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RESUMO

Em dezembro de 2019, uma nova e altamente contagiosa doenca
chamada Coronavirus Disease 2019 (COVID-19), causada pelo virus de nome
sindrome respiratéria aguda grave do coronavirus 2 (SARS-CoV-2 — do inglés -
severe acute respiratory syndrome coronavirus 2) surgiu e rapidamente se espalhou
pelo mundo. Tragicamente, a COVID-19 afetou mais de 680 milhdes de pessoas,
resultando em mais de 6,8 milhdes de mortes, especialmente em idosos e aqueles
portadores de comorbidades pré-existentes, como hipertensdo, diabetes e
obesidade. Em resposta a esta pandemia, nosso laboratoério e parceiros realizaram
pesquisas focadas na deteccdo de particulas virais de SARS-CoV-2 dentro de
células hospedeiras por meio de técnicas de imunofluorescéncia e hibridacdo in situ
(FISH), a fim de analisar sua interacdo com a maquinaria celular do hospedeiro. Os
resultados nas células modelo VERO E6 indicam que, sob infec¢@o por SARS-CoV-
2, hd uma inducdo da ativacdo transcricional da autofagia enquanto genes
relacionados a lisossomos e fusdo de vesiculas sdo reprimidos. Foi observada o
aumento na expressao dos genes relacionados a autofagia AMBRA-1, ATG7,
BECN-1 e SNAP29 e queda na expressédo do gene VAMPS8, responséavel por permitir
a fusdo autofagossomo-lisossomo. Além disso, descobriu-se que particulas virais
recém-montadas tendem a se acumular dentro de MVBs/endossomos tardios e
autofagossomos, nao sendo direcionados para a degradagdo lisossomica. Os
resultados aqui obtidos indicam que o bloqueio do fluxo autofagico completo pode
estar envolvido na replicacdo viral, na protecdo contra a deteccdo imunoldgica e na
disseminacao viral através do contato célula-célula. Esta hipétese € apoiada por
evidéncias de inibicdo da exocitose e colocalizacdo de particulas virais com
organelas relacionadas a autofagia. Esses achados podem explicar por que 0s
medicamentos baseados na inibicdo da autofagia ndo bloqueiam efetivamente a
infeccdo por SARS-CoV-2. No geral, o estudo fornece informacbes sobre o
mecanismo da infeccdo por SARS-CoV-2 e destaca a importancia potencial da

inibicdo do fluxo de autofagia na promoc¢édo da replicagdo e disseminagao viral.



ABSTRACT

In December 2019, a new and highly contagious disease -called
Coronavirus Disease 2019 (COVID-19), caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) emerged and quickly disseminated across
the globe. Devastatingly, COVID-19 has affected over 680 people, resulting in more
than 6.8 million deaths, especially in elderly individuals and those with pre-existing
medical conditions such as hypertension, diabetes, and obesity. In response to this
pandemic, our laboratory and partners conducted research focused on the detection
of SARS-CoV-2 viral particles inside host cells through immunofluorescence and in
situ hybridization (FISH) techniques, in order to analyze their interaction with the
host's cellular machinery. The results in VERO EG6 cells indicate that, upon SARS-
CoV-2 infection, there is an induction of transcriptional activation of autophagy while
repressing genes related to lysosomes and vesicle fusion. It was observed up-
regulation of autophagy-related genes AMBRA-1, ATG7, BECN-1, and SNAP29 and
downregulation of the VAMP8 gene, responsible for allowing autophagosome-
lysosome fusion. Additionally, it was found that newly assembled viral particles tend
to accumulated within MVBs/late endosomes and autophagosomes, as they could
not be targeted for lysosomal degradation. The results here obtained indicate that
blockage of complete autophagy flux may be involved in viral replication, protection
against immune detection, and viral spread through cell-cell contact. This hypothesis
is supported by evidence of inhibition of exocytosis and colocalization of viral
particles with autophagy-related organelles. These findings may explain why drugs
based on the inhibition of autophagy do not effectively block SARS-CoV-2 infection.
Overall, the study provides insights into the mechanism of SARS-CoV-2 infection and
highlights the potential importance of autophagy flux inhibition in promoting viral

replication and spread.
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Figure 12. Detection of SARS-CoV-2 particles in cell-to-cell connections of VERO E6
model cells wusing fluorescent in situ hybridization (A-F and 1) and
immunofluorescence (H) techniques. Detection of SARS-CoV-2 RNA-dependent RNA
polymerase gene by FISH in filopodia (A-C), structures in cell-to-cell connections (D-F) and
syncytia (). Immunofluorescence for Spike protein (H) co-stained with CD63 (H’),
demonstrating the presence of viral-containing late endosomes/MVBs in cell-to-cell
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Figure 13. RT-gPCR analysis of autophagy, apoptosis, and cytoskeleton remodeling
genes in VERO E6 and A549 cells. Expression of genes involved in autophagy pathway (A-
E), apoptosis (F) and cytoskeletal remodulation (G-I) for both VERO E6 and A549 for mock
and infect condition, showing an increase in almost all genes upon infection, with higher rate
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significance for ATG7 in VERO EB (B). ..ccovvviiiiiiiii ettt 50
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Figure 15. Proposition of molecular mechanisms underlying SARS-CoV-2 infection
and its involvement in compromising autophagy flux and vesicle fusion. Scheme
representing the classical autophagy flux upon general viral infection (A) and upon SARS-
CoV-2 infection (B). Usually, SNARE proteins enable the fusion of vesicles with acidified
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INTRODUCTION

Impact of viruses in human health

Viruses are a diverse group of significant pathogens that play crucial roles
in the environment, having evolved to infect a wide range of hosts in order to
replicate (1, 2). Certain viruses are specifically responsible for causing serious
illnesses in humans and animals (3), resulting in constant impacts on global public
health due to emerging viral infections (4), with acute respiratory infections being

among the most common ailments affecting humans (5, 6).

Respiratory infections, particularly those affecting very young or elderly
individuals with seasonal occurrences, are a significant driver of high healthcare
costs (5, 7). Influenza, respiratory syncytial virus (RSV), and rhinovirus are the main
culprits behind these infections. However, since 2002, coronaviruses have become a
growing concern (4), given the rising global numbers of infections and deaths, as well
as the lack of specific medical treatments or drugs to effectively contain the threats

posed by these coronaviruses, which also have economic implications worldwide (8).

Coronaviruses (CoVs) are positive single-stranded RNA viruses that
belong to the Coronaviridae family (9). The family has four genera, with
Gammacoronavirus and Deltacoronavirus mainly infecting birds, while
Alphacoronavirus and Betacoronavirus (B-coronavirus) are associated with
respiratory infections in a variety of mammals (10, 11). In humans, seven species of
CoVs are known to cause infection (12). Among them, B-coronaviruses are of
particular concern due to their ability to cross the animal-human barriers and cause
human disease (8, 13), as seen in the virulent epidemics of Severe Acute
Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS) (14).
Recently, a pandemic was triggered by a novel [-coronavirus, known as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing a new infectious
disease known as COVID-19 (15).

Severe Acute Respiratory Syndrome and COVID-19

First detected in Wuhan, China, in December 2019, SARS-CoV-2 has
quickly spread across the globe, infecting over 680 million people and causing more
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than 6.800.000 deaths in more than 220 countries (16). Its ability to rapidly propagate
(12), as well as its high contagion and mortality rates in certain risk groups (17-20),
prompted the World Health Organization to declare a pandemic on March 11, 2020
(22).

SARS-Cov-2 is a spherical-shaped virus, covered with a large number of
glycosylated spike protein (S), giving it the appearance of a crown (8). In addition to
the Spike protein, the virus also has three other structural proteins: nucleocapsid (N),
which forms the capsid outside the genome, and the proteins M (membrane) and
envelope (E), which together with Spike are associated to the envelope that that
encloses the viral genome (22, 23). Sixteen non-structural proteins (nsp1-16) are
involved in basic viral processes such as replication, modulation of host cells’ survival
signaling, methylation of viral mMRNAs and protein synthesis (22). Additionally, the
Spike protein not only plays a structural role but also functions as the key mediator
for viral entry into host cells. This process involves the binding of the viral Spike

protein to the host cell receptor ACE2 (angiotensin-converting enzyme 2), as well as
its activation by TMPRSS2 (M protease serine 2) enzyme on the host cell membrane,

which triggers viral entry (8, 23).

Several studies have demonstrated a remarkable genomic structural
resemblance between SARS-CoV-2, SARS-CoV, and to a lesser extent, MERS, the
most pathogenic viruses of the [-coronavirus genus (11, 24). Phylogenetic tree
analysis has further revealed that SARS-CoV-2 and SARS-CoV belong to the same
clade and share the same human cell receptor, which is distinct from MERS (25).

Despite sharing similarities, SARS-CoV-2 has been shown to have lower
pathogenicity and fatality rates in comparison to SARS-CoV and MERS. However,
COVID-19 has caused significantly more deaths worldwide (~6.897.000) (26, 27)
than both SARS and MERS combined (~1802) (28-30), likely due to its faster
human-to-human transmission rate (29). The highly transmissible nature of COVID-
19 can be attributed to its less severe clinical symptoms and its distinct tropism for
the upper respiratory tract (25). Additionally, the viral load reaches its highest point
before the onset of symptoms and is higher in the nose than the throat (31, 32). The

viral load decreases within days, indicating a higher spread capacity of SARS-CoV-2
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in comparison to SARS-CoV, whose highest elimination rate occurs after 10 days

from symptom onset (25).

While the symptoms of COVID-19 are generally milder than those of
SARS and MERS, they are still not fully determined (29), but includes fever,
headache, cough, sore throat, fatigue, myalgia and shortness of breath, which can
progress to pneumonia, respiratory failure and death (33). People of all ages are
susceptible to the virus, but the likelihood of infection increases with age (34),
particularly for elderly individuals and those with pre-existing medical conditions such
as hypertension, diabetes, obesity, and heart disease, who are more prone to
experiencing severe symptoms (35, 36).

As the impact of covid-19 continues to spread, it is crucial to understand

how the virus interacts with the host's immune system.

Autophagy pathway and its role in viral infections

Autophagy is a catabolic and genetically regulated cellular process that
plays a crucial role in maintaining cellular homeostasis and promoting cellular
renewal through lysosomal-mediated degradation of cytoplasmatic material, including

damaged proteins and organelles (37, 38).

In general, autophagy is typically induced when nutrients are limited, in
order to produce amino acids that can be converted into glucose to meet the body's
energy requirements (39). The process is regulated by nutrient conditions,
particularly through the action of mMTOR (mammalian target of rapamycin) (40).
During periods of starvation, autophagy culminates in the degradation of engulfed
cellular components by degradative lysosomal enzymes through the fusion of
autophagosome-lysosome, which is mediated by SNARE (soluble NSF attachment
receptor) complexes, including STX17-SNAP29-VAMP7/VAMPS8 (41).

In addition to removing unnecessary or dysfunctional cellular components,
autophagy plays a crucial role as a frontline defense against intracellular pathogens.
such as viruses (42) (virophagy), through a process of macroautophagy known as
xenophagy (43). However, certain viruses have developed mechanisms to evade
autophagy (44), avoid the immune response (45) and hijack autophagosomes for

viral replication (46), as observed in respiratory syncytial virus (RSV) and the
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hepatitis C virus (HCV) (47, 48). While it is known that most CoVs can interact with
the autophagy machinery to promote viral replication, the exact relationship between

CoV infection and autophagy remains unclear (49).

The modulation of autophagy can benefit viral infections in several ways,
such as serve as delivery vehicle for viral particles (50, 51) and act as a replication
platform, as the autophagosome can concentrate nutrients, offer structure and
promote protection against immune detection (52-56); Additionally, the autophagy
process can provide nutrients necessary for viral replication (57), facilitate the late
stages of the viral lifecycle, such as maturation and egress (58, 59), and prevent the
virus from undergoing degradation and host’s programmed cell death (50, 60—-62).

As virophagy can be either proviral or antiviral (63), depending on target’s
ability to hijack it, there is different ways in which autophagy acts on the host or is
modulated by viruses. In a host-positive scenario, autophagy selectively targets
viruses to be engulfed by autophagosomes and degraded by lysosomal activity,
leading to integration with innate pattern recognition receptor signaling, which
induces host’s interferon (IFN)-mediated viral clearance, and activating host innate
immune response (64). However, in a proviral scenario, viruses are capable to
subvert host autophagy by inhibiting autophagy activation through blockage of host
ATG protein function, modulation of host autophagy for self-benefit in viral replication

and inhibition of autophagy downstream degradation pathway (65).

In addition to modulating autophagy, viruses can exploit other cellular
mechanisms to enhance their success, such as cell-cell contact, which will be

discussed below.

The role of cell-to-cell contact in viral spread

The success of viruses depends on their ability to evolve and replicate
efficiently (66). For this purpose, in addition to replication, viruses must evade the

host's immune system and spread effectively.

One way in which viruses achieve successful pathogenesis is through the
manipulation of cell-cell contact, which allows for their spread while evading

neutralizing antibodies, contributing to immune evasion (67). This mechanism is
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exploited by numerous medically important viruses, particularly those that are highly
pathogenic, such as HIV (68, 69), HCV (70, 71), HSV-1 (72) and EBOV (73).

In general, cell-cell spread occurs through the hijacking of cytoskeletal
networks, coordinating a complex interplay between actin and microtubube (74). This
results in the formation of filopodia, nanotubes, actin tails, and, following cell-to-cell
fusion, a giant single cell with numerous nuclei, called a syncytium (75).

Insights in SARS-CoV-2 infection
Unlike MERS and SARS, SARS-CoV-2 viral load reaches its peak before

symptoms appear and is capable to maintain high levels of viral shedding for as long
as three weeks (31, 76), allowing for its silent spread. However, it is still unclear how
SARS-CoV-2 is capable to proliferating and evading detection by the immune system
in the early stages of the disease. As here discussed, a wide variety of viruses can
evade the immune system through cell-to-cell transmission, while replication is
facilitated by the hijacking of autophagy flux. The occurrence of one or both of these
mechanisms could explain the high success of SARS-CoV-2 in becoming a

pandemic.

Inspired by the topics here discussed, the aim of this work is to detect
SARS-CoV-2 particles in infected cells and study the viral dynamics within cells using

double immunofluorescence and confocal imaging.
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OBJECTIVES

General: To detect SARS-CoV-2 viral particles inside host cells and examine

their interactions with the host's cellular machinery.
Specifics:

1. To detect SARS-CoV-2 cellular receptor ACE-2 in both mock and
infected VERO EG6 and cells.

2. To detect SARS-CoV-2 particles in VERO EG6 cells during the first 24h
of infection.
3. Codetection of SARS-CoV-2 particles and its cellular receptor ACE-2 in

infected VERO EB6 cells.

4, To detect the SARS-CoV-2 genome inside cells via fluorescent in situ
hybridization.
5. Codetection of SARS-CoV-2 particles and markers of cellular

components and Autophagy-related factors via immunofluorescence.

6. To detect SARS-CoV-2 particles in cell-to-cell connections by in situ
hybridization.
7. Codetection of SARS-CoV-2 particles and the late endosome marker

CD63 in cell-to-cell connections via immunofluorescence.
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MATERIAL AND METHODS

Cellular culture, infection and related analysis

= Cell culture and viral infection

Cultures of cellular models VERO EG6 (African green monkey kidney cells -
Cercopithicus aethiops) and A549 (adenocarcinomic human alveolar basal epithelial)
were maintained at 37 °C and 5% CO:z in DMEM (Sigma-Aldrich, USA) with 10%
heat-inactivated FBS (Sigma-Aldrich, USA) and 1% of antibiotics Penicillin (100
U/mL; Sigma-Aldrich, USA) and Streptomycin (100 ug/mL; Sigma-Aldrich, USA). The
Brazilian isolate SARS-CoV-2/SP02/human/2020/BRA (GenBank: MT126808) was
generously provided by Professor Edison Luiz Durigon (University of Sdo Paulo) for
infection assays. For all experiments described here, virus propagation was carried
out in VERO EG6 cells (77) in the Biosafety Level 3 Laboratory (BSL-3) of the
Laboratory of Emerging Viruses for all experiments here described. For viral
infections, VERO cells were seeded in 24-well plates (5 x 10° cells/well) using the

multiplicity of infection (MOI) of 1.

= Plaque-forming units’ assay (PFU)

The PFU assay was used to determine the viral titer in both experimental
samples and infected cell supernatant, which was performed as previously described
(77), with slight alterations. Briefly, six 10-fold dilutions of the prepared samples were
added (duplicate) to VERO E6 cells seeded in 24-well plates (5 x 10° cells/well),
along with SARS-CoV-2 positive and negative controls, and incubated for 1 hour on a
rocking platform (room temperature). After viral adsorption, 1% CMC semisolid
medium (Sigma-Aldrich, USA), prepared with DMEM supplemented with 2% FBS
and 1% of penicillin-streptomycin, was added to the wells and incubated at 37°C and
5% CO2 for 48 hours. Following incubation period, the semisolid medium was
removed, and the cells were subsequently fixed with 8% paraformaldehyde, followed
by a wash with distilled water, before being stained with methylene blue (Sigma-
Aldrich, USA).

To assess the quantity of viable viral particles produced within VERO E6
cells, the first step was to remove the supernatants from the wells. Then, the cells

were washed with 1x PBS before collecting the monolayer, which was rapidly frozen
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using liquid nitrogen. Subsequently, the frozen cells were subjected to three rounds
of freeze-and-thaw cycles in liquid nitrogen and a 37 °C water bath. Finally, the

resulting samples were titrated by PFU to determine the viral titer.

= Bafilomycin treatment
Vero E6 cells cultured in 24-well plates (5 x 10° cells/well) were removed
from incubation and washed once with PBS, followed by treatment for 3 hours with
10 mM of bafilomycin prepared in DMEM supplemented with 10% FBS. The
treatment was ceased 2 hours before infection, and at 24 hpi, plaque-forming units
(PFU) were used to determine the titers of the cells and supernatant samples, using
previously described methods.

In situ hybridization and immunofluorescence

» Probe synthesis

To generate the probe for SARS-CoV-2 RdRp mRNA, two sets of
Polymerase Chain Reaction (PCR 1 and PCR 2) were performed. In PCR1, SARS-
CoV-2 target gene was amplified using GoTag® DNA Polymerase kit (Promega -
M3008) and specific oligonucleotide primers for viral RdRp (Forward 5'-
AACACGCAAATTAATGCCTGTCTG 3, Reverse 5
GTAACAGCATCAGGTGAAGAAACA 3’) and the reactions were performed using
GoTag® DNA Polymerase kit (Promega - M3008). Each reaction was set up with
0.25 pL of GoTaqg® DNA Polymerase (5 u/pL), 1 pL of each SARS-CoV-2 RdRp
primer (10 mM), 1 pL of viral cDNA (1:10 dilution) (prepared using High-Capacity
cDNA Reverse Transcription Kit by Thermo Scientific - 4368814, following the
manufacturer's instructions), 1 pL of dNTP mix (10 mM), 2 pL of MgClz, 10 pL of 5X
GoTaq reaction buffer, and 33.75 pL of nuclease-free water to a total volume of 50
uL. The reactions were then subjected to a thermocycler (Eppendorf® Mastercycler®
EP) program with the following steps: Initial denaturation - 95 °C for 2 min; 35 cycles
of Denaturation - 95 °C for 30s; Annealing - 55 °C for 30 s; Elongation - 72 °C for

30s; and final extension - 72 °C for 5 min.

Next, PCR 2 was performed in order to incorporate biotin molecules into
the probe. For this purpose, the appropriate unlabeled dNTP was replaced with bio-
16-dUTP (Sigma-Aldrich — 11388908910) to be added to the reaction mix. Each

reaction of PCR 2 was prepared using almost same proportions described
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previously. However, in place of cDNA, 1 pL of PCR 1 product as used as DNA
template while 1 pL of d (A, C, G) TP (10 mM), and 0.5 pL of 16dUTP (0.2 mM) was
applied instead of dNTP mix. PCR 1 and PCR 2 programs were the same. At the end
of PCR 2, the newly synthesized complementary DNA strands incorporate the biotin-
16-dUTP, resulting in a 300 bp biotinylated DNA probe with the following sequence:
5-
AACACGCAAATTAATGCCTGTCTGTGTGGAAACTAAAGCCATAGTTTCAACTATA
CAGCGTAAATATAAGGGTATTAAAATACAAGAGGGTGTGGTTGATTATGGTGCT
AGATTTTACTTTTACACCAGTAAAACAACTGTAGCGTCACTTATCAACACACTTAA
CGATCTAAATGAAACTCTTGTTACAATGCCACTTGGCTATGTAACACATGGCTTA
AATTTGGAAGAAGCTGCTCGGTATATGAGATCTCTCAAAGTGCCAGCTACAGTT
TCTGTTTCTTCACCTGATGCTGTTAC-3..

Fluorescent In situ Hybridization (FISH)

VERO EB6 infected and mock cells were removed from culture medium and
submitted for 20 minutes to fixation on 4% PFA (pH 7.40), prepared in PBS-DEPC
(pH 7.4). Next, cells were submitted to PBS-DEPC washing process for three times
prior exposition for 30 minutes, at room temperature, to a 2% H20: solution prepared
in methanol. This step was performed protected from the light, in order to avoid
autofluorescence. After incubation time, cells were submitted again to washing step
and incubation in Proteinase K (10 pug/mL) solution prepared in PBS-DEPC-Tween
0.1 M (pH 7.4) for 2 minutes, enabling its permeabilization. Subsequently, a glycine
solution (2 mg/mL) diluted in 0.1M PBS-DEPC-Tween (pH 7.4) was applied for 10
minutes at room temperature to inactivate the previously step. Finally, a second

fixation and washing step was performed, but for only 10 minutes.

The following step was to perform the Hyb itself. First, the Hyb solution
composed of 50% formamide, 10% dextran sulfate and 2x SSC (pH 7) was prepared
and supplemented with salmon sperm DNA (2 pg/mL) for 2 hours at 37 °C using a
humid box, in order to avoid nonspecific signals. Next, the cells were incubated in
Hyb solution with the biotinylated probe (100 uL/mL) prepared previously, which was
denatured at 85 °C and then added to the cells. After incubating the cells in a humid
box at 37°C for 16 hours, the hybridization solution was gradually removed by
washing the cells with a 50% Hyb + 2x SSC (pH 7) solution for 20 minutes at 37°C,
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followed by washing with a 25% Hyb + 2x SSC (pH 7) solution, a washing using a 2x
SSC solution for 10 minutes at 37 °C and a final washing using PBS-DECP 1X at
least 5 times, in order to remove any remaining Hyb or SSC residues, as well as
excessive probe that was not hybridized. In the final step, the samples were
incubated protected from the light at room temperature for 2 hours with Streptavidin
(Invitrogen #21842) diluted (1:500) in PBS-DEPC 1X, and then washed using PBS to
remove any excess of Streptavidin. Finally, cells were incubated with DAPI (Santa
Cruz Biotechnology - #SC-3598) for 10 minutes at room temperature while being
protected from light, using a dilution ratio of 1:1000 in PBS (Ph 7.4).

Samples were imaged using a confocal microscopy (Zeiss -—
Airyscan/LSM880) on an inverted microscope (Zeiss - Axio Observer 7/ 491914-
0010-000) with a C Plan Apochromat 63x/1.4 Oil DIC objective, 4x optical zoom.
Before conducting image analysis, the raw.czi files underwent automatic processing
through the Zen Black 2.3 software to produce deconvoluted Airyscan images. The
DAPI images were obtained by means of conventional confocal imaging, utilizing a
405 nm laser for excitation and setting the pinhole aperture to 1 AU.

= Immunofluorescence

For immunofluorescence, Vero E6 and A549 cells were removed from
culture medium and fixed in salinized glass slides using 4% PFA, following by a wash
step using PBS-Tween (pH 7.4) and incubation with 0.1 M glycine for 10 minutes.
Next, the cells were treated with a BSA solution (Sigma - A8327) for 30 minutes prior
antibodies application. Primary antibodies were diluted in PBS-Tween and 1% BSA
(1:100), added to the fixed cells using the desired double IF combination* and
incubated overnight at 4 °C. Next day, washing step was repeated and the slides
were incubated for 2 hours with secondary antibodies** diluted (1:500) in PBS-Tween
+ 1% BSA, followed by new washing process. Then, a final staining process using
DAPI (Santa Cruz Biotechnology, #SC3598) was performed, in order to stain the

nuclei, and the samples were imaged as previously described.

* SARS-COV-2 Spike S1 antibody (#HC2001 GenScript - #A02038); Lampl antibody
(#BD 555798); p62 antibody (#BD 610832); and CD63 antibody (#BD 556019)]



27

** (Alexa 488 anti-Human IgG Thermo Fisher #A11013; Alexa Fluor 555 Anti-Mouse
IgG #A21422).

Molecular analysis
* RNA extraction and cDNA synthesis

Cell types submitted to infection and molecular analysis were kept in
culture until reaching confluence. Subsequently, the cells were collected and
centrifuged at 13,000 RPM for 5 minutes to obtain a pellet, which was transferred to
Eppendorf tubes and added with 1 mL of TRIzol (Thermo Fisher — 15596018) while
being kept refrigerated. After adding TRIzol, the solution was incubated for 7
minutes, followed by the addition of 200 pL of chloroform (Sigma-Aldrich - P4557) per
tube, manually shaken for 15 seconds and incubated for 3 minutes. The samples
were then centrifuged at 12,000 RPM for 15 minutes at 4°C, leading to the separation
of the solution into 3 phases. The first phase was transferred to a new Eppendorf
tube using a pipette, and 500 pL of isopropyl alcohol (Sigma-Aldrich - G2526) was
added, following by manually shaken and inversion. After incubating for 10 minutes
at room temperature, the samples were centrifuged at 12,000 RPM for 15 minutes at
4°C, and the resulting supernatant was discarded. The pellets were washed with
75% ethyl alcohol and centrifuged at 12,000 RPM for 5 minutes at 4°C. The
supernatant was discarded, and the pellets were left to dry completely at room
temperature for around 20 minutes. The pellets were dissolved in DEPC-water and
quantified using a NanoDrop® 2000 spectrophotometer (Thermo Scientific). The
integrity of the samples was assessed using 1% agarose gel electrophoresis and
visualized under UV light. After RNA extraction, cDNA was synthesized using the
High-Capacity cDNA Reverse Transcription Kit (Thermo Scientific - 4368814),

following the manufacturer's instructions.
= Gene selection and primers design

Key genes related to the different phases of the autophagic pathway were
selected, as well as genes likely to play a role in the viability of cellular-to-cellular
viral transfer. The primers used were taken from the Harvard University (Primer Bank
- https://pga.mgh.harvard.edu/cgi-bin/primerbank/new_search2.cgi) and had them

synthesized by Exxtend - Solugbes em Oligos. To ensure the quality of the primers,



28

we amplified the chosen genes using conventional PCR with the GoTag® DNA
Polymerase PCR kit (Promega - M3008), following the manufacturer's
recommendations, for a final volume of 10pL. We analyzed the resulting PCR
products by 1% agarose gel electrophoresis, considering the expected amplicon size
during primer design and the obtained band size, using the GeneRuler 1 kb DNA
ladder (Thermo Scientific - SM0311), as parameter.

= Analysis of gene expression by RT-gPCR

The cDNAs obtained from control and infected cells were utilized to
perform RT-gPCR analysis of target gene expression. For each gene and cell type, 8
uL of SYBR® Green (Biorad - 4364344) supplemented with the recommended dye,
4.5uL of cDNA (1:10 dilution), and 4.5 uL of primer (10 uM) were added to a 0.6 ml
Eppendorf tube. After homogenization, 5 pL of the solution was applied per well of
the gPCR plate (Kasvi 384 wells) in triplicate, using GAPDH as an endogenous
control. For the VAMP8 gene, a 50x cycle was used due to its low expression. The
plate was then sealed with a sealing film (Kasvi), centrifuged at 2,000 RPM for 30
seconds, and inserted into the CFX384 Touch System (Bio-Rad) for a 40x cycle, as
per the manufacturer's recommendation. Upon completion of the program, the data
obtained was analyzed using Bio-Rad CFX Manager and Excel software to calculate
the CT deltas and gene expression. The resulting graphs were prepared using
GraphPad Prism 5.0 software, comparing the gene expression in infected cells vs
mock and VERO E6 vs A549, due to the high and low infection rates of the
respective cell types.

Statistical analysis

Statistical analysis of PFU and RT-gPCR was performed using GraphPad
Prism 9.0 and 8.0, respectively. The presented values represent the mean and
standard deviation (SD), and the mean difference was tested using a T-test.

Significance was set at p<0.05.
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RESULTS AND DISCUSSION

Due to the COVID-19 pandemic caused by SARS-CoV-2, all experiments
unrelated to this virus was interrupted at the university and the laboratories redirected
they attention to study the virus. In April 2020, our laboratory - Brazilian Laboratory
on Silencing Technologies - initiated a study on SARS-CoV-2 by detecting ACE2
expression 24 hours post-infection (hpi) using antibodies in VERO E6 cells (Figure
1) and A549 cells (Figure 2), which are two initial model cells commonly used for
SARS-CoV-2 studies (78, 79).

The immunofluorescence analysis revealed a significant abundance of
ACE2 receptors in VERO cells (Figure 1 B, C), while A549 showed negligible levels
(Figure 2 B, C), which was consistent with later published studies demonstrating that
A549 cells are poorly infected with SARS-CoV-2 due to low ACEZ2 receptor
expression on the cell membrane (80, 81). The abundance of ACE2 in both mock
and infected VERO E6 cells, when compared to A549, was also consistent with
literature (82, 83). Interestingly, the immunofluorescence of infected cells showed a
lower rate of ACE2 receptor presence when compared to mock (Figure 1 C). This
result is compatible with a study performed with SARS-CoV, in which a
downregulation of ACE2 protein levels was observed after infection, inversely
correlated with viral replication, indicating a strong receptor interference after viral
Spike bound to ACE2 in VERO cells and post-transcriptional regulation of ACE2
proteins (84, 85).

Due to their high expression of ACE2 receptor and consequently greater
susceptibility to SARS-CoV-2 infection, VERO EB6 cells were selected as the primary
model to be used for subsequent experiments here described.
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Figure 1l.immunofluorescence analysis for the detection of ACE2 receptor in VERO E6
cells. Immunofluorescence staining for the detection of cellular receptor ACE2 in VERO
cells 24 hpi revealed a high abundance of these receptor in mock cells (B), and a lower rate,

but still significant, in infected cells (C).
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Figure 2. Immunofluorescence analysis for the detection of ACE2 receptor in A549
cells. Immunofluorescence staining for the detection of cellular receptor ACE2 in A549 cells

24 hpi, revealed a poor presence of these receptor in both mock and infected cells (B, C).

After characterizing the ACE2 pattern in our chosen model cell, an
immunofluorescence analysis was conducted to detect viral particles in VERO E6
cells using antibodies for viral protein Spike and cellular ACE2 (Figure 3). A high
level of infection was observed in VERO cells 24 hpi, as expected based on the
literature (82) (Figure 3 C-D’”’). Interestingly, viral labeling was identified as circular
structures (Figure 3 C”’, D), very similar to multivesicular bodies (MVBs) (Figure 3
C, D).
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Figure 3. Immunofluorescence analysis for the detection of viral Spike protein and
ACE2 receptor in VERO E6 cells. Immunofluorescence staining for the detection of viral
Spike protein (green) and cellular receptor ACE2 (red) in VERO mock (A, B) and infected (C,
D) cells 24 hpi, demonstrating a high presence of viral particles in infected cells and circular

structures containing Spike protein near the cellular nucleus (highlighted in C”, D”).

During the early experiments of COVID-19 disease, our laboratory
developed a low-cost fluorescent in situ hybridization (FISH) method using
biotinylated DNA probe targeting SARS-CoV-2 RNA dependent RNA polymerase
(RdRp) MRNA to specifically detect and visualize SARS-CoV-2 in VERO cells (86).

This allowed us to visualize the viral genomic RNA and identify MVB-like structures
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(Figure 4), similar to those revealed by immunofluorescence for Spike protein
(Figure 3).

While no MVB-like FISH labelling was observed in the negative control
(Figure 4 A) or mock (Figure 4 B), highlighting the probe's specificity, MVB-like FISH
labeling confirmed the presence of viral particles in infected cells (Figure 4 C, D).
Interestingly, MVB-like labeling was predominantly observed around the cellular
nucleus (Figure 4 C-D’’), with some MVB-like labeling observed also in the

cytoplasm and in cytoplasmatic projections (Figure 4 D’, D).

To better understand the dynamics of SARS-CoV-2 infection, Spike
protein IF was performed in VERO E6 infected (MOI 1) cells after 12, 16, 20 and 24
hpi, counter-labeling these cells with F-actin/cytoskeleton marker Phalloidin (Figure
5). The time point selection was based on viral replication rate, which starts
approximately 7-8 hpi, increasing exponentially until 12 hpi, corresponding to the time

of appearance of infection foci (87, 88).
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Figure 4. Fluorescent in situ hybridization to detection of viral mMRNA of RdRp (C, D) in
VERO E6 cells. Fluorescent in situ hybridization for detection of viral RdRp (red) in VERO

E6 cells 24 hpi, evidencing the presence of SARS-CoV-2 particles in MVB-like structures (C,

D), with no similar structures observed in CN (A) or mock (B).
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Spike IF detected the presence of viral particles inside VERO cells at 12
hpi (Figure 5 A-A’"’), with a strong increase in labeling intensity and number of
labeled cells at 16 hpi (Figure 5 B-B’”’), which persisted until 24 hpi (Figure 5 B-
D’’”). Cell cytoplasm and membrane retraction were also observed, starting at 16 hpi
(Figure 5 B) and progressively increasing in robustness at 20-24 hpi (Figure 5 C-D).
However, no further investigation was conducted to confirm the nature of this
alteration. Similar to previous reports for VERO EB6 cells infected with SARS-CoV-2
(89), we observed signs of cell rounding, detachment, degeneration, and syncytium
formation (Figure 5 C-D). Interestingly, Chu and collaborators (2020) reported that
despite the robust damage caused by SARS-CoV-2 in VERO E6 cells, this damage
is lower compared to those caused by SARS-CoV, as the cell viability was
significantly higher after SARS-CoV-2 infection than those by SARS-CoV at multiple

times and same MOI, supporting its lower fatality rate and milder symptoms.
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Figure 5. Time lapse infection of SARS-CoV-2 in VERO E6 cells with
immunofluorescence for viral Spike protein and cellular cytoskeleton in 12 (A), 16 (B),
20 (C) and 24 (D) hpi. Immunofluorescence marking viral Spike (green) and cellular F-
actin/cytoskeleton (magenta) in 12 (A), 16 (B), 20 (C) and 24 (D) hpi of VERO E6 cells,
evidencing the high viral replication in 16 hpi and alterations in cellular morphology induced

by SARS-CoV-2 (C-D).



37

To better understand the nature of these MVB-like FISH and IF labeling
observed, Spike IF was performed in VERO EB6 cells infected with SARS-CoV-2 (MOI
1), using double IF labeling for various cellular organelles, especially those involved
in autophagy and related pathways, to evaluate the interaction between the virus and
cellular machinery. These organelles play different roles in cellular processes, such
as endocytosis, protein trafficking, and degradation (90, 91). Double IF was
performed to using known markers for: early endosomes (Figure 6), involved in
sorting and recycling internalized material (92); late endosomes (Figure 7),
lysosomes (Figure 8) and autophagosome (Figure 9), responsible for the
degradation of internalized and intracellular material (93, 94); cis-Golgi (Figure 10),
responsible for receiving newly synthesized proteins from endoplasmic reticulum and
initiating their maturation and trafficking throughout the Golgi network (95); and MVB
(Figure 11), responsible for the degradation of specific membrane proteins and the
secretion of exosomes (96, 97). These analyzes revealed a probable interaction of
viral particles with endosomes (Figure 6 and Figure 7 C-D’’), autophagosome
(Figure 9) and MVB (Figure 11), as described and discussed below.

During viral infection, autophagy can serve as a defense mechanism
through xenophagy, degrading exogenous molecules (98). In this process, the
phagophore engulfs the material to be degraded, forming the autophagosome, which
subsequently fuses with lysosomes to form autolysosomes - the final step in the
material's degradation (99). Autophagosomes can also fuse with endosomes,
creating structures known as amphisomes (98), which may explain the presence of
viral material in autophagosomes, endosomes, and MVBs. However, no
colocalization of viral particles and Lamp-1, a lysosomal marker (100), was observed
(Figure 8 C-D”), indicating that no lysosomal degradation of these viral particles was

occurring.

A proximal, but not co-localized, marking of cis-Golgi and Spike (Figure
10) suggested a possible involvement of the region of endoplasmic-reticulum—-Golgi
intermediate compartment (ERGIC) in viral replication and/or egress. Some viruses,
including CoVs, are known to induce the remodulation of cell membranes to favor
replication, utilizing the endoplasmic reticulum, Golgi, and ERGIC as assembly and
budding sites for structural particles like M, E, and N (101-103), as well as forming
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double membrane vesicles (DMVs) that anchor the replication-transcription
complexes (RTCs) (104, 105).

CoVs generates a large number of isolated DMVs with an undefined
origin, but they are likely derived from the ER, late endosomes, autophagosomes, or
the secretory pathway. These DMVs tend to integrate into a unique reticulovesicular
network of shaped ER membranes (106). This model of DMVs production and
interaction with ERGIC has already been proposed for SARS-CoV-2, with probably
role in evading the antiviral innate immune response (107). This could explain the
presence of viral particles that are not co-localized with the cis-Golgi and the circular
structures containing viral particles observed in various immunofluorescence images

(Figure 3, Figure 4 and Figure 6-Figure 11).
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Figure 6. Immunofluorescence analysis for the detection of viral Spike protein and

early endosome in VERO EG6 cells. Immunofluorescence marking viral Spike (green) and

early endosome (red - EEA1 antibody), evidencing the colocalization of viral particles and the

organelle (C”, D”).
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Figure 7. Inmunofluorescence analysis for the detection of viral Spike protein and late
endosome in VERO E6 cells. Immunofluorescence marking viral Spike (green) and late

endosome (red — CD63 antibody), evidencing the colocalization of viral particles and the

organelle (C”, D”).
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Figure 8. Immunofluorescence analysis for the detection of viral Spike protein and

lysosomes in VERO EG6 cells. Immunofluorescence marking viral Spike (green) and

lysosomes (red — LAMP1 antibody), with no colocalization of viral particles and the organelle

(C”, D”), with exception of the presence of technical artifacts.




INFEC-IF

Figure 9. Immunofluorescence analysis for the detection of viral Spike protein and

autophagosomes in VERO EG6 cells. Immunofluorescence marking viral Spike (green) and

autophagosomes (red — P62 antibody), with colocalization of viral particles and the organelle

(c”, D”).




Figure 10. Immunofluorescence analysis for the detection of viral Spike protein and
cis-Golgi in VERO E6 cells. Immunofluorescence marking viral Spike (green) and cis-Golgi

(red — GM130 antibody), with no colocalization of viral particles and the organelle, but

showing proximal interaction (C”’, D”).
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Figure 11. Immunofluorescence analysis for the detection of viral Spike protein and

multivesicular-bodies in VERO E6 cells. Immunofluorescence marking viral Spike (green)

and multivesicular bodies (red — RAB27 antibody), with colocalization of viral particles and

the organelle (C”, D).
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It was also observed strong indicative on the occurrence of the
phenomenon of cellular-cellular transference of viral particles through cellular
membrane projections in VERO E6 cells, using both immunofluorescence and FISH
techniques (Figure 12).

Diverse virus, including respiratory viruses, are capable of spreading in
hosts through cell-to-cell contact, using mechanisms as nanotubes, fast lanes (108),
filopodial bridges (109) and cell-cell fusion, resulting in a single giant and
multinuclear cell, known as syncytium (110). Differently of membrane budding, the
most common form of interhost spread infection in respiratory viruses, the spread
through direct cell-to-cell, does not require the complete assembly of viral particles,
allowing spreading of partially assembled viral particles, such as nucleocapsids and

inclusion bodies (108).

We captured the presence of both filopodia containing viral RARp mMRNA
using FISH (Figure 12 A-C), fast lanes using FISH and immunofluorescence (Figure
12 E-H’’) and syncytia (Figure 12 1) using immunofluorescence (Figure 12 E-H”’). It
was also observed the presence of viral Spike double-stained with CD63 (Figure 12
H’"), which demonstrating the presence of viral-containing late endosomes/MVBs in

cell-to-cell connections.

No evidence of this type of spread was registered to SARS-CoV-2 until the
moment of our observation. However, recently, the spread of SARS-CoV-2 through
cell-to-cell transmission (111) and nanotubes tunneling (112) was reported, as well
as syncytia formation (111), indicating that viral Spike protein mediates cell-to-cell
contact. Additionally, it was observed that ACE2 is required for viral entry in host cell,
but it is not necessary required for cell-to-cell transmission in SARS-CoV-2 infection,
in opposite to SARS-CoV (111). The presence of similar viral vesicular structures and
DMV was also reported to occur in nanotubes in VERO EG6 cells (112), as here
registered (Figure 3, Figure 4, Figure 6 and Figure 12), and may provide a route for
neural spread, enabling the spread of viruses from permissive to nonpermissive to

infection cells.
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Figure 12. Detection of SARS-CoV-2 particles in cell-to-cell connections of VERO E6
model cells wusing fluorescent in situ hybridization (A-F and 1) and
immunofluorescence (H) techniques. Detection of SARS-CoV-2 RNA-dependent RNA
polymerase gene by FISH in filopodia (A-C), structures in cell-to-cell connections (D-F) and
syncytia (). Immunofluorescence for Spike protein (H) co-stained with CD63 (H’),
demonstrating the presence of viral-containing late endosomes/MVBs in cell-to-cell

connections (H”).

It is known that some microorganisms can hijack autophagy, including
xenophagy, by suppressing or triggering it (113), to promote their replication,
survival, and egress (114), specially using autophagosomes (115) and endosomes
(116). After starting the analysis of images from immunohistology technique,
hypotheses were elaborated on the relationship between the phenomenon of cell
autophagy and viral replication, as well as the occurrence of transfer of viral particles
to neighboring cells via cell-cell contact. To partially confirm these hypotheses, we
performed an RT-gPCR analysis to evaluate the expression of genes related to
autophagy, cell death, and cytoskeleton remodeling. RT-gPCR was conducted on
both VERO E6 and A549 cells due to the high susceptibility of VERO EG6 cells to
infection and the lower susceptibility of A549 cells, in order to investigate the impact
of viral entry on target genes in cells with and without Ace-2 and SARS-CoV-2

abundance.

It was found that AMBRA-1 expression, one of the factors that initiates and
regulates the autophagic response (117), was increased upon SARS-CoV-2 infection
in both VERO and A549 cells (Figure 13 A, A'). The same phenomenon was
observed for the autophagy genes ATG7, involved in elongation phase, and BECN1,
involved in nucleation phase of autophagosome (118) (Figure 13 B, C'). In order to
assess the fusion between the autophagosome and the lysosome, an important step
in autophagic flux, we examined the expression of genes VAMP8 and SNAP29,
which are crucial for autophagosome-lysosome fusion. SNAP29 acts mediating the
fusion of STX17 present in autophagosome with VAMPS8, present in lysosome
membrane, forming the STX17-SNAP29-VAMPS8-mediated autophagosome fusion
complex (119). Interestingly, in VERO E6 cells, the one in which viral infection is
highly significant, VAMP8 expression was very low in mock cells, requiring an
increase in number of cycles in RT-gPCR reaction to obtain some detection, and it
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showed a small reduction (no statistical significance) in infected cells (Figure 13 D).
In A549, where a viral infection is weak, the expression of VAMP8 was highly
increased in the infected cells (Figure 13 D'). In SNAP29 the gene expression was
upregulated upon infection for both cellular types (Figure 13 E, E’). These results
suggested that VAMPS8, essential for autophagosome and lysosome fusion, may be
down-regulated by the virus in VERO cells, and may explain the lower rate of viral
success in infecting A549 cells, as the autophagosomes carrying viral particles are

probably fused with lysosome, allowing its chemical digestion.

When evaluating the expression of the anti-apoptotic gene BCL-2 (120), a
very significant increase was observed in VERO cells upon infection, while a
significant increase, but lower compared to VERO E6, was detected in A549,
suggesting inhibition of apoptosis in both cell types (Figure 13 F and F’). In addition
to being an inhibitor of apoptosis, BCL-2 acts regulating negatively autophagy (121),
which is counterintuitive to the concomitant increase of both BCL-2 and autophagy
genes in both cell types. Interestingly, Ambra-1 also acts by binding to mitochondrial
BCL-2, preventing its interaction with BECNland thus allowing autophagy to occur
(122). When compared the rate of elevation of AMBRA-1 in infected cells, we
observed an apparently higher one in VERO compared to A549 (Figure 13 A, A").
These results suggest that, in VERO E6 cells, the up-regulation of autophagy genes
could be promoting this process even in a condition of possible inhibition of apoptosis
(high BCL-2), due to the excess increase of the AMBRA-1 gene.

Finally, we observed that, of the three target-genes involved in
cytoskeletal remodeling, they all were induced by viral infection (Figure 13 H-I’). The
only exception is the expression of RAC1 in A549 (Figure 13 G, G’), showing that, in
VERO cells, this gene may be signaling a virus-induced phenomenon in robustly
infected cells, with a possible role in cell-to-cell transmission of viral particles.
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Figure 13. RT-qPCR analysis of autophagy, apoptosis, and cytoskeleton remodeling
genes in VERO E6 and A549 cells. Expression of genes involved in autophagy pathway (A-
E), apoptosis (F) and cytoskeletal remodulation (G-1) for both VERO E6 and A549 for mock
and infect condition, showing an increase in almost all genes upon infection, with higher rate
in VERO EB6, except for VAMP8 gene for VERO E6 (D) and RACL1 in A549 (G’). No statistical
significance for ATG7 in VERO E6 (B).

The results obtained with RT-qPCR showed up-regulation of autophagy
genes and a decrease in the autophagosome-lysosome fusion gene VAMP8 (Figure
13), corroborating the results of immunofluorescence, in which endosomes (Figure 6
and Figure 7 C-D”’), autophagosomes (Figure 9) and MVBs (Figure 11) showed
colocalization with viral particles, while no colocalization was detected for lysosomal
marker Lamp-1 (Figure 8C-D”). This data strongly suggested that, although
autophagy was active in infected VERO EG6 cells, no lysosomal degradation of these

viral particles was occurring.

Additionally to its crucial role in promoting autophagosome-lysosome
fusion, VAMP8 is also reported as an essential SNARE in regulation of exocytosis of
mucin granule (123), exocrine glands (124, 125), platelets (126), macrophages (127)
and mast cells (128), as well as in the fusion of endosome and secretory vesicle
fusion with the plasma membrane (129-131). As this gene was downregulated in
infected VERO EG6 cells, it was hypothesized that SARS-CoV-2 infection could
possibly cause the blockage of exocytosis, reducing viral release. To confirm it, a

PFU (plaque-forming units) assay was performed.

The amount of viable SARS-CoV-2 particles within VERO EG6 cells was
compared to the number of PFUs in present in extracellular compartment at 24 hpi
(Figure 14). PFU assay resulted in the detection of 20-fold increase in the number of
viable SARS-CoV-2 particles inside the VERO E6 cells compared to the supernatant
at 8 hpi. Similarly, at 24 hpi, the number of viral particles retained inside the cells was
25 times higher than in the supernatant (Figure 14 A). In sharp contrast to SARS-
CoV-2, the virus responsible for the 2003 SARS epidemic, SARS-CoV, demonstrated
only a 10-fold increase in the number of viral particles present in supernatant as
compared to inside the cells at 12 hpi in VERO EB6 cells (132).
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The observed repression of exocytosis-related gene VAMP8, combined
with the findings of increased viral particles retained inside the infected cells,
suggests that this phenomenon could be caused by hindered exocytosis. To verify
this hypothesis, VERO E6 cells infected with SARS-CoV-2 were treated with the
exocytosis-inducer bafilomycin (133). Surprisingly, bafilomycin treatment did not
significantly affect the number of SARS-CoV-2 particles inside the cells (Figure 14
B). However, a substantial increase in viral particles was detected in the supernatant
of the treated cells (Figure 14 C) suggesting that inhibition of exocytosis limits viral
release to the extracellular medium during SARS-CoV-2 infection. These results offer
valuable insights into the pathogenesis of SARS-CoV-2 and could provide potential

targets for therapeutic interventions.
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Figure 14. PFU and Bafilomycin treatment 24 hpi in VERO EB6 cells. Focus forming assay
of cell lysate and supernatant of VERO EG6 cell culture 8 and 24 hpi with SARS-CoV-2. (A).
RT-gPCR of cell lysate and (C) supernatant of VERO E6 cell culture treated with bafilomycin
after 24 hpi with SARS-CoV-2. Bars represent mean + SEM. Statistic difference is indicated
by *p<0.05 (B).



52

CONCLUSION

The results obtained in this work strongly suggests the capacity of SARS-
CoV-2 induces transcriptional activation of autophagy and repression of genes
associated to lysosomes-vesicle fusion in VERO EG6 cells, as was demonstrated by
up-regulation of autophagy-related genes AMBRA-1, ATG7, BECN-1 and SNAP29
and downregulation of VAMP8 gene in RT-qPCR assay (Figure 13). Furthermore, it is
demonstrated that newly assembled viral particles tend to accumulated within
MVBs/late endosomes and autophagosomes upon SARS-CoV-2 infection (Figure 6,
Figure 7, Figure 9 and Figure 11), as it cannot be targeted to lysosomal degradation
(Figure 8 and Figure 13).

The increased expression of the antiapoptotic gene BCL-2, genes
associated to cytoskeleton remodulation such as RAC1 (Figure 13) and the strong
evidence of inhibition of exocytosis (Figure 14), associated to the visual evidence of
colocalization of viral particles with autophagy-related organelles, suggests that
blockage of autophagy flux is involved in viral replication, protection against immune
detection and viral spread through cell-cell contact (Figure 12), using endosomes as
vehicle (Figure 15), as it was possible to detected CD63-positive vesicles fulfilled
with viral particles in cell-to-cell connections (Figure 12 H’’). This hypothesis is also
corroborated by Zeng et al. (2021), which showed that, in SARS-CoV-2, endosomal

entry pathway is involved in cell-to-cell transmission.
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Figure 15. Proposition of molecular mechanisms underlying SARS-CoV-2 infection
and its involvement in compromising autophagy flux and vesicle fusion. Scheme
representing the classical autophagy flux upon general viral infection (A) and upon SARS-
CoV-2 infection (B). Usually, SNARE proteins enable the fusion of vesicles with acidified
lysosomes and to the cell membrane (A). In the scenario of SARS-CoV-2 infection, newly
assembled viral particles associate with cellular vesicles (1) and are prevented from being
degraded by enzymes during lysosomal fusion through modulation of the expression of
genes that code for both vesicle fusion proteins (2) and lysosomal genes (3), causing
lysosomal deacidification (4) and preventing lysosomal fusion with virus-bearing vesicles (2,
4). The repression of vesicle-membrane fusion proteins, such as VAMP8 (4), could prevent
viral release from infected cells, causing accumulation of viral particles in MVBs (5), as

observed in cell-to-cell connections (6). Created with BioRender.com

Additionally, the use of incomplete autophagy flux could explain why, in
contrast to other coronaviruses (134-137), the use of drugs based in inhibition of
autophagy, such as chloroquine (138) do not block infection by SARS-CoV-2 (139).
As chloroquine inhibits the autophagic flux by blockage of autophagosomes-
lysosomes binding (138, 140), and evidences here shown suggests that impaired
autophagy flux increase SARS-Cov-2 replication and spread, it is possible to
conclude that blockage of complete autophagy flux by preventing autophagosomes-
lysosomes binding is beneficial to propitiate viral infection, explaining why human
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clinical trials using these drugs failed in establish its use as an effective treatment
(141-143).
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FINAL CONSIDERATIONS

The findings presented in this study, along with other simultaneously
investigations worldwide, strongly suggest that SARS-CoV-2 infection may induce
the activation of autophagy and repression of genes involved in lysosomal
degradation and vesicle fusion, leading to the accumulation of viral particles in
autophagosomes and MVBs/late endosomes. This phenomenon may account for the
inefficacy of autophagy-inhibiting drugs against SARS-CoV-2 infection, unlike other
coronaviruses. Moreover, the involvement of endosomes in cell-to-cell transmission
of the virus, as shown by this and others studies, highlights the complexity of the

mechanisms underlying SARS-CoV-2 replication and spread.

Additionally, it is well-known that mTOR plays a crucial role in regulating
autophagy, as activation of mTOR signaling inhibits autophagy and its suppression
promotes autophagy. The results here discussed regarding autophagy, along with
recent evidence indicating increased mTOR signaling upon SARS-CoV-2 infection
and its involvement in viral replication and spread via autophagy inhibition (144, 145),
provide valuable insights into the biology of SARS-CoV-2 and may contribute to the
development of more effective treatments and therapies for COVID-19, and also
support the hypothesis of a possible relationship between autophagy, exercise, and
fasting in preventing severe symptoms of SARS-CoV-2 infection through mTOR

inactivation.
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