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Abstract: Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) is mainly transmitted
through respiratory droplets from positive subjects to susceptible hosts or by direct contact with an
infected individual. Our study focuses on the in vitro minimal time of viral absorption as well as
the minimal quantity of virus able to establish a persistent infection in Vero E6 cells. We observed
that 1 min of in vitro virus exposure is sufficient to generate a cytopathic effect in cells after 7 days of
infection, even at a multiplicity of infection (MOI) value of 0.01. Being aware that our findings have
been obtained using an in vitro cellular model, we demonstrated that short-time exposures and low
viral concentrations are able to cause infection, thus opening questions about the risk of SARS-CoV-2
transmissibility even following short contact times.
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1. Introduction

The primary mode of transmission of severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2) is through exposure to infective respiratory droplets and/or by direct
contact with an infected person [1]. SARS-CoV-2 enters the human organism through
the naso-oropharyngeal region, from where the virus can reach the lower airways, hence
leading to the onset of the characteristic respiratory symptoms. Indeed, the coronavirus
disease 2019 (COVID-19) causes cough, difficulty breathing, sore throat, and in more severe
cases, pneumonia and acute respiratory distress syndrome (ARDS) [2].

SARS-CoV-2 presents a specific host cellular tropism. The entry of SARS-CoV-2
into susceptible cells is mediated by the interaction of the viral spike S protein with the
angiotensin-converting enzyme 2 (ACE2) cellular receptor; then, S protein is cleaved by
host proteases, allowing the virus—host membrane fusion [3]. Indeed, this virus is able
to primarily infect ACE-2-expressing cells in the airways, inducing a direct cytopathic
with consequent respiratory symptoms. It has been shown that SARS-CoV-2 presents
an increasing gradient of infection from distal to proximal respiratory primary cell lines.
Moreover, from autoptic findings, it has been observed that ciliated cells in the airways
and pneumocytes type 2 of the alveoli are the cells more susceptible to infection. Moreover,
cell death has also been reported as caused by the exacerbated immune response activated
by the infection [4].

A meta-analysis estimated that both the basic reproduction number R0 and the effec-
tive reproductive number of SARS-CoV-2 are ~3; therefore, according to this meta-analysis,
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one person can infect three other individuals. However, these numbers are decreasing
worldwide thanks to the containment measures undertaken by most governments [5].
Nevertheless, second and third waves of infections have occurred or are currently ongoing.

Crowded indoor environments represent remarkably high-risk situations, potentially
favoring viral spread [6]. The World Health Organization (WHO) international guidelines
of contact tracing designated that 15 min of contact with an infected person at less than
1 m is the critical time and space to SARS-CoV-2 exposure able to generate an infection.
In addition, other conditions in scenarios involving close contacts have also been defined
and include the direct physical contact with a COVID-19 positive individual, a COVID-19
patient-caregiver not wearing the proper protection, the sharing of a house, room, and/or
meal with positive persons [7]. These settings could easily occur in different situations, for
instance in the school classroom and public transports. Moreover, a critical setting happens
in hospitals, where the prevention of SARS-CoV-2 transmission is a dramatical challenge
both for health operators (e.g., nurses, doctors), hospitalized patients, and outpatients [8].

SARS-CoV-2 was generally isolated in vitro through the infection of permissive cell
lines. Different cells can be employed, with the Vero cells (from the kidney of Cercopithecus
aethiops) being the most employed for their high susceptibility to the replication of a
wide range of viruses, including SARS-CoV-2. Few other human cell lines are tolerant to
SARS-CoV-2 reproduction, including Calu-3 (lung adenocarcinoma), Caco-2 (colorectal
adenocarcinoma), and Huh? (hepatocellular carcinoma); nevertheless, in these human cells,
the cytopathic effect was not evident as that observed in monkey cells [9,10]. Moreover,
primary cells from human nasal epithelia, bronchi and large airway epithelia, bronchiolar
and small airway epithelia, type Il and type I pneumocytes are also valuable in vitro models
for SARS-CoV-2 research [4]. Finally, more sophisticated approaches are represented by
airway epithelial cells cultured in air-liquid interface and lung organoids [11].

The time of inoculation is generally set at 1-2 h [10]; however, to date, a study focusing
on shorter time of virus inoculation, experimentally mimicking the 15 min of contact
designated by WHO, is lacking [7].

Trying to fill this gap of knowledge, in this work, we aimed at determining the minimal
time of absorption and the minimal quantity of virus able to produce a persistent infection
in an in vitro cellular model.

2. Materials and Methods

Epithelial cell line Vero E6 cells from Cercopithecus aethiops normal kidney (ATCC
CRL-1586) were employed in the experimental settings. Cells were maintained in MEM
+ 10% fetal bovine serum, 2 mM glutamine, and 100 U/mL penicillin/streptomycin (Eu-
roclone, Pero, Italy). The day prior to the experiments, cells were seeded at a density of
5 x 10* cells/well in 24 multiwell plates. SARS-CoV-2, previously isolated in the BLS3
facility of the San Polo Hospital (ASUGI, Monfalcone, GO, Italy) was employed in the
experiments.

To determine the minimal time of viral adsorption and the minimal viral quantity able
to establish a persistent infection, the virus was diluted in MEM + 2% fetal bovine serum,
2 mM glutamine, and 100 U/mL penicillin/streptomycin (Euroclone) at a multiplicity
of infection (MOI) of 1, 0.1, 0.01, 0.001, and 0.0001 and then transferred to Vero E6 cells
for1,2,3,5,15, 30, or 60 min at 37 °C 5% CO,. At the end of the incubation, the virus
was removed, the cells were washed in phosphate-buffered saline (PBS), and 1 mL of new
culture medium was added to the wells (MEM + 2% fetal bovine serum, 2 mM glutamine,
and 100 U/mL penicillin/streptomycin, Euroclone).

Fifteen microliters of supernatants were harvested at 7 days post-infection and then
were subjected to thermolysis (98 °C for 3’ and 4 °C for 5) with 45 microliters of distilled
water for RNA extraction.

The viral load was quantified using real-time PCR with the Luna® Universal Probe
One-Step RT-qPCR Kit (New England Biolabs, Ipswich, MA, USA), with CDC primers and
probe (Eurofins, Luxembourg) for the viral gene N (nucleocapsid, 500 nM forward primer
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GGG AGC CTT GAA TAC ACC AAA A, 500 nM reverse primer TGT AGC ACG ATT
GCA GCA TTG, 125 nM probe FAM-AYC ACA TTG GCA CCC GCA ATC CTG-BHQ1)
on the 7500 Fast Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA,
protocol: 50 °C for 10/, 95 °C for 1/, and then 40 cycles at 95° for 10”7, 60° for 30”). The
previously quantified nCoV-CDC-Control Plasmid (Eurofins) was employed to generate
the standard curve.

The cytopathic effect was monitored with the EVOS XL Core Cell Imaging System
(Thermo Fisher Scientific, Waltham, MA, USA). At the end of the 7 days post-infection,
supernatants were removed, and cells were fixed in 4% paraformaldehyde, diluted in
phosphate-buffered saline (PBS) for 20 min, and then stained with 10% crystal violet
diluted in PBS for 30 min. After the staining procedure, the wells were air-dried.

Finally, the presence of SARS-CoV-2 was assessed by immunofluorescence assay
through the recognition of the N protein. Briefly, cells were grown on glass coverslips.
At the end of the infection setting (7th days post virus exposition), wells were washed
in PBS, and cells were fixed in 4% paraformaldehyde for 20 min. Next, fixed cells were
permeabilized with PBS + 0.2% triton-x100 (PBS-T) and the nonspecific sites were blocked
with PBS-T + normal goat serum (NGS) 10%. Cells were firstly incubated overnight
with anti-SARS/SARS-CoV-2 Coronavirus Nucleocapsid Antibody (MA1-7403, Thermo
Fisher Scientific) (1:100 in PBS-T + 1.5% NGS), and then with the anti-mouse Alexa Fluor
488 secondary antibody for 1 h (A11029, Invitrogen; Thermo Fisher Scientific, dilution
1:500). Finally, a mounting medium containing 40,6-diamidino-2-phenylindole (DAPI)
(Fluoroshield™ with DAPI, F6057, Sigma Aldrich, Merck KGaA, Darmstadt, Germany)
was employed to seal the coverslips on the glass slides (Superfrost, 10143560, Thermo
Fisher Scientific). Images were then acquired with the Cytation 5 Cell Imaging Multi-Mode
Reader (Biotek, Winooski, VT, USA) at 60 x (by using the Z-stack mode).

The presence of an established infection was confirmed when the cytopathic effect
was observed together with viral load levels above E + 12 viral copies /mL in the super-
natants, as previously reported [12]. The experiments were performed in 6 replicates in
2 experimental days.

3. Results

Successful viral replication was determined by quantification of the supernatants for
all the tested timings (1, 2, 3, 5, 15, 30, 60 min) with MOI 1, 0.1, and 0.01; for MOI 0.001, 15,
30, and 60 min of viral absorption were able to generate an established infection; finally for
MOI, 0.0001 just 60 min yield an increment in the viral load. Table 1 reports the average
viral load/mL of the different tested conditions.

Table 1. The viral load at the 7th day post-infection at the different MOI (multiplicity of infection, 1, 0.1, 0.01, 0.001, 0.0001)
and timing tested (1, 2, 3, 5, 15, 30, 60 min). The average viral load for mL of 6 replicates is reported. In red are depicted the

conditions where an established infection was determined.

MOI Time 1/ 2/ 3/ 5/ 15’ 30’ 60’
MOI 1 64x102 51x102 40x102 74x102 55x102  45x102 45 x 1012
MOI 0.1 92 x 102 83x102 74x102 12x102 82x102 71x102 7.0 x 1012
MOI 0.01 94x102 79x102 75x102 9.0x102 74x102 80x102 1.0 x 102
MOI 0.001 1.5 x 107 1.8 x 10° 2.0 x 10° 1.3 x 10° 74 %1012 77 %1012 82 x 1012
MOI 0.0001 2.7 x 100 3.2 x 100 3.7 x 10° 9.6 x 10° 3.0 x 100 1.1 x 10°7 | 4.0 x 10'2

Morphological effects induced by SARS-CoV-2 were observed in the wells in which
the molecular analysis of viral RNA indicated the occurrence of viral amplification.

Specifically, cytopathic effects, characterized by cellular rounding, detachment, and
degeneration were observed (see Figure 1A-G for representative images at different magni-
fications). Similarly, the crystal violet staining on the 7th day revealed a significant decrease
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in the living cells acquiring the crystal violet dye, a sign of cell detachment from the well
(representative images in Figure 1D,H).

Figure 1. Representative images of the cytopathic effect induced by SARS-CoV-2 infection at the 7th
day. Non-treated cells are shown for comparison. 10x, 20 x, and 40 x magnification are displayed.
(A) Cytopathic effect induced in infected cells, 10 x; (B) Cytopathic effect induced in infected cells,
20x; (C) Cytopathic effect induced in infected cells, 40x (D) Cytopathic effect induced in infected
cells, crystal violet staining; (E) Non-treated cells, 10x; (F) Not treated cells, 20; (G) Not treated
cells, 40x; (H) Not treated cells, crystal violet staining.

The nucleocapsid immunofluorescent staining showed a generalized infection of the
Vero E6 monolayer with cells presenting a multinucleate phenotype (Figure 2).

Figure 2. Representative images of the immunofluorescence assay for viral Nucleoprotein at the 7th
day. 60 x magnifications are displayed (Z-stack, scale bar 30 micron). (A,D) Nucleocapsid (green);
(B,E) Nuclei (blue); (C,F) Merge of the two channels.

4. Discussion

SARS-CoV-2 is still spreading around the world, reaching all the continents with a
total global burden of over 207 million infected people [13,14].
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Despite the worldwide mobilization of the researchers and institutions towards the
study of this emerging virus, there is not a universal consensus on the viral quantity and
the time of contact able to generate a persistent infection from infected individuals to their
neighbors [15]. This information is important for the constitution of measures related to
social distancing, contact tracing, quarantine, and medical discharge of COVID-19 affected
individuals [7].

In the present work, we focused on the determination of the minimal time of absorp-
tion and the minimal quantity of virus able to produce a persistent infection in an in vitro
cellular model of SARS-CoV-2 infection.

Our results highlight that in Vero E6 cell culture it is possible to establish a persistent
SARS-CoV-2 infection even after a very short time of viral absorption, with only 1 min
being able to generate a persistent infection with MOI 1, 0.1, and 0.01. Notably, there
are no appreciable differences both in terms of viral load and cytopathic effect between
infections obtained with 1, 2, 3, 5, 15, 30, or 60 min of absorption at 7 days post-infection.
These results possibly suggest that the initial binding of the virus with the cells is crucial
and sufficient for virions to adhere and enter the cellular membrane, with subsequent
intracellular replication, including when low MOIs were tested. With lower MO], only a
longer time of viral inoculation was able to generate an infection, being 15" and 60’ the
minimal times required to yield viral replication for MOI 0.001 and 0.0001, respectively.
Interestingly, the time needed to macroscopically perceive these effects is also compatible
with the onset of the symptoms in COVID-19 individuals after close contact with a positive
subject [16].

An evident cellular death effect was observed at the 7th day post-infection by crystal
violet staining, which showed a noticeable decrease in the number of well-adhering cells.
The cells were characterized by cellular rounding, detachment, and degeneration, together
with the presence of multinucleate cells. This phenotype is characteristic of infected cells.
Indeed, the sole presence of the viral spike protein in correspondence with the plasma
membrane can lead to the formation of receptor-dependent syncytia. Nevertheless, it has
been reported that Vero cells seem to form syncytia only when co-cultured with other cell
lines (U20S-ACE2 and 293T-ACE2 cell lines) and came in contact with U20S-ACE2-infected
cells or 293T-ACE2 cells expressing the spike protein. Vero cells fused also when they were
transfected with the S protein, but they did not fuse upon infection. Therefore, the presence
of ACE2 or S protein is essential to generate syncytia [17]. Our immunofluorescence images
showed multinucleate cells upon infection; however, we did not employ a GFP-Split
complementation system as in the paper by Buchrieser et al. [17]; therefore, the syncytia
formation cannot be confirmed. Moreover, the Vero cell lines used in our experiments
might be slightly different between the two experimental settings, since in the present
study the Vero E6 clone (ATCC CRL-1586) was employed, while in the paper redacted by
Buchrieser et al. [17], the ATCC code was not reported, thus not allowing a comparison.
Nevertheless, the formation of multinucleate cells in Vero E6 cells simply infected with
SARS-CoV-2 was previously reported [10], as in the present study:.

Besides Vero cells, SARS-CoV-2 infected in vitro human airway epithelium (HAE), in
line with the respiratory symptoms induced in vivo. Fully differentiated HAE are highly
susceptible to viral replication, specifically the ciliated and secretory cells, with long virus
persistence for 3-6 days (peak at 48-72 h). SARS-CoV-2 induced the generation of large
syncytial cells, the destruction of cellular tight junction, cytopathic effect, and cellular
apoptosis. It has been shown that SARS-CoV-2 infects and replicates more efficiently in
primary cell lines with respect to the immortalized ones, therefore confirming its high
infectious potential and transmissibility [18].

Indeed, our results, albeit conducted in an in vitro model of infection (i.e., Vero E6
cell line) that obviously does not recapitulate either the naso-oropharyngeal environment
nor the lung, further corroborate the previous data regarding the high infective capacity of
SARS-CoV-2, even during short-time exposures and with low quantities of viral particles.
To date, the international WHO guidelines indicate 15 min as the time necessary to define
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close contacts with a COVID-19-affected individual [7]. The current work is aimed at ana-
lyzing and further characterizing in vitro this condition (i.e., 15 min and less of exposure).
Bearing in mind the limitations of an in vitro experimental setting in trying to represent
the real scenario of a virus-host contact, based on our findings, it could be reinforced that
in some high-risk contexts, such as restricted closed environments with poor air circulation
(e.g., elevators, crowded means of transports), the precautions to take in the presence of
a COVID-19-positive individual should be maximal. Actually, the main way that SARS-
CoV-2 is transmitted is from person to person through direct, indirect, or close contact with
infective secretions, such as saliva and respiratory droplets [2]. The virus is also found in
very low quantities in urine, stool, and blood; thus, the viral transmission through these
routes is still under discussion by the scientific community, as well as the airborne spread
of SARS-COV-2, which has been hypothesized but still needs to be confirmed [15].

Our in vitro findings are in line with the epidemiological studies regarding COVID-19
outbreaks reporting clusters of infection from the first individual, even when asymp-
tomatic, following close encounters in indoor settings, including shopping malls, restau-
rants, public transport (bus, train, flight, ships), healthcare facilities, hospitals, elderly care
settings [19-21], and occupational settings [22]. Another important location that needs to
be strictly considered is given by scholastic environments, including infant centers, primary
and secondary schools, the latter presenting higher rates of risk [23]; public transport such
as buses, trains, aircraft, and taxies should be considered as well [24].

In conclusion, our in vitro study strongly indicates that the time of absorption is
relevant to establishing an infection. Indeed, in the majority of the studies regarding
SARS-CoV-2 infection, although having different aims from the ones investigated in our
work, Vero E6 cells (and other cell lines) are exposed to the virions for 1 h [10]. However,
we have observed that a minor time of viral absorption in vitro can be employed to obtain
the same consistent cytopathic effect. Therefore, taken together, our findings will initially
contribute to redesigning the anti-viral infection protocols, and secondly, even if obtained
in a cellular model of infection, our findings will be a warning about the transmission risk
even with a very short time of exposure.
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