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ARTICLE INFO ABSTRACT

Keywords: Aims: This study evaluated SARS-CoV-2 replication in human cell lines derived from various tissues and inves-
COVID-19 tigated molecular mechanisms related to viral infection susceptibility and replication.

?f/[iissz Main methods: SARS-CoV-2 replication in BEAS-2B and A549 (respiratory tract), HEK-293 T (kidney), HuH7

(liver), SH-SY5Y (brain), MCF7 (breast), Huvec (endothelial) and Caco-2 (intestine) was evaluated by RT-qPCR.

Cell li
NEtocl}I::l dria Concomitantly, expression levels of ACE2 (Angiotensin Converting Enzyme) and TMPRSS2 were assessed
Autophagy through RT-qPCR and western blot. Proteins related to autophagy and mitochondrial metabolism were moni-

tored in uninfected cells to characterize the cellular metabolism of each cell line. The effect of ACE2 over-
expression on viral replication in pulmonary cells was also investigated.

Key findings: Our data show that HuH7, Caco-2 and MCF7 presented a higher viral load compared to the other cell
lines. The increased susceptibility to SARS-CoV-2 infection seems to be associated not only with the differential
levels of proteins intrinsically related to energetic metabolism, such as ATP synthase, citrate synthase, COX and
NDUFS2 but also with the considerably higher TMPRSS2 mRNA expression. The two least susceptible cell types,
BEAS-2B and A549, showed drastically increased SARS-CoV-2 replication capacity when ACE2 was overex-
pressed. These modified cell lines are relevant for studying SARS-CoV-2 replication in vitro.

Significance: Our data not only reinforce that TMPRSS2 expression and cellular energy metabolism are important
molecular mechanisms for SARS-CoV-2 infection and replication, but also indicate that HuH7, MCF7 and Caco-2
are suitable models for mechanistic studies of COVID-19. Moreover, pulmonary cells overexpressing ACE2 can be
used to understand mechanisms associated with SARS-CoV-2 replication.

* Corresponding author at: 61 Dr. Cesario Mota Junior Street, Sao Paulo, SP Zipcode 01221-020, Brazil.
E-mail address: roberta.yamaguchi@fcmsantacasasp.edu.br (R.S. Stilhano).

1 Joint first authors.

2 Joint senior # authors.

https://doi.org/10.1016/j.1fs.2022.120930
Received 1 June 2022; Received in revised form 29 August 2022; Accepted 31 August 2022
Available online 6 September 2022

0024-3205/© 2022 Elsevier Inc. All rights reserved.


mailto:roberta.yamaguchi@fcmsantacasasp.edu.br
www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2022.120930
https://doi.org/10.1016/j.lfs.2022.120930
https://doi.org/10.1016/j.lfs.2022.120930
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lfs.2022.120930&domain=pdf

C.S. Bartolomeo et al.

1. Introduction

COVID-19, caused by SARS-CoV-2, has emerged as a life-changing
pandemic, impacting global health and affecting economies and soci-
eties. As of August 2022, about 600 million people worldwide had been
reportedly infected with the virus during the current pandemic (data
from Johns Hopkins in August/2022). COVID-19 is classified as an
airborne disease, but alternative paths of transmission include the direct
contact of the lips, nose or eyes with the infectious droplets [1]. SARS-
CoV-2 can replicate in the lower respiratory tract and patients may
develop acute respiratory distress syndrome (ARDS) [2]. In some cases,
extrapulmonary effects are also observed such as diarrhea, cardiac ar-
rhythmias, kidney and liver injury, rhabdomyolysis, sarcopenia, coa-
gulopathy, neurological symptoms and shock [2,3]. Studies have shown
that the most prevalent comorbidities in COVID-19 patients were hy-
pertension and diabetes, followed by cardiovascular diseases. Also, they
are more susceptible to developing a severe form of COVID-19 and
usually exhibit a poor prognosis [4,5].

The main viral target in host cells is ACE2 (Angiotensin-converting
enzyme 2) and TMPRSS2 (Transmembrane protease, serine 2). ACE2 is
the host receptor that interacts with the spike protein presented in the
virus envelope. The spike protein is formed by two subunits: S1 (in-
teracts with ACE2) and S2 (mediates the fusion). There is a furin
cleavage motif between the subunits, which is cleaved by the host cell.
When the virus binds to ACE2, the spike is cleaved by the trans-
membrane serine protease TMPRSS2 at the S2’ site. This cleavage allows
the S2 subunit fusion with the host bilayer releasing the virus RNA into
the cell. Some cells don’t express TMPRSS2 or the expression is too low.
So, the virus enters in the cell through the endosomal pathway, using
ACE2 and cathepsins [2]. Once inside the cells, SARS-CoV-2 hijacks
protein production machinery through cross-talk with autophagic ma-
chinery [6] and mitochondrial metabolism [7] for its replication.

The invasion and replication of SARS-CoV-2 have been evaluated in
several cell lines such as BEAS-2B, A549 and Calu-3 (respiratory tract),
HEK-293 T (kidney), HuH7 (liver), SH-SY5Y (brain), Caco-2 (intestine),
Huvec (endothelium) and Vero-E6 (monkey kidney cell line), but viral
loads were cell-type dependent. It is plausible that this distinct suscep-
tibility is due to differential ACE2 and TMPRSS2 expression in various
organs.

According to the GTEx database, the terminal ileum expresses the
highest levels of ACE2 in the human body, followed by the breast, colon
and kidneys (https://gtexportal.org/home/gene/ACE2 -
ENSG00000130234.10). Additionally, TMPRSS2 expression is highest in
the prostate, colon, breast, stomach, kidney, lungs and liver. (https://
gtexportal.org/home/gene/ACE2 - ENSG00000184012.11). Due to
constitutive ACE2 expression throughout the body, several cell lines
were used to study the viral cycle and its effects on cell biology.

Among the various cell lines, kidney (Vero E6 and HEK-293), liver
(HuH?7), intestinal (Caco-2) and respiratory tract (Calu-3) cells have
been employed as already-in-use cell models, as described in the sys-
tematic review of Kumar et al. (2021) [8]. Indeed, the characterization
of cell lines derived from different organs and systems affected by SARS-
CoV-2 is highly relevant for research and clinical advances.

Thus, the present study evaluated viral entrance and replication in
different cell lines to identify relationships between the SARS-CoV-2
infection/replication rates and the expression of proteins related to
autophagy and mitochondrial metabolism, ACE2 and TMPRRS2. As far
as we know, this is the first study to simultaneously compare the SARS-
CoV-2 infection and replication in multiple cell lines.

2. Materials and methods
2.1. Cell cultures

A panel composed of the A549 (human lung adenocarcinoma), BEAS-
2B (immortalized bronchial epithelial cell line), Caco-2 (colorectal
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adenocarcinoma cell line), HEK-293 T (immortalized renal epithelial
cell line), HuH7 (hepatocarcinoma cell line), HUVEC (endothelial cell
derived from the immortalized umbilical vein), MCF7 (cell derived from
breast carcinoma) and SH-SY5Y (neuroblastoma cell line) human cell
lines was monitored during in vitro SARS-CoV-2 infection. The Vero E6
cell line (cells derived from primate renal epithelium) was used in par-
allel as a comparative viral expansion and behavior model and utilized
in other viral infection protocols [9]. All strains were cultivated and
expanded in DMEM/F12 culture medium with 10 % FBS (fetal bovine
serum) at 37 °C in an atmosphere of 5 % CO». The wells of the plates for
BEAS-2B cultures were pretreated with type I collagen according to the
manufacturer’s instructions (Thermo Fisher, Waltham, Massachusetts,
USA). All procedures were approved by the Institutional Ethics Com-
mittee (#6864310320 CEP-UNIFESP).

2.2. Kinetics of SARS-CoV-2 internalization and replication

The SARS-CoV-2 virus was obtained from a nasopharyngeal sample
isolated from a Brazilian patient (EPI_ISL_413016) and donated by Prof.
Edison Durigon and Paolo Zanotto (University of Sao Paulo) and José
Luiz Proenga Moddena (State University of Campinas). The strain
sequence was deposited in GenBank (MT 126808). After isolation, SARS-
CoV-2 was amplified in the fourth passage in Vero E6 cells at a titer of 5
x 107 plaque-forming units (PFU/mL) after the plaque assay [10], which
contributes to estimation of the infectivity capacity of the virus.

For the in vitro infection protocol, 1 x 10° cultured BEAS-2B, A549,
Caco-2, HEK-293 T, HuH7, HUVEC, MCF7, SH-SY5Y and Vero E6 cells
were infected with SARS-CoV-2 at a 0.2 estimated MOI (multiplicity of
infection) for 2 h in DMEM-F12 medium supplemented with 1 % FBS
under standard conditions (5 % CO,, 37 °C) [11]. After incubation with
SARS-CoV-2, the supernatants were removed, and the adhered cells
were washed with PBS before extraction of the total RNA with the
RNeasy Mini Kit, following the manufacturer’s recommendations (Qia-
gen, Hilden, Germany). Additionally, following the same infection
strategy as the internalization assay, after 2 h of infection and washing
the cells with PBS, the replication kinetics of all strains were monitored
by additional incubation for 24, 48, 72 or 96 h in DMEM-F12 medium
supplemented with 10 % FBS under standard conditions. For mock
controls, the same volume of DMEM/F12 culture medium was added to
each kinetic experiment, and the same procedures were followed. At the
end of each incubation period, the plated cells and the supernatants
were collected, and the total RNA was extracted and processed using the
RNeasy Mini Kit (Qiagen) and Quick RNA viral kit (Zymo Research,
Irvine, California, USA), respectively. The same protocol and reagents
published in Lemes et al. (2021) were used for viral detection [12]. All
experiments with virus were performed in a biosafety level 3 laboratory
(BLS3), in accordance with WHO recommendations and under the lab-
oratory biosafety guidance required for the SARS-CoV-2 at the BLS3
facilities at the Federal University of Sao Paulo and the Biological
Institute of Sao Paulo.

2.3. Gene expression of ACE2 and TMPRSS2 by RT-qPCR

ACE2 and TMPRSS2 expression levels were evaluated by RT-qPCR.
Briefly, the mRNA extracted with the RNeasy Mini Kit in the cell ki-
netics assays during SARS-CoV-2 infection of all the strains was quan-
tified spectrophotometrically using a NanoDrop device (Thermo Fisher)
and transcribed into cDNA with the High-Capacity kit, according to the
manufacturer’s instructions (Thermo Fisher). The cDNA obtained was
subjected to the RT-qPCR reaction, together with the SYBR-Green re-
agent (Qiagen) and primer pairs for human ACE2 (ACE2_FW: 5'-CAT
TGG AGC AAG TGT TGG ATC TT-3' ACE2_RV: 5'-GAG CTA ATG CAT
GCC ATT CTC A-3'), or for human TMPRSS2 (TMPRSS2_FW 5'-TAG AGA
GCA GCA TTC CCA GG-3' TMPRSS2 RV 5'-TAA GAA GGG GCA ATA
AAG AAG-3'), primate ACE2 (ACE2 FW: 5°-CAT TGG AGC AAG TGT
TGG ATC TT-3'; ACE2_RV: 5'-GAG CTA ATG CAT GCC ATT CTC A-3');
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primate TMPRSS2 (TMPRSS2_FW: 5'-CTC TAA CTG GTG CGA TGG CG-
3’; TMPRSS2 RV: 5’-TGC CAG GAC TTC CTC TGA GAT G-3') and ROX.
The reactions were carried out on an Applied 7500 RT-PCR machine
(Applied Biosystems, Waltham, Massachusetts, USA). The analysis was
performed by the relative comparison method (2722€T), and the samples
were compared with the endogenous RPL35 expression (primers:
RPL35-FW 5-CGA GTC GTC CGG AAA TCC AT-3’; RPL35-RV 5-GGC
TTG TAC TTC TTG CCC TTG-3').

2.4. Western blotting

For the analysis of ACE2 and TMPRSS2 protein expression, 5 x 10°
cells (BEAS-2B, A549, Caco-2, HEK-293 T, HuH7, HUVEC, MCF7, SH-
SY5Y and Vero E6) were cultivated for 48 h in DMEM-F12 supple-
mented with 10 % FBS, under standard conditions (5 % CO,, 37 °C).
After incubation, supernatants were discarded, and adhered cells were
washed with PBS. Cells were lysed with RIPA lysis buffer (150 mM NaCl;
1 % NP-40; 0.5 % deoxycholic acid; 0.1 % SDS; 50 mM Tris pH 8.0; 0.2
mM MgCly) and protease inhibitors. Total protein was extracted and
quantified using a BCA kit (Thermo Fisher). Then, 20 pg of total protein
from each strain were separated on 12 % or 7.5 % SDS-PAGE gels (ac-
cording to the molecular weight of the protein of interest) and trans-
ferred to PVDF membranes.

Ponceau staining (0.1 %) was used to monitor the protein equiva-
lents among all cell lysates (Fig. S1). Then, the membranes were blocked
with 5 % bovine serum albumin (BSA) and incubated overnight at 4 °C
with the primary antibody to the protein of interest (ACE2- ABCAM
‘ab108252’; ATP5H- ABCAM ‘ab173006°; Caspase-3- ABCAM
‘ab32351’; Cathepsin- L- Santa Cruz ‘sc-32320’; Citrate Synthase- Cell
Signaling ‘14309’; Cytochrome c oxygenase 2 (cox)- Proteintech
‘55,070-I-AP’; LAMP-1- Santa Cruz ‘20011’; LC3B- Cell Signaling ‘2775’;
NDUFS2- ABCAM ‘ab192022’ or TMPRSS2 - Santa Cruz ‘sc515727°).
The blots were then incubated with secondary antibodies labeled with
horseradish peroxidase (HRP, Thermo Fisher). The blots were developed
with ECL (Perkin Elmer, Waltham, Massachusetts, USA), and lumines-
cence was recorded with a UVITEC digital photo documentation system
(UVITEC Cambridge, Cambridge, Cambridgeshire, UK). Some mem-
branes were stripped with Restore Plus Blot Buffer (Thermo Fisher) and
processed again with a different primary antibody. The images were
analyzed by densitometry using the Image J software (NIH, Bethesda,
MD, USA), and data are presented as percentages, considering the sum of
all densitometry values of each protein as 100 %.

2.5. Assessment of viability, proliferation and morphology of cell profiles

For the cell viability and morphology analyses during the infection
kinetics by SARS-CoV-2, 1 x 10° of cultured BEAS-2B, A549, Caco2,
Hek293T, Huh7, HUVEC, MCF7, SH-SY5Y and Vero E6 cells were
infected or not (Mock) with SARS-CoV-2 at 0.2 MOI for 2 h in DMEM-
F12 supplemented with 1 % FBS under standard conditions (5 % COo,
37 °C). After incubation, supernatants were removed, and cells were
washed with PBS and incubated again for 24, 48, 72, or 96 h in DMEM-
F12 supplemented with 10 % FBS under standard conditions. At the end
of each incubation, the cells were incubated with 5 mg/mL MTT reagent
(Sigma) for the cell viability assay or fixed with 4 % PFA-
paraformaldehyde for cell morphology analyses.

The cell viability analyses involved dissolving the derived formazan
in 100 % DMSO and measuring the absorbance of the suspension at 590
nm in a spectrophotometer. For the cell morphology analyses, the profile
of each infected cell line was compared to its respective control (Mock).
Images were captured with a Zeiss Primo Verti (Oberkochen, Germany)
microscope using a 20x objective under a brightfield. Lastly, for the
proliferation assays, cells were followed up over 5 days, at 1, 24, 48, 72
and 96 h. The doubling of each lineage cell was monitored through vi-
sual observations, and cell counting was performed under the same
conditions as the morphology assay.
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2.6. ACEZ2 enzymatic activity assay

ACE2 activity was evaluated as previously described but with some
modifications [13]. We cultivated 5 x 10° BEAS-2B, BEAS-2B-ACE2,
A549, A549-ACE2 Caco2, HEK-293T, HuH7, HUVEC, MCF7, SH-SY5Y or
Vero E6 cells, in DMEM-F12 supplemented with 10 % FBS under stan-
dard conditions (5 % COo, 37 °C) for 48 h. After incubation, superna-
tants were discarded, adhered cells were washed with PBS, and total
protein was extracted following cell lysis in RIPA buffer without pro-
tease inhibitors. The reaction occurs by the hydrolysis of the substrate
MCA-Ala-Pro-Lys (Dnp)-OH and is expressed in arbitrary fluorescence
units (AFUs) in pM/min/pg protein. Herein, 20 pL of protein extract
from each cell line were incubated with buffer (50 mM HEPES-NaOH,
200 mM NaCl, 10 mM ZnCly, pH 6.8) and 50 mM MCA-Ala-Pro-Lys
(Dnp)-OH substrate (Aminotech, Diadema, Sao Paulo, Brazil) at 37 °C
subsequently sturred for 40 min. The ACE2 activity was assessed by
measuring fluorescence (Agx = 320 nm and Agy = 430 nm) attributed to
MCA-Ala-Pro-Lys (Dnp)-OH hydrolysis. Fluorescence was detected and
analyzed using a Synergy H1 spectrofluorometer (Biotek, Winooski,
Vermont, USA). MLN-4760 (Sigma-Aldrich, San Luis, Missouri, USA)
was used as a specific inhibitor of ACE2 activity at 10 pM. The fluo-
rescence parameter was defined as AFUs.

2.7. Enzyme-linked immunosorbent assay

ACE2 protein content was measured in samples of cells (wild-type or
ACE2 positive), lysed with RIPA lysis buffer, using the Human ACE2
DuoSet ELISA Kit (R&D Systems, Minneapolis, Minnesota, USA) ac-
cording to the manufacturer’s recommendations. The wild-type samples
were measured at a dilution of 1:10, and ACE2 positive cell samples
were diluted at 1:100. Data are expressed in pg/mL after analysis and
dilution correction.

2.8. ACE2 overexpression

ACE2 protein overexpression was performed in BEAS-2B and A549
cells by nucleofection with pCEP4-myc-ACE2 or pGFP-N3 plasmids
(Invitrogen, Waltham, Massachusetts, USA). pGFP-N3 was employed as
a positive control in the nucleofection and transfection protocols, and
fluorescence was visualized with a Leica dMi8 fluorescence microscope
(Leica Microsystem, Wetzlar, Germany).

For the nucleofection protocol, 1 x 10° of BEAS-2B cells were
resuspended in 100 pL of Opti-MEM (Gibco, Waltham, Massachusetts,
USA) with 5 pg of each plasmid, transferred to cuvettes and placed in the
nucleofector. The chosen nucleofection program was strain-dependent.
Then, cells were plated and incubated under standard conditions.

pCEP4-myc-ACE2 or pGFP-N3 were also transfected into A549 cells.
For this, 2.5 x 10° cells were plated, incubated for 24 h and transfected
with Opti-MEM containing previously mixed: lipofectamine 3000 (6 pL),
P3000 (4 pL) and plasmid (2 pg). Then, the cells were incubated for 5 h,
and the medium was replaced with DMEM-F12 supplemented with 10 %
FBS.

Forty-eight hours after nucleofection or transfection, cells were
expanded and selected with 125 ng/pL of the antibiotic hygromycin
(Sigma) for 20 days. After selection, the cells were lysed with RIPA
buffer, and total RNA was extracted with Trizol reagent (Invitrogen) to
confirm ACE2 overexpression. Total RNA was quantified using a
Nanodrop spectrophotometer and transcribed into cDNA with the High-
Capacity kit. The cDNA obtained was subjected to RT-qPCR using the
SYBR-Green reagent, primer pairs for Plasmid-ACE2 FW 5'-GGACC-
CAGGAAATGTTCAGA-3’, RV 5-CGTCCATTGTCACCTTTGTG-3' and
ROX. The reaction was carried out on an Applied 7500 RT-PCR machine.
The analysis was performed by the relative comparison method (2’AACT)
according to days of expansion. ACE2 expression was also assessed in
lysed cells using an ELISA kit.
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2.9. Statistical analysis

The results obtained were expressed as the mean + SD (standard
deviation). Data were evaluated first for normality using a Shapiro Wilk
test, most of the variables were normally distributed, (p > 0.05). How-
ever, some variables were not, and they were transformed as log10. We
used student’s t-test, one-way analysis of variance (ANOVA) with
Tukey’s post-test for comparisons between three or more groups or
Mixed-effects model (REML). The significance level was set at 5 % (p <
0.05). Statistical analyses were performed using GraphPad Prism version
8.0 (GraphPad Software, Inc., La Jolla, CA, USA). Sigma plot v13.
(Systat, Palo Alto, CA, USA) was used to calculate the power of the test,
only power > 0.8 was considered in the analysis. Principal component
analysis (PCA) was conducted using normalized band intensity of the
western blot experiments with Metaboanalyst v5.0.

3. Results and discussion
3.1. Kinetics of viral replication in cells

Undoubtedly, COVID-19 affects many organs, and, in some cases,
yields long-lasting consequences [11]. Therefore, investigating SARS-
CoV-2 infection in multiple cell lines can help generating a proposi-
tion that it can be further investigated in animal models and translated
into human studies. Several authors have studied SARS-CoV-2 viral ki-
netics in various cell types [11,14]. However, it has been challenging to
find an explanation for their susceptibility to the virus. Because of this,
we had selected a panel of cell lines to determine the SARS-CoV-2 ki-
netics over time, classifying them according to their SARS-CoV-2
infection/replication capacity profiles. We used a qPCR assay for
SARS-CoV-2 nucleocapsid protein (N) to evaluate the presence of

A *

Life Sciences 308 (2022) 120930

genomic viral RNA during the replication cycle in each cell. BEAS-2B,
A549, Caco-2, HEK293T, HuH7, Huvec, MCF7, SH-SY5Y, and Vero-E6
cells were infected with SARS-CoV-2 for 2 h to evaluate the initial
viral uptake (Fig. 1A). This assay verified that the Vero-E6 and HuH7
showed virus internalization corresponding to 3 x 10° PFU/mL, 30-fold
higher than BEAS-2B and 3-6 times higher than A549, Caco-2, HEK-
293T, Huvec, MCF7 and SH-SY5Y cells (Fig. 1A).

Next, we evaluated the release of SARS-CoV-2 in the supernatant
(Figure 1B1) and the intracellular replication kinetics in the cells
(Fig. 1B2). After 2 h of infection and removing excess non-internalized
virus, all the cells were incubated for an additional 24, 48, 72 or 96 h
to evaluate viral replication over time. Vero-E6 exhibited the highest
virus levels in the supernatant, 8.4 x 108 PFU/mL, 72 hpi, a 3-log in-
crease compared to the 24 hpi time point (p < 0.0001, Fig. 1B1). As
shown in Fig. 1B2, intracellular viral accumulation occurred in shorter
intervals with a peak at 48 hpi (2-log difference between 24 and 48 hpi,
p < 0.0001). High virus levels in the supernatant were also observed in
the HuH7 cell culture (Fig. 1B1). Moreover, despite a relatively lower
intracellular viral load over time in HuH7cells, the extracellular viral
load was 1.7 x 108 PFU/mL, with a 3-log difference between 24 and 48
hpi (p = 0.01) (Fig. 1B2).

Caco-2 cells also presented a high intracellular viral load (3-log
difference between 24 and 48 hpi, p < 0.0001) (Fig. 1B2), followed by a
maximum viral load in the supernatant (5.2 x 10’ PFU/mL) at 72 hpi (p
= 0.048) (Fig. 1B1). Chu et al. also observed a 72 h extracellular peak in
Caco-2 infected with SARS-CoV-2 [14]. The intracellular viral load
observed in the MCF7 line showed an increase at 48 hpi (p = 0.0017)
(Fig. 1B2); however, this difference was not observed in the supernatant
(Fig. 1B1).

In HEK-293T and HUVEC cells, the peak of intracellular viral load
was observed at 48 hpi (p = 0.009, Fig. 1B2) and 72 hpi, respectively (p
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Fig. 1. SARS-CoV-2 kinetics in different cell types. A. Viral load 2 h post-infection (hpi) with SARS-CoV-2 (n = 3/group). One-way ANOVA followed by Tukey’s test,
F(8,18) = 23.33. B. SARS-CoV-2 extracellular (B1) and intracellular (B2) viral loads in different cell lines over time (n = 3-4/group). *p < 0.05. NS: non-significant.

Mixed-effects model (REML) followed by Tukey’s test, F(8,27) =

8.96 (B1), F(8,87) = 32.9 (B2).
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= 0.008, Fig. 1B2). However, no difference was observed in the super-
natant over time in either cell line. Chu et al. also observed a peak of
SARS-CoV-2 replication in HEK-293T cells [14], which is in line with our
results. Previously it was reported that Huvec cells are potentially
vulnerable to SARS-CoV-2 [11], yet our results suggest these cells have
similar viral replication properties as HEK-293 T cells. Interestingly, SH-
SY5Y, a human neuroblastoma cell line widely used as a cell model of
undifferentiated neurons, can also be infected by SARS-CoV-2 [15],
albeit with a low viral replication profile. Based on these results, the
Vero-E6, HuH7, MCF7 and Caco-2 cell lines displayed the highest viral
replication capacities, followed by the other cell lines (BEAS-2B, A549,
HEK-293T, HUVEC and SH-SY5Y) had a low viral replication capacity.

Several authors have studied SARS-CoV-2 viral kinetics in various
cell types [11,14]. Hoffman et al. showed that SARS-CoV-2 entrance
depends on ACE2 and TMPRSS2, the authors also observed that Vero-E6,
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Caco-2 and Calu-3 were highly permissive to the virus [11]. Similar
results were also found by Chu et al. [14]. Our panel included several
cell lines tested by Hoffman et al. and extended the virus infection from
24 to 96 h [11]. In another study, Kumar et al. analyzed 17 literature
databases to produce a systematic review assessing the compatibility of
cell types to SARS-CoV-2 infection [8]. This review showed that the most
frequently used cells, including Vero E6, HEK293, HuH-7, Calu-3, and
Caco-2 cells, are permissive to virus infection, have good replication
rates and are easy to maintain in culture. In the present study, we have
included BEAS-2B and A549, because they are frequently used as a
model for pulmonary studies and are easier to cultivate, compared to
Calu-3. We also decide to study vascular (Huvec), neuronal (SH-SY5Y)
and glandular (MCF?7) cell lines, due to the severity of infection on these
tissues.

Since pandemic started, several studies have clarified that COVID-19

24h 96h

SARS-CoV-2 SARS-CoV-2

Fig. 2. Cell viability after SARS-CoV-2 infection. A. Cell viability assessed in the presence or absence of SARS-CoV-2 over time (n = 3). Two-way ANOVA, followed by
Tukey’s post-test. **p < 0.001 and *p < 0.05. F(3,6) = 32.86 (Vero-E6), 0.63 (HuH7), 19.4 (SH-SY5Y), 0.68 (Huvec), 0.82 (Caco-2), 297.8 (A549), 5.48 (MCF7), 5.83
(HEK-293 T), 3.59 (BEAS-2B). B. Representative images were taken 24 h and 96 h in the presence (red) or absence (green) of SARS-CoV-2. Mock (non-infected cells).
Scale bar: 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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produced,not only a respiratory syndrome, but also a systemic disorder
with consequences to all human systems. Libby & Liischer proposed that
COVID19 would be an “endothelial disease” associated with oxidative
stress, inflammation and myocarditis [16]. SARS-CoV-2 can change the
cells’ protein levels, a recent study conducted by Duer et al., showed
increased levels of troponin-t after SARS-CoV-2 infection, this would be
associated with the inability of the heart to accommodate high viral load
combined with a decrease in systemic oxygenation, and electrolyte
variance causing additional stress on the compromised heart [17].

Ashraf et al. and Gavriatopoulou et al. reviewed publications related
to organ invasiveness and ACE2, raising the question about how COVID-
19 promotes neurological, skin, and kidney alterations, among others,
making it a broad-spectrum disease [18,19]. Many factors, including
infectivity (expression of receptors), metabolic rate, and resistance to
cell death (cytopathic effect), can lead a cell to become a good producer
of SARS-CoV-2. Thus, our next step was to evaluate the cytopathic effect
promoted by the virus.

3.2. Metabolic effects on cell types and viability

The cytopathic effect promoted by the virus is evidenced by the
formation of plaques, which is indicative of cell death. Plaques were
only observed in infected Vero-E6 cells (data not shown) and accom-
panied by a concomitant reduction of formazan formation over 96 h
(Fig. 2A). This result indicates that as the infection and replication
progressed, the infected culture had fewer viable cells than the unin-
fected culture. Concerning HuH7, MCF7, SH-SY5Y, HUVEC, HEK-293T,
Caco-2, and A549 cell lines, no statistically significant changes in
viability were detected between the infected groups and the Mock
groups at each time point. Interestingly, the infected BEAS-2B cell line
formed formazan at faster rates in the initial time points after infection
(24 and 48 h), suggesting higher cell viability/proliferation levels in the
early infection phases that are not sustained.

HEK-293 T kidney cell line, one of the main organs affected after
viral infection [20], displayed a lower metabolism/viability profile than
HuH7 cells and exhibited a larger cytopathic effect. Previously, it was
reported that HUVEC cells are potentially vulnerable to SARS-CoV-2
[11], yet our results suggest that these cells have similar viral replica-
tion properties as HEK-293T cells. The metabolic rate seems crucial to
HuH7, which displayed higher MTT assay values during the 96-h
experimental protocol without a clear cytopathic effect. Importantly,
this hepatocarcinoma-derived cell line was reported to have a massive
loss of heterozygosity. Indeed, a particularly interesting mutation in p53
(TP53 p.Tyr220Cys) [21] is highly pathogenic (https://www.ncbi.nlm.
nih.gov/clinvar/variation/127819/). Therefore, HuH7 is possibly the
best virus replication cell line due to its resistance to apoptosis, and, in
the presence of p53 mutations, it could have a loss of cytopathic effect.
This possibility requires future investigations. This possibility requires
future investigations. The HuH7 cell line is well-studied in COVID-19
research, including proteomic analysis [22] and pathogenic pathways
for coronaviruses infection [23]. In 2005, Freymuth et al. evaluated a
comprehensive panel of respiratory viruses and concluded that HuH?7 is
an adequate model for coronavirus infection and replication [24]. These
results could account for why the liver is an organ consistently affected
by COVID-19, as reviewed by Marjot et al. (2021) [25] and Wang et al.
[26].

The next step was to evaluate the cellular morphology of the infected
cells. All strains in the study were infected with SARS-CoV-2 at an MOI
of 0.2 and incubated for 24, 48, 72 and 96 h. At the end of each incu-
bation time, cells were fixed with 4 % PFA, and images were captured
using a brightfield microscope (Fig. 2B). The obtained images verified
that the infected BEAS-2B did not show any morphological alterations or
cell number differences compared to Mock cells at any incubation times,
including 24 and 48 h (Fig. 2B). Thus, the observed difference in for-
mazan levels 24 and 48 hpi in the MTT assay (Fig. 2A) is not due to cell
death or proliferation but rather suggests increased NAD(P)H-dependent
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cellular metabolism in early periods of infection. On the other hand, the
Vero E6 cell line showed cell morphology changes at 48 hpi, along with
increased necrotic body formation that accumulated over time (48, 72
and 96 h), generating empty spaces between the cells (plates). The im-
ages of A549, Caco-2, HEK-293T, HuH7, HUVEC, MCF7, and SHSY5Y
cells are presented in Fig. 2 and do not reveal morphological or cell
count differences between the control and infected groups regardless of
the incubation time.

3.3. Differential SARS-CoV-2 receptor expression

It was previously shown that ACE2 and TMPRSS2 are important for
SARS-CoV-2 entry into host cells [11]. Since the expression of these
proteins may be related to the differences in the viral load observed
among the cell lines (Fig. 1), we analyzed ACE2 and TMPRSS2 expres-
sion by western blot and RT-qPCR (Fig. 3). No significant differences in
ACE2 protein levels were detected among the cell lines, except for BEAS-
2B, which presented the lowest ACE2 expression (Fig. 3A1 and A2, p <
0.05). In line with this, previous publications have shown that the
number of gene or protein expressions of ACE2 in the airways is low
[27]. The MCF7 cells presented significantly higher ACE2 mRNA
expression than A549, HEK-293T, HUVEC, Caco-2, HuH7 and Vero-E6
cells (Fig. 3C).

Since ACE2 is an enzymatic receptor, we also investigated the ACE2
activity in the cells. As shown in Fig. 3D, the Vero-E6 displayed the
highest ACE2 activity among all cell lines. The HEK-293T cells also had
elevated ACE2 activity compared to the other lines. In contrast, the
A549, SH-SY5Y and HUVEC cell lines had lower ACE2 activity and were
classified as having a low replicative capacity for SARS-CoV-2 replica-
tion (Fig. 1B1). ACE2 is a component of the renin-angiotensin system,
which is responsible to degrade the vasoconstrictor angiotensin (Ang) II
to the vasodilator Ang-(1-7) [28]. This enzyme is highly expressed in the
kidney proximal tube [28]; thus it was expected that HEK-293T cells
presented a higher activity of ACE2.

Measurements of TMPRSS2 protein demonstrated that Vero-E6 cells
expressed the lowest quantity compared to all other cell types
(Figure 3B1 and B2, p < 0.05). It is worth mentioning that because Vero-
E6 cells are not from humans like the other cell lines, the reactivity
between the antibody and target protein could be different. In agree-
ment with this, previous publications showed that Vero-E6 cells, have
low expression of TMPRSS2 and the SARS-CoV-2 entrance is mediated
by cathepsin [29].

A549 cells presented lower TMPRSS2 protein levels than HEK293T,
HUVEC and HuH7. Additionally, the A549 cell line has high expression
levels in the subunit corresponding to 38 kDa, which was absent in the
other cell lines (Fig. 3B1). Aguiar et al. reported several TMPRSS2 bands
after immunoblotting in epithelial cell lines and also observed low levels
of this protease in pulmonary cells [30].

TMPRSS2 mRNA expression was high in Caco-2, HuH7 and MCF?7,
cell lines with a high viral replication capacity (Fig. 3E). Thus, these data
indicate that ACE2 and TMPRSS2 expression levels and/or activities are
associated with, at least to some extent, each cell line’s infection and
replication rate.

The gene expression does not always correlate with protein. Thus,
differences between protein and gene expression observed for ACE2 and
TMPRSS2 would be explained by post-transcription modifications
induced by miRNAs. Lambert et al. (2014) found that miR-421 was able
to reduce ACE2 protein expression in HuH7 [31]. Kaur et al. also
demonstrate that miR-32 modulates the expression of TMPRSS2 [32].

3.4. Evaluation of proteins related to autophagy flux, apoptosis and
mitochondrial oxidative metabolism

Having revealed differential cell line-specific ACE2 and TMPRSS2
expression, we next sought to quantify the levels of proteins related to
autophagic flux like microtubule-associated protein 1A/1B-light chain 3
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Fig. 3. Differential ACE2 and TMPRSS2 expression. Al. ACE2 expression according to Western blot analyses. F(8,18) = 21.21. A2. Histograms reporting the mean +
SD of ACE2 levels after normalization with the average intensity of the bands from three independent experiments. B1. TMPRSS2 expression according to Western
blot analyses. F(8,18) = 20. B2. Histograms reporting the mean + SD of TMPRSS2 levels after normalization with the average intensity of the bands from three
independent experiments. C. ACE2 mRNA expression according to RT-qPCR analyses. F(8,18) = 6.09. D. ACE2 activity. F(8,18) = 26.34. E. TMPRSS2 mRNA
expression according to RT-qPCR analyses. F(8,18) = 43.22. One-way ANOVA, followed by Tukey post-test. *p < 0.05. (n = 3/group).

phosphatidylethanolamine conjugate (LC3II) and lysosome-associated
membrane glycoprotein 1 (Lamp-1). Previous studies have reported
host autophagy flux involvement during SARS-CoV-2 infection
[6,33,34]. Thus, since some studies demonstrated a direct effect of
SARS-CoV-2 in autophagy induction [6,35] and autophagy-related

compounds are of interest to COVID-19 research [33], we evaluated
the basal autophagy levels and lysosomal enzymes involved in this
process. As shown in Fig. 4A, cells with low viral replication profiles (e.
g., A549 and HUVEC) presented higher LC3II levels compared to those
with high viral replication profiles (e.g., HuH7 and MCF7) (p < 0.05).
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11, F(8,15) = 4,2. B. Lamp-1, F(7,16) = 12.95. C. Total caspase-3 total, F(7,16) = 39.13. D. Cathepsin-L, F(8,10) = 9.1. E. ATP5H, F(8,17) = 12.73. F. Citrate synthase,
F(8,16) = 2.26. G. Cytochrome c oxidase subunit 2 (COX-2), F(8,18) = 19.33. H. NADH dehydrogenase iron-sulfor protein 2 (NDUFS2), F(8,18) = 7.3. One-way

ANOVA, followed by Tukey’s post-test. *p < 0.05. (n = 3/group).
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HUVEC cells also presented higher levels of Lamp-1 compared to Caco-2
and Beas-2B. HEK-293T, HuH7, and MCF7 Lamp-1 levels are similar to
HUVEC (Fig. 4B). Interestingly, Caco-2, classified as a high viral repli-
cation profile, presented lower levels of Lamp-1 compared to HuH7 and
MCF7, both classified as high profile. (Fig. 4B, p < 0.05). Therefore, it is
unclear which mechanism is related to selective infectiveness in each
cell group.

The expression of caspase-3, the principal effector of apoptosis, was
upregulated in HEK-293T compared to A549, HUVEC, Caco-2 and HuH7
cells (Fig. 4C, p < 0.05). MCF7 presented indetectable levels of caspase-
3. It was also determined that A549 cells had the highest cathepsin-L
levels, a lysosomal cysteine protease (Fig. 4D, p < 0.05). Cathepsin-L
has been reported to play a protective role against stress-mediated cell
death [36] and is critical for SARS-CoV-2 infection [37].

Considering that cellular energy metabolism is important for sus-
tainable SARS-CoV-2 replication [7], we next evaluated the level of
proteins involved in mitochondrial metabolism in each cell line. Thus,
we also evaluated proteins, including ATP synthase subunit d (ATP5H)
(Fig. 4E), citrate synthase (Fig. 4F), COX2 (Fig. 4G) and NDUFS2
(Fig. 4H), which are involved in the electron transport chain, the main
pathway for the ATP production. HuH7 displayed the highest levels of
ATP5H, which was significantly different compared to SH-SY5Y and
HUVEC (Fig. 4E, p < 0.05). Importantly, HuH7 was the cell line that
presented the highest PFU/mL among human cell lines used in this
study. In this sense, increased ATP synthase might metabolically support
viral replication. Citrate synthase levels were highest in MCF7, with
significantly augmented levels compared to A549, SH-SY5Y and HUVEC
(Fig. 4F, p < 0.05). No differences were observed in the COX2 levels
among the human cell lines (Fig. 4G). Concerning NDUFS2, BEAS-2B
expressed higher levels of this protein compared to SH-SY5Y, HUVEC,
Caco-2, HuH7 and MCF7 (Fig. 4H, p < 0.05). A549 and HEK-293 T also
presented higher levels of NDUFS2 compared to HUVEC.

Since none of the individual proteins significantly correlated with
intracellular or supernatant viral load, we evaluated whether multiple
components could cluster the cell lines according to their replication
capacity. We excluded the Vero-E6 cell line for this analysis because it is
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the only one derived from a nonhuman animal species, and different
band intensities could have occurred due to the altered antibody
reactivity.

When PCA was performed using all proteins evaluated in this study
(ACE2, TMPRSS2, LC3, LAMP1, Cathepsin-L, caspase-3, ATP synthase,
citrate synthase, COX2 and NDUFS2), we did not observe a clear sepa-
ration between cell lines with high and low replication capacity
(Fig. 5A). However, when the PCA was performed, including only pro-
teins involved in energy production (i.e., ATP synthase, citrate synthase,
COX2 and NDUFS2), cell lines with a high replication capacity (MCF7,
Caco-2, HuH7) were clearly separated from those with lower replication
capacities (Fig. 5B), suggesting that cellular energy metabolism is an
important factor in replication capacity (Summarized in Fig. 6).

A previous study reported that mitochondrial metabolism was
disturbed by SARS-CoV-2 infection, and enhanced mitochondrial
permeability transition pore (PTP) activity has been observed upon the
virus infection in human PBMCs [38]. In another report, a transcriptome
databank of cell and clinical samples revealed that cellular respiration
proteins and the complex I were downregulated by SARS-CoV-2 infec-
tion [39]. Moreover, Ajaz et al. analyzed the bioenergetics of PBMCs
from patients with COVID-19 and identified that the mitochondrial en-
ergy function deficits could be compensated by an increase in glycolysis
status [40]. According to the PCA results, metabolic proteins are the
principal components that cluster cell lines according to replication
capacity, with the highest including MCF7, HuH7 and Caco-2. Addi-
tionally, our data show that the cells which replicated more SARS-CoV-2
upregulate ATP production-related proteins. This possibility could be a
critical factor for the selectiveness of the virus since viral replication in
human cells requires substantial amounts of energy.

3.5. Overexpression of ACE2 changes the SARS-CoV-2 kinetics in
pulmonary cells

After cell line characterization, the effect of ACE2 overexpression on

the kinetics of SARS-CoV-2 replication was investigated. For this pur-
pose, two pulmonary cell lines, BEAS-2B and A549, with low replication
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Fig. 5. PCA score plot was generated in Metaboanalyst v5.0 using A. ACE2, TMPRSS2, LC3II, LAMP1, Cathepsin-L, caspase-3, ATP synthase, citrate synthase, COX2,
and NDUFS2, or B. ATP synthase, citrate synthase, COX2 and NDUFS2 (four proteins involved in energy metabolism). Green dots and clouds correspond to the cell
lines with high replication capacity and 95 confidence intervals. Red dots and clouds indicate the cell lines with low replication capacity and 95 confidence intervals.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Molecular mechanism related to SARS-CoV-2 replication. Created with Biorender.com

capacity, were selected. Long-term ACE2 overexpression was achieved
in both cell lines for 30 days. However, after 45 days, the expression
levels decreased to basal levels (Fig. 7A).

Two days after transfection, the expression of ACE2 was 103-fold
higher in BEAS-2B-ACE2 compared to the control non-transfected
cells. After 30 and 45 days, the expression levels decreased 61-fold
(40 % reduction compared to the second-day post-transfection) and
28-fold (70 % reduction compared to the second-day post-transfection),
respectively, but were still higher than non-transfected cells.

The A549-ACE2 cells presented a much higher ACE2 expression after
two days (3400-fold) compared to the control. This expression was
reduced to 1200-fold (65 % reduction compared to second-day post-
transfection) and 35-fold (90 % reduction compared to second-day post-
transfection) 30 and 45 days after transfection, respectively. The ACE2
protein level was 1.6-fold higher in A549-ACE2 than in BEAS-ACE2 30
days post-transfection (Fig. 7B). These results corroborate the study of
Blanco-Melo et al. showing that ACE2 overexpression in A549 cells in-
creases SARS-CoV-2 infectiveness [41].

Knowing that ACE2 is also an enzymatic receptor, the ACE2 activity
was measured. In BEAS-ACE2, the ACE2 enzymatic activity was 83-fold
higher than in BEAS-2B, and in A549-ACE2 cells, this activity was 400-
fold higher than in control A549 cells (Fig. 7C). ACE2 activity was 24-
fold higher in BEAS-2B than in A549 but was attenuated to 5-fold
with ACE2 overexpression.

We next evaluated the effect of ACE2-overexpression on cell prolif-
eration. The proliferation rate was decreased in both cell lines over-
expressing ACE2 (Figs. 8A and B).

Finally, SARS-CoV-2 replication in both cell lines overexpressing
ACE2 was evaluated (Fig. 9). Intriguingly, no significant difference in
viral entry into the cells was observed at 2 hpi (Figs. 9 A and C) How-
ever, over time, the viral load accumulated in ACE2-overexpressing

cells. The intracellular peak was reached at 48 hpi for A549-ACE2
(Fig. 9A) and BEAS-2B-ACE2 (Fig. 9C) and 72 hpi in the supernatant
(Fig. 9B and D). It should be pointed out that the intracellular viral load
peak was much higher for BEAS-2B-ACE2 (5683-fold) compared to
A549-ACE2 (6-fold) cells. The same pattern was observed in the extra-
cellular viral load for BEAS-2B-ACE (4 x 107 PFU/mL) and A549 (1.5 x
10° PFU/mL) at 72 hpi.

The in vitro models have the potential for investigating viral repli-
cation at different time scales. They are also important to test new drugs
in development with antimicrobial effects [42]. In the present study, we
successfully develop two pulmonary cell lines overexpressing ACE2
(Fig. 10), which would be used as a human cell model for pharmaco-
logical and molecular studies involving novel medicines for COVID-19.

4. Conclusions

The results herein presented indicate that the replication kinetics and
infectivity of SARS-CoV-2 differ according to cell type. A panel of cell
lines was selected to (1) determine viral kinetics over time, (2) classify
cells based on their SARS-CoV-2 infection/replication capacity patterns
and (3) evaluate gene and protein expression of TMPRSS2, ACE2 and
other mitochondrial metabolic and autophagy-related proteins. Caco-2,
MCF7 and HuH7 presented the highest viral load, which could be
attributed both to the high levels of TMPRSS2 mRNA and to the different
levels of ATP synthase, citrate synthase, COX2 and NDUSF2. Further-
more, ACE2 overexpression increased pulmonary cell SARS-CoV-2
replication capacity, making these cells a suitable model for in vitro
pharmacology and mechanistic studies. The present study, therefore,
has the potential to broaden the yet limited resources of SARS-CoV-2
infection studies, contributing to the establishment of adequate thera-
peutic approaches to COVID-19/contributing to the establishment of
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solid scientific knowledge regarding COVID-19.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.1fs.2022.120930.
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