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ABSTRACT

Coronavirus disease 2019 (COVID-19), caused by the highly contagious severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has had a devastating global
impact, leading to the loss of over 6 million lives worldwide [1],[2]. A key factor for the
SARS-CoV-2 virus infection is the binding between the spike protein (S) of virus and
the angiotensin converting enzyme 2 (ACE2) receptor, present on the membrane of
the target cells [3]. The S protein is characterized by two different functional subunits,
the S1 and S2. In particular, S1 mediates the specific ACE2 interaction, while S2 the

fusogenic properties of the S protein and is responsible for the virus internalization
[4],[5].

Extracellular vesicles (EVs) are considerably similar to viruses in terms of size,
structure, biogenesis, ability to transport small nucleic acids and ability to enter in target
cells [6]. Recently, it was demonstrated that exosomes from infected cells can contain
viral material or whole viral particles facilitating the virus spread and infection [7]. The
use of viral elements and EV properties it is of great interest, especially considering

the absence of specific anti-viral therapies to contrast SARS-CoV-2 infection.

Therefore, the aim of this work was to generate a simple, safe, and scalable model to
study therapeutic approaches against SARS-CoV-2 infection, such as block of the cell
binding and of virus internalization, through the analysis of EV properties. For this
purpose, we collected EVs from human embryonic kidney cells (HEK-293T) previously
transfected with mammalian expression vector coding for the S protein (H-S), obtaining
EVs expressing S protein (S-EVs) with diameter between 50-100nm, size assessed
by TEM and nanoparticle tracking analysis (NTA). S-EVs were widely characterized
using western blot, MACSPlex, ExoVieW and super resolution microscopy. The spike
on EV surface co-expressed with hallmark exosome marker tetraspanins (CD9, CD63,
CD81).

Using super-resolution microscopy and MACSPIlex analyses, we identified the
presence of different subpopulations of S-EVs. The S-EVs were either positive for both
the subunits (S1S2-EVs), only for S1 (S1-EVs) or for S2 (S2-EVs). Subsequently, we
analyzed the EV-cell interaction using supported lipid bilayer, cell membrane model,
where we observed a major area of interaction and membrane perturbation after the
S-EV addition in respect to the EVs without the spike protein.
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Once demonstrated the EV interaction with the cell membrane model, we compared
the S-EV uptake capability between ACE2 positve (HUVEC, 16HBE140-) and
negative cells (G7, HK-2) in order to validate the specificity of S-ACE2 receptor
interaction. The cytofluorimetric analysis showed that S-EVs were significantly more
internalized by ACE2 positive cells in respect to the EVs without spike, control EVs. In
contrast, we observed a significative increase in the uptake of control EVs (C-EVS) in
ACE2 negative cells. These results were further confirmed by the treatment with anti-
ACE2 blocking antibody that significantly inhibited exclusively the S-EV uptake by
HUVEC e 16HBE14o0- cells.

Finally, to investigate new possible therapeutic solutions against SARS-CoV-2
infection, we evaluated the effect of colchicine, a microtubule antagonist and anti-
inflammatory drug, used in clinical trials on COVID19, on S-EV uptake modulation.
Colchicine was able to significantly reduce the EV uptake in target cells, independently
of spike protein presence.

This inhibitory effect of colchicine prompted us to study its potential role in the EV
uptake inhibition of EVs from ovarian adenocarcinoma (SKOV3) and colorectal cancer
(HT29) cells. The SKOV3-EV and HT29-EV cell entrance were assessed. We
observed a significant reduction in tumor-EV uptake by endothelial cells after
colchicine treatment, both using physiological endothelium (HMEC) and endothelial

cancer cells (EcK).

In conclusion, we demonstrated the possibility to generate EVS, expressing on their
surface the SARS-CoV-2 spike protein (S-EVs), from HEK-293T-spike transfected
cells, as a model to study the virus and host cell interaction. S1-EVs could be useful
for diagnostic purposes thanks to specific ACE2expression, whereas S1S2-EVs could
be employed for drug delivery to target cells (ACE2 positive). These results open the
door to new future scenarios in theragnostic applications, allowing to overcome the
problems related to the endosomal degradation of EVs which represent a potential limit
for EV-based therapies. Finally, we identified a new pharmacological tool to modulate
EV entry, that deserves further studies for possible application not only in SARS-CoV2,

but also in oncology.



SARS-CoV-2 and COVID-19

Novel Coronavirus

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly
transmissible and pathogenic coronavirus that emerged in late 2019 and responsible
of pandemic of acute respiratory disease, called ‘coronavirus disease 2019’ (COVID-
19) with its unprecedented global human health, social and economic impact [8],[9].
Coronaviruses (CoVs) are a family of enveloped positive-sense single-stranded RNA
viruses. They infect humans, other mammals and avian species, including livestock
and companion animals, and are therefore not only a challenge for public health but
also a veterinary and economic concern. Human coronaviruses, such as HCoV-229E
and HCoV-OC43, have long been known to circulate in the population and they,
together with the more recently identified HCoV-NL63 and HCoV-HKU1, cause
seasonal and usually mild respiratory tract infections associated with symptoms of the
‘common cold’ [8]. Instead, severe acute respiratory syndrome coronavirus (SARS-
CoV), Middle East respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2
are highly pathogenic. By infecting bronchial epithelial cells, pneumocytes and upper
respiratory tract cells in humans, SARS-CoV, MERS-CoV and SARS-CoV-2 infections
can develop into severe, life-threatening respiratory pathologies and lung injuries for
which no specific therapeutic treatment has been approved [10]. Clinical
manifestations of COVID-19 patients range from dyspnea, fever, cough, and headache

to severe cases of pneumonia that can lead to death [11].



SARS-CoV-2 characteristics

The SARS-CoV-2 genome sequence shares approximately 80% sequence identity
with SARS-CoV and 50% with MERS-CoV. Its genome comprises 14 open reading
frames (ORFs), which encode 16 nonstructural proteins (nsp 1-16) that make up the
replicase complex and 9 accessory proteins (ORF) and 4 structural proteins: spike (S),
envelope (E), membrane (M), and nucleocapsid (N). S mediates SARS-CoV entry into
host cells [12]. However, the S gene of SARS-CoV-2 is extremely variable from SARS-
CoV, with minus of 75% nucleotide identity. S possess a receptor-binding domain
(RBD) that mediates direct contact with a cellular receptor, angiotensin-converting
enzyme 2 (ACE2) present on the virus target cells, and an S1/S2 polybasic cleavage
site that is proteolytically cleaved by cellular cathepsin L and the transmembrane
protease serine 2 (TMPRSS2). TMPRSS2 facilitates viral entry at the plasma
membrane surface, while cathepsin L activates SARS-CoV-2 S in endosomes and can
compensate for entry into cells that lack TMPRSS2 [13] (Fig. 1). Once the genome is
released into the host cytosol, ORF1a and ORF1b are translated into viral replicase
proteins, which are cleaved into individual non-structural proteins (NPSs) (via host and
viral proteases: PLpro); these form the RNA-dependent RNA polymerase (NSP12
derived from ORF1b) [12]. Here, the replicase components rearrange the endoplasmic
reticulum (ER)into double-membrane vesicles (DMVs) that facilitate viral replication of
genomic and subgenomic RNAs (sgRNA); these are translated into accessory and viral

structural proteins for the virus particle formation [14] (Fig. 1).
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Figure 1. The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS -CoV-2) Lifecycle. The
SARS-related coronavirus (SARS-CoV and SARS-CoV-2) lifecycle commences by binding of the
envelope Spike protein to its cognate receptor, angiotensin-converting enzyme 2 (ACE2). Efficient host
cell entry then depends

on: (i) cleavage of the S1/S2 site by the surface transmembrane protease serine 2 (TMPRSS2); and/or
(i) endolysosomal cathepsin L, which mediate virus—cell membrane fusion at the cell surface and
endosomal compartments, respectively. Through either entry mechanism, the RNA genome is released
into the cytosol, where it is translated into the replicase proteins (open reading frame 1a/b: ORF1a/b).
The polyproteins (pp1a and pp1b) are cleaved by a virus-encoded protease into individual replicase
complex nonstructural proteins (nsps) (including the RNA-dependent RNA polymerase: RdRp).
Replication begins in virus-induced doublemembrane vesicles (DMVs) derived from the endoplasmic
reticulum (ER), which ultimately integrate to form elaborate webs of convoluted membranes. Here, the
incoming positive-strand genome then serves as a template for full-length negative-strand RNA and
subgenomic (sg)RNA. sgRNA translation results in both structural proteins and accessory proteins
(simplified here as N, S, M, and E) that are inserted into the ER—Golgi intermediate compartment
(ERGIC) for virion assembly. Finally, subsequent positive-sense RNA genomes are incorporated into
newly synthesized virions, which are secreted from the plasma membrane. Figure from Harrison,
Andrew G et al. “Mechanisms of SARS-CoV-2 Transmission and Pathogenesis.” Trends in immunology
vol. 41,12 (2020): 1100-1115. doi:10.1016/j.it.2020.10.004.

The SARS-CoV-2 Spike glycoprotein

The initial steps of coronavirus infection involve the specific binding of the coronavirus
S protein to the cellular entry receptors. Coronavirus S proteins is homotrimeric class

| fusion glycoprotein divided into two functionally distinct parts, S1 and S2. The S1
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subunit of a coronavirus is further divided into two functional domains, an N-terminal
domain and a C-terminal domain. Structural and biochemical analyses identified a 211
amino acid region (amino acids 319-529) at the S1 C-terminal domain of SARS-CoV-
2 as the receptor-binding domain (RBD), which has a key role in virus entry.
Biochemical data demonstrated that the structural features of the SARS-CoV-2 RBD
has increased its human ACE2 (hACEZ2) binding affinity compared with that of SARS-
CoV [15],[16]. The transmembrane S2 domain contains heptad repeat regions and the
fusion peptide, which mediate the fusion of viral and cellular membranes upon

extensive conformational rearrangements [10] (Fig 2).
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Figure 2. The schematic representation of the SARS-CoV-2 and its surface spike protein
structure with their structural descriptions and detailed mechanisms of the viral entry to cells
during infection. Spike protein plays a crucial role in this process. While S1 subunit is responsible for
anchoring the virion by binding to the cellular receptor angiotensin-converting enzyme 2 (ACE2) of the
host cell, S2 subunit enhances the fusion of the viral and the host cell membranes. The fusion is
mediated by the S2 subunit that is activated by the transmembrane protease serine 2 (TMPRSS2)
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cleaving the spike protein at the S1/S2 sites. From Petrovszki, Daniel et al. “Penetration of the SARS-
CoV-2 Spike Protein across the Blood-Brain Barrier, as Revealed by a Combination of a Human Cell
Culture Model System and Optical Biosensing.” Biomedicines vol. 10,1 188. 17 Jan. 2022,
doi:10.3390/biomedicines10010188.

A distinctive feature of the SARS-CoV-2 S protein is the acquisition of a polybasic
cleavage site (PRRAR) at the S1-S2 junction, which permits efficient cleavage by the
prototype proprotein convertase furin. A study suggested that the furin-cleavage site
can reduce the stability of SARS-CoV-2 S protein and facilitate the conformational
adaption that is required for the binding of the RBD to its receptor [17]. Similarly to
other coronaviruses, SARS-CoV-2 needs proteolytic processing of the S protein to
activate the endocytic route. It has been shown that host proteases participate in the
cleavage of the S protein and activate the entry of SARS-CoV-2, including
transmembrane protease serine protease 2 (TMPRSS2), cathepsin L and furin. The
spike protein is mainly cleaved by furin, present on the host cell surface membrane,
into the S1 and S2 components corresponding to the prefusion state. The subsequent
fusion is considered to involve a second cleavage by a serine protease or by
endosomal cysteine proteases, triggering S1 dissociation and irreversible S2 folding
into a fusion state conformation [18],[19],[20]. TMPRSS2 is highly expressed in several
tissues and body sites and is co-expressed with ACE2 in nasal epithelial cells, lungs
and bronchial branches, which explains some of the tissue tropism of SARS-CoV-2
[10],[21]. Cleavage results in enhanced infection and has been proposed to be a key
factor in SARS-CoV-2 evolution. An efficient S protein cleavage is required for
successful infection and is a main determinant in overcoming species barriers [10].
These major structural rearrangements in S protein are required for cell and viral

membrane fusion and for the viral RNA release into the cytoplasm[3], [5],[19].
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Therefore, the S glycoprotein is crucial for the entry of SARS-CoV-2 and represents an

excellent target for anti-viral therapeutic development [22].

Angiotensin converting enzyme (ACEZ2) receptor

Several coronavirus receptors have been identified and include human
aminopeptidase N (APN; HCoV-229E), angiotensin-converting enzyme 2 (ACEZ2;
HCoV-NL63, SARS-CoV and SARS-CoV-2) and dipeptidyl peptidase 4 (DPP4; MERS-
CoV). ACE2 was identified as the functional receptor that enables infection by SARS-
CoV. The high genomic and structural homology between the S proteins of SARS-CoV
and SARS-CoV-2 sustained the identification of ACE2 as the cell-surface receptor for
SARS-CoV-2. Furthermore, human ACE2, SARS-CoV-2 also recognizes ACE2 from
pig, ferret, rhesus monkey, civet, cat, pangolin, rabbit and dog [8]. ACE2 is widely
expressed in human, including lung alveolar epithelial cells, small intestinal epithelial
cells, cardiovascular system, central nervous system, and kidney. The expression and
tissue distribution of receptors influence viral tropism and pathogenicity [10],[21],[23].
ACE2 plays a counterbalance action in the renin-angiotensin-aldosterone system
(RAAS), catalyzing with high efficiency the conversion of the Angiotensinll (Ang) Il in
Ang1-7, which is a critical regulator of blood volume and systemic vascular resistance
and contributes to sodium reabsorption, inflammation, and fibrosis, preventing the
possible adverse effect of Angll accumulation [24]. There are two forms of ACE2. The
full-length mACE2 is located on cell membranes and consists of a transmembrane
anchor and an extracellular domain (sACEZ2). The second form, sACEZ2, is a soluble
form that is shed into the circulation. This form of ACE lacks membrane anchors and
circulates in low concentrations. The expression level of ACE2 and the ratio between

MACE2 and sACE2 could explain why some people experience more severe
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symptoms than others [24]. Unexpectedly, the analysis of ACE2 expression in
experimental models and in human transcriptome revealed that it is very low in the
lung, mainly limited to a small fraction of type Il alveolar epithelial cells. Since most
infected people present respiratory difficulties in response to SARS-CoV-2 infection,
these findings were explained by the fact that the release of inflammatory cytokines,
such as interferons (IFNs) caused by SARS-CoV-2, can increase the ACE2 expression
and potentiate the infection. On the other side, the ACE2 shedding can be stimulated
by proinflammatory cytokines such as IL-18 and tumor necrosis factor (TNF)-a, and
endotoxin that could result in a reduction of SARS-CoV-2 entry, but at the same time,
may cause an increase in Angll and further activation of the Angll/AT1R axis increasing
inflammation [24]. It is surprising that SARS-CoV and SARS-CoV-2 display differences
in virus replication efficiency and spread. SARS-CoV targets pneumocytes and lung
macrophages in lower respiratory tract tissues, where ACEZ2 is predominantly
expressed, consistent with the lower respiratory tract disease resulting from SARS-
CoV infection and the limited viral spread. By contrast, SARS-CoV-2 replicates both
upper, abundantly and where ACE2 is also located, and lower respiratory tract tissues

and is efficiently transmitted human-to-human even before the onset of symptoms [10].

COVID-19: Pathogenesis and Treatment Approaches

SARS-CoV-2-infected patients start experiencing flu symptoms like fever, cough, nasal
congestion. As the viral infection progresses, patients often experience dyspnea and
consistent symptoms of viral pneumonitis, such as decreased oxygen saturation,
lymphopenia, and alveolar exudates with intralobular involvement in chest imaging.
Therefore, the outcome of these patients is a severe condition of acute lung injury,

named acute respiratory distress syndrome (ARDS). ARDS is characterized by
13



respiratory distress associated with hypoxemia and the presence of bilateral infiltrate
on chest imaging [25]. The pathogenesis of SARS-CoV-2 infection is characterized by
mild symptoms to severe respiratory failure. On binding to epithelial cells in the
respiratory tract, SARS-CoV-2 starts replicating and migrating down to the airways and
enters alveolar epithelial cells in the lungs. The rapid replication of SARS-CoV-2 in the
lungs may trigger a strong immune response. Cytokine storm syndrome causes acute
respiratory distress syndrome and respiratory failure, which is considered the main
cause of death in patients with COVID-19. Patients with serious pre-existing diseases
have a greater risk of developing ARDS and death. Multiple organ failure has also been
reported in COVID-19 cases [8] (Fig. 3). During the virus replication, the host’s immune
system is activated, inducing the recruitment of inflammatory cells with subsequent
production of pro-inflammatory cytokines and chemokines, as well as maturation of
dendritic cells. However, due to the continuous and rapid viral genome replication, the
immune system is continuously activated, culminating in an uncontrolled and
exacerbated response, lethal to host cells. Monocytes recruited into the alveolar space
secretes proinflammatory cytokines and induces pneumocytes apoptosis through the
release of IFN dependent on Alpha TNF-a, activating cell death receptors. In addition,
recruited macrophages releases chemokines and other cytokines responsible for
increasing capillary permeability and consequent neutrophils recruitment. The
excessive neutrophil degranulation causes permanent damage into pneumocytes and
endothelial cells, breaking alveolar-capillary barrier [25]. Consequent to this was
observed tissue edema, endotheliitis, and disseminated intravascular coagulation
(DIC) pathways with inflammation in multiple organs (lung, heart, kidney, small bowel,

and liver) in patients with severe COVID-19 (Fig. 3) [14].
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Figure 3. Following inhalation of severe acute respiratory syndrome coronavirus 2 (SARS -CoV-
2) into the respiratory tract, the virus traverses deep into the lower lung, where it infects a range
of cells, including alveolar airway epithelial cells, vascular endothelial cells, and alveolar
macrophages. Upon entry, SARS-CoV-2 is likely detected by cytosolic innate immune sensors, as well
as endosomal toll-like receptors (TLRs) that signal downstream to produce type-I/lll interferons (IFNs)
and proinflammatory mediators. The high concentration of inflammatory cytokines/chemokines amplifies
the destructive tissue damage via endothelial dysfunction and vasodilation, allowing the recruitment of
immune cells, in this case, macrophages and neutrophils. Vascular leakage and compromised barrier
function promote endotheliitis and lung edema, limiting gas exchange that then facilitates a hypoxic
environment, leading to respiratory/organ failure. The inflammatory milieu induces endothelial cells to
upregulate leukocyte adhesion molecules, thereby promoting the accumulation of immune cells that

may also contribute to the rapid progression of respiratory failure. Hyperinflammation in the lung further
induces transcriptional changes in macrophages and neutrophils that perpetuate tissue damage that

ultimately leads to irreversible lung damage. Recent evidence suggests that systemic inflammation
induces long-term sequelain heart tissues. Abbreviations: BALF, bronchoalveolar lavage fluid; IRF3,

interferon regulatory factor 3; NF-kB, nuclear factor-k B; RIG-I, retinoic acid-inducible gene |; STAT1/2,

signal transducer and activator of transcription 1/2; STING, Stimulator of interferon genes. Figure from

Harrison, Andrew G et al. “Mechanisms of SARS-CoV-2 Transmission and Pathogenesis.” Trends in

immunology vol. 41,12 (2020): 1100-1115. doi:10.1016/j.it.2020.10.004.

The various COVID-19 treatments can be classified into two major categories based
on their targets: antiviral agents and therapies that target the host. Antiviral agents
identified to contrast COVID-19 primarily include polymerase inhibitors, protease

inhibitors, nucleoside and nucleotide reverse transcriptase inhibitors, as well as entry
15



and uncoating inhibitors, combined with other antiviral medications. Therapies focused
on the host include neutralizing antibody therapy, Janus kinase inhibitors, and steroids.
Actually, the therapies are able to target symptoms caused by infection, but additional
efforts are still required to advance the development of effective treatments for COVID-

19 [26] (Fig. 4).

In the absence of specific antiviral therapies for SARS-CoV-2 infection and its
associated pathology, the pivotal solution remains the prevention of infection through
vaccination. The current challenge in the development of vaccines remains in
achieving long-term efficacy in blocking SARS-CoV-2 infection. The World Health
Organization (WHO) is at present maintaining publicly accessible the list of all the
vaccines under clinical or preclinical evaluation

(https://www.who.int/publications/m/ite m/draft-landscape-of-covid-19-candidate-

vaccines). Actually, 183 is the number of vaccines in clinical development and 199 the

number of vaccines in pre-clinical development [27].
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Figure 4. Comparison between different COVID-19 treatments. The advantages and disadvantages
of each treatment are summarized on the basis of whether they will be efficient to variants, have side
effects, or effect fast. Figure from Yuan, Yongliang et al. “The development of COVID-19 treatment.”
Frontiers in immunology vol. 14 1125246. 26 Jan. 2023, doi:10.3389/fimmu.2023.1125246.
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Extracellular Vesicles and COVID-19

Extracellular Vesicles (EVs)

Extracellular Vesicles (EVs), a various group of membrane-bound vesicles, play a
central role as vector for cell-to-cell communication through the release of bioactive
factors (proteins, lipids and genetic material) and are involved in physiological and
pathological processes. Their complex cargo reflects the type and pathophysiological
status of the originating cell and so represents an important source of information
[28],[29]. They are released by a wide range of cell types and can be categorized into
two main types based on their origin: exosomes, released from the endosomal
compartment with an average size of 100 nm, and ectosomes, released through
budding of the plasma membrane, ranging in size from microvesicles to larger vesicles
(50 nm to 1pum). Other types of EVs include apoptotic bodies released by cells
undergoing apoptosis, large tumor-derived vesicles (oncosomes), and vesicles derived

from mitochondria (mitovesicles) [30].

The progressive inward folding of the plasma membrane results in the formation of
early endosomes, which harbor cell-surface proteins and extracellular components.
The maturation process of endosomes involves the generation of late-sorting
endosomes, subsequently forming intracellular multivesicular bodies that harbor intra-
luminal vesicles, predecessors to exosomes. The sorting and content determination of
endosomes are orchestrated by the trans-Golgi network and the endoplasmic
reticulum. Multivesicular bodies have the option to either fuse with lysosomes for
degradation or with the cellular membrane to liberate mature exosomes (extracellular
vesicles) into the extracellular space. Microvesicles, originating from the shedding of

the plasma membrane, encompass cell-surface proteins and cytoplasmic components
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(Fig. 5). Once released, both extracellular vesicles and microvesicles can be
internalized by target cells releasing their contents. Additionally, they have the capacity
to activate target cells through ligand binding to cell-surface receptors [29],[30].
Variations in size and surface molecules can influence the internalization ability of EVs.
Multiple mechanisms of EV entrance in target cells have been identified,
encompassing endocytosis, micropinocytosis, phagocytosis, plasma or endosomal
membrane fusion, and endocytosis mediated by clathrin or caveolin. Upon cellular
uptake, EVs may release their entire cargo into the cytoplasm. This transfer of
biological material, including extracellular RNAs, small non-coding RNA species, lipids,
and proteins, has the potential to modify recipient cells. Once internalized, the EVs can
undergo degradation by lysosomes or be recycled and released back into the
extracellular space. Moreover, EVs can activate target cells through receptor-ligand
interactions without necessarily being internalized and delivering their contents [30].
Due to the transfer of bioactive molecules cargo and that EVs can be isolated from all
biofluids, studies of EV cell biology are not only important to reveal new cell biological
pathways but are also critical to open new possibilities for clinical use of EVs as
disease biomarker. EVs are naturally taken up by target cells and can be used for
transferring therapeutic agents and are therefore being considered as attractive
candidates for potential therapeutic tools. The EV engineering has been considered
helpful to increase the EV capabilities and to realize efficient drug delivery systems

[31].
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Figure 5. Extracellular vesicle biogenesis and components. A. Microvesicle (MV) biogenesis
comprises several steps, including plasma membrane reorganization, redistribution of phospholipids,
outward repositioning of phosphatidylserine, disassembly of the cytoskeleton network, and actomyosin
basal abscission. B. Exosome biogenesis starts inward of the plasma membrane to form early
endosomes. Intraluminalvesicles (ILVs) are formed, and the endosomes mature to multivesicular bodies
(MVBs). MVBs fuse with the plasma membrane to release ILVs into the extracellular space, where they
are then referred to as exosomes. Alternatively, the MVBs can fuse with lysosomes, resulting in the
degradation of ILVs. C. EVscan contain nucleicacids (DNAand/or RNA), membrane anchored-proteins,
cytosolic proteins, and lipids; these contents can vary depending on the releasing cell types and their
conditions. Figure from Yokoi, Akira, and Takahiro Ochiya. “Exosomes and extracellular vesicles:
Rethinking the essential values in cancer biology.” Seminars in cancer biology vol. 74 (2021): 79-91.
doi: 10.1016/j.semcancer.2021.03.032.

Viruses and EVs

It is already known that EVs and viruses share common aspects: size, structure,
biogenesis, uptake, and the ability to carry a specific cargo while being different entities
[32],[33]. Although some EVs can be up to 1um in size, most are less than 300 nm in
diameter, which is the size of a typical RNA virus [6]. Just as most coated viruses, with
an outer phospholipid bilayer called the pericapsid or envelope, EVs are also
surrounded by a phospholipid bilayer that also contains cell membrane proteins. Like
many viruses, EVs are formed in the endosomal system or on the plasma membrane
through defined biogenesis pathways involving, for example, the endosomal sorting
complexes required for transport (ESCRT) machinery [34]. Recent findings

demonstrate that viruses take advantage of EVs for cellular release, and EVs control
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viral entry mechanisms for cargo delivery [32]. The viruses use EV endocytic routes to
enter uninfected cells and change the EV secretory pathway to exit infected cells, thus
illustrating that EVs and viruses share common cell entry and biogenesis mechanisms
[32]. Like viruses, EVs can bind to plasma membranes of other cells, enter them
through membrane fusion or by endocytosis, triggering specific reactions by recipient
cells that may be cargo-dependent [34],[35]. Furthermore, exosomes from infected
cells can contain viral components, which are important mediators of antiviral
responses which make them ideal for a new vaccine, as well as vehicles that facilitate
the spread of viral infection [33]. Interesting, EVs generated by infected cells with viral
origin material and may be so similar to noninfectious defective viruses, that have lost
the ability to replicate, that to discriminate the difference between the two is not easy
[36]. In other cases, EVs provide an "envelope" for viruses without an envelope, e.g.,
in hepatitis A, the virus can be encapsulated in EVs and can infect cells by taking
advantage of transport by EVs [37]. Similarly, EVs released from cells infected with
hepatitis C can carry entire viral genomes that, in target cells, can generate new
infectious viral particles [38]. In addition, exosomes contain receptors for viruses that

make recipient cells susceptible to virus entry [39].

Studies indicated a significant increase in the secretion of EVs from cells infected with
SARS-CoV-2, demonstrating that they play an important role in the pathogenesis of
disease EVs may contribute to the infection, internalization and transmission of SARS-
CoV-2 virus [40]. Recently, it was demonstrated that EVs from plasma patients with
COVDI-19 are enriched in cardiovascular, inflammatory and procoagulant proteins

according to the severity of disease [41], [42].

EVs may contribute to the spread of SARS-CoV-2 because they can transfer receptors
such as ACEZ2 that makes cells responsive to the virus. Upon entry, SARS-CoV-2 virus
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can be directed to the exosomal pathway, and its genetic component is packaged into

exosomes [39] (Fig. 6).
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Figure 6. Schematics of SARS-CoV-2 viral replication in host cells. Figure from Pocsfalvi, Gabriella
et al. “COVID-19 and Extracellular Vesicles: An Intriguing Interplay.” Kidney & blood pressure research
vol. 45,5 (2020): 661-670. doi:10.1159/000511402.

EV-based Therapies for COVID-19

There is an increasing number of clinical investigations to find therapeutic solutions to
the various forms of the COVID-19 disease. The acute lung injury is the most severe
impact of COVID-19. Host response promotes the damage in pulmonary tissue,
reduction in total function and reduced lung capacity depending on lack of control over
immune response [43]. Studies focused on the regeneration of damaged cells as well
as on the blocking or modulating of inflammatory responses [7], [32]. Mesenchymal
stromal cell- EVs (MSC-EVs) are being intensively under investigation for the treatment
of COVID-19 [32]. MSC-derived EVs are studied in various aspects of COVID19,
including their use as biomarkers for diagnostic purpose, or, when engineered, as
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immune-modulating agents, targeted therapeutic cargo, as well as vaccines. MSC-EVs
in pre-clinical models of pulmonary diseases showed the most common effect in an
improvement in the lung function [44]. The potential of MSC-EVs in repairing and
regenerating tissue is of great interest considering the lesions reported after SARS-
CoV-2 infection. It was described that MSC-EVs stimulated the repopulation of type Il
alveolar cells which serve as a progenitor cell for lung epithelium [45].There is a
growing interest in the new potential application of EV as a disease treatment strategy.
In particular, the engineering of EVs could be attractive for anti-viral purposes. Recent
studies demonstrated that ACE2-engineered EVs limit the SARS-CoV-2 infection
[46],[47]. Another work demonstrated the possibility of using EVs modified with the only
receptor-binding domain (RBD) of the viral spike protein, that recognizes ACE2

receptor, as a target delivery system of potential anti-viral agents in vivo [48],[49].

The use of EVs as immunogenicity factors in the treatment of SARS-CoV infection has
been studied. After evaluating it to an adenoviral vector vaccine expressing the S
protein, it has been proved that both exosomes and the vaccine could induce
neutralizing antibody titers. Furthermore, the treatment of EVs has been shown to be
more effective than soluble protein subunit vaccines, because EVs can express
multiple copies of the same viral protein and promote the cross-linking between EVs

and the B cell receptor [50].

Interestingly, exosomes enriched in ACE2 protein were developed to induce a
competitive inhibition- mediated binding of the exosomes to the SARS-CoV-2 virus.
One study used bone marrow-MSC expressing in stable way the ACE2 receptor and
the exosomes were isolated from them (patent no. CN112430581A). One more patent
suggests the possibility to use vesicles expressing a chimeric ACE2 receptor to
delivery Remdesivir on the coronavirus binding site (patent no. CN112522203A).
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Alternatively, Scott et al propose a molecular therapy aimed at neutralizing SARS-CoV-
2, via EVs containing a fusion protein, specifically a CD63 tetraspanin bound to an anti-
CoV-2 nano-antibody. These EVs obtained from HEK293 enriched with an anti-CoV-2
Ab bind the S protein S of SARS-CoV-2 at the level of the RBD and can functionally
neutralize SARS-CoV-2 [51]. A report suggested a plasmid constructed with spike-
lamp2b and transfected in mouse dendritic cells. The exosomes secreted by these
cells carried spike protein and were able to induce antibody synthesis after human

injection (Patent No. CN112111513A).

Colchicine: an old drug and new use

Colchicine is an immunomodulatory old drug with new potential applications. It is
extracted from the plant Colchicum autumnale and is widely used for its anti-
inflammatory effects [52], [53]. The anti-inflammatory capabilities of colchicine depend
on its antagonism in microtubule polymerization due to its strong ability to bind tubulin
by disturbing the dynamic assembly of microtubules [54]. It is commonly used in
various pathologies such as gout, familial mediterranean fever and rheumatoid
arthritis, and non-rheumatic diseases such as pericarditis and atherosclerosis [52],
[55], [56] . Consequently, to its microtubule antagonism, colchicine interferes with
several inflammatory pathways, including inhibition of neutrophil chemotaxis,
adhesion, and mobilization; disruption of superoxide production, inflammasome
inhibition, and tumor necrosis factor reduction; and its possible antiviral properties [57].
Furthermore, colchicine was tested as a clinical trial for COVID-19 treatment with
promising results [58],[59]. Several studies have proposed the use of colchicine for
chronic hepatitis, post-hepatic cirrhosis, biliary cirrhosis, and alcoholic cirrhosis.

Recently, colchicine has been shown to be effective in patients with post-transplant
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capillary leak syndrome and renal failure [60]. Additionally, microtubules are
considered anideal target for anticancer drugs because of their essential role in mitosis
[61], therefore various studies suggested the use of colchicine also for cancer therapy
[54],[56],[61],[62]. Colchicine represents a huge economic and health advantage by
being a widely available, safe, and low-cost drug. However, the mechanisms of action
of colchicine are not entirely clear. Further investigations are essential for the
development of therapeutic protocols for the use of colchicine to prevent/contrast
pathologies such as virus infections and cancer progression, reducing the economic,

health, and death impact worldwide.

Aim of the work

The aim of this work was to generate a simple, safe, and scalable model to study
therapeutic approaches against SARS-CoV-2 infection, such as block of the cell
binding and of virus internalization, through the analysis of EV properties. For this
purpose, we generated EVs expressing spike protein (S-EVs) and characterized them

using western blot, MACSPIex, ExoVieW and super resolution microscopy.

The EV-cell interaction was analyzed using supported lipid bilayer, cell membrane
model, in which we assessed the possible fusogenic effect of spike protein. Moreover,
we evaluated the S-EV uptake capability between ACEZ2 positive and negative cells in

order to validate the specificity of S-ACEZ2 receptor interaction.

Finally, to test new therapeutic approaches, we studied the effect on S-EV uptake of
anti-ACE2 blocking antibody or colchicine, a microtubule antagonist and anti-
inflammatory drug. To further explore the potential role of colchicine in the EV uptake
inhibition, we isolated and characterized EVs from tumor cells (SKOV3 and HT29 cells)
and we assessed the tumor-EV entrance in physiological (HMEC) and in endothelial

cancer (EcK) cells after colchicine treatment.
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Materials and Methods

Cell Cultures

Human embryonic kidney cells (HEK293T) SARS-CoV-2-spike-transfected (H-S) or
not transfected (H-C) cell lines were purchased from LiStarFish (Milan, Italy) and
cultured in the high glucose Dulbecco’s Modified Eagle Medium (DMEM) (Thermo
Fisher Scientific, Waltham, MA, USA) adding 10% of fetal bovine serum (FBS)
(Euroclone, Milan, Italy) and with 100 U/mL of penicillin/streptomycin. The H-S were
transfected with mammalian expression vector, the pCMV3-2019-nCoV-spike
(S1+S2)-long plasmid. The transfection quality control was confirmed by full-length
sequencing using the primers pCMV3-F: 5 CAGGTGTCCACTCCCAGGTCCAAG 3,
pcDNA3-R: 5 GGCAACTAGAAGGCACAGTCGAGG 3 or T7-F: &
TAATACGACTCACTATAGGG 3, BGH-R: 5 TAGAAGGCACAGTCGAGG 3) and
validated by the expression of SARS-CoV-2 spike protein in cells surface membrane.
Hygromycin (80 g/mL) was added to the H-S medium during every 3 passages to select
the transfected cells. The immortalized normal human bronchial epithelial (16HBE140-
) cell line was kindly provided by Dr. Alessandra Ghigo (University of Turin, ltaly) who
originally received the cells from Dr. Dieter Gruenert (University of California San
Francisco, San Francisco, CA, USA). 16HBE140- were cultured in Minimum Essential
Medium (MEM) (Lonza, Basel, Switzerland) supplemented with 10% of FBS
(Euroclone, Milan, Italy) and 100 U/mL of penicillin/streptomycin on culture dishes pre-
coated with human fibronectin (1 mg/mL; Sigma-Aldrich, Saint Louis, MO, USA),
bovine collagen | (3 mg/mL; Sigma-Aldrich, Saint Louis, MO, USA) and bovine serum
albumin (0.1%). Primary human umbilical vein endothelial cells (HUVEC) and human
microvascular endothelial cell line (HMEC) were purchased from ATCC (ATCC-PCS-

100-010, Manassas, VA, USA), the human renal endothelial cancer cells were (EcK)
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isolated from renal cell carcinoma by B. Bussolati et al. in 2003 [63]. The endothelial
cells were cultured in the EndoGRO VEGF Supplement Kit (Millipore Sigma™,
Burlington, MA, USA) adding 5% FBS according to the protocol observed in previous
studies [64],[65]. Human lung fibroblast cells (MRC5), human proximal tubular cells
(HK-2) and human colorectal cancer cells (HT29) were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and were cultured in DMEM low glucose in the presence of 10%
FBS and 100 U/mL of penicillin/streptomycin [66],[67]. The renal cancer stem cells
(G7) were isolated characterized by Dr. Alessia Brossa and colleagues [68]. G7 were
obtained from specimens of renal cell carcinomas from patients undergoing radical
nephrectomy according to the Ethics Committee of the S. Giovanni Battista Hospital of
Torino, Italy (168/2014). G7 were isolated from the total RCC population, using anti-
CD105 Ab by magnetic-activated cell sorting (MACS) system (Miltenyi Biotec, Auburn,
CA) and cultured in the presence of the expansion medium, consisting of DMEM low
glucose (Invitrogen, Carlsbad, CA), with insulin—transferrin—selenium, 10-9 M
dexamethasone, 100 U penicillin, 1,000 U streptomycin, 10 ng/ml EGF (all from Sigma -
Aldrich, St. Louis, MO) and 5% FBS [68]. Ovarian cancer cell line (SKOV3) was
purchased from ATCC (ATCC-PCS-100-010, Manassas, VA, USA) and cultured in
RPMI-1640 medium (Euroclone, Milan, Italy) and 10% FBS and 100 U/mL of
penicillin/streptomycin [69]. The cell culture incubation was performed in incubator at

37 °C with 5% CO2 and controlled humidity.

EV Isolation and Characterization

The S-EVs, C-EVs, SKOV3-EVs and HT29-EVs were obtained from supernatants of
H-S, H-C, SKOV3 or HT29 cells respectively, cultured 16 h in RPMI deprived of FBS.

After removal of cell debris and apoptotic bodies by centrifugation at 3000 g for 20 min,
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EVs were purified by 2 h ultracentrifugation at 100,000 g at 4 °C (Beckman Coulter
Optima L-90 K; Fullerton, CA, USA). EVs were used fresh or stored at -80 °C after
resuspension in RPMI supplemented with 1% dimethyl sulfoxide (DMSO). Analysis of
size distribution and enumeration of EVs were performed using nanoparticle tracking
analysis NS300 (Malvern Instruments Ltd, Malvern, UK) equipped with a 488nm laser

and the nanoparticle tracking analysis 3.2 software.

ExoView Analysis

Characterization of S-EVs markers was performed by using an ExoView Tetraspanins
Kit (NanoView Bioscience, Boston, MA, USA). Each chip was coated with CD9, CDG63,
CD81 antibodies and MIgG control antibody. The chips were incubated with EV
samples, using 35 pyL of EV (1 x 10° particles/mL according to the nanoparticle tracking
analysis) suspension, left overnight and protected from the light. After multiple washing
steps, the chips were analyzed using ExoViewTM R100 imaging platform (NanoView,

Bioscience, Boston, MA, USA) with ExoViewer software.

Super-Resolution Microscopy

Super-resolution microscopy analyses of S-EVs were performed using a temperature
controlled Nanoimager S Mark Il microscope from ONI (Oxford Nanoimaging, Oxford,
UK) equipped with a 100x, 1.4NA oil immersion objective, an XYZ closed-loop piezo
736 stage, and 405 nm/150 mW, 473 nm/1 W, 560 nm/1 W, 640 nm/1 W lasers and
dual/triple emission channels split at 640 and 555 nm. The samples were prepared
using 10 L of 0.01% Poly-L-Lysine (Sigma-Aldrich, St. Louis, MO, USA) placed on

cleaned high-precision coverslips and were placed at 37 C in a humid chamber for 2
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h. After this time, excess Poly-L-Lysine was removed. A total of 1 uL of EVs (1 x1010)
resuspended in 9 pL of blocking solution (PBS-5%) was pipetted into a previously
coated well to attach overnight at +4 °C. The next day, the sample was removed, and
10 pL of blocking solution was added into the wells for 30 min. Then, 2.5 pg of purified
mouse anti-CD9, anti-CD63, anti-CD81 (Oxford Nanoimaging, Oxford, UK), anti-
SARS-CoV-2 S antibody (CRE-CABT-CS048B) or anti-SARS-CoV-2 S1(MAB105403)
and anti-SARS-CoV-2 S2 (MAB10557) were conjugated with Alexa Fluor 555, 647, or
488 dyes using the Apex Antibody Labeling Kit (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s protocol. The antibodies were left for overnight
incubation at +4 C protected from the light. The samples were washed twice with PBS
and a 10 yL ONI BCubed Imaging Buffer (Alfatest, Roma, ltaly) was added for
amplifying the EV fluorescence signal. Three-channel dSTORM data (2000 frames per
channel) were acquired sequentially at 30Hz (Hertz) in the total reflection fluorescence
(TIRF) mode. Single molecule data were filtered using NimOS (Version 1.18.3, ONI),
based on the point spread function shape, photon count, and localization precision to
minimize background noise and remove low-precision localizations. All pictures were
analyzed by the CODI website platform www.alto.codi.bio (ONI). The filtering and drift
correction was used as in NimOS software. The BDScan clustering tool was applied to

merged channels, and EVs were counted co-localized or in separate channels.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed on S-EVs placed on 200-
mesh nickel formvar carbon-coated grids (Electron Microscopy Science, Hatfield, PA,
USA) and left to adhere for 20 min. The grids were then incubated with 2.5%

glutaraldehyde containing 2% sucrose and, after washings in distilled water, the EVs
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were negatively stained with NanoVan (Nanoprobes, Yaphank, NY, USA) and observed

using a Jeol JEM 1010 electron microscope (Jeol, Tokyo, Japan).

MACSPIlex Exosome Kit Analysis

C/S-EV, SKOV3-EV and HT29-EV samples were subjected to bead-based multiplex
EV analysis by flow cytometry (MACSPlex Exosome Kit, human, Miltenyi Biotec, CA,
USA), 1x 10° EV containing samples (concentration normalized using nanoparticle
tracking analysis) were processed as follows: samples were diluted with MACSPlex
Buffer (MPB) to a final volume of 120 pL. 15 pL of MACSPIlex Exosome Capture Beads
(containing 39 different antibodies-coated bead subsets) were added to each sample.
Samples were then incubated on an orbital shaker overnight (14—16 h) at 450 rpm at
+4 °C, protected from light. To wash the beads, 1 mL of MPB was added and removed
after several centrifugations (3000 g, 5 min). For counterstaining of EV bound by
capture beads with detection antibodies, 135 uL of MPB and 5 uL of each APC-
conjugated anti-CD9, anti-CD63, and anti-CD81 detection antibodies (provided in Kit)
or APC-conjugated SARS-CoV-2 spike S2 Subunit Antibody (MAB10557) and SARS-
CoV-2 spike S1 Subunit Antibody (MAB105403) were added to each sample and were
incubated on an orbital shaker at 450 rpm protected from light for 1 h at room
temperature. After that, 1mL of MPB was added to wash the beads and then it was
removed after one centrifugation (3000 g, 5 min). This step was followed by another
washing with 200 uL of MPB, incubation on an orbital shaker at 450 rpm protected from
light for 15 min at room temperature and then MPB was removed. Subsequently, 150

uL of MPB was added to each sample and flow cytometric analysis was performed.
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EV Interaction with Supported Lipid Bilayer (SLB)
Small unilamellar vesicle preparation

The lipids, 1,2-dioleoyl-sn-glycero-3-phosphoCholine (18 : 1 (A9 -Cis) PC),
Sphingomyelin (brain, porcine, SM), and cholesterol (ovine wool, > 98%), were
purchased from Avanti Polar Lipids. The single lipids, suspended in chloroform, were
mixed at the desired concentration and placed under vacuum overnight. The dry film
was then hydrated with TRIS buffer (10 mM, pH 7.4), to obtain a final concentration of
1 mg/mL. The lipidic mixture was sonicated for 40 min at 45 -C and vortexed. Lastly,
the resulting solution was extruded 51 times at 40 -C through a membrane with 100

nm pores (PC Membranes 0.1 um, Avanti Polar Lipids) [70].

Supported lipid bilayer preparation

The supported lipid bilayer was composed by DOPC/SM (2:1 m/m) with cholesterol
(10 mol%). The obtained extruded solution was diluted in TRIS/CaCl2 buffer to a final
concentration of 0.4 mg/mL with 2 mM CaCl2. For the bilayer composition, the vesicle
fusion method was adopted as a standard procedure for planar lipid bilayer
preparation. The sample was deposited on a freshly cleaved mica substrate (Nano-
Tec V-1 grade, 0.15 — 0.21 mm thickness, 10 mm diameter), incubated at 50 -C for 30

min, and slowly cooled to 27 -C, then extensively washed with TRIS buffer 10 mM [70].

Atomic force microscopy imaging

AFM was performed on commercially available microscope (Cypher ES from Asylum
Research), working at 27 -C in high resolution AC mode. Sharp nitride levers (SNL -
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10 with A geometry from Bruker Corporation) were used to perform the imaging in liquid

conditions. Images were acquired at 512 x 512-pixel frames at 2.44 Hz [70].

Uptake of Dil-labeled EVs in Target Cells

In brief, 2.4 uL of vibrant™ Dil cell-labeling solution (Invitrogen, Carlsbad, CA, USA)
was added to EV samples (C-EVs, S-EVs, SKOV3-EVs and HT29-EVs) and incubated
for 20 min at 37 °C. After the incubation, the labeled-EVs were purified with 1h
ultracentrifugation at 100,000 g at +4°C and resuspended in RPMI +1% DMSO. A Dil
control solution (CTL-Dil) was prepared using the protocol above, in the absence of
EVs. HUVEC were incubated with 40,000 Dil-labeled EVs/target cells at 37 °C for
different time points (30 min, 1 h, or 3 h) to monitor EV internalization over time. In
selected experiments, HUVEC were treated with anti-ACE2 blocking antibody at the
concentration of 20 pg/mL (AF933, R&D Systems, Minneapolis, MN, USA) or
colchicine 150 pM for 2 h. After the treatments, Dil-labeled-EVs were added to the
medium for 3 h; at the end of experiments, cells were subjected to immunofluorescence
analysis. Cells were extensively washed with PBS and fixed in paraformaldehyde
(PAF) 4%. The FITC-phalloidin (Sigma-Aldrich, St. Louis, MO, USA) was used to label
actin filaments of HUVEC and nuclei were stained with 4.6-diamidine-2-phenylindole
(DAPI) (Sigma-Aldrich, St. Louis, MO, USA). Cells and EVs fluorescence were
evaluated using an Apotome fluorescent microscope (Zeiss, Jena, Germany),

magnification 40x.
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Cytofluorimetric Analysis

HUVEC, 16HBE140-, MRC5, H-S, H-C, G7, HK-2, HMEC and EcK were detached
using a nonenzymatic cell dissociation solution and resuspended in PBS 0.1% BSA
(Sigma-Aldrich, St. Louis, MO, USA) and incubated with antibodies according to the
experimental protocols. The following antibodies conjugated conjugated with Alexa
Fluor 488 and anti-S1 and anti S2 conjugated with Alexa Fluor 647 dyes using the Apex
Antibody Labeling Kit, Invitrogen (Carlsbad, CA, USA) were used to characterize cells:
ACE2 (AG-20A-0032TD) from Adipogen (Adipogen Life Sciences, CA, USA), spike
(CRE-CABT-CS048B) from LiStarFish (Milan, Italy), S1 (MAB105403) and S2
(MAB10557) from R&DSystem (from Minneapolis, Minnesota, United States).
Moreover, Dil-labeled-C/S-EV uptake by HUVEC and 16HBE140- or Dil-labeled-
SKOV3/HT29-EV uptake by HMEC or EcK were evaluated after 2h of colchicine/anti-

ACE2 and 3 h of EVs, using cytofluorimetric analysis.

Western Blot

For protein analysis, the H-S and H-C and S/C-EVs were lysed at 4 °C for 30 min in
RIPA buffer (20 nM Tris HCI, 150 nM NaCl, 1% deoxycholate, 0.1% SDS 1% Triton X-
100, pH7.8) supplemented with protease and phosphatase inhibitor cocktailand PMSF
(Sigma-Aldrich, St. Louis, MO, USA). Total protein concentration was determined
spectrophotometrically using a micro-BCA™ Protein Assay Kit, as previously
described [71]. Proteins were separated by 4% to 20% gradient sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS PAGE, Biorad, Milan, ltaly) and
subjected to immunoblotting using the following primary antibodies: rabbit polyclonal

anti-S, anti-S1 and anti-S2, mouse monoclonal anti-CD63 (sc-5275, Santa Cruz
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Biotechnology, Heidelberg, Germany) used as a positive control for EVs, anti-
Calreticulin (#2891 Cell Signaling Technology, Milan, Italy) used as negative control for
EVs and mouse monoclonal anti-GAPDH (sc-47724, Santa Cruz Biotechnology,
Heidelberg, Germany) or actin (sc-47778, Santa Cruz Biotechnology, Heidelberg,
Germany) were used as housekeeping for the cells. The protein bands were detected
using rabbit or mouse peroxidase-labeled secondary antibody and visualized using an
enhanced chemiluminescence detection kit and ChemiDoc™ XRS+ System (BioRad,

Milan, Italy).

Statistical Analysis

Data are shown as mean + SD. At least three independent replicates were performed
for each experiment. Statistical analysis was carried out on Graph Pad Prism version
8.0.1 (GraphPad Software, Inc., San Diego, CA, USA) using the Paired t-test followed
by ratio paired t-test and unpaired t-test followed by Mann Whitney test. Significance

was set at probability value of p < 0.05.
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Results

S-EV Generation and Characterization

We first validated the presence of spike on transfected cells by cytofluorimetric analysis
(Fig. 7A). Cells were analyzed every 3 passages with comparable spike expression
(data not shown). Transfection did not alter cell phenotype, as displayed by
maintenance of the typical expression of CD146 and CD29 progenitor markers
[72],[73] respect to the H-C (Fig. 7B). We demonstrated the expression of the full-
length spike protein and of the lower molecular weight S2 subunit, after S1 cleavage,
in the H-S by western blot (Fig. 7C). Afterwards, we isolated the S-EVs or C-EVs by 2
h ultracentrifugation at 100,000 g at +4 °C. EVs were used fresh or stored at -80 °C
after resuspension in RPMI supplemented with 1% DMSO. The S-EVs were subjected
to TEM analysis confirming their typical cup-shaped morphology and a size of about
100 nm (Fig. 7D). We did not observe any differences in S-EVs and C-EVs
concentration and size distribution by the nanoparticle tracking analysis (Fig. 7E, F),
obtaining homogenous population with a size between 50 to 200 nm (Fig. 7E, F).
Western blot analysis confirmed the presence of the full-length spike, and in low

amount of the S2 subunit, in the EVs obtained from H-S but not from H-C (Fig. 7G).
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Figure 7. Characterization of H-S and EVs with validation of spike presence. (A) Representative
flow cytometry analysis of spike protein in H-S and H-C. (B) Representative flow cytometry analysis of
H-S showing positive expression of CD146 and CD29. (C) Representative western blot images of both
full-length spike protein and S2 subunit (spike and S2) in H-S and H-C. GAPDH was used as an
endogenous loading reference. (D) Representative micrograph of transmission electron microscopy of
S-EVs (Scale bar: 200 nm; insert: 100 nm). (E) Representative nanoparticle tracking analysis of EVs
from H-S cells (S-EVs) and from H-C cells (C-EVs) showing EV size distribution. (F) The graph shows
EV sample quantifications. (G) Western blot images of spike subunits in S-EVs and C-EVs. CD63 was
used as an exosomal marker and calreticulin as a negative EV marker. Figure from Verta, Roberta et al.
“Generation of Spike-Extracellular Vesicles (S-EVs) as a Tool to Mimic SARS-CoV-2 Interaction with
Host Cells.” Cells vol. 11,1 146. 3 Jan. 2022, doi:10.3390/cells11010146.

Moreover, EVs were characterized by surface marker expressions, including
tetraspanins, and typical markers of HEK293T cells, using a MACSPlex Exosome
analysis kit after bead based immunocapture. The S-EVs resulted positive for all
exosomal markers and for some progenitor cell surface markers as the control EVs,

indicating that transfection did not alter surface marker expression (Fig. 8).
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Figure 8. Characterization of S-EVs. (A) List showing the 39 antibodies used in the assay and their
respective colors in dot plots. (B) MACSPlex representative dot plots showing the S-EVs and C-EVs
distribution of allophycocyanin (AP C)-stained bead populations. (C) Quantification of the median APC
fluorescence for each bead population after background correction, clustered in exosomal and
progenitor markers. The progenitor markers were normalized to median fluorescence intensity of
exosomal markers. Data is expressed as the average of three independent experiments + SD. Figure
from Verta, Roberta et al. “Generation of Spike-Extracellular Vesicles (S-EVs) as a Tool to Mimic SARS-
CoV-2 Interaction with Host Cells.” Cells vol. 11,1 146. 3 Jan. 2022, doi:10.3390/cells11010146.

To better characterize spike-expressing EVs at asingle EV level, EV size, morphology,
and the co-localization of tetraspanins with spike protein were assessed using super-
resolution microscopy and by ExoView chip-based analyses. Super-resolution
microscopy confirmed spike expression by EVs, coupled with one, two or three
tetraspanins CD9, CD63, and CD81 (Fig. 9). By CODI analysis, 19% of EVs were triple
positive for the spike, CD63 and CD9 CD63 and CD9 and 13% of EVs were triple
positive for the spike, CD81 and CD9 (Fig. 9A, B, C, D). The double positive on EV
surface were 11% and 4% for spike with CD63 and spike with CD81 respectively (Fig.
9A, C). The spike and CD9 coexpression was between 6 and 11% (Fig. 9A, C). The

percentage of EVs positive only for the spike was constant with 7% of expression (Fig.
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9A, C). S-EVs represented between 35 and 43% of the total tetraspanin-expressing
population (Fig. 9A, C). The super-resolution microscopy analysis confirmed the EVs
size showed by nanoparticle tracking analysis and the mean size of EVs appeared as

100nm (Fig. 9B, D).
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Figure 9. Super-resolution microscopy analysis of EVs isolated from H-S. (A) The percentage of
EVs in triple, double or single positivity for spike, CD63, CD9 markers and the total percentage of EVs
positive or negative for spike protein was reported. (B) Super-resolution microscopy micrographs
showing the pattern distribution of spike in green, CD63 in red and CD9 in blue for S-EVs. (C) The
percentage of EVs in triple, double or single positivity for spike, CD81, CD9 markers and the total
percentage of EVs positive or negative for spike protein was reported. (D) Super-resolution microscopy
micrographs showing the pattern distribution of spike in green, CD81 in red and CD9 in blue for S-EVs.
Figure from Verta, Roberta et al. “Generation of Spike-Extracellular Vesicles (S-EVs) as a Tool to Mimic
SARS-CoV-2 Interaction with Host Cells.” Cells val. 11,1 146. 3 Jan. 2022, doi:10.3390/cells11010146.

The spike co-expression with CD9, CD63 and CD81, on the EVs surface, was further
confirmed using ExoView analysis, with similar expression levels on the single

tetraspanin-affinity chips (Fig. 10 B).
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Figure 10. ExoView analysis of S-EVs. (A) Schematic representation of S-EVs detection process for
ExoView technique. (B) Number of S-EVs captured on CD9, CD63, CD81 or MIgG spots fluorescently
labeled by anti-spike ab in APC obtained by ExoView analysis. The graph shows the average of three
independent experiments + SD. Figure from Verta, Roberta et al. “Generation of Spike-Extracellular
Vesicles (S-EVs) as a Tool to Mimic SARS-CoV-2 Interaction with Host Cells.” Cells vol. 11,1 146. 3 Jan.
2022, doi:10.3390/cells11010146.
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S1and S2 presence on H-S

Due to the differential and functional activities of spike subunits for the SARS-CoV-2
virus infection, we characterize the spike for S1 and S2 subunit [74]. First, we
demonstrated the S1 and S2 subunit presence by western blot from HEK293T -spike -
transfected cells. The H-S express the trimeric spike protein (250-180 kDa), the S1
subunit (90 kDa) and the S2 subunit (75 KDa), in opposition to the H-C (Fig. 11). The
presence of both subunits it was further demonstrated with cytofluorimetric analysis.

The S1 and S2 positivity it was observed only in H-S but not in H-C (Fig. 11).
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Figure 11. Analysis of S1and S2 presence in H-S and H-C. (A) Western blot analysis of spike protein
(250-180 kDa), the S1 (90 kDa) and S2 (75 kDa) in H-S and H-C. The actin protein (45KDa) was used
as endogenous control. (B) Representative dot plot of Cytofluorimetric analysis for S1 and S2 subunits
respect to the control isotype (ISO) in H-S and H-C.
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Characterization of spike subunits on S-EVs

Once validated the S1 and S2 presence at level of H-S, we focused the subsequent
analysis on spike subunits characterization on S-EVs. We used the MACSPIex
analysis to obtain information about the S-EV positivity for S1 and S2 subunits.
Specifically, we selected S-EVs using beads-Fitc-Pe positive covered with anti-
tetraspanins (anti-CD9, anti-CD63 and anti-CD81). We plotted these positive beads-
Fitc-Pe-EV population with their simultaneously positivity for anti-S1-APC and anti-S2-
APC. The MACSPIlex analysis revealed different vesicles populations, in particular: S-
EVs positive only for S1 (S1-EVs), S2 (S2-EVs) or both (S1S2-EVs) subunits (Fig.12
A). All the different subpopulations were expressing tetraspanins (CD9, CD63 and
CD81) and showed an homogenous surface renal progenitor markers pattern of
expression (Fig.12 A). We confirmed, by western blot, the presence of S1 and S2 only
in S-EV samples (Fig.12 B). In addition, with super resolution microscopy, we selected
using CD63 the EV population and we demonstrated the coexpression of CD63 with
both S1 or S2 on S-EVs (double or triple positive) and with size between 50 and 100

nm (Fig.12 C).
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Figure 12. Validation of S1 and S2 presence on S-EVs. (A) Quantification of the median APC
fluorescence for each bead population after background correction, clustered in exosomal and
progenitor markers. The progenitor markers were normalized to median fluorescence intensity of all
detectable markers. (B) Western blotimages of spike full length (180 kDa), S1 (90 kDa), S2 (75 kDa) in
C-EVs, S-EVs, H-C and H-S. CD63 was used as an exosomal marker and calreticulin as a negative EV
marker. (C) Super-resolution microscopy micrographs showing the pattern distribution of CD63 in green,
S1in violet, S2 in red.

EV Interaction with cell membrane model

The SARS-CoV-2 spike interaction with recipient cell and in particular the role of
membrane on the virus uptake are still lacking. In collaboration with the team of Prof.
Loredana Casalis from the university of Trieste, we explored EV interaction with
synthetic planar lipid bilayer with cholesterol designed to mimic the formation of raft-
like nanodomains in cell membrane. Using Atomic Force Microscopy, we were able to
track the EV interaction with a cell membrane model. We observed that after the S-

40



EV addition the lipid raft domains were not visible around the site of interaction
compared to the C-EV interaction, meaning that either they were fluidified or recruited
from the S-EVs (Fig. 13 A). S-EVs showed a major membrane area of interaction and

with initial pore formation of supported lipid bilayer comparing to C-EVs (Fig. 13 B).
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Figure 13. EV interaction with supported lipid bilayer (SLB). (A) Atomic force microscopy (AFM)
topographic images of height or phase signal of DOPC/SM 2 : 1 (m/m) SLB with 10 mol% Cho with S/C-
EV interaction at the level of liquid-ordered (L,) domains. The height signal showed the distribution of
lipid raft and the point of interaction; the phase signal showed the differences in composition: lipids
(violet/blue) and EVs/proteins (green/yellow). (B) Time-resolved AFM topographic images of S/CEVs
interacting with DOPC/SM 2 : 1 (m/m) SLB with 10 mol% Chol with corresponding height profiles,
acquired at 27 C in Tris buffer 10 mM in 10 minutes.
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Analysis of ACE2 expression

To evaluate the S-EV interaction with target cells, we analyzed the presence of ACE2
receptor on the cells. The cytofluorimetric analysis confirmed the ACE2 expression on
endothelial (HUVEC) and epithelial bronchial cells (16HBE140-) respect to the MRC5
(0,4% positive for ACE2), used as negative control. In particular, HUVEC and
16HBE140- expressed 36,8 % and 31,6 % ACE2 positive cells, respectively (Fig.14).
HK2 and G7 cells showed a very low expression for ACE2, 7,4% and 5%, and

considered negative (Fig. 14). Subsequently, we evaluated the EV uptake in ACE2

positive or negative cells.
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Figure 14. ACE2 expression. Representative dot plots of cytofluorimetric analysis of ACE2 receptor on
human fibroblast (MRC5) used as a negative control that showed the control isotype staining (1SO), on
human bronchial epithelial cells (16HBE140-), on human umbilical vein (HUVEC), on human renal
cancer stem cells (G7) and on human renal proximal tubular cells (HK-2).
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S-EVs uptake by ACE2 positive cells

The endothelial activation and dysfunction participate in COVID-19 pathogenesis by
altering the integrity of vessel barrier, promoting pro-coagulative state, inducing
endothelial inflammation and leukocyte infiltration [75],[76]. Therefore, we focused on
the S-EV/HUVEC interaction. In addition, we analyzed the S-EV uptake by a bronchial
epithelial cell line 16HBE140-, SARS-CoV-2 virus target cells [77]. Once demonstrated
and confirmed the ACE2 (spike receptor) expression by HUVEC and 16HBE140-, we
analyzed the possible interaction of S-EVs with target cells. We demonstrated a time
dependent uptake of fluorescently labeled S-EVs or C-EVs by HUVEC. S-EVs were
more internalized than the C-EVs, in each experimental time point considered, as
detected by the immunofluorescence analysis (Fig. 15 A). The best time chosen for
the EV uptake was 3 hours. Comparing the uptake of S-EVs and C-EVs, after 3 hours,
we confirmed a significant higher entrance of S-EV with respect to the C-EVs in both
target cells (HUVEC and 16HBE140-), quantified by cytofluorimetric analysis (Fig. 15
B, C). These data supported the major interaction of S-EVs compared to C-EVs with

supported lipid bilayer previously observed (Fig. 13).
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Figure 15. EV uptake by ACE2 positive cells. (A) Representative immunofluorescence micrograph of
S-EV or C-EV uptake by HUVEC after 30min (S/C-EVs 30min), 1hour (S/C-EVs 1h) or 3hours (S/CEVs
3h) respect to the control (CTL). Cells were stained with FITC-phalloidin (green), nucleus stained with
the DAPI (blue), EVs were labeled with Dil (red); magnification 40x. (B) Representative flow cytometry
dot plots of only cells (without EV treatment) and of S-EV or C-EV uptake by HUVEC and 16HBE140-.
(C) Fluorescence mean intensity of all positive events obtained by cytofluorometric analysis. Data were
normalized to the respective uptake control (S-EVs or C-EVs), set as one, used as a reference sample
for each experiment. The unpaired t-test was performed after the normalization for C-EV vs. S-EV
uptake with * p < 0.05, **p<0,01. The graphs show the average of at least four independent experiments
+ SD. Figure modified from Verta, Roberta et al. “Generation of Spike-Extracellular Vesicles (S-EVs) as
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a Tool to Mimic SARS-CoV-2 Interaction with Host Cells.” Cells vol. 11,1 146. 3 Jan. 2022,
doi:10.3390/cells11010146.

S-EVs uptake by ACE2 negative cells

Demonstrated that G7 and HK-2 cells were ACE2 negative (Fig.14), we investigated
the S-EV and C-EV uptake in these cells. With cytofluorimetric analysis, we noted that
C-EVs were significantly internalized more in comparison to the S-EVs (Fig. 16), in
contrast to what we observed previously considering the EV uptake by HUVEC and
16HBE140-, ACE2 positive (Fig. 15 A, B). These results demonstrated that the S-EV

entrance is ACE2 dependent by ACE2 receptor expression on the target cells.
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Figure 16. Analysis of EV uptake by ACE2 negative cells. (A) Representative flow cytometry dot
plots of only cells (without EV treatment) and of S-EV or C-EV uptake by G7 and HK2. (B) Fluorescence
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mean intensity of all the positive events obtained by the cytofluorometric analysis. Data were normalized
respect to C-EVs for both the EV uptake analysis by G7 and HK-2. The Unpaired t-test was performed
after the normalization for C-EV vs S-EV uptake with **p <0.01 or ***p <0.001. The graphs show the
average of at least three independent experiments + SD.

Modulation of S-EV uptake by ACE2 blocking antibody

To confirm previous results, on spike-ACE2 dependent interaction (Fig. 15 and Fig.
16), we analyzed the EV uptake by target cells with the presence of ACE2-blocking
antibody. The ACE2 blocking antibody was able to significantly reduce the S-EV
uptake by HUVEC, but not in the case of C-EVs (Fig. 17 A, B). We also monitored the
EV internalization by bronchial epithelial cells (16HBE140-) with the anti-ACE2 pre-
treatment. We validated the significant reduction only of S-EV uptake by ACE2
blocking antibody also using 16HBE140- (Fig. 17 C, D). Our results support the S-EV
binding to target cells through an ACE2 dependent-interaction, in the same manner as
the SARS-CoV-2 virus. As S-EVs mimic SARS-CoV-2 interaction with host cells, it
appears as an important resource in this scenario in identifying new therapeutic

strategies.
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Figure 17. Effect of anti-ACE2 blocking antibody on the EV uptake by the endothelial cells
(HUVEC) and bronchial epithelial cells (16HBE140-). (A) Representative flow cytometry dot plots of
S-EV or C-EV uptake by HUVEC without treatments (untreated) or anti-ACE2 20 ug/mL (S/C-EVs anti-
ACE2 Ab). (B) Representative flow cytometry dot plots of S-EV or C-EV uptake by 16HBE 140- without
treatments (untreated) or anti-ACE2 20 pg/mL (S/C-EVs anti-ACE2 Ab). (C) Fluorescence mean
intensity of all positive events obtained by cytofluorometric analysis of HUVEC. (D) Fluorescence mean
intensity of all positive events obtained by cytofluorometric analysis of 16HBE140-. For the comparison
EVs + anti-ACE2, data were normalized to the EVs. The paired t-test was performed after the
normalization for untreated EVs vs. EVs + treatments with * p < 0.05, ** p < 0.001. The graphs show the
average of at least four independent experiments + SD. Figure modified from Verta Roberta et al.
“Generation of Spike-Extracellular Vesicles (S-EVs) as a Tool to Mimic SARS-CoV-2 Interaction with
Host Cells.” Cells vol. 11,1 146. 3 Jan. 2022, doi:10.3390/cells11010146.

Modulation of virus like particle and tumor-EV uptake by Colchicine treatment

Colchicine, a microtubule antagonist that inhibits the tubulin polymerization [78],[79],
is widely used in various pathologies such as gout, familial mediterranean fever and
rheumatoid arthritis [52],[55],[56] due to its involvement in several anti-inflammatory

pathways. Recently, studies considered colchicine as a clinical trial for COVID-19
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treatment [57], [58]. Microtubules are considered an ideal target for anticancer drugs
because of their essential role in mitosis [61], therefore colchicine seems to be, also,
promising for cancer therapy [54],[56],[61],[62].

We observed that colchicine altered the HUVEC shape and induced the loss of
adhesiveness between cells, while remain unaltered the cell morphology after ACE2
blocking antibody treatment (Fig. 18 A). In parallel, colchicine significantly reduced the
S-EV internalization, with a trend of reduction also for the C-EV uptake by HUVEC (Fig.
18 A, B, D). Comparable results were observed on bronchial epithelial cells. Colchicine

significantly decreased the S-EV and the C-EV uptake by 16HBE140- (Fig. 18 C, E).
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Figure 18. Effect of colchicine on the EV uptake by human umbilical vein endothelial cells
(HUVEC) and bronchial epithelial cells (16HBE140-). (A) Representative immunofluorescence
micrograph of S-EV or C-EV uptake modulation by HUVEC with colchicine or anti-ACE2 blocking
antibody with respect to the uptake without treatments (untreated) or to control (CTL-Dil), prepared with
Dil control solution in the absence of EVs. Cells were stained with FITC-phalloidin (green), nucleus-
stained with DAPI (blue), EVs were labeled with Dil (red); magnification x40. (B) Representative flow
cytometry dot plots of S-EV or C-EV uptake by HUVEC without treatments (untreated) or with colchicine
150uM (S/C-EVs + colchicine). (C) Representative flow cytometry dot plots of S-EV or C-EV uptake. (D)
Fluorescence mean intensity of all the positive events obtained by the cytofluorometric analysis on

49



HUVEC. (E) Fluorescence mean intensity of all the positive events obtained by the cytofluorometric
analysis on 16HBE140-. Data were normalized to the respective uptake control (S-EVs or C-EVs), set
as 1, used as a reference sample for each experiment. Forthe comparison C-EVsvs C-EVs + colchicine
data were normalized to the C-EVs. For the comparison S-EVs vs S-EVs + colchicine data were
normalized to the S-EVs. The Paired t-test was performed after the normalization with ** p<0.01,
***p<0,001. The graphs show the average of at least four independent experiments + SD. Figure
modified from Verta, Roberta et al. “Generation of Spike-Extracellular Vesicles (S-EVs) as a Tool to
Mimic SARS-CoV-2 Interaction with Host Cells.” Cells vol. 11,1 146. 3 Jan. 2022
doi:10.3390/cells11010146.

To explore the potential effect of colchicine on EV uptake inhibition, we isolated and
characterized EVs from tumor, specially, from ovarian cancer and colorectal cancer
cells (SKOV3 and HT29) and we assessed the tumor-EVs entrance in human
microvascular endothelial cells (HMEC) and the human renal cancer endothelial cells
(EcK) after colchicine treatment. The nanoparticle tracking analysis showed that we
obtained tumor-EVs with size around 100nm (Fig. 19 A, C), the MACSPIlex analysis
confirmed the exosomal identity by the expression of vesicular markers on tumor-EVs
and some progenitor markers (Fig.19 B, D). Specifically, CD63 is the major
tetraspanins expressed on SKOV3-EVs, while HT29-EVs expressed quite
homogenously CD9, CD63 and CD81. Both the tumor-EVs population were positive
for CD29, CD44 and CD24 (Fig.19 B, D). Among the progenitor markers the analysis
revealed the major expression of CD142, SSEA-4 on SKOV3-EVs and ROR1, CD326,

CD133-1 on HT29-EVs (Fig.19 B, D).
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Figure 19. Characterization of SKOV3-EVs and HT29-EVs. (A) Representative nanoparticle tracking
analysis of EVs from ovarian adenocarcinoma (SKOV3-EVs) showing EV size distribution. (B)
Quantification of the median APC fluorescence of SKOV3-EVs for each bead population after
background correction, clustered in exosomal and progenitor markers. (C) Representative nanoparticle
tracking analysis of EVs from colorectal cancer cells (HT29-EVs) showing EV size distribution. (D)
Quantification of the median APC fluorescence of HT29-EVs for each bead population after background
correction, clustered in exosomaland progenitor markers. Data were normalized to median fluorescence
intensity of all detectable markers.

It was demonstrated that tumor-EVs are responsible of metastasis and angiogenesis,
mechanisms involved in cancer development [80],[81]. The colchicine pretreatment
was able to reduce significantly both the tumor-EV (SKOV3-EVs and HT29-EVs)
uptake by HMEC (Fig. 20 A, C.) and EcK (Fig. 20 B, D) in comparison to endothelial
cells subjected only to tumor-EV stimulation but without colchicine treatment (Fig. 20).
These results demonstrated that colchicine seems to be promising to reduce the
tumor-EV internalization by physiological and cancer endothelium, mechanisms that

can be responsible of tumor progression [82].
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Figure 20. Colchicine modulation of tumor-EV uptake by HMEC and EcK. (A)
Representative flow cytometry dot plots of SKOV3-EV or HT29-EV uptake by HUVEC without treatment
(untreated) or with colchicine 150pM (SKO3/HT29-EVs + colchicine). (B) Representative flow cytometry
dot plots of SKOV3-EV or HT29-EV uptake by Eck without treatment (untreated) or with colchicine
150uM (SKO3/HT29-EVs + colchicine). (C) The percentage (%) of all the positive events obtained by
the cytofluorometric analysis on HMEC. (D) The percentage (%) of all the positive events obtained by
the cytofluorometric analysis on EcK. Data were normalized to the respective uptake control (SKOV3-
EVs or HT29-EVs), setas 100%, used as a reference sample for each experiment. For the comparison
SKOV3-EVs vs SKOV3-EVs + colchicine data were normalized to SKOV3-EVs. The Paired t-test was
performed after the normalization with * p<0.05 or **p<0,01. For the comparison HT29-EVs vs HT29-
EVs + colchicine data were normalized to HT29-EVs. The Paired t-test was performed after the
normalization with * p<0.05 or **p<0,01. The graphs show the average of at least four independent
experiments = SD.
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Discussion
EVs are known to be involved in the pathogenesis of several diseases such as in
infections and cancer [83],[84]. Moreover, EVs and viruses share common aspects:
size, structure, biogenesis, uptake and ability to carry a specific cargo while being
different entities [32],[33]. The interesting interaction between EVs and the viruses
open a new perspectives on treatment of COVID-19 [39].
B. Krishnamachary et al. in 2021 observed that EVs isolated from plasma of patients
with COVID-19 were significantly loaded, at different expression levels, with
cardiovascular and inflammatory proteins, according to the severity of disease [41]. In
parallel, C. Balbi et al. (2021) demonstrated that, during the SARS-CoV-2 infection, the
systemic inflammatory response results in cell-release of substantial amounts of
procoagulant EVs that may act as clotting initiation agents, contributing to COVID-19
progression. EVs also contribute significantly to the transmission of viral infections, as
highlighted by K. Owczarek et al. (2018) [85]. EVs may contribute to the infection,
internalization, and transmission of SARS-CoV-2 virus because of some components
(such as miRNAs, viral proteins and viral receptor ACE2) that could be packed into
EVs, that render the recipient cells sensitive to viral invasion [86].
The SARS-CoV-2 infection begins with the virus binding to ACE2 [6],[18] and the virus
entrance into host cells is mediated by the spike glycoprotein that is composed of two
functional subunits, the S1 and S2 [6],[18].
The S1 subunit consists of an N-terminal domain and a receptor binding domain and
acts to bind to the receptor on the host cell. The S2 subunit subsequently fuses the
virus-cell membranes [4],[5],[87]. The spike glycoprotein is crucial for the entry of

SARS-CoV-2 and represents an excellent target for anti-viral therapeutic development.
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Therefore, the aim of this study was to generate and characterize EVs expressing the
spike protein of SARS-CoV-2, with indirect engineering method, using HEK-293T-
Spike-transfected cells, as a model to study the virus interaction with target cells in
normal conditions or in presence of new possible pharmacological treatments.

By TEM and NTA, we demonstrated that we obtained intact vesicles with size around
100nm. The western blot analysis revealed the presence of spike protein only in EVs
isolated from transfected cells with the spike expressing vector. The S-EVs were
further characterized by MACSPIlex, confirming the exosomal markers expression and
their cell origin by the presence of renal progenitor markers on EV surface.
Subsequently, S-EVs were analyzed at single EV level using ExoVieW and super
resolution microscopy. These analyses confirmed the presence of spike protein and its
co-expression with tetraspanins (CD9, CD63 and CD81). Moreover, the super
resolution microscopy analysis proved the S-EV dimension observed, previously, by
TEM and NTA.

The EV engineering with viral elements, due to the EV similarities with viruses, is a
promising and interesting scenario for the scientific community, especially for anti-viral
purposes. A recent study demonstrated that ACE2-engineered EVs limit the SARS-
CoV-2 infection [46]. Another work showed the possibility of producing EVs expressing
the receptor-binding domain (RBD) of the viral spike protein, that recognizes ACE2
receptor, to be used as a target delivery system of potential anti-viral agents in vivo
[49].

In our study, once we demonstrated the spike presence on EV surface, we decided to
investigate on spike subunits (S1 and S2) characterization. We obtained S-EVs
positive for one subunit (S1-EVs or S2-EVs) or for both (S1S2-EVs) and these results

offer new perspectives. We can take advantage of using S1-EV for diagnostic, for their
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capacity to recognize specifically the ACE2 receptor, independently from the presence
of S2.

We know that different tumors overexpress ACE2, such as colorectal adenocarcinoma,
renal carcinoma, pancreatic and lung adenocarcinoma [88].

In the future, it will be possible to consider the use of S1-EVs to recognize tumor cells
to estimate the tumor size and presence of metastasis. While the S1S2-EVs can be
useful for cargo-delivery studies in target site, using the S1-ACE2 specific interaction
plus the fusogenic capacity of S2 subunit.

Therefore, it might be useful to separate our S-EV subpopulations to further investigate
the different theragnostic potential of S1-EVs vs S1S2-EVs.

The S-EVs seem to be promising in diagnostic scenario and for the development of
innovative therapies (drug delivery) or vaccines.

A parallel study, based on spike-EV production, showed that EVs containing SARS-
CoV-2 spike interact with the humoral immune system and reduce serum neutralizing
antibodies of convalescent patients [89]. In contrast, it was reported that mMRNA-based
vaccines against the SARS-CoV-2 virus infection devised by Pfizer and Moderna
[90],[91] can generate circulating EVs carrying the SARS-CoV-2 S protein and
promoting the generation of anti-S neutralizing antibodies in vaccinated healthy
individuals [92].

Following the spike characterization, we observed the different involvement and
mechanism of interaction of S-EVs compared to C-EVs on cell membrane model, using
supported lipid bilayer. Specifically, S-EVs revealed a major surface membrane area
of interaction and with initial formation of pores on the supported lipid bilayer, a possible
fusogenic mechanism. It seems that spike protein plays a role on membrane
perturbation, a process that can promote the spike interaction with host cell receptor.

It is unclear which spike subunit (S1/S2) is involved or if it is a specific protein domain
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that controls this mechanism. A limit of our study may be the heterogeneity within the
S-EV population (S1-EVs, S2-EVs, S1S2-EVs) that does not allow us to distinguish
which one of spike subunits appears to be specifically responsible for the cell
membrane perturbation. Therefore, the addition of anti-S1 or anti-S2 during the S-EVs
interface with supported lipid bilayer, could be helpful to understand the specific
mechanism of spike subunit interaction with the cell membrane.

A recent study demonstrated that SARS-CoV-2-S1 can destabilize the cellular
membrane independently by the target receptor [93],[94]. While previously, Guillén J.
and colleagues (2008) showed the role of SARS-CoV-S2 subunit in cell membrane
perturbation [95]. These dynamic changes of cell membrane facilitate the spike-
receptor binding [96]. Interestingly, we tested our S-EVs on a cell membrane model
with cholesterol. The cholesterol-enriched rafts represent a center for the recruiting of
specific SARS-CoV-2 receptors that can facilitate the virus fusion with the host cell
membrane and promoting virus entry [95],[96],[97],[98].

Consequently, to evaluate the specificity of spike-ACEZ2 receptor binding on the virus
target cells, we performed the cytofluorimetric analysis to investigate the EV entrance
in cells positive or negative for ACE2. We focused on human bronchial epithelial cells
(16HBE140-), that represent the first site of SARS-CoV-2 virus infection [99],[100] and
on endothelial cells (HUVEC) that are involved in the development of SARS-CoV-2
pathology [75],[76].

S-EVs were significantly more internalized by ACE2 positive cells (HUVEC e
16HBE140-) in respect to control EVs, without the spike (C-EVs). Conversely, we
observed a significative increase in the uptake of C-EVs in ACEZ2 negative cells (G7 e
HK-2). These data support that the S-EV interaction with host cell is ACE2 dependent
and the spike could act as an additional factor for EV uptake, supporting its primary

role in the virus—host interaction [76].
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It is essential to underline that our study did not take advantage of using cells that
overexpress ACE2, but it was tested the interaction between virus-like particles and
the basal ACE2 receptor expression on target cells.

In contrast to what we observed, Choi and colleagues in 2022 showed that EVs
expressing spike labelled with green fluorescent protein (EV-S-GFP) were not
internalized but remain attached on the surface of cell membrane [101]. This probably
happened because the GFP presence on EV surface can create a steric hindrance
that hampers the correct and complete spike interaction with the target host cell
receptor.

Our results, on spike-ACE2 dependent interaction, were further confirmed by the
presence of anti-ACE2 blocking antibody that modulates the S-EV entrance into
endothelial and bronchial epithelial cells. S-EV uptake into target cells was reduced
significantly by anti-ACEZ2.

Given that S1 acts to bind ACE2 on target cell, S2 fuses the virus-cell membranes [18],
S-EVs showed a peculiar and greater interaction than C-EVs with cell membrane
model and since we observed a significant major internalization of S-EVs by target cell,
therefore we believe that it might be useful, in the future, to investigate the S-EVs role
on endosomal escape evaluating, in parallel, the S-EV efficiency on cargo-delivery in
target site.

Currently, there is not specific therapeutic for COVID-19 [26]. The treatment strategies
improved patient recovery and survival but they do not definitively restore lung damage
caused by the virus. In addition, a range of anti-inflammatory drugs have been tested
to inhibit the cytokine storm and multiple organ failure caused by the worsening
immune response in severe patients, but the effect has not been significant [26].

To evaluate a new possible therapeutic strategy to contrast SARS-CoV-2 infection, we

also analyzed the modulation of S-EV and host cell interaction using colchicine.
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Colchicine, a microtubule antagonist, is an anti-inflammatory drug that may contrast
the COVID-19 disease with different mechanisms. The rationale for the use of
colchicine in COVID-19 is based on its well-known anti-inflammatory, anti-fibrotic
properties and its theoretical antiviral action, indirectly supported by the role of
microtubules for the entry of the human coronavirus [102],[103]. This interference with
microtubule polymerization influences the macrophage diapedesis, endocytosis, and
exocytosis, and consequently the interleukins (ILs) production [104],[105],[106].
Recently, it has been shown how colchicine inhibits the NOD-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome, possibly through its microtubule
antagonism [107] and therefore blocks the IL-1 and IL-18 formation [108],[109],[110].
In addition, colchicine showed an impressively rapid effect on endothelial hyper-
permeability observed in the capillary leak syndrome [60].

In this study we noted a significant reduction in S-EV and C-EV uptake into HUVEC
and 16HBE140- after colchicine treatment. The EV uptake inhibition, observed in both
EV populations, can be explained by the direct effect of colchicine on cell cytoskeleton
and consequently this can cause an indirect effect on cell membrane capacity to
interact and to internalize the EVs.

These data demonstrated that EVs expressing SARS-CoV-2 spike protein can be a
replicable and safe virus like particle model that mimics SARS-CoV-2 virus.
Interestingly, colchicine treatment was able to prevent S-EV entry with a stronger effect
than that of ACE2 neutralizing antibody. Moreover, it also prevented the entry of C-
EVs into cells, in particular into bronchial epithelial cells, suggesting an additional effect
due to activity on microtubules and cell cytoskeleton. This is an example of recipient
cell modulation, an indirect method to modulate the EV cellular uptake. This aspect is
of interest for further studies aimed at blocking EV entry in pathologies involving EV-

mediated spread of the disease. In the last part of this study, we explored the colchicine
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effect on EV entrance into endothelial cells, using EVs derived from human ovarian
adenocarcinoma cells (SKOV3-EVs) and human colorectal cancer (HT29-EVs).
Interestingly, we also demonstrated the inhibition of both tumor-EV entrance in HMEC

and EcK in the presence of colchicine in comparison to untreated cells.

Conclusions
The development of effective vaccines, therapeutics, and drug delivery systems to the

target site is a field that has increasingly gained attention to overcome SARS-CoV-2.
This work demonstrates the possibility to generate and to use of S-EVs as a safe
method for the study of COVID-19 and for the development of new therapeutic
strategies. S1-EVs could be useful for diagnostic purposes thanks to specific ACE2
interaction, whereas S1S2-EVs could be employed for drug delivery to target cells
(ACEZ2 positive). These results open the door to new future scenarios in theragnostic
applications, allowing to overcome the problems related to the endosomal degradation
of EVs which represent a potential limit for EV-based therapies. Finally, we identified
a new pharmacological tool to modulate EV entry, that deserves further studies for

possible application not only in SARS-CoV-2 infection, but also in oncology.
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