www.ncbi.nlm.nih.gov/pubmed/327080
http://doi.org/10.1038/s41586-020-2332-7
http://www.ncbi.nlm.nih.gov/pubmed/32408336
http://doi.org/10.1007/s00018-004-4222-9
http://www.ncbi.nlm.nih.gov/pubmed/15316659
https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
http://doi.org/10.1128/mBio.00850-21
http://doi.org/10.1101/2021.05.03.441080
http://doi.org/10.1155/2010/394578
http://doi.org/10.1128/JVI.79.15.9470-9479.2005
http://doi.org/10.3389/fmicb.2021.698944
http://doi.org/10.1016/j.cmi.2021.03.011
http://www.ncbi.nlm.nih.gov/pubmed/33794345
http://doi.org/10.1101/2020.09.28.317685
https://ir.novavax.com/2021-01-28-Novavax-COVID-19-Vaccine-Demonstrates-89-3-Efficacy-in-UK-Phase-3-Trial
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/variant-surveillance/variant-info.html#print
http://doi.org/10.1371/journal.ppat.1009500
http://doi.org/10.1038/s41586-020-2895-3
http://doi.org/10.1101/2021.03.08.434499
http://doi.org/10.1016/j.cell.2021.03.036
http://doi.org/10.1038/s41586-020-2012-7


Viruses 2022, 14, 23 13 of 13

65. Stanifer, M.L.; Kee, C.; Cortese, M.; Zumaran, C.M.; Triana, S.; Mukenhirn, M.; Kraeusslich, H.G.; Alexandrov, T.; Bartenschlager,
R.; Boulant, S. Critical Role of Type III Interferon in Controlling SARS-CoV-2 Infection in Human Intestinal Epithelial Cells. Cell
Rep. 2020, 32, 107863. [CrossRef]

66. Harcourt, J.; Tamin, A.; Lu, X.; Kamili, S.; Kumar, S.; Murray, J.; Queen, K.; Tao, Y.; Paden, C.R.; Zhang, J.; et al. Isolation and
characterization of SARS-CoV-2 from the first US COVID-19 patient Jennifer. bioRxiv Prepr. 2020. [CrossRef]

67. Mossel, E.C.; Huang, C.; Narayanan, K.; Makino, S.; Tesh, R.B.; Peters, C.J. Exogenous ACE2 Expression Allows Refractory Cell
Lines To Support Severe Acute Respiratory Syndrome Coronavirus Replication. J. Virol. 2005, 79, 3846–3850. [CrossRef] [PubMed]

68. Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.;
COVID-19 Genomics UK (COG-UK) Consortium; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev.
Microbiol. 2021, 19, 409–424. [CrossRef] [PubMed]

69. Hodcroft, E.B.; Domman, D.B.; Snyder, D.J.; Oguntuyo, K.; Van Diest, M.; Densmore, K.H.; Schwalm, K.C.; Femling, J.; Carroll,
J.L.; Scott, R.S.; et al. Emergence in late 2020 of multiple lineages of SARS-CoV-2 Spike protein variants affecting amino acid
position 677. medRxiv Prepr. Serv. Health Sci. 2021. [CrossRef]

http://doi.org/10.1016/j.celrep.2020.107863
http://doi.org/10.1101/2020.03.02.972935
http://doi.org/10.1128/JVI.79.6.3846-3850.2005
http://www.ncbi.nlm.nih.gov/pubmed/15731278
http://doi.org/10.1038/s41579-021-00573-0
http://www.ncbi.nlm.nih.gov/pubmed/34075212
http://doi.org/10.1101/2021.02.12.21251658

	Introduction 
	Materials and Methods 
	Cell Line Culture 
	Production of Fresh SARS-CoV-2 Inoculum 
	Cell Infection and Assessment of SARS-CoV-2 Replication 
	Genomic Analysis of the Isolates 

	Results 
	Viral Replication Analysis 
	Analysis of Genetic Diversity 

	Discussion 
	Conclusions 
	References

