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PHENOMIN, Marseille, France, 4 Assitance Publique Hôpitaux de Marseille (APHM), Marseille, France, 5 Centre National de la
Recherche Scientifique (CNRS), Marseille, France

COVID-19 is the biggest pandemic the world has seen this century. Alongside the
respiratory damage observed in patients with severe forms of the disease,
gastrointestinal symptoms have been frequently reported. These symptoms (e.g.,
diarrhoea), sometimes precede the development of respiratory tract illnesses, as if the
digestive tract was a major target during early SARS-CoV-2 dissemination. We
hypothesize that in patients carrying intestinal SARS-CoV-2, the virus may trigger
epithelial barrier damage through the disruption of E-cadherin (E-cad) adherens
junctions, thereby contributing to the overall gastrointestinal symptoms of COVID-19.
Here, we use an intestinal Caco-2 cell line of human origin which expresses the viral
receptor/co-receptor as well as the membrane anchored cell surface adhesion protein E-
cad to investigate the expression of E-cad after exposure to SARS-CoV-2. We found that
the expression of CDH1/E-cad mRNA was significantly lower in cells infected with SARS-
CoV-2 at 24 hours post-infection, compared to virus-free Caco-2 cells. The viral receptor
ACE2 mRNA expression was specifically down-regulated in SARS-CoV-2-infected Caco-
2 cells, while it remained stable in HCoV-OC43-infected Caco-2 cells, a virus which uses
HLA class I instead of ACE2 to enter cells. It is worth noting that SARS-CoV-2 induces
lower transcription of TMPRSS2 (involved in viral entry) and higher expression of B0AT1
mRNA (that encodes a protein known to co-express with ACE2 on intestinal cells). At 48
hours post-exposure to the virus, we also detected a small but significant increase of
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soluble E-cad protein (sE-cad) in the culture supernatant of SARS-CoV-2-infected Caco-2
cells. The increase of sE-cad release was also found in the intestinal HT29 cell line when
infected by SARS-CoV-2. Beside the dysregulation of E-cad, SARS-CoV-2 infection of
Caco-2 cells also leads to the dysregulation of other cell adhesion proteins (occludin,
JAMA-A, zonulin, connexin-43 and PECAM-1). Taken together, these results shed light on
the fact that infection of Caco-2 cells with SARS-CoV-2 affects tight-, adherens-, and gap-
junctions. Moreover, intestinal tissues damage was associated to the intranasal SARS-
CoV-2 infection in human ACE2 transgenic mice.
Keywords: SARS-CoV-2, E-cadherin, gastrointestinal tract, COVID-19, infection, intestinal barrier
INTRODUCTION

Since its first description in China in 2019, the coronavirus
disease 2019 (COVID-19) has emerged as a world pandemic.
Insomuch its aetiological agent, SARS-CoV-2, was considered to
be an exclusive airborne pathogen with a preferential tropism for
the angiotensin converting enzyme 2 (ACE2)-positive epithelial
cells of the pulmonary alveoli (Devaux et al., 2020; Huang et al.,
2020; Yan et al., 2020; Zhu et al, 2020), other routes of infection
(e.g., oral route) and tropism for other tissues (e.g., intestinal
epithelium) received less attention, despite growing importance
in the pathophysiology of COVID-19 (Lamers et al., 2020; Xiao
et al., 2020a; Devaux et al., 2021). Gastrointestinal tract (GIT)
symptoms, including diarrhoea, nausea, abdominal pain, and
vomiting, have been frequently reported in COVID-19 patients
(D’Amico et al., 2020; Lin et al., 2020; Song et al., 2020; Wang
et al., 2020; Zhang et al., 2020a). Moreover, GIT-symptoms
sometimes precede the development of respiratory tract
symptoms (Fang et al., 2020; Li et al., 2020; Pan et al., 2020;
Redd et al., 2020), and people with GIT-symptoms were much
more likely to have the SARS-CoV-2 detected in their stool
samples (Han et al., 2020; Wölfel et al., 2020; Xu et al., 2020;
Zheng et al., 2020). The process by which SARS-CoV-2 reaches
the intestine is not yet clear and could occur either by the
bloodstream (with or without a hepatic stage) or by the oral-
intestinal route (from the trachea to the esophagus and
intestine). The potential role of the oral-intestinal transmission
of SARS-CoV-2 is currently considered as likely (Brogna et al.,
2022; Heneghan et al., 2021; Meng and Liang, 2021; Wendling
et al., 2021; Dergham et al., 2021). SARS-CoV-2 replication in the
GIT is associated with modulation in the diversity of bacterial
species (Dhar and Mohanty, 2020; Gu S. et al., 2020; Gu J. et al.,
2020; Zuo et al., 2020). As in many invasive infection processes
initiated within the GIT, the pathogen is expected to develop
strategies aimed at destroying the adherens junctions insured by
cell adhesion molecules (CAM), such as E-cadherin (E-Cad), to
create epithelium micro-damage, to dysregulate the immune
response, and/or to invade the host (Devaux et al., 2019).
Several viruses with intestinal tropism such as Hepatitis B virus
and Hepatitis C virus, and viruses with other organ tropism,
modulate E-cad expression (Lee et al., 2005; D'Costa et al., 2012;
Li et al., 2016). Using a mouse model expressing transgenic
human ACE2 it was demonstrated that intragastric inoculation
gy | www.frontiersin.org 2
of SARS-CoV-2 causes productive infection, virus shedding was
found in faeces, and the viral invasion via the GIT lead to
secondary pulmonary pathological changes (Sun et al., 2021).
Similar observations were reported using nonhuman primates as
a model of SARS-CoV-2 intestinal infection (Jiao et al., 2021).

SARS-CoV-2 was reportedly able to infect human small
intestinal organoids established from primary gut epithelial
stem cells (Lamers et al., 2020). Intestinal biopsies of COVID-
19 patients evidenced the presence of replicating SARS-CoV-2 in
epithelial cells of the small and large intestine (Xiao et al., 2020b).
The main SARS-CoV-2 receptor, ACE2, was found in the small
intestine with the highest expression observed in the brush
border of intestinal enterocytes (Hamming et al., 2004; Qi
et al., 2020; Zuo et al., 2020). Although the most well-known
physiological function of ACE2 is the regulation of the Renin
Angiotensin System (Devaux et al., 2020), the main role of ACE2
in the GIT is to ensure nutrients absorption. In the GIT, ACE2
functions as a chaperone for the expression of the sodium-
dependent neutral amino acid transporter B0AT1 (B0AT1
binds to the ferredoxin-like domain of ACE2) and amino acid
(proline) SIT1 transporters (Camargo et al., 2009; Vuille-Dit-
Bille et al., 2015). ACE2, B0AT1, and aminopeptidase N form a
complex in the brush border membrane of the intestine
(Fairweather et al., 2012). It was recently shown that ACE2-
B0AT1 heterodimers are assembled through the collectrin-like
domain of ACE2 (Yan et al., 2020). Although ACE2 is considered
to be highly expressed on colonocytes, this viral receptor is
poorly expressed on enteroendocrine cells and Paneth cells,
and is almost undetectable in goblet cells and tuft cells (Wang
et al., 2020). It was previously established that following ACE2
receptor binding, the SARS-CoV-2 spike (S) glycoprotein is
processed by a type II transmembrane serine protease,
TMPRSS2, prior to membrane fusion. Although both ACE2
and TMPRSS2 are highly expressed in the GIT, the co-
expression of these molecules has not been shown on
enterocyte, with TMPRSS2 being expressed on ACE2neg

intestinal epithelial cells and not mature enterocytes. It should
be emphasized that members of the same family, such as
TMPRSS4, highly expressed in ACE2+ mature enterocytes are
probably involved in SARS-CoV-2 S glycoprotein processing
(Zang et al., 2020). The enhanced spread of SARS-CoV-2
compared to SARS-CoV-1 has been correlated with the gain of
a polybasic furin type cleavage site at the S1/S2 junction in the
May 2022 | Volume 12 | Article 798767
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SARS-CoV-2 S glycoprotein opening the possibility to this
glycoprotein to interact with neuropilin1 (NRP-1), a protein
known to bind furin-cleaved substrates (Daly et al., 2020;
Cantuti-Castelvetri et al., 2020), through interaction with a C-
end rule (CendR) terminal motif RRAROH (Teesalu et al., 2009;
Haspel et al., 2011). Both NRP-1 and NRP-2 are expressed in the
GIT (Cohen, 2001; Hansel et al., 2004; Yu et al., 2011).

There is evidence indicating that Caco-2 cells, a cell line
derived from a human colorectal adenocarcinoma, can serve as
model for GIT cells SARS-CoV-2 replication. The replication of
SARS-CoV-2 in Caco-2 cells was reported to be comparable to
that found in Calu-3 (pulmonary) cells (Chu et al., 2020). It was
also reported that Caco-2 cells exposed to vesicular stomatitis
virus (VSV) particles pseudotyped with chimeric spike from
SARS-CoV-2 that carry receptor binding domain (RBD) from
different betacoronaviruses, become infected with VSV particles
expressing the RBD from SARS-CoV-2 (Letko et al., 2020). In
this study, most other RBDs were incompatible with infection,
indicating a requirement for SARS-CoV-2 spike RBD-ACE2
receptor interaction. The requirement for SARS-CoV-2 spike
glycoprotein priming by TMPRSS2 during Caco-2 cell infection
has been demonstrated using drug-inactivation of TMPRSS2 that
partially blocked viral entry (Hoffmann et al., 2020). Caco-2 cells
infected with SARS-CoV-2 produce filopodia protrusions
containing viral particles (Bouhaddou et al., 2020). However,
previous experiments performed in our laboratory indicated that
SARS-CoV-2 does not induce a cytopathic effect in Caco-2 cells
at least over seven days of cell culture (Wurtz et al., 2021). In the
present study we investigate the E-cad expression in Caco-2 cells
after exposure to SARS-CoV-2, as well as the effect of infection
on tight-, adherens-, and gap-junctions, and the intestinal tissues
damages induced by SARS-CoV-2 infection of human ACE2
transgenic mice.
MATERIALS AND METHODS

Cells Culture
The Caco-2 cell line (ATCC®HTB-37™) isolated from a human
colorectal adenocarcinoma was cultured in a Dulbecco’s
Modified Medium F-12 Nutrient Mixture (DMEM F-12)
supplemented with 10% Fetal Bovine Serum (FBS; Invitrogen,
USA). Caco-2 cells exhibit spontaneous epithelial differentiation
in vitro. Another human colorectal adenocarcinoma, the HT29
cell line (ATCC® HTB-38 ™), cultured in DMEM F-12
supplemented with 10% FBS and 1% L-glutamine (L-Gln;
Invitrogen) was used as control in some experiments.

The Simian Vero-E6 renal epithelial cell line (ATCC® CRL-
1586 ™), isolated from Chlorocebus sabaeus (African green
monkey) was cultured in minimum essential medium (MEM.
Gibco; Invitrogen) containing 4% FBS and 1% L-glutamine (L-
Gln; Invitrogen). The HCT-8 (ATCC® CCL-244™), a human
tumor epithelial cell line isolated from an ileal colorectal
adenocarcinoma, was cultured in Roswell Park Memorial
Institute 1640 medium (RPMI) (Gibco, Thermo Fischer)
supplemented with 10% FBS.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
All cells were cultured in a 175-cm2
flasks at 37°C in a 5% CO2

atmosphere. Every two days the medium was replenished, and
confluent cultures were sub-cultured after harvesting of adherent
cells by trypsination (0,05% Trypsin-EDTA, Invitrogen, USA).

Virus Production
The SARS-CoV-2 (strain IHUMI-3, lineage B) was previously
isolated from the liquid collected from a nasopharyngeal swab.
The SARS-CoV-2 isolate was cultured in Vero-E6 cells grown in
MEM supplemented with 4% FBS and 1% L-GLn.

The HCoV-OC43 (ATCC® VR-1558), another human
coronavirus responsible for the common winter cold (Choi
et al., 2021) and able to infect Caco-2 cells (Collins, 1990), was
used as a control in this study. This virus was cultured in HCT-8
cells grown in RPMI1640 supplemented with 4% FBS, as
described (Owczarek et al., 2018).

The cultures were incubated at 37°C in a 5% CO2 atmosphere.
After three passages with an almost complete cytopathic effect,
the supernatant of each viral culture was collected, centrifuged at
3000 × g for 10 minutes at 4°C, then filtered through a 0.22 µm
membrane. The filtrate was made up of 10% FBS and 1% of 2- [4-
(2-96 hydroxyethyl) piperazin-1-yl] ethanesulfonic acid
(HEPES), and stored at -80°C, to constitute the SARS-CoV-2
and HCoV-OC43 viral stocks.

For mouse infection, Vero E6 cells were cultured at 37°C in
DMEM supplemented with 10% FBS, 10 mM HEPES (pH 7.3), 1
mM sodium pyruvate, 1% L-glutamine (L-Gln; Invitrogen). The
strain BetaCoV/France/IDF0372/2020 was supplied by the
National Reference Centre for Respiratory Viruses hosted by
Institut Pasteur (Paris, France). The human sample from which
strain BetaCoV/France/IDF0372/2020 was isolated, has been
provided from the Bichat Hospital, Paris, France. Infectious
stocks were grown by inoculating Vero E6 cells and collecting
supernatant upon observation of cytopathic effect; debris were
removed by centrifugation and passage through a 0.22-mm filter.
Supernatants were stored at -80°C.

SARS-CoV-2 Replication Kinetics in
Caco-2 Cells
The kinetics of viral replication in Caco-2 cells was performed over
72h of infection. For this purpose, cells were distributed in 24-well
flat-bottomed plates (Thermo Fisher Scientific) at a concentration of
5×105 cells/mL in DMEM/F-12 supplemented with 10% FBS and
1% L-Glutamine and incubated overnight at 37°C under 5% CO2

atmosphere. Infection occurred with an inoculum of 200 µL of
SARS-CoV-2 or HCoV-OC43 viruses (MOI of 0.05). After one
hour of adsorption at 37°C, the inoculum was removed, and the
cells were washed twice with culture medium. Cells were
resuspended in 500 µl of DMEM/F-12 medium. 200 µl aliquots
were collected 4, 8, 16, 24, 48, and 72h after T0. qRT-PCR
performed in triplicates on supernatants assessed the viral release
rate. RNA was extracted from 100 µL of cell culture supernatants
using the QIAamp 96 Virus QIAcube HT kit (Qiagen). To detect
SARS-CoV-2 RNA, real-time RT-PCRs were carried out using N
gene primers (Fwd: 5’-GACCCCAAAATCAGCGAAAT-3’, Rev:
5’-TCTGGTTACTGCCAGTTGAATCTG-3’; probes 5’ FAM-
May 2022 | Volume 12 | Article 798767
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ACCCCGCATTACGTTTGGTGGACC-QSY 3’) and the
Superscript III Platinium One-step Quantitative RT-qPCR
systems with ROX kit (Invitrogen), with a final concentration of
400 nM of primers, 200 nM of probe, in a final volume of 25ml with
5 ml of RNA. The amplification cycles were carried out on a
LightCycler 480 (Roche Diagnostics). The DCT calculations were
performed considering the CT heats of T=0 subtracted from the
other times (4, 8, 16, 24, 48, and 72h). The methods of RNA
extraction from supernatants of cells inoculated with HCoV-OC43,
as well as the qRT-PCR, were the same as described above, replacing
the primers for the primers corresponding to this HCV-OC43
(Fwd: 5’-ATGTTAGGCCGATAATTGAGGACTAT-3’; Rev: 5’-
AATGTAAAGATGGCCGCGTATT-3’ and probe: 5’ FAM-
CATACTCTGACGGTCACAAT-TAMRA 3’).

The viral release was also evaluated by tissue culture infectious
dose 50 (TCID50). For this purpose, 96-well plates containing
1×105 Vero E6 cell/well were prepared one day in advance and
kept overnight in a 5% CO2 atmosphere at 37°C. Culture
supernatants from Caco-2 cells collected at 4h, 8h, 16h, 24h,
48h, and 72h times were thawed and serially diluted at base ten
and inoculated in Vero E6 cells (8 replicates per dilution to a 10-10

dilution). The plate were kept at 37°C in a 5% CO2 atmosphere for
7 days. Seven days post infection the presence of cytopathic effects
was evaluated. The TCID50 was calculated according to the
Spearman and Kärber algorithm (Ramakrishnan, 2016).

RNA Extraction and Quantitative-Reverse
Transcription Polymerase Chain Reaction
(qRT-PCR)
The Caco-2 cell line (2 x 105 cells/well) was cultured in flat-
bottom 24-well plates for 12 hours followed by infection with
SARS-CoV-2 or HCoV-OC43 at a MOI of 0.5. Twenty-four
hours post-infection, RNAs were extracted from cells using a
RNeasy Mini Kit (QIAGEN SA) with a DNase I step to eliminate
DNA contaminants, according to the manufacturer instructions.
The quantity and quality of the RNA was evaluated using a
Nanodrop 1000 spectrophotometer (Thermo Science). The first
-strand cDNA was obtained using oligo(dT) primers and
Moloney murine leukaemia virus-reverse transcriptase
(MMLV-RT kit; Life Technologies), using 100 ng of purified
RNA. The qPCR experiments were performed using specific
oligonucleotide primers and hot-start polymerase (SYBR Green
Fast Master Mix; Roche Diagnostics). The amplification cycles
were performed using a C1000 Touch Thermal cycler (Biorad).
Specific primers used in this study are listed in the Table 1 and
the results of qRT-PCR were normalized using the housekeeping
gene b-Actin (ACTB) (Fwd: 5’ CAT GCC ATC CTG CGT CTG
GA 3’; Rev: 5’ CCG TGG CCA TCT CTT GCT CG 3’), and
expressed as relative expression (2-DCT), where DCt = Ct (Target
gene) – Ct(Actin). A similar experimental procedure was chosen
to analyze mRNA expression in HT29 cells.

Soluble E-Cadherin Quantification
Caco-2 cells (2 x 105 cells/well) were cultured in flat-bottom 12
well plates for 12 hours and were then infected with SARS-CoV-
2 or HCoV-OC43 at a MOI (Multiplicity of Infection) of 0.5 for
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
four hours, 24 hours, and 48 hours. For each kinetics, the culture
supernatants were collected, centrifuged at 1000g for 10 minutes
and stored at -20°C until use. The quantities of sE-cad in the
supernatants were determined using a specific immunoassay (sE-
cad kit Abcam, Cambridge, UK) according to the manufacturer’s
instruction. The minimal detectable concentration of human sE-
cad is 156 pg/mL. The quantification of the soluble compounds
in the cell culture supernatant was calculated by comparison to
standard curves.

Detection of Protein Expression by
Western Blot Analysis
For Western blot assays, cells were immediately washed with ice
cold phosphate buffered saline (PBS), and lysed on the plate in a
1X RIPA buffer (100 mM Tris-HCl pH7.5; 750 mM NaCl; 5mM
EDTA; 5% Igepal, 0.5% sodium dodecyl sulphate (SDS); 2.5% Na
Deoxycholate) supplemented with protease inhibitor and
phosphatase cocktail inhibitor (Roche, Germany). Fifty µg of
protein was loaded onto a 10% SDS polyacrylamide gels. After
the transfer, blockage with a saturation solution (5% Free Fat
Milk -PBS-0.3% Tween 20) overnight at 4°C, the blots were
incubated with a monoclonal antibody (mAb) directed against
human E-cadherin (HECD-131700, Invitrogen, France) for two
hours at room temperature. The expression of Glyceradehyde-3-
Phosphate dehydrogenase (GADPH) was measured using a
mouse anti-human GADPH mAb (1:5,000, Abnova, Taiwan),
followed by incubation with a sheep anti-mouse horseradish
peroxidase-conjugated antibody (1:10,000 dilution with a
blocking solution) (Life Technologies, France) as the loading
control. In some experiments the cells were labeled with anti-
Occludin mouse mAb (Ref. 331500, Life Technologies SA), anti-
connexin 43 mouse mAb (Ref 138300, Life Tech.), anti-JAM-A
mouse mAb HU-CD321 (Ref. 14-3219-82, Life Tech.), and/or
anti-zonulin mAb (Ref. UM500010, Life Tech.) The proteins
were revealed using a ECLWestern Blotting Substrate (Promega,
USA) and images were digitized using a Fusion FX (Vilber
Lourmat, France). The public domain program Image J was
used to quantify the Western blot bands intensity.

Automated Western Immunoblotting for
SARS-CoV-2 Nucleocapsid Protein
Detection
The Jess™ Simple Western system (ProteinSimple, San Jose CA,
USA) is an automated capillary-based size separation and nano-
immunoassay system. The antibody-detection of SARS-CoV-2
nucleocapsid protein was performed according to the
manufacturer ’s standard method for 12-230-kDa Jess
separation module (SM-W004), as previously described
(Edouard et al., 2021). Briefly, viral proteins were mixed with
0.1X Sample buffer and Fluorescent 5X Master mix
(ProteinSimple) to achieve a final concentration of 0.25 mg/mL
in the presence of fluorescent molecular weight markers and 400
mM dithiothreitol. After denaturation (95°C for 5 min), the viral
proteins were separated in capillaries matrix at 375 volts. A
ProteinSimple photoactivated capture chemistry was used to
immobilize the proteins on the capillaries and then exposed to
May 2022 | Volume 12 | Article 798767
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antibodies. The chemiluminescent revelation was established
with peroxyde/luminol-S (ProteinSimple). Digital image of
chemiluminescence of the capillary was captured with
Compass Simple Western software (version 4.1.0, Protein
Simple) that automatically calculated chemiluminescence
intensity, area, and signal/noise ratio.

Confocal Microscopy Analysis
Caco-2 cells were cultured on sterile coverslips in 24-well plates
at an initial concentration of 2×105 cells/well before being
infected with SARS-CoV-2 or HCoV-OC43 at a MOI of 0.5
for 24 hours. After fixation with paraformaldehyde (3%), the cells
were permeabilized with 0.1% Triton X-100 for three minutes
and saturated with 3% BSA- 0,1% Tween 20-PBS for 30 minutes
at room temperature. For the primary labelling, cells were
incubated for one hour at room temperature with a mix
(1:1000 dilution with 3% BSA- PBS-0.3% Tween 20) of mouse
monoclonal anti-E-cadherin (4A2C7, Life Technologies, France)
directed against the cytoplasmic domain of E-cad and a goat
polyclonal anti-ACE2 (MAB933, R&D Systems, Minneapolis,
USA). The 4’,6’-diamino-2-fenil-indol (DAPI) (1:2500, Life
Technologies) and the Phalloidin (Alexa-488) (1:500, OZYME)
were used to stain the nucleus and the filamentous actin,
respectively. After washing, cells were incubated for 30 minutes
at room temperature with a mix (1:1000) of goat anti-rabbit IgG
(H+L) secondary antibody (Alexa Fluor 647) (Life Technologies,
France) and donkey anti-goat IgG (H+L) secondary antibody
(Alexa Fluor 555) (Life Technologies, France). In some
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
experiments the cells were labeled with anti-occludin mouse
mAb (Ref. 331500, Life Technologies SA).

Electron Microscopy Analysis
Virus-free cells and SARS-CoV-2 infected Caco-2 cells at 48
hours post-infection were prepared as previously described (Le
Bideau et al., 2021). Briefly, cells were fixed with glutaraldehyde
(2.5%) in a 0.1 M sodium cacodylate buffer. Resin embedding
was microwave-assisted with a PELCO BiowavePro+. Samples
were washed with a mixture of 0.2 M saccharose/0.1 M sodium
cacodylate and post-fixed with 1% OsO4 diluted in 0.2 M
potassium hexa-cyanoferrate (III)/0.1 M sodium cacodylate
buffer. After washes with distilled water, samples were
gradually dehydrated by successive baths containing 30% to
100% ethanol. Substitution with Epon resin was achieved by
incubations with 25% to 100% Epon resin, and samples were
placed in a polymerization chamber. Resin microwave-curing
was performed for a total of two hours. After curing, the resin
blocks were manually trimmed with a razor blade and dish
bottoms were detached from cell monolayers by cold shock via
immersion in liquid nitrogen for 20 seconds. Resin blocks were
placed in a UC7 ultramicrotome (Leica), trimmed to pyramids,
and ultrathin 100 nm sections were cut and placed on HR25 300
Mesh Copper/Rhodium grids (TAAB). Sections were contrasted
with uranyl acetate and lead citrate. Grids were attached with
double-side tape to a glass slide and platinum-coated at 10 mA
for 20 seconds with a MC1000 sputter coater (Hitachi High-
Technologies, Japan). Electron micrographs were obtained on a
TABLE 1 | Primers sequences used for the RT-qPCR.

Genes Symbols Primers sequence

Sense Antisense

E-cadherin CDH1 5’-GAAGGTGACAGAGCCTCTGGA T-
3’

5’GATCGGTTACCGTGATCAAAA T-3’

Angiotensin Conversion Enzyme 2 ACE2 5’-CAGGGAACAGGTAGAGGACAT T-
3’

5’CAGAGGGTGAACATACAGTTGG-3’

Transmembrane Protease Serine 2 TMPRSS2 5’-AAGTTCATGGGCAGCAAGTG-3’ 5’-ACGCCATCACACCAGTTAGA-3’
Transmembrane Protease Serine 4 TMPRSS4 5’-CAAAGTAGAGGCAGGGGAAAA -3’ 5’-CGGAAAAAGTTAGGACACAG GA-3’
Neuropilin 1 NRP-1 5’-GCTGGGAAGTGTGTTGATGAC-3’ 5’ACAAAGGGGAGAGGAGAGAG AG-

3’
Sodium-dependent neutral amino acid transporter B0AT1 5’-GGTGTGTGCCAGTATGATGTTC -3’ 5’AAGAGCAGGAAAAGATGAGG TG-3’
a-Disintegrin and metalloproteinase domain-containing protein
10

ADAM-10 5’-AACCTACGAATGAAGAGGGAC A-3’ 5’-TGACAGAGTGAAATGGCAGA GT-3’

a-Disintegrin and metalloproteinase domain-containing protein
17

ADAM-17 5’-GCAGGACTTCTTCACTGGACAC -3’ 5’-TCTACTAACCCTTTTGGGAGC A-3’

Angiotensin II Receptors 1 AT1R 5’-TGTGGACTGAACCGACTTTTCT -3’ 5’-GGAACTCTCATCTCCTGTTGC T-3’
Proto-oncogene Mas MAS1 5’-GGAGAAAGAGACACCGCATAA C-

3’
5’-GTGAAGAGACAGAGAACGA GCA-
3’

Proto-oncogene Mas Like MAS1L 5’-CTGCTCCTGACTGTGATGTTGT-3’ 5’-GTTTGGGTTCTGTGCCTCCT-3’
Housekeeping gene b-Actin ACTB 5’-CATGCCATCCTGCGTCTGGA-3’ 5’-CCGTGGCCATCTCTTGCTCG-3’
Platelet endothelial cell adhesion molecule PECAM-1/

CD31
5’-CAAAGACAACCCCACTGAAGAC-3’ 5’-TCCAGACTCCACCACCTTACTT-3’

Junctional adhesion molecule A/Platelet adhesion molecule 1 F11R/JAM-A 5’-GGATTTCTCAGGTCATTTGGAG-3’ 5’-TAGACTGGTGGATGGTGGTAGA-3’
Connexin-43 Cx43 5’-GGTTCAAGCCTACTCAACTGCT-3’ 5’-GTTTCTCTTCCTTTCGCATCAC-3’
Occludin OCLN 5’-CTTCCATCCTGTGTTGACTTTG-3’ 5’-CACTTTTCTGCCCTGATTCTTC-3’
Zonulin HP2 5’-ATGTGAAGCAGTATGTGGGAAG-3’ 5’-AGAGATTTTTAGCCGTGGTCAG-3’
Glyceradehyde-3-Phosphate dehydrogenase GAPDH 5’-ACACCCACTCCTCCACCTTT-3’ 5’-CTCTTCCTCTTGTGCTCTTGCT-3’
Beta-2 microglobulin B2M 5’-GGTTTCATCCATCCGACATT-3’ 5’-GGCAGGCATACTCATCTTTTTC-3’
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SU5000 SEM (Hitachi High-Technologies, Japan) operated in
high-vacuum at 7 kV accelerating voltage and observation mode
(spot size 30) with BSE detector.

Animals
Animal housing and experimental procedures have been
conducted according to the French and European Regulations
(Parlement Européen et du Conseil du 22 Septembre 2010.
Décret n°2013-118 du 1er Février 2013 relatif à la protection
des animaux utilisés à des fins scientifiques) and the National
Research Council (U.S.), Institute for Laboratory Animal
Research (U.S.), and National Academies Press (U.S.), Eds.,
Guide for the care of laboratory animals, 8th ed. Washington,
D.C: National Academies Press, 2011. The CIPHE BSL3 facility
operates under Agreement N° B 13 014 07 delivered by the
French authorities. All animal procedures (including surgery,
anesthesia and euthanasia as applicable) used in the current
study have been submitted to the Institutional Animal Care and
Use Committee of CIPHE approved by French authorities
(CETEA DSV -APAFIS#26484-2020062213431976 v6). All the
CIPHE BSL3 facility operations are oversee by a Biosecurity/
Biosafety Officer and accredited by Agence Nationale de Sécurité
du Médicament (ANSM). K18-hACE C57BL/6J mice (strain:
2B6.Cg-Tg (K18-ACE2)2Prlmn/J) were obtained from The
Jackson Laboratory. Animals were housed in groups and fed
standard chow diets.

Infection of K18-hACE2 Transgenic Mice
8-12 weeks old K18-hACE2 transgenic mice (human ACE2+),
kindly provided by The Jackson laboratory, were infected with
2.5x104 PFU of Wuhan/D614 SARS-CoV-2 (BetaCoV/France/
IDF0372/2020) via intranasal administration. Mice were
monitored daily for morbidity (body weight) and mortality
(survival). During the mice monitoring period, mice were
scored for clinical symptoms (weight loss, eye closure,
appearance of fur, posture, and respiration). Mice showing
clinical scoring defined as reaching experimental end-point
were humanely euthanized.

Histological Analysis
Each mouse intestine removed was fixed with buffered formalin
at 4% and embedded in paraffin. Serial sections (3 mm) of these
specimens were obtained for hematoxylin-phloxin-saffron
staining. Briefly, the presence of intestinal lesions was
determined after a complete optical examination of at least
three sections of intestine tissues from each K18-hACE2
transgenic mice (n=3) using the image analyzer NDP.view2
Viewing Software UT12 388-01 (Hamamatsu, Japan).

Statistical Analysis and
Correlation Analysis
Analysis of variance (ANOVA) were performed using the
GraphPad-Prism software (version 6.01). Data were analyzed
using a one or a two-way ANOVA with the Holm-Sidak multiple
post-hoc test for group comparison. A p-value <0.05 was
considered statistically significant. The results are presented as
the mean with standard error of the mean (SEM). The data were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
also submitted to multivariate principal component analysis
(PCA) and hierarchical clustering heatmap analysis using the
ClustVis software (https://biit.cs.ut.ee/clustvis/).
RESULTS

Caco-2 Cells, a Suitable Cellular Model for
Studying the CDH1/E-Cadherin Gene and
E-Cad Proteins Expression
Our main purpose was to compare the expression of both the
CDH1 gene (encoding E-cadherin mRNA) and E-cad proteins in
virus-free Caco-2 cells and SARS-CoV-2 infected Caco-2 cells.
This study was carried out in order to question the ability of the
virus to modulate the expression of this cell adhesion molecule
known to play a central role in the integrity of intestinal cell-to-
cell adherens junctions. Caco-2 cells were previously reported to
be a model of human intestinal cells susceptible to SARS-CoV-2
infection and able to support the de novo production of viral
particles. However the expression of cellular genes coding for the
viral receptor/co-receptor, had not thus far been quantified in
these cells. It includes: i) ACE2 allowing the binding of the viral
spike (S) and entry of the virus into the cell; ii) the cellular serine
proteases TMPRSS2 and TMPRSS4 reported to be required for
the S glycoprotein priming; and, iii) Neuropilin-1 (NRP-1), also
described as able to potentiate SARS-CoV-2 entry. As a result,
before investigating the transcriptomic response of Caco-2 cells
to SARS-CoV-2 infection, the first part of this study thus
consisted of estimating the expression of these genes in Caco-2
cells cultured in virus-free medium. Our objective was also to
confirm the physiological relevance of the Caco-2 cells cellular
model by analyzing the basal expression of the CDH1/E-cad gene
to ensure that it was sufficiently expressed in those cells to be able
to quantify a possible down modulation of this gene after
infection. The basal expression of other genes that could
possibly be involved in cell-surface receptor mediated
modulation of CDH1/E-cad gene was also quantified.

As shown in Figure 1A, the qRT-PCR analysis indicated a very
high expression of CDH1/E-cad mRNAs in virus-free Caco-2 cells.
Regarding the genes coding for the ACE2 receptor and its
intestinal ligand B0AT1, the mRNAs encoding these proteins are
detectable, although their expression is relatively low. As for the
expression of mRNAs encoding the TMPRSS2 and TMPRSS4
proteases, we found that the gene encoding the TMPRSS2 protein
is well expressed on Caco-2 cells. In contrast, we noted an absence
of detectable expression of the TMPRSS4mRNA. Finally, there is a
high expression of the NRP-1 receptor which possibly acts as a co-
receptor for SARS-CoV-2 at the intestinal level.

These results were then confirmed by using confocal imaging
of Caco-2 cells labeled with anti-E-cad and anti-ACE2 antibodies
and phalloidine to stain the nucleus and the filamentous actin as
control (Figure 1B). Under these experimental conditions we
also observed a high expression of E-cad protein in Caco-2 cells,
and the intensity of fluorescence observed with the anti-E-cad
labeling was above that of anti-ACE2 labeling.

ACE2 is a peptidase known to control the hydrolysis of
angiotensin II (Ang II) into Ang-(1-7), and Ang-(1-7) inhibits
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the PAK1/NF-KB/Snail 1 signaling pathway via activation of the
MAS receptor leading to E-cad expression (Yu et al., 2016). In
cell types regulated by Ang-(1-7), when the Ang-(1-7)
concentration is insufficient the signaling pathway is activated
and results in the inhibition of E-cad expression. To ensure that
in Caco-2 cells such complex regulation does not interfere with
E-Cad expression, we also investigated the expression of mRNAs
coding for the Ang II and Ang-(1-7) receptors AT1R, MAS-1,
and MA1-L, respectively and found that they are almost
undetectable in Caco-2 cells, suggesting that they are unlikely
to interfere with Caco-2 cell signaling (Supplementary
Figure 1).

Taken as a whole, these data indicate that Caco-2 is a suitable
cellular model for studying the CDH1/E-cadherin gene and E-
cad proteins expression in intestinal epithelial cells

SARS-CoV-2 Replicates in Caco-2 Cells
and Modulates ACE2 Transcription and
Protein Expression
In order to confirm that the Caco-2 cells model is suitable to analyze
the transcriptional response of genes of interest in intestinal
epithelial cells infected with SARS-CoV-2, Caco-2 cell infection by
SARS-CoV-2 has been precisely characterized. Cells were cultured
either in the absence of virus (control) or in the presence of SARS-
CoV-2 at aMOI of 0.5. To confirm the infection of Caco-2 cells with
SARS-CoV-2, the kinetics of viral replication in Caco-2 cells
exposed to SARS-CoV-2 was quantified using a qRT-PCR
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
amplification of the SARS-CoV-2 N gene performed on cell
culture supernatants of Caco-2 cells over 72h of infection
(Figure 2A). The qRT-PCR data were considered positive when
the cycle threshold (Ct) was below 30. At T=0 the Ct was 37. After
4h incubation the culture supernatants of Caco-2 cells remained
negative (Ct=33.42; DCt=3.58) and started to be positive at 8h post-
infection (Ct=28.98; DCt=8.02). The culture supernatants of Caco-2
cells became clearly positive at 16h post-infection with a Ct=21.02
(DCt=15.98) and then reached a plateau at 24h post-infection with
DCt=17.76, DCt=18.86 and DCt=19.28 using 24h, 48h and 72h
culture supernatants of SARS-CoV-2 exposed Caco-2 cells,
respectively. The viral release was also estimated by the
observation of the cytopathic effect (CPE) on Vero E6 cells after 7
days incubation with culture supernatants from Caco-2 cells
collected at 4h, 8h, 16h, 24h, 36h, 48h and 72h after viral
exposure (Figure 2B). The CPE was monitored under a photonic
microscopy to determine the virus TCID50. The culture supernatant
from Caco-2 cells collected 4h after viral exposure gave a TCID50 of
8.07 x 101/mL while the culture supernatants from Caco-2 cells
collected 24h post infection gave a value of 1.39 x 106 TCID50/mL.
The plateau of CPE on Vero E6 cells was reached using Caco-2 cells
culture supernatants collected after 24h of infection. These results
were confirmed by the detection of the viral nucleocapsid using the
high-speed capillary electrophoresis technologies that revealed the
presence of the viral protein synthesis 24h post-infection (data not
shown). Moreover, we also compared the viral receptor (ACE2)
mRNA expression in virus-free Caco-2 cells and SARS-CoV-2-
B

A

FIGURE 1 | (A) Expression of CDH1/E-Cad, ACE2, TMPRSS2, TMPRSS4, NRP-1, B0AT1, GAPDH and B2M mRNA in virus-free Caco-2 cells. The results (n=8) are
expressed as RE where RE = 2(−DCT). (B) Confocal microscope analysis of E-cad, ACE2 and actin expression on Caco-2 cells. The experiment was performed using
cells permeabilized with 0.1% Triton X-100 (upper panel) and unpermeabilized cells (lower panel).
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infected Caco-2 cells by qRT-PCR monitoring. We found a
significantly (p<0.001) lower expression of the mRNA encoding
ACE2 in cells infected with SARS-CoV-2 compared with SARS-
CoV-2-free Caco-2 cells (Figures 3A). Regarding the expression of
ACE2 protein it also undergoes a decrease in Caco-2 cells after
exposure to SARS-CoV-2 (Figures 3B). This time course analysis
demonstrated that the ACE2 production is markedly reduced 24 h
after infection with SARS-CoV-2 and becomes almost undetectable
at 48 h post-infection. This was further confirmed by a confocal
microscopy analysis which highlights a significant (p-value <0.0001)
down-regulation of ACE2 when Caco-2 cells were exposed to SAR-
CoV-2 (Figures 3C). In contrast, no modulation of ACE2
expression was found when Caco-2 cells were exposed to the
human betacoronavirus HCoV-OC43 that uses a different
receptor (the ubiquitous HLA class I receptor, present on all
human cells including intestinal cells) to enter cells. This is
consistent with previous reports indicating that SARS-CoV-2
induces the modulation of its cell surface receptor ACE2 during
the infection of cells.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
To complete the transcriptional analysis of Caco-2 cells after
SARS-CoV-2 infection, in addition to ACE2 we also performed a
qRT-PCR monitoring of TMPRSS 2 and TMPRSS 4, NRP- 1 and
B0AT1. As shown in Figure 4A, we found that there is a
significant lower expression of TMPRSS2 and NRP-1 mRNA
in Caco-2 cells infected with SARS-CoV-2 compared to the basal
levels of expression of these mRNAs in SARS-CoV-2-free Caco-2
cells. Finally, we also observed a lower expression of mRNAs
encoding the protein B0AT1. The comparison of pattern between
SARS-CoV-2-, and HCoV-OC43-exposed Caco-2 cells indicated
a difference of ACE2 and NRP-1 genes regulation by these two
viruses, with a lack of ACE2 and NRP-1 mRNAs expression
modulation during HCoV-OC43 infection of Caco-2 cells.
Surprisingly, we observed an increased expression of mRNAs
encoding the protein B0AT1 in HCoV-OC43-exposed Caco-2
cells which is not accompanied by the modulation of ACE2
expression. According to the principal component analysis and
hierarchical clustering heatmap (Figures 4B, C), it appears that
the expression of cellular genes in virus-free conditions
B

A

FIGURE 2 | Kinetics of SARS-CoV-2 infection in Caco-2 cells. After viral inoculation in Caco-2 cells, the viral release was monitored over 72 hours (T=0, 4h, 8h, 16h,
24h, 48h, and 72h) from the cell’s supernatant. (A) Quantification of the viral release from Caco-2 cell by qRT-PCR: DCT represents the CT value obtained
subtracted from the CT value at time T=0 (CT - CT0), where T=0 is the moment immediately after removing the inoculum used in the adsorption step. Each value is
the mean of triplicates (B) Quantification of SARS-CoV-2 infectious particles released in the supernatant of Caco-2. The TCID50 was performed by inoculating
supernatants collected from SARS-CoV-2 infected Caco-2 cells into a culture of Vero E6 cells. The cytopathic effect (CPE) was evaluated on Vero E6 cells at 7 days
after exposure to Caco-2 culture supernatants. Each value is the mean of triplicates. The TCID50/mL is calculated according to the Spearman and Kärber algorithm.
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segregated differently from the conditions with SARS-CoV-2-,
and HCoV-OC43-exposed Caco-2 cells.

Modulation of CDH1/E-Cad Expression by
SARS-CoV-2 in Caco-2 Cells
Then, we studied the effects of SARS-CoV-2 infection on CDH1/
E-cad gene expression. We performed a qRT-PCR monitoring of
the CDH1/E-cad mRNA expression in virus-free Caco-2 cells and
SARS-CoV-2-infected Caco-2 cells. The qRT-PCR analysis
(Figure 5A) revealed a significantly (p<0.001) lower expression
of the mRNA encoding E-cad in cells infected with SARS-CoV-2
compared with SARS-CoV-2-free Caco-2 cells. To confirm this
result, confocal immunofluorescence analysis was performed. As
shown in Figures 5B, C, a significantly (p<0.0001) lower
expression of E-cad was observed in SARS-CoV-2 infected cells
when compared to virus-free Caco-2 cells. As an additional
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
control, we performed similar experiments in the presence of
HCoV-OC43, which does not depends on ACE2 interaction to
infect cells. No decrease in E-cad protein expression was observed
in Caco-2 cells exposed to HCoV-OC43.

Increased Release of Soluble E-Cad in the
Culture Supernatant of SARS-CoV-2-
Infected Caco-2 Cells
Due to the observed modulation of E-cad expression in cells
infected with SARS-CoV-2, we wanted to study the possible
over-release of sE-cad in the cell culture supernatant of Caco-2
infected with the virus. In several infection processes initiated in
the GIT lumen, a soluble form of E-cad, sE-cad is released from
the cell membrane after cleavage of the integral protein by
sheddases, thereby disrupting the intercellular junctions
required for epithelial cell barrier stability (e.g., this leads to
C

BA

FIGURE 3 | ACE2 expression on Caco-2 cells. (A) ACE2 mRNA in virus-free Caco-2 cells or cells exposed for 24h to SARS-CoV-2 or HCoV-OC43 at MOI of 0.5.
The results are expressed as RE where RE = 2(−DCT). (B) Time course (4h, 24h, 48h) Western blot analysis of ACE2 proteins expression in virus-free Caco-2 cells or
cells exposed to SARS-CoV-2 at an MOI of 0.5. (C) Illustration of single plane confocal microscope analysis of ACE2 expression on Caco-2 virus-free cells or cells
exposed for 24h to SARS-CoV-2 or HCoV-OC43 at MOI of 0.5. The analysis was performed on unpermeabilized cells. Actin expression was shown as control as
well as the labeling of the nucleus (left panel). Quantitative representation (n=4) of mean fluorescence intensity corresponding to ACE2 protein expression on Caco-2
cells infected or not with SARS-CoV-2 or HCoV-OC43 (right panel). The symbol ****means a p-value < 0.0001; The symbol *** means a p-value <0.001.
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pathogen transmigration). The concentration of sE-cad in cell
culture supernatant (which naturally increase with time in cell
culture) was measured using an ELISA (Figure 6A). We notice a
significant (p<0.01) increase in sE-cad release in Caco-2 cells
infected with SARS-CoV-2 at 48 h post-infection (mean value:
1274.65pg/mL), compared to the virus-free cell control (mean
value: 961.42pg/mL). In contrast, we found no increase in sE-cad
release in Caco-2 cells infected by HCoV-OC43 control (mean
value: 944.92pg/mL). These results were confirmed by Western
Blot on which we observed a significant (p<0.05) decrease in the
amounts of the 120 kDa E-cad in the condition of infection with
SARS-CoV-2 compared to virus-free cells and Caco-2 cells
exposed to HCoV-OC43 (Figures 6B, C).

In order to verify whether this effect of SARS-CoV-2 on the
expression of E-cad adherens junctions proteins is specific to the
Caco-2 cell line or more generally affects the cells of the intestinal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
epithelium, the experiment was reproduced using the mucin-
producing human colorectal adenocarcinoma HT29 cell line.
Using qRT-PCR for phenotyping of genes expression in virus-
free HT29 cells we found that expression of ACE2 and B0AT1
were very low, while TMPRSS2, NRP-1 and CDH1/E-cad were
highly expressed in these cells (Figure 7A). Although the basal
level of expression of the CDH1/E-cad gene remained quite
stable in HT29 cells exposed to SARS-CoV-2 (Figure 7B) and
viral release was too low to be quantifiable in the culture
supernatants of HT29 cells while SARS-CoV-2 proteins can be
detected in these cells using high speed capillary electrophoresis
(Supplementary Figure 2), a significantly (p<0.05) higher
release of sE-cad in the supernatant of HT29 cells exposed to
SARS-CoV-2 was also found when compared to the uninfected
control. In those cells, HCoV-OC43 also induced sE-cad
release (Figure 7C).
B C

A

FIGURE 4 | (A) mRNA expression of ACE2, TMPRSS2, NRP-1, B0AT1, GAPDH, and B2M in virus-free Caco-2 cells or cells exposed to coronaviruses SARS-CoV-
2 or HCoV-OC43 at a MOI of 0.5 for 24 hours. The results (n=8) are expressed as RE where RE = 2(−DCT). (B, C) PCA and hierarchical clustering heatmap analysis
of different molecules expressed on Caco-2 cells in virus-free cells, and cells exposed to coronaviruses SARS-CoV-2 or HCoV-43. The symbol *** means a p-value <
0.001; the symbol **** means a p-value < 0.0001.
May 2022 | Volume 12 | Article 798767

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Osman et al. SARS-CoV-2-Induced Cleavage of the E-Cadherin
Probable Involvement of
Human Sheddases in SARS-
CoV-2-Induced Release of Soluble
E-Cad From Caco-2 Cells
Several sheddases have been reported able to lead to sE-cad
release from cells during infectious processes resulting in
intestinal tissues damages (Devaux et al., 2019). This is why we
postulated that cellular sheddases could be induced to cleave E-
cad in SARS-CoV-2 infected cells (the best known candidate to
achieve cleavage of E-cad in the intestinal tract being ADAM-10,
while ADAM-17, another member of the same family of
proteases, is known to cleave ACE2), and compared the
expression of ADAM-10 and ADAM-17 genes in Caco-2 cells
following viral infection with their expression in virus-free cells.
This experiment revealed a significantly (p < 0.0001) lower
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
expression of ADAM-10 as well as ADAM-17 (p<0.01)
sheddases in Caco-2 cells infected with SARS-CoV-2
(Figure 8). Expression of these sheddases was also reduced in
HCoV-OC43 infected cells. Similar experiments were performed
using other cellular sheddases, including ADAM-8, ADAM-15,
MMP-3, MMP-9, MMP-12 and HtrA1. We found that the
expression of most of these sheddases is lower in Caco-2 cells
infected by SARS-CoV-2, although the expression of ADAM-15
expression was not modulated after SARS-CoV-2 infection
(data not shown). The possible association between SARS-
CoV-2 infection, sE-cad release, and the expression of
sheddases remains to be further investigated in order to
identify the sheddase(s) responsible for the cleavage of the
membrane E-cad during SARS-CoV-2 infection of intestinal
epithelial cells.
C
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FIGURE 5 | Expression of CDH1/E-cad mRNA and E-cad protein. (A) Expression of CDH1/E-cad mRNA in virus-free Caco-2 cells or cells exposed to SARS-CoV-2
at an MOI of 0.5 for 24 hours. The results (n=8) are expressed as RE where RE = 2(−DCT).The symbol *** means a p-value < 0.001. (B) Quantitative representation of
mean fluorescence intensity (n=4) corresponding to E-cad protein expression on Caco-2 cells infected or not with SARS-CoV-2 or HCoV-OC43. The symbol the
symbol ****means a p-value < 0.0001. (C) Illustration of single plane confocal microscope analysis of E-cad expression on subconfluent virus-free Caco-2 cells or
cells exposed to coronaviruses SARS-CoV-2 or HCoV-43 at an MOI of 0.5 for 24 hours. The analysis was performed on cells permeabilized with 0.1% Triton X-100.
Actin expression was shown as control as well as the labeling of the nucleus.
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Effect of SARS-CoV-2 Infection on
Expression by Caco-2 Cells of
Molecules Involved in Tight
Junctions and Gap Junctions
E-cad is a major component of the so-called adherens junctions.
In order to investigate whether SARS-CoV-2 triggers specific
modulation of E-cad or more widely affects molecules required to
maintain junctions between neighboring epithelial cells, we
investigated the result of SARS-CoV-2 infection of Caco-2 cells
on molecules (occludin, zonulin and connexin-43), involved in
tight junctions or gap junctions. Intestinal epithelial cells express
four types of junctional proteins that bind the cells together
(Meenan et al., 1996; Chelakkot et al., 2018) and consist of: i)
occluding junctions (zonula occludens or tight junctions),
generated by the assembly of multiple integral transmembrane
proteins (occludin, claudins, junctional adhesion molecule/JAM,
and tricellulin) located near the apical part of the epithelium
between neighboring cells (they maintain intestinal barrier
function and control cell polarity and the permeability of the
paracellular transport pathway) and peripheral membrane
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
adaptor proteins (zonula occludens ZO-1, ZO-2, and ZO-3)
acting as bridges to connect integral membrane proteins to the
actin cytoskeleton; ii) adhering junctions (zonula adherens)
which lies below the tight junction are composed of cadherins
(E-cad) from adjacent cells that act to ‘zipper’ up together the gap
between two adjacent cells playing a role in the morphogenesis of
epithelial cells; iii) desmosomes (macula adherens) that lie on the
basal membrane, to help stick the cells to the underlying basal
lamina and involve keratin the function of which is to withstand
abrasion; and, iv) gap junctions that are communicating
junctions (also known as nexus) involving a group of proteins
called connexins which form a continuous channel between
adjacent cells. In addition, another cell adhesion protein,
PECAM, is expressed in the basolateral epithelial membrane
and is involved in the migration of leucocytes across the
connective tissues.

We performed a qRT-PCR for monitoring the expression of
OCLN gene encoding the occludin mRNA, F11R gene encoding
the JAM-A mRNA, and the Cx43 gene encoding the connexin-43
as well as HP2 encoding zonulin and PECAM1 encoding
B C

A

FIGURE 6 | Expression of E-cad and sE-cad. in Caco-2 cells. (A) Quantification of sE-cad (n=4) in the cell-culture supernatant of virus-free Caco-2 cells and cells
exposed to coronaviruses SARS-CoV-2 or HCoV-OC43 at an MOI of 0.5 for 4 hours, 24 hours and 48 hours respectively, using antigen-specific ELISA. The results
are the average of quadruplicates. (B) Western blot analysis of E-cad expression in virus-free Caco-2 cells and cells exposed for 48h to SARS-CoV-2 or HCoV-
OC43 coronaviruses. GAPDH was used as loading control. (C) Quantitative representation of E-cad protein expression by Caco-2 cells infected or not with SARS-
CoV-2 or HCoV-OC43 normalized with respect to GAPDH. The Image J program was used to quantify the Western blot bands intensity. The symbol ** means a
p-value < 0.01. The symbol * means a p-value < 0.05.
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PECAM/CD31. We found that OCLN, and F11R genes encoding
tight junctions molecules are highly expressed in Caco-2 cells
while the PECAM1, HP2, and Cx43 are poorly expressed in this
cell line. Then, the mRNA expression of the different cell
adhesion molecules was evaluated in the presence or absence
of SARS-CoV-2 infection. As shown in Figure 9A, the
expression of OCLN and F11R genes expression was found
significantly lower in Caco-2 cells infected with SARS-CoV-2
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13
compared to the basal levels of expression of these mRNAs in
SARS-CoV-2-free Caco-2 cells. The expression of the Cx-43 gene
was apparently also reduced (but it was not statistically
significant) while the expression of the other genes tested
remained stable. Moreover, we studied the expression of the
corresponding proteins by western blot analysis. As shown in
Figures 9B, the expression of JAM-A and occludin was
apparently reduced in SARS-CoV-2 infected cells (but it was
not statistically significant) when compared to virus-free Caco-2
cells, indicating that the SARS-CoV-2 infection dysregulates the
expression of molecules required for the integrity of tight
junctions. This result was further confirmed by confocal
microscopy analysis of occludin expression in SARS-CoV-2
infected Caco-2 cells (Figure 9C). Under such experimental
conditions we found a significant (p<0.0001) down-regulation
of occludin. In Caco-2 cells, the expression of connexin-43 (gap
junctions) was significantly (p<0.05) down-regulated by the
SARS-CoV-2 infection. Interestingly, a significant (p<0.05)
increase in zonulin was also observed in SARS-CoV-2 infected
Caco-2 cells, suggesting increased GIT permeability during
infection. Altogether, these data indicate that SARS-CoV-2
infection not only dysregulates the expression of E-cad
required for adherens junctions but also affects several other
molecules involved in intercellular adhesion. This is consistent
with the observation that 48 hours post-infection with SARS-
CoV-2, viral particles can be observed in the intercellular space of
adjacent Caco-2 cells by scanning electron microscopy
B C

A

FIGURE 7 | (A) Expression of CDH1/E-Cad, ACE2, TMPRSS2, TMPRSS4, NRP-1, B0AT1, GAPDH, and B2M mRNA in virus-free HT29 cells. The results (n=8) are
expressed as RE where RE = 2(−DCT). (B) Expression of CDH1/E-cad mRNA in virus-free HT29 cells or cells exposed to SARS-CoV-2 at an MOI of 0.5 for 24 hours.
(C) Quantification of sE-cad (n=4) in the cell-culture supernatant of virus-free HT29 cells and cells exposed to coronaviruses SARS-CoV-2 or HCoV-43 at an MOI of
0.5 for 4 hours, 24 hours and 48 hours respectively, using antigen-specific ELISA. The symbol * means a p-value < 0.05.
FIGURE 8 | Expression of ADAM-10 and ADAM-17 sheddases mRNA in
virus-free Caco-2 cells or cells exposed to SARS-CoV-2 or HCoV-OC43
coronaviruses at an MOI of 0.5 for 24 hours. The results (n=8) are expressed
as RE where RE = 2(−DCT). The symbol * means a p-value < 0.05; the symbol
** means a p-value < 0.01; the symbol *** means a p-value < 0.001; the
symbol **** means a p-value < 0.0001.
May 2022 | Volume 12 | Article 798767

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Osman et al. SARS-CoV-2-Induced Cleavage of the E-Cadherin
(Figure 10). Moreover, lysed cells containing SARS-CoV-2
particles are seen detached from the monolayer. Yet,
membranous cell-cell contacts such as tight junctions are still
found at contact zones between subsets of detaching cells and
cells remaining intact within the monolayer, and desmosomes
can be clearly depicted between intact cells in the monolayer.

SARS-CoV-2 Infection in Human ACE2
Transgenic Mice Leads to Intestinal
Tissues Damage
Based on our in vitro data, we hypothesized that SARS-CoV-2-
infected mice may exhibit virus-induced histological lesions. To
this end, 8-12 weeks old K18-hACE2 transgenic mice were
infected via intranasal administration of SARS-CoV-2 and
maintained in solitary confinement in a BSL3 animal facilities.
Mice with clinical symptoms (weight loss, eye closure, appearance
of fur, prostrate posture, and difficulty of breathing) were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14
humanely euthanized and intestine sample were collected. As
shown in Figure 11, hematoxylin-phloxin-saffron staining to
sections of intestine from the virus-free mice showed a normal
tissue architecture while sections of intestine from K18-hACE2
transgenic mice infected via intranasal administration of SARS-
CoV-2 showed a necrotizing enteritis, with sloughing and
disruption of the normal architecture, necrosis of the lamina
propria of intestinal villi with edema and leukocytic infiltration.
These in vivo observations are consistent with the dysregulation of
intercellular tight junctions, adherens junctions, and gap junctions
leading to intestinal permeability.
DISCUSSION

In this study, we demonstrate that SARS-CoV-2 infection of
non/low-mucus producing human colorectal adenocarcinoma
C

A B

FIGURE 9 | (A) mRNA expression of PECAM1, HP2, OCLN, F11R and Cx43, in virus-free Caco-2 cells or cells exposed to coronaviruses SARS-CoV-2 or HCoV-
OC43 at a MOI of 0.5 for 24 hours. The results (n=8) are expressed as RE where RE = 2(−DCT) (B) Western blot analysis (left panel) of JAM-A, occludin, connexin-43,
and zonulin expression in virus-free Caco-2 cells and cells exposed for 48h to SARS-CoV-2 or HCoV-43 coronaviruses. GAPDH was used as loading control. The
quantitative representation (Image J program) of these proteins expression is also illustrated (right panel). (C) Illustration of single plane confocal microscope analysis of
occludin expression on subconfluent Caco-2 cells grown in RPMI1640 supplemented with 4% FCS only or exposed to coronaviruses SARS-CoV-2 or HCoV-43 at an
MOI of 0.5 for 24 hours (left panel). The analysis was performed on unpermeabilized cells. Actin expression was shown as control as well as the labeling of the nucleus.
A quantitative representation of mean fluorescence intensity corresponding to occludin protein expression on Caco-2 cells infected or not with SARS-CoV-2 or HCoV-
OC43 is shown (right panel). The symbol * means a p-value < 0.05; ** means a p-value < 0.01; *** means a p-value < 0.001; **** means a p-value < 0.0001.
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Caco-2 cells (Navabi et al., 2013) results in the modulation of the
CDH1 gene encoding the E-cad adhesion molecule as well as
several other genes, including the gene encoding the virus
receptor, ACE2. This modulation in the expression of CDH1/
E-cad is accompanied by a lower surface expression of the E-cad
protein and by a significant increase in the release of sE-cad into
the culture medium. Our data corroborate the observations
recently published by Guo and colleagues (Guo et al., 2021)
who reported that SARS-CoV-2 infection of a microengineered
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15
gut-on-chip 3-D model mimicking the intestinal epithelium-
vascular endothelium barrier by co-culture of Caco-2 cells, HT29
cells, and vascular endothelial cells under physiological fluid
flow, showed permissiveness for viral infection, morphological
changes with injury of intestinal villi, dispersed distribution of
mucus-secreting cells, and reduced expression of E-cad,
indicating the destruction of the intestinal barrier integrity.
Using the mucin-secreting human colorectal adenocarcinoma
HT29 cell line (Hanski et al., 1992; Niv et al., 1995), we also
FIGURE 10 | Scanning electron microscopy of SARS-CoV-2 infected Caco-2 cells. (A, B) Low-magnification images of virus-free Caco-2 cells monolayer at 0 hours-
post-infection (H0; A) and SARS-CoV-2 infected Caco-2 cells monolayer at 48 hours-post-infection (H48; B). (C) Zoom-in boxed region from (B) with a lysed cell
detached from the cell monolayer. (D) Zoom-in boxed region in lysed cell (C) with Sars-CoV-2 particles. (E) Intact stitched cells from the monolayer with presence of
desmosomes (d; arrows) at cell-cell membranous contacts. (F) a cell (1) at the center, partially detached from surrounding cells. (G) partially detached cell (1) contacting
cell (2) via tight junctions (tj; arrows). (H) Sars-CoV-2 particles located in the monolayer between intact cells (2) and (3), with presence of microvilli (asterisks).
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confirmed a significantly increased release of sE-cad from these
cells after exposure to SARS-CoV-2. However there was a lack of
detectable viral production from HT29 cells exposed to SARS-
CoV-2. This lack of viral production was unlikely to be due to the
low expression of ACE2 at the surface of these cells and/or the
expression of membrane-associated mucins reported to exhibit
potent anti-SARS-CoV-2 activity (Rebendenne et al., 2021), since
we find detectable viral proteins inside the cells by western blot
analysis. It may be due to the existence of an unknown
intracellular restriction factor (e.g. ATP8B1 flippase mutation)
(Rebendenne et al., 2021), that remains to be identified. This
corroborate previous observations reported by our laboratory
indicating that HT29 cells, in contrast to Caco-2 cells, are poorly
susceptible to SARS-CoV-2 replication and do not sustain viral
production (Wurtz et al., 2021). The SARS-CoV-2-induced
CDH1/E-cad gene down-modulation and E-cad protein
expression was also recently reported in two human mammary
epithelial cell lines (MCF10A and MCF12A) transduced with the
human ACE2 (Lai et al., 2021).

In addition to the dysregulation of E-cad expression, we also
found that SARS-CoV-2 infection of Caco-2 cells affects the
expression of molecules involved in tight junctions (JAM-A and
occludin) and gap junctions (connexin), suggesting a drastic effect
on most or all molecules intended to maintain the integrity of the
intercellular junctions between intestinal epithelial cells. We also
found that SARS-CoV-2 infection of Caco-2 cells leads to an
increased expression of zonulin. Zonulin is overexpressed in
tissues and sera of subjects with intestinal permeability (Tripathi
et al., 2009; Fasano, 2011). Our data also corroborate the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16
observations recently published by Lai and colleagues (Lai et al.,
2021) who reported that SARS-CoV-2 infection of ACE2-
transduced human mammary epithelial cell lines is associated to
loss of epithelial markers (E-cadherin and ZO-1) and gain of
mesenchymal markers (N-cadherin, vimentin, and fibronectin).
These results support the hypothesis that in COVID-19 patients
shedding SARS-CoV-2 in stools, the virus is likely able to destroy
the intercellular junctions insured by E-cad and other cell adhesion
molecules thereby creating epithelium micro-damage allowing the
transmigration of pathogens. The cleavage of E-cad will also result
in the deregulation of the antiviral immune response. If later
proven in vivo, this hypothesis that considers early intestinal
infectious foci, could explain why some COVID-19 patients may
show intestinal disorders that precede lung disorders. Interestingly,
Raghavan and colleagues (Raghavan et al., 2021) very recently
reported that a recombinant SARS-CoV-2 spike protein S1 induces
the degradation of junctional proteins (VE-cadherin, JAM-A,
Connexin-43 and PECAM-1) that maintain endothelial barrier
integrity. This result corroborates and strengthen our present data.
Moreover, in severe COVID-19 patients the plasma levels of
adhesion molecules such as intercellular adhesion molecule 1 (I-
CAM-1), vascular cell adhesion molecule-1 (VCAM-1), vascular
adhesion protein-1 (VAP-1), were reported to be elevated (Tong
et al., 2020; Escher et al., 2020). In addition, it was recently reported
SARS-CoV-2 E protein can interfere with control of cell polarity
and cell-cell junction integrity in human epithelial cells by binding
to the PALS1 PDZ domain (Javorsky et al., 2021). In addition, the
integrity of the GIT epithelium is controlled by the homotypic
interaction of E-cad between adjacent cells. It was also recently
BA

FIGURE 11 | Histological analysis of intestinal tissues from K18-hACE2 transgenic mice (virus free) and K18-hACE2 transgenic mice infected via intranasal
administration of SARS-CoV-2. (A) Normal intestinal wall from control K18-hACE2 transgenic mouse (hematoxylin-phloxin-saffron staining). (B) Section of intestine
from K18-hACE2 transgenic mouse infected with SARS-CoV-2. The upper, middle and lower panels correspond to samples from 3 different mice. Note the
extensive necrosis and inflammation of the lamina propria of intestinal villi with degeneration of intestinal epithelial cells in the intestinal lumen.
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suggested that the SARS-CoV-2 ORF7b interfere with important
cellular processes that involve leucine-zipper formation such as the
transmembrane leucine zipper dependent dimerization of E-cad
(Fogeron et al., 2021).

CDH1 gene modulation (e.g., by methylation of the CDH1
gene), aberrant splicing of the E-cad transcript (e.g., premature
termination codon mutation), and E-cad degradation (e.g., by
enhancing ADAM-10 sheddase activity), counts among the
mechanisms used by several pathogens to achieve tissue
invasion and transmigration through epithelial cell barriers
(reviewed in Devaux et al., 2019). Although our results were
obtained using a model of a GIT epithelial cell line (a human
colorectal adenocarcinoma) rather than a polarized monolayer of
human intestinal epithelial cells, they suggest that in COVID-19
patients the dissemination of SARS-CoV-2 could trigger damage
to the intestinal epithelium barrier thereby favouring the spread
of the virus to other tissues (e.g., pulmonary tissues). Moreover, a
lower expression of E-cad at the site of infection, could interfere
with the homing of immune cells and could trigger their
rerouting far from the infection site (Reyat et al., 2017). The
release of sE-cad could also serve as a decoy for diverting
immune cells expressing E-cad, CD103 or KLRG1 from their
function (e.g., KLRG1+ CD8+ T-cells subpopulation) after
engagement of such receptors with sE-cad (Streeck et al.,
2011). The modulation of E-cad expression on the host
epithelial cells and sE-cad release could therefore be considered
as a very efficient stratagem to prevent the immune system being
activated against SARS-CoV-2. It may also contribute to
triggering modulation in the diversity of bacterial species
present in the GIT (Dhar and Mohanty, 2020; Gu S. et al.,
2020; Gu J. et al., 2020; Zuo et al., 2020), this SARS-CoV-2-
associated dysbiosis being responsible for the GIT syndrome
observed in COVID-19 patients.

Recently we quantified the replication of different SARS-CoV-2
isolates namely B, B.1.416, B.1.367, B.1.1.7 (Alpha), B.1.351 (Beta),
B.1.617.2 (Delta), P.1 (Gama), A.27 and B.1.160 in three different
cell lines including Caco-2. Although the genotypes B.1.1.7 and
B.1.351 (which are considered to be variants of concern, VOC),
presented lower replication capacities in Calu-3 cells compared to
the virus from lineages B or B.1.160, we found that the different
viral isolates replicate similarly in Caco-2 cells (Pires de Souza et al.,
2022). To enter susceptible cells, SARS-CoV-2 binds to ACE2.
ACE2 initially is known to allow the conversion of angiotensin II
(Ang II) into angiotensin-(1-7) hereafter Ang-(1-7) (reviewed in
Devaux et al., 2020). Ang II could induce store-operated calcium
entry (SOCE) (Guo et al., 2021). Under physiological conditions
when the Ang II peptide is hydrolyzed by ACE2 into Ang-(1-7), the
Ang-(1-7) binds to the MAS receptor (a G-protein-coupled
receptor well known to be expressed in the kidney, adrenals and
vascular system cells among others), leading to the inhibition of the
PAK1/NF-KB/Snail 1 signaling pathway that can otherwise be
activated by SOCE. In the absence of Ang-(1-7), this signaling
cascade is activated and results in the inhibition of E-cad expression
(Yu et al., 2016). In light of these data, we postulated that SARS-
CoV-2-mediated reduction of ACE2 peptidase activity (either by
reduction of ACE2 mRNA expression, or by blocking the peptidase
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 17
function of ACE2), is very likely to be accompanied by a down-
regulation of E-cad surface expression. In our model of Caco-2
cells, we tested the expression of gene coding for AT1R (the Ang II
receptor), MAS1 and MA1-L (the Ang-(1-7) receptor)
(Supplementary Figure 1). We found a detectable but very low
expression of AT1R and MA1-L mRNA in Caco-2 cells, while
MAS1 was not detected. In addition, our experiments were
performed in the absence of Ang II and Ang-(1-7) adjunction to
the cell culture medium, therefore if the PAK1/NF-KB/Snail 1
signaling pathway does play a role in the down regulation of E-cad
by SARS-CoV-2 in Caco-2 cells, the regulation could be
downstream of AT1R and MAS1/MA1-L. Yet, cell-surface
molecules such as AT1R and ACE2 are interconnected. Recently,
we reported evidence that engagement of AT1R with angiotensin II
receptor blockers triggers higher cell-surface expression of ACE2
and enhance SARS-CoV-2 replication (Pires de Souza et al., 2021).
Moreover, although we recently reported that ACE2 gene
expression and ACE2 peptidase activity is reduced in COVID-19
patients with the accumulation of Ang II, their plasma
concentrations of Ang-(1-7) remain stable, likely via Ang-(1-7)
production through the alternative NEP/TOP pathway (Osman
et al., 2021). This suggests that in COVID-19 patients, the Ang-(1-
7)/MASR is expected to keep the PAK1/NF-KB/Snail 1 signaling
pathway under inhibition. However, it was recently reported in
vitro that SARS-CoV-2 spike induces breast cancer metastasis
(epithelial mesenchymal transition) through activation of NF-
KB/Snail and that knockdown of Snail by lentiviral-based shRNA
(shSnail-1) leads to E-cad expression rescue (Lai et al., 2021).

In parallel with the Ang-(1-7)/MASR axis, it remains possible
that the E-cad inhibition observed in SARS-CoV-2-infected
Caco-2 can be completed either by signal transduction leading
to CDH1 gene down-regulation through ACE2 after SARS-CoV-
2-binding to its cellular receptor, or by activation of sheddases
able to cleave the membrane E-cad. E-cad is a transmembrane
protein containing five extracellular repeated domains (EC1 to
EC5), a transmembrane region, and an intracytoplasmic C-
terminal region (CTR). The extracellular portion of E-cad
forms junction with cell adhesion molecules on proximal cell,
whereas the CTR binds b-catenin and other signaling molecules
(reviewed in Devaux et al., 2019). Extracellular E-cad cleavage
can be achieved by endoproteases (which cleave internal peptide
bonds) belonging to the large family of sheddases (Grabowska
and Day, 2012). The human sheddases include zinc-dependent
matrix metalloproteases (matrilysin/MMP-2, 3, 7, 9, and 14) (Lee
et al., 2007; Symowicz et al., 2007; Klein and Bischoff, 2011), and
members of the a-disintegrin metalloproteases family
(adamalysin/ADAM-10 and -15) (Maretzky et al., 2008; Najy
et al., 2008; Giebeler and Zigrino, 2016), among others (reviewed
in Grabowska and Day, 2012; Devaux et al., 2019). For instance,
the eukaryotic ADAM-10 sheddase, abundantly expressed
throughout the gastrointestinal tract and during normal
intestinal homeostasis (reviewed in Dempsey, 2017), catalyzes
a cleavage of E-cad that results in the release of the N-terminal
sE-cad fragment and a C-terminal fragment (Maretzky et al.,
2005). Another member of the ADAM family, the tumour
necrosis factor a-convertase ADAM-17, was previously
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reported to be involved in soluble ACE2 shedding (Lambert
et al., 2005; Zipeto et al., 2020). Unexpectedly, in our experiments
we found a significantly lower expression of genes encoding the
ADAM-10 and ADAM-17 sheddases in Caco-2 cells 24 hours
after infected with SARS-CoV-2. It remains possible that these
sheddases are activated during the early phase of infection to
induce the release of sE-Cad and sACE2 following viral infection
and then that a feedback regulation loop down-modulates the
ADAM-10 and ADAM-17 genes expression. Interestingly, a few
years ago Qian and colleagues (Qian et al., 2013) reported that
over-expression of ACE2 attenuates the metastasis of cancer cells
through inhibition of epithelial-mesenchymal transition, because
it induces the up-regulation of cell surface E-cad. Accordingly,
the down-regulation of CDH1/E-cad gene expression could be
linked to the down-regulation of ACE2 induced by SARS-CoV-2
infection and be triggered through activation of the NF-KB/Snail
pathway, as suggested by Lai and colleagues (Lai et al., 2021). The
results obtained for the ADAM-10 gene expression should be
considered preliminary observations and an exhaustive analysis
of all the sheddases that may be involved in the release of sE-cad
will have to be undertaken subsequently. Preliminary analyses
indicate that SARS-CoV-2 infection induce the modulation of
several other human sheddases (data not shown). In addition, in
COVID-19 patients it is possible that the dysbiosis induced by
SARS-CoV-2 infection results in the activation of prokaryotic
sheddases (e.g., the HtrA bacterial serine protease), able to cleave
E-cad. This hypothesis should be investigated, since it is likely to
contribute to the induction of a pro-inflammatory process in the
intestinal epithelium.

According to these data and in agreement with other
publications (Lamers et al., 2020; Zhang et al., 2020b; Xiao
et al., 2020a), we speculated that the gastrointestinal tract can
be an alternative route for SARS-CoV-2 infection in humans.
Zhang and colleagues suggested that although most virus would
be dead in the acid environment in the stomach, it remains
possible that the saliva and secretions could carry the virus into
the digestive tract where viral replication may be sustained in
epithelial cells. In K18-hACE2 transgenic mice expressing
human ACE2 infected with SARS-CoV-2 via intranasal
administration, extensive necrosis and inflammation of the
lamina propria of intestinal villi associated to cell damages and
increased intestinal permeability were observed. Recently,
experiments performed in a nonhuman primate model support
this hypothesis (Jiao et al., 2021). The intragastric inoculation of
nonhuman primates with SARS-CoV-2 resulted in the
productive infection of digestive tissues and inflammation in
both the lung and digestive tissues. This route of inoculation
induced Inflammatory cy tok ine s produc t ion and
immunohistochemistry and Alcian blue/periodic acid–Schiff
staining showed decreased Ki67, increased cleaved caspase 3,
and decreased numbers of mucin-containing goblet cells,
suggesting that the inflammation process induced by intragastric
SARS-CoV-2 impaired the gastrointestinal barrier. Moreover,
ACE2 and TMPRSS molecules are highly expressed in the
epithelial cells of the oral cavity and these cells are susceptible to
SARS-CoV-2 infection and sustain viral replication (Huang et al.,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 18
2021). Altogether these observations support the hypothesis of a
possible fecal-oral route of infection.

Taken as a whole, our results provide new insight into the
complex molecular interactions between SARS-CoV-2 and
intestinal cells and highlight the fact that the infection of
Caco-2 cells is accompanied by down-modulation of the
CDH1/E-cad gene, lower cell surface expression of E-cad and
increased release of sE-cad. We speculate that similar changes in
E-cad expression probably occur in the GIT of COVID-19
patients leading to micro-damage to the epithelium barrier, a
deregulation of the immune response, pro-inflammation, and the
invasion of distant host organs/tissues.
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Supplementary Figure 1 | Relative expression of different cellular mRNA in virus-
free Caco-2 cells, in particular the mRNA encoding SARS-CoV-2 receptor/
coreceptors as well as AngII and Ang-(1-7) receptors, and mRNA encoding cell
adhesion and tight junctions molecules. The results are expressed as RE where RE =
2(−DCT).

Supplementary Figure 2 | (A) Relative expression of different cellular mRNA in
virus-free HT29 cells, in particular the mRNA encoding SARS-CoV-2 receptor/
coreceptors as well as AngII and Ang-(1-7) receptors, and mRNA encoding cell
adhesion molecules. The results are expressed as RE where RE = 2(−DCT).
(B) Confocal microscope analysis of E-cad, ACE2, occludin and actin expression on
virus-free HT29 cells. The experiment was performed using cells permeabilized with
0.1% Triton X-100 (upper panel) and unpermeabilized cells (lower panel).
(C)Quantification of the viral release from HT29 cell by qRT-PCR: DCT represents the
CT value obtained subtracted from the CT value at time T=0 (CT - CT0), where T=0 is
the moment immediately after removing the inoculum used in the adsorption step.
Each value is the mean of triplicates. (D) Quantification of SARS-CoV-2 viral antigen in
the HT29 cells exposed to the virus at an MOI of 0.5 for 4 hours, 24 hours and 48
hours, by antibody-detection of SARS-CoV-2 nucleocapsid protein using high-speed
capillary electrophoresis JessTM automated immunoblotting system. Although the
HT29 cells can be infected by SARS-CoV-2 (as shown inD), viral release was too low
to be quantifiable in the culture supernatants of HT29 cells (as shown in C).
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