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Dear Editor,

The ongoing COVID-19 disease, caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), has

led to over 112 million confirmed cases and 2.4 million

deaths in more than 220 countries as of 25 February 2021

(WHO 2021). Hospital-admitted patients show clinical

features including fever, dry cough, fatigue, dyspnea,

lymphopenia, and pneumonia with radiological ground-

glass lung opacities (Huang et al. 2020; Guan et al. 2020).

SARS-CoV-2 was quickly isolated and could be detected in

clinical samples, such as nasopharyngeal swabs, sputum,

alveolar lavage fluid, and feces, as well as occasionally in

seminal fluid and tears among other sources (Bhat et al.

2020; Li et al. 2020), which means that it can infect a

variety of human tissues and organs.

SARS-CoV-2 is classified as a SARS-related coron-

avirus (SARSr-CoV) and has 79.5% and 96.2% identity,

respectively, with SARS-CoV and a bat SARSr-CoV

(RaTG13) at the full-genome level, indicating that it could

have also originated from bats (Hu et al. 2017; Zhou et al.

2020). Thereafter, two SARSr-CoV strains, which have

85% and 91% nt genomic sequence identities with SARS-

CoV-2, were isolated from Malayan pangolins (Lam et al.

2020; Xiao et al. 2020). To date, there is no evidence to

support the direct bat or pangolin origin of SARS-CoV-2. It

was reported that this virus exhibits tropism towards a wide

range of cells and hosts, and a series of mutations were

found in person-to-person and in vitro passages (Liu et al.

2020). To further investigate the genetic susceptibility of

SARS-CoV-2 during the passage on different cells, we

identified nine cell lines susceptible to this virus among 30

different transformed or primary cell lines; then the dif-

ferent SARS-CoV-2 strains isolated on Vero E6 and Huh-7

from a same patient bronchoalveolar lavage fluid (BALF)

were serially passaged in Vero E6, Huh-7 and Caco-2 cell

lines and continuously monitored.

Cell susceptibility was determined by an indirect

immunofluorescence assay (IFA) targeting the nucleocap-

sid (N) protein of SARS-CoV-2 (Zhou et al. 2020). Briefly,

the SARS-CoV-2 isolated on Vero E6 cell line was cul-

tured and titrated on Vero E6 cells. Then, different cell

lines were seeded in 24 well plates and infected with

SARS-CoV-2 at multiplicity of infection 1. The infected

cells were washed with PBS and fixed with 4%

paraformaldehyde at 24 h post-infection (hpi) overnight

and then treated with TritonX-100 for cell membrane

perforation. The treated cells were incubated at 4 �C with a

cross-reactive viral N antibody (rabbit anti-SARSr-CoV

Rp3 N protein polyclonal antibody, 1:1000, made in-

house). After washing with PBS, cells were incubated with

Cy3-conjugated goat-anti-rabbit IgG (1:200, Abcam,

ab6939) secondary antibody for 1 h, and then, the nuclei

were stained with DAPI (1:100, Beyotime). Then, the cells

were observed under an AMF4300 EVOS FL cell Imaging

System (Life Technologies, Carlsbad, CA, USA). Among

the 30 tested cell lines, nine were positive by IFA (Fig. 1A,

Supplementary Table S1). They comprised six human cell

lines from various human organs, including Calu-3 (lung),

HEp-2 (larynx), Huh-7 and Hep G2 (liver), Caco-2 (colon),

and HaCaT (skin), two non-human primate cell lines

including Vero E6 (kidney) and LLC-MK2 (kidney), and

one swine cell line ST (testicle). Based on the expression of

N protein, Vero E6, Caco-2, Huh-7, and Calu-3 cells were
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more susceptible than other cells at 24 hpi, and HaCaT, ST

and Hep G2 cells exhibited lower susceptibility.

To further compare the viral replication efficiency in

different cell lines that were found to be highly susceptible

to SARS-CoV-2 infection, we infected Calu-3, Huh-7,

Caco-2, and Vero E6 cell lines with MOIs of 0.001, 0.01,

0.1, and 1 (Fig. 1B). Viral RNA was extracted from

supernatants of infected cells at different time points using

the QIAamp 96 Virus QIAcube HT Kit (Qiagen,

Germany). The viral RNA copies in the supernatant were

quantified with the HiScript no. II One Step qRT-PCR

SYBR no. Green Kit (Vazyme, Nanjng, China) as we

previously described (Zhou et al. 2020). The primers based

on the SARS-CoV-2 S gene were designed as: RBD-qF1:

50-CAATGGTTTAACAGGCACAGG-30; RBD-qR1: 50-
CTCAAGTGTCTGTGGATCACG-30. The viral loads of

Fig. 1 Susceptibility, replication efficiency, and mutations of SARS-

CoV-2 in different cell lines. A Expression of N protein detected by

immunofluorescence assays (IFAs) at 24 h post-infection (hpi) in

SARS-CoV-2-infected cell lines, scale bar: 200 lm. B Viral loads

detected by qRT-PCR in the culture supernatants of Calu-3, Caco-2,

Huh-7, and Vero E6 cells infected with SARS-CoV-2 in duplicate at

MOIs of 0.001, 0.01, 0.1, and 1. Supernatants were harvested at 0, 24,

48, 72, and 96 hpi. C Passage scheme and mutation information of

SARS-CoV-2. D Schematic diagram of mutations in SARS-CoV-2

after isolated and passaged in Vero E6, Huh-7, and Caco-2 cell lines.

The mutations were observed after the isolation (pink star), 2nd (blue

triangle), 5th (red triangle or rectangle), and 6th (green triangle)

passage.
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SARS-CoV-2 all increased more than 4 log values and

showed increasing trends with an escalating MOI. Vero E6

cells showed the highest susceptibility to SARS-CoV-2, as

up to 1011 RNA viral copies/mL supernatant were detected

at an MOI of 1 at 96 hpi. Huh-7, Caco-2, and Calu-3 cells

showed equivalent susceptibility to SARS-CoV-2 with up

to 107 viral RNA copies/mL. The viral loads in Calu-3 cells

peaked at 48 hpi with MOIs of 1 and 0.1 or at 72 hpi with

MOIs of 0.01 and 0.001. The viral loads in Huh-7 cells

peaked at 48 hpi with MOIs of 1 and 0.1 or at 96 hpi with

MOIs of 0.01 and 0.001. Meanwhile, the viral loads in

Caco-2 cells peaked at 72 hpi with an MOI of 0.01 or at 96

hpi with MOIs of 1, 0.1, and 0.001.

Previous studies have shown that mutations in viral

genes occur during virus passage in Vero and Vero E6 cells

(Liu et al. 2020; Vankadari 2020). We further investigated

whether a primary isolate could be efficiently maintained in

other susceptible cell lines. SARS-CoV-2 WIV04 genome

was sequenced from a patient BALF sample (Zhou et al.

2020). Virus was isolated successfully in Vero E6 and

Huh-7 cells from the same BALF sample; three and two

mutations were observed in the virus genomes after isola-

tion in Vero E6 and Huh-7 cells, respectively, compared to

SARS-CoV-2 WIV04 genome (Fig. 1C, 1D). These results

suggest that there might be adaptations for SARS-CoV-2 in

different cell lines. The SARS-CoV-2 isolate from Vero

E6, was serially passaged in Vero E6 cell line for 11 pas-

sages; while the SARS-CoV-2 isolate from Huh-7 was

serially passaged in Huh-7 and Caco-2 for 9 passages,

respectively (Fig. 1C, 1D). Supernatants were collected

from every passage of each cell line, and then, next-gen-

eration sequencing (MGISEQ-2000RS FAST, Shenzhen

MGI Tech Co., Ltd.) via the direct RNA sequencing was

conducted to investigate the dynamics of mutations.

Additional mutations were observed in N83K, R691Q, and

H664Y of the spike protein from the P2, P5, and P6 pas-

sages in Vero E6, respectively. However, no more muta-

tions were observed in Huh-7 cells over 9 consecutive

passages. Notably, a 27-nucleotide deletion occurred in the

spike protein resulting in a deletion of nine amino acids

(77–85 IHVSGTNGT) when SARS-CoV-2 was passaged

to the P6 generation in Caco-2 cells, and this deletion

variant was stable in the following 3 passages.

In our study, we investigated the susceptibility, cell

tropism, and viral replication efficiency of SARS-CoV-2.

Results showed that nine of thirty cell lines derived from

various tissues of humans (including lung, liver, colon,

larynx, and skin), monkey (kidney), and swine (testicle)

were susceptible to SARS-CoV-2. The virus replicated

efficiently in human cell lines (Huh-7, Calu-3, Caco-2) and

non-human primate cells (Vero E6) but less so in swine

cells. In a previous study, it was reported that five human

cell lines, including Calu-3, Caco-2, Huh-7, 293T, and

U251, and six non-human cell lines, including Vero E6,

FRhK4, LLC-MK2, CRFK, RK-13, and PK-15, were sus-

ceptible to SARS-CoV-2 (Chu et al. 2020). In our study,

we showed that three additional human cell lines, including

HEp2 (larynx), Hep G2 (liver), and HaCaT (skin), are

slightly susceptible to SARS-CoV-2 infection. Our study,

together with others, demonstrates the wide cell tropism of

SARS-CoV-2 in human and non-human primates in vitro.

Meanwhile, the swine cell line ST (testicle) showed low

susceptibility. Unexpectedly, none of the tested bat cell

lines supported SARS-CoV-2 replication. Previously, we

found that HeLa cells expressing ACE2 from Rhinolophus

sinicus could support SARS-CoV-2 entry. This inconsis-

tency might be due to the low or undetectable expression of

ACE2 in immortal bat cell lines. We also investigated the

susceptibility of other animal cell lines, including those

from canine, mink, hamster, rat, and mouse; none of these

cell lines could be infected with SARS-CoV-2. A possible

explanation for this is that these cells do not express or

have lower expression of ACE2 proteins or that SARS-

CoV-2 does not use ACE2 of these cells as the cellular

entry receptor (Zhao et al. 2020).

The viral replication efficiency results showed that the

Vero E6 cell line was more susceptible to SARS-CoV-2

than the Caco-2, Huh-7, and Calu-3 cell lines. Our results

verified that the Vero E6 cell line is suitable for viral

amplification. However, the results of our group and others

suggested that the spike glycoprotein of SARS-CoV-2 is

more likely to mutate during culture in this cell line. Most

strikingly, no mutations were observed in Huh-7 cells

during 10 consecutive passages, indicating that the virus is

more stable in this cell line, which indicates that they could

be applicable for investigations of pathogenicity and

pathogenesis. However, as a human intestinal cell line,

culture in Caco-2 cells resulted in a 27-nt deletion in the

NTD of the spike glycoprotein, whereas a mutant with this

deletion was not found in human clinical specimens. These

results suggest that the spike glycoprotein of SARS-CoV-2

is more likely to mutate during in vitro passage, which is

consistent with the reported outcomes of person-to-person

transmission (Gong et al. 2020). It remains largely

unknown whether mutations acquired during in vitro pas-

sages additionally affect viral intrinsic characteristics.

Continuous monitoring of SARS-CoV-2 could benefit not

only biological studies of this virus but also vaccine

development in the future.
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