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ABSTRACT Efforts to mitigate the coronavirus disease 2019 (COVID-19) pandemic
include the screening of existing antiviral molecules that could be repurposed to treat
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections. Although
SARS-CoV-2 replicates and propagates efficiently in African green monkey kidney (Vero)
cells, antivirals such as nucleos(t)ide analogs (NUCs) often show decreased activity in
these cells due to inefficient metabolization. SARS-CoV-2 exhibits low viability in human
cells in culture. Here, serial passages of a SARS-CoV-2 isolate (original-SARS2) in the
human hepatoma cell clone Huh7.5 led to the selection of a variant (adapted-SARS2)
with significantly improved infectivity in human liver (Huh7 and Huh7.5) and lung can-
cer (unmodified Calu-1 and A549) cells. The adapted virus exhibited mutations in the
spike protein, including a 9-amino-acid deletion and 3 amino acid changes (E484D,
P812R, and Q954H). E484D also emerged in Vero E6-cultured viruses that became viable
in A549 cells. Original and adapted viruses were susceptible to scavenger receptor class
B type 1 (SR-B1) receptor blocking, and adapted-SARS2 exhibited significantly less de-
pendence on ACE2. Both variants were similarly neutralized by COVID-19 convalescent-
phase plasma, but adapted-SARS2 exhibited increased susceptibility to exogenous type I
interferon. Remdesivir inhibited original- and adapted-SARS2 similarly, demonstrating
the utility of the system for the screening of NUCs. Among the tested NUCs, only
remdesivir, molnupiravir, and, to a limited extent, galidesivir showed antiviral effects
across human cell lines, whereas sofosbuvir, ribavirin, and favipiravir had no apparent
activity. Analogously to the emergence of spike mutations in vivo, the spike protein is
under intense adaptive selection pressure in cell culture. Our results indicate that the
emergence of spike mutations will most likely not affect the activity of remdesivir.

KEYWORDS A549 cells, COVID-19, coronavirus, galidesivir, Huh7.5 cells, molnupiravir,
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for the
coronavirus disease 2019 (COVID-19) outbreak, was first identified in China in early

2020 (1) but rapidly spread to the rest of the world, causing a pandemic that has
resulted in millions of deaths (2). Although a hallmark of COVID-19 is the development
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of respiratory symptoms from mild upper airway affection to life-threatening pneumo-
nia, additional distinctive features of the disease are vascular changes (3) and numer-
ous extrapulmonary manifestations and systemic complications (4). SARS-CoV-2 might
indeed be able to infect different organs, as the virus genetic material has been
detected in various tissues (5).

SARS-CoV-2 has been classified within the Coronaviridae family, the Betacoronavirus
genus, and the Sarbecovirus subgenus (6). It is most closely related to SARS-like betacorona-
viruses of bat origin, but its genomic organization is very similar to that of the well-character-
ized SARS-CoV (1). Its genome consists of a long positive-sense, single-strand RNA molecule
of approximately 30kb, following the classical genomic organization of viruses belonging to
this family, with untranslated regions (UTRs) at the 59 and 39 ends and numerous open read-
ing frames (ORFs) throughout the coding sequences (1). Separate ORFs encode the structural
virion components, including the spike glycoprotein (S), the envelope (E), the membrane
(M), and the nucleocapsid (N), as well as various accessory proteins (1). The largest ORFs
(ORF1a and -1ab) encode the nonstructural proteins (nsp’s) of the virus, responsible for the
RNA synthesis machinery (1). The viral RNA-dependent RNA polymerase (nsp12) is an attrac-
tive drug target for antiviral therapy. However, identifying nucleos(t)ide analogs (NUCs) with
anticoronavirus activity is challenged by the 39-to-59 proofreading exoribonuclease activity
of the nsp14 protein, and only a very limited number of molecules have been shown to
overcome this unique feature (7).

Drug repurposing, compared to de novo drug discovery, significantly shortens the
time and reduces the cost of developing antivirals for emerging pandemic viral diseases.
Two of the antiviral molecules that inhibit SARS-CoV-2 and other pandemic coronavi-
ruses are the broad-spectrum antivirals remdesivir and b-D-N4-hydroxycytidine (NHC)
(molnupiravir), which were initially part of antiviral discovery programs for the treatment
of hepatitis C virus (HCV) infection (8, 9). Remdesivir is now included in the standard-of-
care treatment of COVID-19 patients in several countries. It is therefore relevant to con-
tinue searching for such compounds, focusing on the molecules that exhibit a good
safety profile in humans and developing appropriate models for their preclinical screen-
ing in cell culture.

Although SARS-CoV-2 has been found in epithelial cells in the upper respiratory tract
and in the lungs and other tissues in infected individuals, established human cell culture
lines poorly support SARS-CoV-2 production (10). Various clones of the African green
monkey kidney cell line “Vero” support high levels of SARS-CoV-2 replication and propa-
gation; however, not being a human cell line, Vero cells show limitations for drug screen-
ing, especially for the screening of prodrugs that have been designed to be metabolized
in human cells (11). Calu-3, a non-small-cell lung cancer cell line (12), supports SARS-
CoV-2 infection and replication with viral particle production but at significantly lower
levels than those observed in Vero cells (11, 13). Overexpression of human ACE2 (hACE2)
in the lung adenocarcinoma cell line A549 permits infection with SARS-CoV-2 (14, 15).
Additionally, CaCo-2, a colorectal adenocarcinoma cell line, has been shown to support
the replication and production of infectious SARS-CoV-2 particles (16).

Other viruses, such as HCV, also exhibit restricted culture viability, and efficient rep-
lication and propagation of adapted viruses are limited to specific clones derived from
human hepatoma cell lines (Huh7), including the Huh7.5 cell line (17, 18).

In this study, we aimed to establish more efficient and robust platforms for the cul-
ture of SARS-CoV-2 in human cells through viral adaptation to overcome nonnatural
culture restrictions, as an alternative to modifying the cells by overexpressing host fac-
tors. Overcoming the barrier for efficient culture of SARS-CoV-2 in human cells could
benefit basic investigations in this research field and facilitate the preclinical screening
of antiviral compounds.

RESULTS
Characterization of a COVID-19-associated SARS-CoV-2 isolate (SARS-CoV-2/

human/Denmark/DK-AHH1/2020) in Vero E6 cells. Vero E6 cells, which permit the
isolation of SARS-CoV-2 with high efficiency, were used to obtain the initial virus stock.
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Cells were inoculated with a diluted nasopharyngeal sample from a COVID-19 patient
diagnosed with SARS-CoV-2 infection. On day 3 after inoculation, cell cytopathic effect
(CPE) was observed, which peaked at day 7. At first, CPE was characterized by the pres-
ence of syncytia, followed by the appearance of moderate cell death. Severe CPE with
significant cell death was not observed until days 6 to 7. Culture supernatants were
harvested daily during the first 5 days of the experiment, and the infectivity titers
(expressed as log10 50% tissue culture infectious doses [TCID50] per milliliter) peaked at
day 4 at 6.4 log10 TCID50/ml.

A second-passage (passage 2 [P2]) virus stock (generated as described in Materials
and Methods), which is referred to as P2VeroE6 or original-SARS2, was further character-
ized and used for the additional experiments described below. The infectivity titer of
the P2VeroE6 virus stock was 5.5 log10 TCID50/ml.

We determined the near-complete SARS-CoV-2 genome sequences, including the
entire 59 UTR (the 39 UTR lacked the last nucleotide and the polyA sequence), of the origi-
nal virus from the clinical sample (swab) and the P2VeroE6 virus. As shown in Table 1, the iso-
late SARS-CoV-2/human/Denmark/DK-AHH1/2020 (GenBank accession no. MZ049597),
referred to here as SARS-CoV-2_DK-AHH1 or DK-AHH1, exhibits only 10 nucleotide (nt) dif-
ferences compared to the reference sequence of the Wuhan-Hu-1 isolate (GenBank acces-
sion number NC_045512.2). Among these, 6 differences lead to amino acid changes in the
nsp2, nsp12, S, ORF3a, and N genomic regions. SARS-CoV-2_DK-AHH1 harbors the high-
frequency polymorphisms D614G in S, which is now dominant throughout the world and
has been linked to increased infectivity in cell culture and in animal models (19, 20), and
P323L in nsp12, which has not yet been clearly linked to any phenotype. Compared to the
original swab sample, the P2VeroE6 virus was remarkably similar, with only four evolving nu-
cleotide positions (Table 1). However, further serial passage of the virus in Vero E6 cells
(P7) led to the emergence of several mutations throughout the genome, including an
insertion of 3 amino acids in the S protein (Table 1). Moreover, the original Vero E6 culture
inoculated with the COVID-19 swab sample was maintained for over a month, showing
persistent infection with SARS-CoV-2 (Fig. 1A). Analysis of the viral sequence in the super-
natants harvested at day 42 postinoculation revealed several new mutations, including 7
substitutions in the S protein (Table 1). Of those, E484D was present in over 95% of the vi-
ral population. Thus, we concluded that SARS-CoV-2 mutates during culture in Vero E6
cells, during serial passage, as well as during persistent infection.

SARS-CoV-2 can be adapted to efficient growth in human hepatoma cells (cell
clone Huh7.5).We performed inoculations of Huh7.5 cells with the original P2VeroE6 virus
to determine the susceptibility and permissiveness of this human cell line, which has
been proven to be key for the cell culture adaptation of HCV (18). The virus was serially
passaged 6 times (Fig. 1A). We observed that the emergence of CPE occurred earlier and
was more evident as the passage number increased, suggesting viral adaptation. In pas-
sage 1, CPE was not observed until day 8 postinfection, and the magnitude of the CPE
was low at this time, with only minor changes in the morphology of the cells. In contrast,
the CPE observed in the passage 6 culture was significantly higher, with massive cell
death by day 4 postinfection. A viral stock was prepared from the 5th passage and fur-
ther characterized (this virus is referred to as P5Huh7.5 or adapted-SARS2 here).

We next performed a comparative titration of the original P2VeroE6 and the adapted
P5Huh7.5 viruses in various cells (Fig. 1B). Increases of more than 3 logs (means of 4.7 and
8.0 log10 TCID50/ml, respectively) in infectivity titers after adaptation were observed in
Huh7.5 cells. Adapted-SARS2 also exhibited significantly increased titers in Vero E6 cells
(mean of 7.0 log10 TCID50/ml for adapted-SARS2 versus 5.5 log10 TCID50/ml for original-
SARS2). Interestingly, original-SARS2 was less viable in the Huh7 parental cell line than in
the Huh7.5 clone; however, adaptation to the Huh7.5 clone also led to significant
increases in infectivity titers in Huh7 cells (3.8 and 7.7 log10 TCID50/ml for the original and
adapted viruses, respectively).

Visual observations of cultures infected with adapted-SARS2 versus original-SARS2
(light microscope) suggested an increase in CPE. To better quantify this, we performed
viral CPE assays (Fig. 1C) in which we detected for adapted-SARS2 an evident increase
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in CPE titers (log10 50% cytopathic effect [CPE50] per milliliter) in all cell lines. CPE signif-
icantly increased from 4.6 to 6.2 log10 CPE50/ml in Vero E6 cells. In Huh7.5 cells, origi-
nal-SARS2 was noncytopathic (we obtained a value just above the assay threshold in
one of the independent experiments), whereas adapted-SARS2 led to high titers of 7.3
log10 CPE50/ml. A similar effect was observed in the Huh7 parental cells (from undetect-
able to 6.1 log10 CPE50/ml).

In addition to the increases in infectivity and CPE titers observed after infection
with adapted-SARS2 in Huh7.5 cells, we also noticed evident increases in the intensity
of antigen staining using anti-spike protein antibody (Ab) and in the number of
infected cells at noncytopathic virus dilutions of adapted-SARS2 compared to original-
SARS2 (Fig. 1D). Thus, adapted-SARS2 might both replicate and propagate at higher
levels in Huh7.5 cells, as also indicated by the significant increase in CPE titers. In

TABLE 1 Sequence comparison between the Wuhan-Hu-1 and recovered DK-AHH1 viruses in Vero E6 cellsa

Nucleotide
position

Nucleotide(s) in
Wuhan-Hu-1

Nucleotide
change

Frequency in
original swab
sample (%)

Frequency in
P2VeroE6 virus
(%)

Frequency in
P7VeroE6 virus
(%)

Frequency in
day 42VeroE6

virus (%)
Amino acid
change

Genomic
region

71 C T � 6.3 6.6 4.5 — 59 UTR
241 C T 99.7 99.6 99.3 99.4 — 59 UTR
1059 C T 99.9 99.7 99.5 99.9 T!I nsp2
3037 C T 99.6 99.4 99.3 99.6 — nsp3
7348 T G � � � 11.3 N!K nsp3
7480 C T � � � 5.8 — nsp3
8025 C T � � 11.1 � A!V nsp3
10465 G A 99.8 99.7 99.5 99.8 — nsp5
11001 C T � � � 21.7 T!I nsp6
11504 G A � � � 84.8 V!I nsp6
11522 T G � � 15.6 � F!V nsp6
14408 C T 99.8 99.7 99.6 99.8 P!L nsp12
19170 C T � 3.8 99.6 � — nsp14
21646 C T 0.6 9.9 � � — S
21742 C T 99.8 99.8 99.8 99.8 — S
22203 G GTAAACGGG � � 99.9 � IN3 S
22206 A G � � � 7.7 D!G S
22343 G C � � � 99.3 G!R S
22487 G A 81.8 56.9 � 90.5 E!K S
23014 A C � � � 95.9 E!D S
23403 A G 99.9 99.7 99.6 99.7 D!G S
23606 C T � � 91.8 � R!W S
23615 C A � � 7.6 � R!S S
23685 C T � � � 23.1 S!F S
24138 C T � � � 5.2 T!I S
24209 A G � � � 5.6 T!A S
24538 A C � � � 99.8 Q!H S
24632 C T � � � 5.2 L!F S
25563 G T 99.9 99.8 99.7 99.9 Q!H ORF3a
26324 T C � � � 99.7 L!S E
26333 C T � � 5.2 � T!I E
26369 A G � � 38.5 � Y!C E
26447 C T � � 9.9 � S!F E
27229 A G � � 10.5 � T!A ORF6
28899 G T 99.9 99.5 99.3 99.2 R!I N
29580 CTTTTCCGT C � � � 90.4 8-nt frameshift ORF10
aOriginal swab refers to the sequence from the patient diagnosed with SARS-CoV-2. P2VeroE6 and P7VeroE6 refer to the stocks of the second passage and seventh passage on
day 3 in Vero E6 cells. Day 42VeroE6 refers to the virus harvested from the inoculated Vero E6 culture at 42 days postinoculation. For the swab and P2VeroE6, the complete
SARS-CoV-2 genome (complete 59UTR; 39UTR missing the last nucleotide and the polyA sequence) was analyzed, whereas for the remaining samples, a nearly full-length
sequence was obtained (missing the first 32 and the last 66 nucleotides including the polyA sequence). Differences (cutoff of 5%) are specified by the nucleotide position
(number) according to the reference sequence of the Wuhan-Hu-1 isolate (GenBank accession number NC_045512.2), followed by the specific nucleotide in the reference
sequence and in the DK-AHH1 isolate. The frequencies of changes in the sequences of the analyzed viruses (percentage of the reads) are shown in the next four columns.
Sequence identity to the reference is represented by a dot. Nucleotide sequences were translated in silico, and if the nucleotide changes led to a substitution, the
corresponding amino acid is indicated (original amino acid!new amino acid). Synonymous changes are represented with—. “IN3” indicates an insertion of 3 amino acids.
The genomic region for each change is also indicated.
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contrast, no such evident differences were observed upon infection of Vero E6 cells
with adapted-SARS2 despite the increase in infectivity titers (data not shown).

The nearly complete genome sequence of the Huh7.5-adapted-SARS2 (P1, P5, and
P6) was obtained and analyzed. We found mutations leading to amino acid changes in
several genomic regions compared to original-SARS2 (Table 2). The region coding for
the spike protein accumulated a significant number of high-frequency (.90% of the vi-
ral population) changes, including a deletion leading to the removal of 9 amino acids
in the N-terminal domain (from nt 21762 to nt 21788) and 3 nonsynonymous muta-
tions: A23014C (E484D amino acid change according to S-protein-specific numbering),
C23997G (P812R), and A24424C (Q954H). The deletion and the E484D substitution
were already dominant (frequency of .90%) after the first passage in Huh7.5 cells
(P1Huh7.5) (Table 2).

Outside S, the only other positions in which we found a clear indication of signifi-
cant evolution at the amino acid level (that is, a sustained increase in the frequency of
a residue over the three analyzed Huh7.5 passages) were T11522G (F184V in nsp6),
C19895T (A92V in nsp15), C26333T (T30I in E), and C28331T (P20S in N) (Table 2). The

FIG 1 Adaptation of SARS-CoV-2 to efficient growth in Huh7.5 cells. (A) Schematic overview of the serial passages performed in Vero E6 and Huh7.5 cells.
Dishes represent the culture surfaces, and green and red represent Vero E6 and Huh7.5 cells, respectively. The day of supernatant harvest used for passage
is indicated above the light blue arrow that symbolizes the transfer of the culture supernatant to naive (uninfected) cells. The black arrow indicates “no
passage.” (B) Comparative infectivity titers of the P2VeroE6 (original) and P5Huh7.5 (adapted) viruses in Huh7.5, Vero E6, and Huh7 cells. Infectivity titers (log10

TCID50 per milliliter) are shown on the y axis. Results are based on several independent experiments: for original and adapted viruses in Huh7.5 cells, 6 and
2 independent experiments with 4 replicates each are represented, respectively. In a third independent titration experiment, endpoint dilution for the
adapted virus was not achieved (.7 log10 TCID50/ml), and thus, the data were not included in the graph. For the Vero E6 cells, the data presented in the
graph correspond to 5 (original) and 4 (adapted) independent experiments with 4 replicates each. For the parental Huh7 cells, results are based on 3
independent experiments for each virus. Bars represent the means and standard errors of the means (SEM) from the different independent experiments.
Statistical significance (P, 0.05 by an unpaired t test) is highlighted with an asterisk. (C) Comparative cytopathic effect titers of the original and adapted
viruses in Huh7.5, Vero E6, and Huh7 cells. Cytopathic effect titers (log10 CPE50 per milliliter) are shown on the y axis. For original and adapted viruses in
both Huh7.5 and Vero E6 cells, results are based on 3 independent experiments with 4 replicates each. For the original virus in Huh7.5 cells, only one
experiment yielded a CPE value over the threshold, and thus, the value was not plotted (depicted with “#”). In the case of the parental Huh7 cells, results
are based on 3 independent experiments as well, and none of the experiments with the original virus yielded values over the assay threshold (#). Bars
represent the SEM for the different independent experiments. Statistical significance (P, 0.05 by an unpaired t test) is highlighted with an asterisk. (D)
Visual comparative SARS-CoV-2 antigen staining of both original and adapted viruses after infection of Huh7.5 cells or the blank (noninfected cells), from a
representative TCID50 assay. Each picture represents a replicate of infections performed at the indicated dilutions (noncytopathic) for each virus and was
obtained after HRP staining with an anti-spike protein antibody, using the ImmunoSpot series 5 UV analyzer as described in Materials and Methods.
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consensus sequence of the adapted-SARS2 variant can be found in GenBank (accession
no. MZ049598).

Adaptation of SARS-CoV-2 to efficient growth in Huh7.5 cells increases
viability in unmodified Calu-1 and A549 but not Calu-3 cells. We reasoned that
Huh7.5-adapted-SARS2 might overcome culture restriction in other human cell lines,
including respiratory tract cell lines, which would be the most relevant infection model
for culture studies. Both original-SARS2 and adapted-SARS2 were able to infect Calu-3
cells, and the obtained infectivity titers were not significantly different: the means
(standard deviations) from two independent experiments were 4.1 (0.9) and 4.6 (1.6)
log10 TCID50/ml for original-SARS2 and adapted-SARS2, respectively. However, com-
pared to original-SARS2, adapted-SARS2 exhibited a significant increase in the ability
to infect Calu-1 cells, with a .2-log increase in infectivity titers (from 3.5 to 6.0 log10

TCID50/ml) (Fig. 2A). Interestingly, adapted-SARS2 was able to efficiently infect A549
cells, with titers of 6.0 log10 TCID50/ml, whereas original-SARS2 was confirmed to be
nonviable in the A549 cell line (Fig. 2A). Albeit at lower levels than in Huh7.5 cells, we
also detected CPE in Calu-1 and A549 cells infected with adapted-SARS2, for which no
CPE was observed with original-SARS2 (Fig. 2B), indicating enhanced replication.
Evidence for enhanced replication was also found by a higher intensity of antigen
staining using an anti-spike protein antibody and an increased number of infected cells
after infection of Calu-1 cells with adapted-SARS2 (Fig. 2C).

In addition, we also found that the viruses harvested from the persistently infected
Vero E6 culture (day 42) (Fig. 1A) were able to efficiently infect A549 cells (Fig. 2C), with
a titer of 3.7 log10 TCID50/ml, a phenotype that was not shared by the virus recovered
after serial passage in Vero E6 cells.

Importance of ACE2 and SR-B1 for the viability of original and adapted SARS-
CoV-2 in various human cell lines. We found different cell-specific expression levels
of ACE2 (Fig. 3A). Vero E6 cells exhibited the highest levels of ACE2 and were the most
permissive cells for the original virus (Fig. 3B). However, in other cell types, permissive-
ness was not completely related to ACE2 levels. Calu-1 cells expressed ACE2 at levels
comparable to those of Huh7.5 cells but were clearly less permissive to the original vi-
rus (Fig. 3B). We detected ACE2 expression in A549 cells albeit at lower levels, but no
infection was possible even at a high multiplicity of infection (MOI), yet Huh7 cells

TABLE 2 Sequence analysis of SARS-CoV-2 harvested after passage in Huh7.5 cellsa

Nucleotide
position

Nucleotide(s)
in P2VeroE6

Nucleotide
change

Frequency in
P1Huh7.5 virus (%)

Frequency in
P5Huh7.5 virus (%)

Frequency in
P6Huh7.5 virus (%)

Amino acid
change

Genomic
region

7917 A T 16.7 37.5 22.2 E!V nsp3
11522 T G 3.1 61.9 83.7 F!V nsp6
11750 C T 3.9 12.3 7.0 L!F nsp6
16347 A G � 12.6 19.5 — nsp13
19895 C T � 30.7 33.8 A!V nsp15
20482 T C � � 5.0 S!P nsp15
20483 C T � 0.8 5.2 S!F nsp15
21752 T A � 24.6 46.9 W!R S
21762. . .21788 CTA. . .GTA D 100 99.9 99.9 D9 S
22110 A G 2.4 5.6 1.1 Q!R S
22264 C T 0.6 24.7 23.2 — S
23014 A C 92.4 98.7 99.7 E!D S
23997 C G � 92.9 99.2 P!R S
24424 A C 3.2 93.1 98.3 Q!H S
24983 T G � 6.7 5.9 L!V S
26187 T C 82.6 85.7 81.6 — ORF3a
26333 C T 1.0 14.8 20.9 T!I E
28331 C T � 13.5 17.4 P!S N
aThe nearly full-length sequence of the virus grown in Huh7.5 cells (as described in Table 1) was obtained by NGS (cutoff of 5%). The sequence of the P2VeroE6 virus is used as
the reference, and the differences in the Huh7.5-recovered viruses are indicated. “D” refers to a deletion. The P2VeroE6 virus refers to the stock pool of the second passage in
Vero E6 cells. For the viruses recovered from Huh7.5 cells, the days used for sequencing were day 12 for P1Huh7.5, day 3 (stock) for P5Huh7.5, and day 4 for P6Huh7.5. For more
details, see Table 1.
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were permissive to the virus despite also exhibiting low levels of ACE2. Blocking of
ACE2 prevented infection of Vero E6 cells with original-SARS2 and, to a lesser extent,
adapted-SARS2. However, in Huh7.5 cells, only infection with original-SARS2 was signif-
icantly prevented, whereas adapted-SARS2 was unaffected by ACE2 blocking at the
tested antibody concentrations (Fig. 3C). In Calu-1 and A549 cells, ACE2 blocking did
not have any effect on infection (Fig. 3C).

Scavenger receptor class B type 1 (SR-B1) was recently suggested to facilitate SARS-
CoV-2 entry (21). Treatment of cells with the SR-B1 antagonist ITX5061, which inhibits
the SR-B1 protein pathway (22), decreased the infectivity of both variants in a concen-
tration-dependent manner in all cell types tested. Differences between original- and
adapted-SARS2 were apparent only with 50 mM of inhibitor in Huh7.5 cells; however,
both viruses were similarly inhibited in Vero E6 cells at all drug concentrations tested
(Fig. 4A). Blocking SR-B1 also prevented infection with adapted-SARS2 in lung cells,
most prominently in Calu-1 cells (Fig. 4A).

Differential antiviral activity of type I interferon against original and adapted
viruses across cell types. The addition of interferon alpha 2b (IFN-a2b) resulted in a
concentration-dependent antiviral effect on Vero E6, human hepatoma, and human
lung cancer cells (Fig. 4B). Adapted-SARS2 was more responsive to IFN-a2b than origi-
nal-SARS2 in both Vero E6 and Huh7.5 cells. When comparing the sensitivities of
adapted-SARS2 to exogenous interferon treatment, the virus was more susceptible in
Vero E6, Calu-1, and A549 than in Huh7.5 cells (Fig. 4B).

Susceptibility of cell culture-derived SARS-CoV-2 to neutralization by convalescent-
phase COVID-19 plasma. To assess whether culture adaptation and, thus, the associ-
ated mutations affected sensitivity to neutralizing antibodies, plasma samples from
6 convalescent individuals with PCR-confirmed SARS-CoV-2 infection were used to
neutralize both original-SARS2 and adapted-SARS2 in concentration-response assays in
Vero E6 cells (Fig. 5A). No significant differences were observed when the combined

FIG 2 Adaptation of SARS-CoV-2 to Huh7.5 cells permits virus culture in human lung carcinoma Calu-1 and A549 cells. (A)
Comparative infectivity titers of the original and adapted viruses in Calu-1 and A549 cells. Infectivity titers (log10 TCID50 per
milliliter) are shown on the y axis. For each cell line, results are based on 3 independent experiments with 4 replicates each. For
the P2VeroE6 (original) virus in A549 cells, none of the experiments yielded detectable titers (#). Bars represent the means and SEM
for the different independent experiments. Statistical significance (P, 0.05 by an unpaired t test) is highlighted with an asterisk.
(B) Comparative cytopathic effects of the original and adapted viruses in Calu-1 and A549 cells. Cytopathic effect titers (log10

CPE50 per milliliter) are shown on the y axis. Results are based on two independent experiments with 4 replicates each. CPE was
below the detection limit in the two experiments with the original virus in both cell lines (#). (C) Visual comparative SARS-CoV-2
antigen staining of original and adapted viruses in Calu-1 cells (top) and of original, adapted, and day 42 (Vero E6) viruses in
A549 cells (bottom), from representative TCID50 assays.
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50% inhibitory dilution (ID50) values obtained for all plasma samples were grouped
according to the target virus (P. 0.05) (Fig. 5B).

Activity of remdesivir against original and adapted viruses in Vero E6 and
Huh7.5 cells. Remdesivir was previously reported to inhibit SARS-CoV-2 in Vero (23–25)
and human lung (Calu-3) (11) cells. Here, we found 50% effective concentration (EC50)
values of 1.5mM in the concentration-response assays with original-SARS2 in Vero E6
cells (Table 3). Furthermore, we demonstrated that this drug displayed ;50-fold-higher
activity against original-SARS2 in Huh7.5 cells (EC50 of 0.03mM) (Table 3). For comparison,
we found that remdesivir is a very potent inhibitor of different genotypes of HCV in
Huh7.5 cells, with EC50 values of 0.08, 0.12, and 0.19mM for genotypes 1, 2, and 3, respec-
tively. Finally, we observed that remdesivir was very similarly active (,2-fold difference)
against original-SARS2 and adapted-SARS2 when tested in Vero E6 or Huh7.5 cells
(Table 3). Thus, the adapted virus represents a valid tool for the screening of SARS-CoV-2
polymerase inhibitors in cell culture.

Screening of the antiviral activity of a panel of NUCs in human cells using
adapted SARS-CoV-2. Adapted-SARS2 facilitated drug testing in unmodified Huh7.5,
Calu-1, and A549 cells. We focused our screening on NUCs previously shown to have
an antiviral effect against HCV, including sofosbuvir (26), and broader-spectrum mole-
cules such as remdesivir, galidesivir, favipiravir, and ribavirin.

Among the NUCs tested, only remdesivir and molnupiravir (EIDD-2801 prodrug of
NHC) displayed a significant effect across human cells (Table 3), as previously described
(27). Remdesivir was most active in Huh7.5 cells, with ;6-fold-lower EC50 values than in

FIG 3 Correlation between ACE2 expression and the viability of original and adapted SARS-CoV-2 in different cell lines. (A) Graph showing
intracellular ACE2 expression in the indicated cell lines assessed by Western blotting of ACE2. Values represent the fold amounts of ACE2 in
each cell type relative to the levels detected in BHK-21 (baby hamster kidney) cells (black bar). Each gray bar represents the mean and
standard deviation (error bars) from three independent experiments. An image of one of the three independent Western blots showing the
bands corresponding to ACE2 (green) and the common housekeeping protein b-tubulin (red) is shown below the graph. (B) Representative
image of cells infected with 100 ml of an undiluted stock of the original virus (MOI of 4 according to Vero E6). SARS-CoV-2 antigen staining
was performed as indicated in the legends of Fig. 1D and Fig. 2C. No infected cells were detected in A549 cells. (C) Effect of ACE2 blocking
using an anti-hACE2 antibody on SARS-CoV-2 infection for the different cell types. The y axis represents the percentage of the number of
virus-positive cells normalized to nontreated controls, and bars show means and standard errors of the means from 7 and 4 replicates for
10mg and 40mg of ACE2-blocking antibody, respectively.
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Calu-1 and A549 cells. Despite being less active in lung carcinoma than in hepatoma
cells, remdesivir was still more potent in Calu-1 and A549 than in Vero E6 cells (.9-fold-
lower EC50). The opposite was observed for molnupiravir (Table 3), which was more
active in A549 and Calu-1 cells (6- and 3-fold more active, with EC50s of 1.3mM and
2.7mM, respectively) than in Huh7.5 cells (8.5mM). Finally, galidesivir exhibited limited
activity (Table 3), with a relatively high EC50 (.20mM); the best inhibitory effect was
observed in A549 cells. Other NUCs, including sofosbuvir, had no apparent activity (EC50

of.50mM) in these human cell lines under our experimental conditions (Table 3).

DISCUSSION

In this study, we performed isolation of SARS-CoV-2 (isolate DK-AHH1) in Vero E6
cells and subsequent serial passage of the virus in human hepatoma cells (Huh7.5
clone) that led to cell culture adaptation of the virus with increased infectivity and cy-
topathic effect titers in both Vero E6 and Huh7.5 cells. Most importantly, human hepa-
toma cell culture adaptation significantly increased viral viability in lung carcinoma
Calu-1 and A549 cells as well as in the parental Huh7 cell line, which do not efficiently
support the replication and propagation of the original SARS-CoV-2 isolate. To our
knowledge, the ability of the Calu-1 cell line to support SARS-CoV-2 replication and
propagation has not been previously reported. The Calu-1 and A549 cell lines are
widely available and well-characterized standards among the human lung carcinoma/
alveolar cell lines used in cancer research (28, 29). Furthermore, the A549 cell line is
also a model for the study of respiratory viruses such as respiratory syncytial virus and
influenza virus (30, 31). The adapted virus might permit culture across additional
human cell lines, a proposition that should be the topic of future investigations. We
also demonstrated that the adapted virus is an efficient tool for the screening of puta-
tive SARS-CoV-2 antiviral compounds in human cells. Remdesivir, a known NUC with
anticoronavirus activity, exhibited increased potency in human cells compared to Vero
E6 cells, highlighting the importance of testing NUCs in the appropriate target cells.

The Huh7.5 cell line was originally selected to permit higher replication levels of
HCV subgenomic replicons, and it has been of fundamental importance to the devel-
opment of efficient culture systems for HCV (17, 18). Compared to the parental Huh7

FIG 4 Dependence on SR-B1 and sensitivity to interferon of original and adapted SARS-CoV-2 in different cell
lines. (A) Effect of treatment with the SR-B1 antagonist ITX5061 on SARS-CoV-2 infection. The y axis represents
the percentage of the number of virus-positive cells normalized to nontreated controls, and bars show means
and standard errors of the means from seven replicates. “#” indicates a lack of data as the corresponding
concentrations of ITX5061 were cytotoxic in Huh7.5 cells. (B) Treatment with interferon alpha 2b. The y axis
represents the percentage of the number of virus-positive cells normalized to nontreated controls, and bars
show means and standard errors of the means from 6 replicates for Vero E6, Calu-1, and A549 cells and 3
replicates for Huh7.5 cells. In cases where the bar is not visible, the values were close to zero.
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cell line, the Huh7.5 clone exhibits a mutation that inactivates retinoic acid-inducible
gene I (RIG-I), an interferon-inducible cellular helicase involved in the type I interferon
response, one of the features that has been correlated with increased permissiveness
to HCV replication (32). Interestingly, Huh7 cells are highly susceptible and permissive
to SARS-CoV, which induces lytic and productive infections (33). A previous study dem-
onstrated that SARS-CoV-2 is more sensitive to type I interferons than SARS-CoV (34),
and this enhanced susceptibility could be one of the reasons why SARS-CoV-2 viability
in cell culture is high in Vero cell lines, which lack genes encoding type I interferons
(35). This could also partially explain our finding that the virus is more viable in Huh7.5
than in Huh7 cells. The increased IFN-a2b susceptibility found in the adapted virus
supports the involvement of interferon responses in culture adaptation, although the
mechanism merits further investigation.

FIG 5 Neutralization of original and adapted SARS-CoV-2 variants. (A) Neutralization was analyzed for plasma samples obtained following recovery from
COVID-19 in six individuals. Each graph shows the data obtained from a single experiment for each plasma sample against original and adapted viruses.
The lines represent the nonlinear regression of virus inhibition compared to nontreated controls (y axis) in the different plasma dilutions (x axis). Bars
represent the standard deviations from at least 3 replicates. The calculated 50% inhibitory dilution (ID50) value for each virus variant is shown in
parentheses. The dotted line highlights the 50% neutralization level. All infections were performed at an MOI of 0.01 except for infection with the original
virus in the neutralization of plasma sample M57, which was performed at an MOI of 0.02. (B) Comparison of the ID50 values between the two groups
(original and adapted variants). No significant differences were found using a Wilcoxon-Mann-Whitney test (P. 0.05).
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Cell culture adaptation in Huh7.5 cells correlated with a significant accumulation of
substitutions in the genomic region coding for the spike protein, which could mediate
enhanced infectivity. Likewise, we found that regular culture in Vero E6 cells, used
worldwide for experimental studies of SARS-CoV-2, results in a significant accumulation
of changes in the spike protein, suggesting that this region is under selective pressure
in cell culture. More interestingly, the spike protein appears to be under strong selec-
tion in vivo as well, as multiple spike mutations can be found in variants infecting
humans, including changes at position E484 and, to a lesser extent, at positions P812
and Q954 (36), which are involved in the culture adaptation reported here.

The first complete change observed during culture adaptation in Huh7.5 cells was
the deletion of the IHVSGTNGT loop in the N-terminal domain of S. This deletion leads to
the removal of amino acid N74, which is N-glycosylated (37), and interestingly, this loop
is not present in SARS-CoV, but it is found in Middle East respiratory syndrome coronavi-
rus (MERS-CoV) (Fig. 6A and B). Smaller deletions within this region (D69/D70) were
recently reported in patients in Europe and have been linked to increased transmissibil-
ity of SARS-CoV-2 in the United Kingdom (38). However, to date, no animal transmission
studies have been performed to support these observations. Moreover, a study estimat-
ing the transmissibility of circulating variants of SARS-CoV-2 (based on phylogenetic
indexes) found no convincing evidence of increased viral transmission of several emerg-
ing variants (36). More studies involving animal models are needed to establish a direct
relationship between emerging spike mutations and enhanced transmissibility.

E484D, which appeared early during culture adaptation in Huh7.5 cells and during
long-term infection of the original inoculated Vero E6 culture, is located in the receptor
binding domain and interacts with K31 in the ACE2 receptor (39). Noticeably, an in sil-
ico study of E484D predicted a higher ACE2 binding affinity that could render a more
infectious SARS-CoV-2 variant (40), which is further supported by our ACE2-blocking
experiments in which more ACE2 antibody is needed to decrease the infectivity of the
adapted virus. Indeed, mutation E484D, which was the only common spike mutation in
the two viruses that recapitulated the entire virus life cycle in unmodified A549 cells
(adapted-SARS2 and the virus harvested on day 42 after inoculation of Vero E6 cells),
might be a major contributor to culture adaptation in human cells, possibly through
an increased binding affinity for ACE2. Nevertheless, as adapted-SARS2 was still more
efficient in replicating and propagating in human cells than the Vero E6 day 42 virus,
other mutations found in adapted-SARS2 might significantly contribute to this

TABLE 3 Anti-SARS-CoV-2 activity of a panel of nucleos(t)ide analogs in different cells for
original and adapted virusesa

Nucleos(t)ide analog

EC50 (mM)

Original virus Adapted virus

Vero E6 Huh7.5 Vero E6 Huh7.5 Calu-1 A549
Remdesivir 1.5 0.03 2.9 0.05 0.29 0.31
Molnupiravir ND ND ND 8.5 2.7 1.3
GS-6620 ND ND ND .25 .25 .25
Galidesivir ND ND ND 48 58 24
Sofosbuvir ND ND ND .50 .50 .50
Uprifosbuvir ND ND ND .50 .50 .50
Valopicitabine ND ND ND .50 .50 .50
Mericitabine ND ND ND .50 .50 .50
Ribavirin ND ND ND .50 .50 .50
Favipiravir ND ND ND .50 .50 .50
aFor each compound, the antiviral activity in Vero E6, Huh7.5, Calu-1, or A549 cells is indicated by 50% effective
concentration (EC50) values (micromolar). These values were inferred from concentration-response curves based
on 6 replicates (GS-6620) or 3 replicates (all other compounds). All compounds were tested at noncytotoxic
concentrations as described in Materials and Methods. “.50” or “.25” indicates that the maximum
concentration tested was 50 or 25mM and that no viral inhibition reaching 50% was observed at this
concentration. ND, not done.

Efficient SARS-CoV-2 Culture in Human Cell Lines Antimicrobial Agents and Chemotherapy

July 2021 Volume 65 Issue 7 e00097-21 aac.asm.org 11

https://aac.asm.org


phenotype, for instance, mutation P812R, which emerged only during the latest pas-
sages, when the virus exhibited maximum infectivity. P812 is positioned near the S29
cleavage site, and this proline is also present in SARS-CoV; however, at that position, R
is present in MERS-CoV (Fig. 6C and D). P812R changes the sequence “PSKR” to “RSKR,”
which corresponds to the furin consensus cleavage motif (“RX[K/R]R”) (41, 42); thus, a
putative second furin cleavage site could have emerged at the S29site. Whether the
emergence of a new furin cleavage motif near the S29 site plays a role in culture adap-
tation by increasing membrane fusion and, therefore, infectivity, as seen in SARS-CoV,
warrants further investigation (43, 44). Similarly, it was found that cell culture adapta-
tion (Vero cells) of the coronavirus infectious bronchitis virus (Beaudette strain) led to
the acquisition of a mutation in the S protein, creating a novel furin site downstream
of the S1/S2 site that was implicated in entry and syncytium formation in Vero cells
(45). On the other hand, deletions in the S1-S2 furin cleavage site have been found dur-
ing culture adaptation of SARS-CoV-2 in Vero E6 cells (25, 46). Finally, Q954H was pres-
ent at a low frequency in P1 but increased significantly in later passages in Huh7.5
cells, consistent with the maximum increase in viral infectivity. Residue Q954 is located
in heptad repeat 1 (HR1) within the S2 subunit, which undergoes conformational rear-
rangements from prefusion to postfusion states. Thus, the Q954H change may contrib-
ute to increased infectivity by enhancing fusion activity, in a manner similar to that
suggested for other HR1 mutations (47). The specific role of the spike mutations
described here in culture adaptation merits future investigations involving reverse
genetics and possibly knockout/knockdown of ACE2 and SR-B1.

As described here by us, and elsewhere by others, the A549 cell line is refractory to
infection with SARS-CoV-2 (48). For both SARS-CoV and SARS-CoV-2, exogenous ACE2
expression supports enhanced virus viability in A549 cells (14, 49). However, natural

FIG 6 Structural overview of changes found in the spike protein of SARS-CoV-2 after culture adaptation in Huh7.5 cells. A multiple-sequence
alignment of the partial spike protein sequences of SARS-CoV-2 (GenBank accession number MN908947), P2VeroE6 (original) virus, P5Huh7.5

(adapted) virus, SARS-CoV (GenBank accession number AY278741), and MERS-CoV (GenBank accession number JX869059) was carried out
using MUSCLE software (78). (A) Alignment of the area containing the N-terminal 9-amino-acid deletion in adapted viruses, which
corresponds to the protein-specific positions indicated with numbers. The SARS-CoV-2 sequences are shown in green, with the N74
glycosylation site highlighted in yellow; the SARS-CoV sequence is in gray; and the MERS-CoV sequence is in black. (B) Structural alignments
of SARS-CoV and MERS-CoV spike proteins (PDB accession numbers 5X58 [79] and 6Q04 [80], respectively) to the SARS-CoV-2 spike protein
(PDB accession number 7JJI [81]) using PyMOL (82) with the same parts of the sequences as the ones shown in panel A. The same color
coding as in panel A is used. N74 is shown as sticks in SARS-CoV-2, and an attached glycan is illustrated schematically. The structure for the
adapted virus was generated from the SARS-CoV-2 structure by introducing the deletion and modeling the loop closure (“HAKRFD”) with
ModLoop (83). (C) Alignment of the area around the S29 cleavage site (indicated with a red arrow). The observed P812R mutation is
highlighted in orange. (D) Structural alignments with the same parts of the sequences as the ones shown in panel C. Structures were
generated as explained above for panel B using the same PDB entries except for the SARS-CoV spike protein (PDB accession number 5XLR
[84]). Residues that align with P812 and R815 in SARS-CoV-2 are represented as sticks. A part of the MERS-CoV sequence (“SISTGSRS”) was
modeled using ModLoop (83), as the residues were missing in the experimental structure. The S29 cleavage site is indicated with a red arrow.
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ACE2 expression in A549 cells was reported by other groups (50, 51), and here, we find
limited but consistently detectable expression of ACE2 in this cell type. Moreover, we
found no direct association between ACE2 expression and the viability of the original
virus in the different cell types, indicating that ACE2 expression might not be the only
factor contributing to susceptibility/permissiveness in culture. Additional receptors
involved in SARS-CoV-2 entry in culture have been recently reported (21, 52, 53); thus,
entry might involve complex interactions between the spike and several coreceptors.

Another entry host factor for SARS-CoV-2 is transmembrane protease serine 2
(TMPRSS2) (41). Vero E6 cells expressing TMPRSS2 permit enhanced isolation of SARS-
CoV-2 (13), and TMPRSS2 has also been described as a host entry factor for SARS-CoV,
specifically isoform 1 of the protein, directly linked to the activation of the spike pro-
tein (54). This isoform was found to be expressed in permissive cells (such as Calu-3)
but was lacking in refractory A549 cells (54). TMPRSS2 is not expressed in Huh7 cells ei-
ther (55), which could further account for the poor viability of the original virus in A549
and Huh7 cells. The acquisition of the furin cleavage site by substitution P812R, which
could compensate for a putative low level of activation of spike due to inadequate
TMPRRS2 expression, might represent another mechanism of culture adaptation merit-
ing further investigation.

Adapted-SARS2 facilitated the screening of polymerase inhibitors in different cell
types. In agreement with the results of others, we found that the NUCs remdesivir and
molnupiravir exhibited increased activity in human cells compared to Vero cells (11,
27). For remdesivir, maximum activity was observed when using human hepatoma
cells, as expected since this compound originated from the HCV antiviral program and,
like sofosbuvir, is masked by a McGuigan prodrug moiety, leading to a significant accu-
mulation of the active compound in the liver (56). In the present study, we also show a
proof of concept of the potent inhibitory effect of remdesivir against cell culture infec-
tious recombinants of HCV genotypes 1, 2, and 3 with EC50 values lower than those
routinely obtained with sofosbuvir (57–60). For molnupiravir, maximal activity against
SARS-CoV-2 was observed in lung cells, in agreement with previous studies showing
high activity of the drug in human airway epithelia infected with influenza virus (61).
The obtained EC50 values for remdesivir in Vero E6 and Calu-1 cells were very similar to
those reported previously for Vero and Calu-3 cells, respectively (11). However, for mol-
nupiravir (oral bioavailable prodrug of NHC), the EC50 values in Calu-1 and A549 cells
were higher than the previously reported NHC values in Calu-3 cells (27), which could
be explained by the use of the prodrug in the present study.

Our investigated panel of NUCs included molecules that had been previously
shown to inhibit the virus but also compounds that had been proposed as drug candi-
dates. Strikingly, no analogs other than remdesivir and molnupiravir showed a signifi-
cant inhibitory effect under our experimental conditions, including sofosbuvir, which
had been the subject of extensive in silico investigations (62) and was found to cause
chain termination of the SARS-CoV-2 polymerase in vitro (63). It is important to
acknowledge that studies assessing only the incorporation and chain termination of
nucleotide analogs as antiviral strategies against coronaviruses lack a complete over-
view of the structural requirements for viral replication, including the role of the nsp14
exonuclease in excising these molecules, which remdesivir overcomes (64). Favipiravir,
a broad-spectrum antiviral with a mechanism of action similar to that of molnupiravir,
exhibited no antiviral effect under our experimental conditions but contrarily showed
anecdotal activity in patients (65). However, proper randomized trials are needed to
confirm these findings.

The broad-spectrum NUC galidesivir (66) exhibited a detectable inhibitory effect
against SARS-CoV-2 in human lung carcinoma cells but significantly lower activity than
remdesivir and molnupiravir. In light of the detectable inhibitory effect, it could be rel-
evant to test the efficacy of this drug in primary airway cultures and in longer-term
treatment assays where multiple doses of the drug are added to the culture to further
elucidate the potential antiviral use of this compound.
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We demonstrated the equivalent activity of remdesivir against original-SARS2 and
adapted-SARS2 despite the latter exhibiting multiple changes in the genome. Since
these changes were concentrated in the S protein and not in the nsp12 protein, which
is the main target of NUCs, adapted-SARS2 represents an excellent tool to study this
drug class in human cells. Thus, emerging mutations in the S protein are not likely to
affect the susceptibility of the virus to relevant polymerase inhibitors used in the clinic,
such as remdesivir, which is important information in light of the current propagation
of spike mutants worldwide.

However, the spike mutations present in adapted-SARS2 could potentially interfere
with entry processes, and therefore, this experimental system might not be an optimal
tool for the screening of entry/fusion inhibitors. Despite this, compared to original-
SARS2, adapted-SARS2 showed an identical neutralization susceptibility to convales-
cent-phase COVID-19 plasma and could be effectively blocked by an SR-B1 antagonist
that can be used in the clinic.

Mutation E484D very often emerges during cell culture of SARS-CoV-2 (in both Vero
E6 and human cells), versus E484K, which has been found in infected individuals, usu-
ally combined with N501Y. A recent study showed decreased susceptibility to neutrali-
zation from COVID-19 convalescent-phase plasma and SARS-CoV-2 vaccine sera of the
South African (B.1.351) SARS-CoV-2 variant, which harbors several spike protein muta-
tions, including E484K (67). It is important to highlight that this phenotype is not
shared by culture-adapted variants with E484D, as demonstrated here; thus, extensive
reverse-genetics studies will be needed to elucidate which positions and residues are
involved in viral immune evasion in vivo.

Although the cell culture model developed here does not necessarily represent a
relevant translational system to study the pathogenesis or transmissibility of viruses in
vivo, it can be a very useful tool for the preclinical characterization of novel antiviral
molecules that, combined with efficient vaccines, will be essential to prevent deaths
and better control current and future pandemics.

MATERIALS ANDMETHODS
Cell culture experiments. All experiments in this study were performed with a novel isolate of

SARS-CoV-2 (SARS-CoV-2/human/Denmark/DK-AHH1/2020), under biosafety conditions in agreement
with Danish regulations and with permission from the Danish authorities. Initial culture of SARS-CoV-
2_DK-AHH1 was performed in African green monkey kidney cells (Vero E6). Residual nasopharyngeal
sample material was obtained after clinical diagnosis of COVID-19 (SARS-CoV-2 threshold cycle [CT] value
of 14 in a reverse transcription-PCR [RT-PCR] assay [68]) and irreversible anonymization. For inoculation,
30 ml of the diluted sample was added to 100,000 Vero E6 cells seeded in 12-well plates, 24 h prior to
infection, at a final volume of 1ml. For the initial inoculation experiment, Vero E6 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (high glucose, GlutaMAX, and pyruvate; Invitrogen) sup-
plemented with 10% fetal bovine serum (FBS; Sigma) and antibiotic-antimycotic (100 U/ml of penicillin,
100mg/ml of streptomycin, and 0.25mg/ml of amphotericin B; Gibco) and kept at 37°C in a humidified
incubator with 5% CO2. This culture was maintained for over a month, consistently showing a high fre-
quency of SARS-CoV-2 antigen-positive cells. Afterward, all experiments in Vero E6 cells were performed
with DMEM supplemented only with 10% FBS and a penicillin-streptomycin mix (100 U/ml penicillin and
0.1mg streptomycin/ml; Sigma). The culture was visually inspected under an inverted light microscope,
and the supernatant was harvested daily and stored at 280°C. A first viral passage from the original ino-
culated culture was performed with 0.5ml of the harvested supernatant from day 2 postinoculation in
naive (noninfected) Vero E6 cells in a T-25 flask with 106 cells, with a final volume of 4ml (MOI of ;0.02).
Two independent second passages were performed with supernatants harvested at passage 1 day 2
(MOI of ;0.9) and day 3 (MOI not determined). For that purpose, 1.5ml of the first-passage supernatant
was used to infect 5� 106 cells (final volume of 30ml). A viral stock was prepared by pooling the filtered
supernatant (0.45-mm filter; Sartorius) from the samples harvested at days 2 and 3 from both second
passages (total of 120ml), aliquoted, and stored at 280°C.

Human hepatoma (Huh7 and Huh7.5), HEK-293T, BHK-21, and Calu-1 cells (Sigma) were cultured in
DMEM (high glucose, GlutaMAX, and pyruvate; Invitrogen, Thermo Fisher) supplemented with 10% fetal
bovine serum (Sigma), 100 U/ml penicillin, and 0.1mg streptomycin/ml (Sigma) and maintained at 37°C
in a humidified incubator with 5% CO2. A549 cells (Sigma) were cultured under the same conditions but
with Ham’s F-12K (Kaighn’s) medium (Gibco, Thermo Fisher) supplemented with 10% fetal bovine serum
and antibiotics. Calu-3 cells were cultured under identical conditions but using supplemented Eagle’s
minimum essential medium. Culture of HCV was performed as previously described with genotype 1a
strain TNcc, genotype 2a strain J6/JFH1, and genotype 3a strain DBN3acc (57, 58, 69).
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Serial passage of SARS-CoV-2 in Huh7.5 cells. A total of six passages were conducted in Huh7.5
cells. Passages were performed by inoculating 106 naive cells (seeded in a T-25 flask) with a 1/10 dilution
of the P2VeroE6 virus (P1) or with 0.5ml of the supernatant for subsequent passages. The fifth passage
was carried out in T-175 flasks (approximately 5 million cells were seeded) for the production of a viral
stock.

Determination of viral titers. Infectivity titers were expressed as 50% tissue culture infectious doses
(TCID50) per milliliter. TCID50 assays were performed in 96-well plates by infecting cells with 100 ml of
10-fold serially diluted virus-containing supernatants, in quadruplicates, followed by immunostaining of
the SARS-CoV-2 spike protein (as described below) at 72 h postinfection. The presence or absence of
infected cells in each replicate was scored and used to determine the TCID50 per milliliter based on cal-
culations obtained by the Reed and Muench method (as described in Fields Virology, 5th ed. [70]).

A CPE assay to determine the 50% cytopathic effect titer (CPE50) per milliliter was developed under
conditions similar to those for the infectivity assay, infecting cells with 100 ml of 10-fold dilutions of vi-
rus-containing supernatants, in quadruplicates. CPE was assessed at 72 h postinfection with the viral
ToxGlo assay (Promega) according to the manufacturer’s instructions. Relative light units (RLU) obtained
for each infected well were normalized to the RLU of noninfected controls (100% cell normality or cell vi-
ability), values below 90% were considered positive for CPE, and the Reed and Muench method was
used to calculate the titer as log10 CPE50 per milliliter. The assay was validated by correlating titer values
obtained with the viral ToxGlo assay with visual inspections of the cells under a light microscope in

TABLE 4 Primers used for SARS-CoV-2 genome amplification proceduresa

Target and primer Sequence (59–39) or description
Amplicon 1, nt 1–6171
RT primer GCCACCACATCACCATTTA
PCR forward primer ATTAAAGGTTTATACCTTCCCAGGTAACAAAC
PCR reverse primer GCCACCACATCACCATTTAAGTCA

Amplicon 2, nt 6108–11945
RT primer ACTGGACACATTGAGCC
PCR forward primer AGAAACCTGCTTCAAGAGAGCTT
PCR reverse primer ACTGGACACATTGAGCCCACA

Amplicon 3, nt 11796–17904
RT primer ACAAGAGTGAGCTGTTTCA
PCR forward primer TGTTGGGTGTTGGTGGCAAA
PCR reverse primer ACAAGAGTGAGCTGTTTCAGTGG

Amplicon 4, nt 17832–23916
RT primer ACTTGTGCAAAAACTTCTTGG
PCR forward primer TGTTGATTCATCACAGGGCTCAGA
PCR reverse primer ACTTGTGCAAAAACTTCTTGGGTG

Amplicon 5, nt 23854–39 end
RT primer Anchored oligo(dT)20 (Invitrogen, USA)
PCR forward primer CCGTGCTTTAACTGGAATAGCTGT
PCR reverse primer GTCATTCTCCTAAGAAGCTATTAAAATCACATG

59 UTR
RT primer TAAGCCACTGGTATTTCGCC
Template switch oligonucleotide /5InvddT/GTCGCACGGTCCATCGCAGCAGTCACArGrG1G
PCR forward primer GTCGCACGGTCCATCGCAGCAGTC
PCR reverse primer GTGTCTCACCACTACGACCGTT

39 UTR
RT primer GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTVb

PCR forward primer TGGATGACAAAGATCCAAATTTCAAAGA
PCR reverse primer GACCACGCGTATCGATGTCGAC

aRT (reverse transcription) and PCR primers (forward and reverse) for each amplicon covering the nearly full-
length PCR strategy (a single RT reaction was performed by pooling all 5 RT primers, which served as the
template for each of the independent PCRs generating the 5 overlapping amplicons) and the ends of the
untranslated regions (UTRs) are shown. Nucleotide numbering is according to the Wuhan-Hu-1 isolate
(GenBank accession number NC_045512.2). RT and PCR primers for the determination of the 39 UTR were
obtained from Sigma. The remaining primers were obtained from TAG Copenhagen. 5InvddT refers to 59
inverted dideoxy-T.

bV is A, C, or G.
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multiple assays. Graphical representations and statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software).

Sequencing of SARS-CoV-2. Viral sequencing of SARS-CoV-2 recovered from the original clinical
specimen and from all cell culture-derived supernatants was performed in an identical manner with next-
generation sequencing (NGS) of nearly full-length genomes from 5 overlapping amplicons in each pool.
The methodologies for RNA extraction, generation of cDNA by reverse transcription (RT), and amplification
of these overlapping amplicons were adapted from existing protocols for the amplification of the com-
plete open reading frame of HCV (71). Specific SARS-CoV-2 primers can be found in Table 4. Determination
of the sequences of the 59 UTR of the original clinical specimen and of the cell culture-recovered P2VeroE6

viruses was done using a template-switching RT method and reagents from New England BioLabs, follow-
ing the manufacturer's guidelines. Gene-specific RT primers can be found in Table 4. The sequence of the
39 UTR was determined by RT-PCR with an oligo(dT) anchor primer (Sigma) as described previously (72),
using primers shown in Table 4. NGS analysis was performed as described previously (73), with minor mod-
ifications. In short, reads were trimmed from PCR primer sequences at the 59 end by Cutadapt (74) to
remove the bias of the 59-overlapping amplicons. Next, reads were mapped to the appropriate SARS-CoV-
2 reference sequence. Subsequently, consensus and low-frequency single nucleotide polymorphism (SNP)
and insertion/deletion (indel) calling was performed.

Immunostaining of SARS-CoV-2-infected cell cultures. Following different assays, 96-well plates
with confluent cell layers were fixed, and the virus was inactivated by immersion in 100% methanol (Merck)
for 20min. Cells were washed twice with PBST (phosphate-buffered saline [PBS] containing 0.1% Tween 20),
followed by incubation with 3% H2O2 for 10min to block endogenous peroxidase activity and washing twice
with PBST. Cells were then incubated with primary SARS-CoV-2 spike chimeric monoclonal antibody (catalog
number 40150-D004; Sino Biological) diluted 1:5,000 in PBS with 1% bovine serum albumin and 0.2% skim
milk powder (PBSK) overnight at 4°C. Afterward, cells were washed twice with PBST followed by a 1-h incu-
bation with F(ab9)2 goat anti-human IgG Fc cross-adsorbed secondary antibody conjugated to horseradish
peroxidase (HRP) (catalog number A24476; Invitrogen), diluted 1:2,000 in PBSK. Cells were washed twice
with PBST, and single infected cells were visualized with 3, 39 diaminobenzidine tetrahydrochloride (DAB)
substrate (catalog number BS04-110; Immunologic) and counted automatically by an ImmunoSpot series 5
UV analyzer (CTL Europe GmbH), as previously described for the focus-forming unit assays developed to
study HCV in culture (75, 76). Examples of the immunostaining experiment outputs (images) can be seen in
Fig. 1D, Fig. 2C, and Fig. 3B.

Treatment assays. Antivirals were obtained from Acme Bioscience and reconstituted in dimethyl
sulfoxide (DMSO). For each drug tested, cytotoxicity assays were performed in the different cell types
studied using the Cell Titer AQueous One solution cell proliferation assay [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay; Promega]. The 50% cytotoxic
concentration (CC50) (micromolar) was calculated by regression analysis. In brief, cells were seeded in 96-
well plates, and drug dilutions were added the next day, in triplicates. At 24, 48, or 72 h postinfection
(depending on the assay type), the MTS reagent was added, and the absorbance was measured after 1 h
of incubation at 37°C. The results of treated wells were normalized to those of nontreated controls, and
the percentage of cell viability was plotted against the log10 of the drug concentration, followed by non-
linear regression ðy ¼ bottom1ðtop2bottomÞ=f1110½ð log CC502xÞ �Hill slope�gÞ using GraphPad Prism 8. All
treatments shown in this study were conducted at noncytotoxic concentrations (defined as cell viability
of$75%).

To explore the overall antiviral activity of drug candidates (drug potency), cells were seeded in 96-
well plates; the next day, 50 ml of virus (at a specific MOI that led to robust infection of all nontreated
control wells, depending on the cell type) and 50 ml of drug (different concentrations as indicated) were
added, and the cells were incubated for 72 h or, alternatively, 48 h. After incubation, the plates were
processed for SARS-CoV-2 S-protein immunostaining as described above. The analysis was performed by
counting the numbers of antigen-positive cells, which were then normalized to the nontreated controls
(after subtraction of the background levels obtained from noninfected wells), and 50% effective concen-
tration (EC50) values were obtained after nonlinear regression, as stated above. Treatment of HCV was
performed in Huh7.5 cells as previously described (57–60).

Receptor blocking assays. ACE2 blocking was performed with an ACE2-specific antibody (catalog
number AF933; R&D Systems), whereas the antagonist ITX5061 (purchased from Acme Bioscience) was
used to inhibit SR-B1. Cells were seeded in 96-well plates 2 days prior to the assay. Cells were treated
with each compound during 3 h prior to infection; afterward, the different viruses were added (at an
MOI depending on viral viability in each cell type, sufficient to perform reliable counting of infected cells
at the indicated time points), and cultures were incubated for 24 h and processed for viral immunostain-
ing as described above.

Fluorescent Western blotting. Cell lysates were prepared using M-PER extraction buffer (Thermo
Fisher) supplemented with Halt protease and phosphatase inhibitors (Thermo Fisher), according to the man-
ufacturer’s recommendations. Briefly, cells were washed twice with cold PBS, lysed in buffer for 30 min, and
centrifuged for 15 min at maximum speed at 4°C, and the supernatants were collected and stored at 220°C
for subsequent analysis. The total protein concentration was determined using a bicinchoninic acid (BCA)
assay (Pierce) according to the manufacturer’s recommendations. Polyacrylamide gel electrophoresis (PAGE)
was performed using NuPAGE Bis-Tris 4 to 12% gels (Thermo Fisher), and separated proteins were blotted
on Immun-Blot low-fluorescence polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Membrane blocking
was carried out in Rockland blocking buffer for fluorescent Western blotting (Rockland Immunochemicals)
overnight, followed by primary staining in the same buffer using goat anti-ACE2 antibody at 1:1,000 (catalog
number AF933; R&D Systems) and mouse-anti-b-tubulin antibody at 1:2,000 (catalog number MA5-16308;
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Thermo Fisher). Secondary staining was done with donkey anti-goat antibody conjugated to Alexa Fluor 488
and goat anti-rabbit antibody conjugated to Alexa Fluor Plus 647 (Thermo Fisher). Imaging was performed
with a Chemidoc MP system (Bio-Rad) equipped for multicolor Western blotting. Protein band quantification
was performed with ImageLab 6.1 (Bio-Rad), using b-tubulin bands for normalization.

Neutralization assay. Plasma was obtained from 6 convalescent COVID-19 individuals with con-
firmed SARS-CoV-2 infection during April to September 2020 from the Clinical, Virological, and
Immunological COVID-19 (CVIC) study at Hvidovre Hospital (Capital Region’s Committee on Health
Research Ethics, project identifier H-20025872, Data Protection Agency [Pactius] journal number P-2020-
357). Therefore, these individuals were not exposed to any of the newly emerging SARS-CoV-2 variants.
Plasma was heat inactivated at 56°C for 30min and diluted 1/10 in PBS (Sigma-Aldrich). From this initial
dilution, 2-fold serial dilutions (a total of 10 dilutions) were prepared for the assay and mixed 1:1 with
the corresponding virus at an MOI of 0.01 (except in one case in which the MOI was 0.02, as indicated in
the Fig. 5A legend). Plasma and virus were mixed and incubated at room temperature for 1 h. A positive-
control neutralizing antibody (catalog number 40592-MM57; Sino Biological) as well as a negative pool
of healthy plasma (final dilution of 1/20) were used as controls for each assay. After incubation, 100 ml of
the plasma-virus mixture was added to 10,000 Vero E6 cells (seeded 1 day prior to the experiment in
BioCoat 96-well poly-D-lysine-coated plates [Corning]) in quadruplicates and incubated for 48 h.
Following incubation, the cells were fixed and stained as described above with the following modifica-
tions: a mouse-derived anti-spike protein primary antibody (catalog number 40592-MM57; Sino
Biological) (diluted 1:5,000 in PBSK) was used for primary staining, and an anti-mouse secondary Ab con-
jugated with HRP (catalog number NA931V; GE Healthcare) (diluted 1:5,000 in PBSK) was used for sec-
ondary staining. Spots were counted as described above. Outliers of quadruplicates were determined
using a modified Z-score system as previously described (77) and were excluded from further analysis; in
all cases, at least 3 replicates could be included. Neutralization titration curves were plotted and ana-
lyzed using GraphPad Prism 8 (GraphPad Software), and the 50% inhibitory dilution (ID50) value was cal-
culated using the following equation: y ¼ 100=f1110½ðlog IC502xÞ�Hill slope�g. Combined ID50 values
grouped according to variant were compared using a Wilcoxon-Mann-Whitney test, and statistical signif-
icance was determined as a P value of less than 0.05.

Data availability. Virus genomes have been deposited in GenBank under accession no. MZ049597
and MZ049598.
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