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indicate that prefusion Spike priming by mu-sEVs in the nasal cavity plays a role in
viral tropism. They also show that nasal mucus does not protect from SARS-CoV-2
infection, but instead facilitates it.
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1 | INTRODUCTION

The emergence in December 2019 in Wuhan, Hubei province, China (Zhou et al., 2020; Zhu et al., 2020) and the rapid spread
of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has been responsible for a worldwide pandemic that cre-
ated a global sanitary, economic, political, and social crisis. As of July 20, 2022, coronavirus disease 2019 (COVID-19) has been
responsible for at least 569,898,918 cases and 6,392,173 deaths worldwide (https://www.worldometers.info/coronavirus/).

The most common clinical presentation of COVID-19 includes fever, cough, shortness of breath and/or sputum produc-
tion. COVID-19 may lead to respiratory failure and acute respiratory distress syndrome (ARDS). Infected patients often report
symptoms that suggest the involvement of organs outside of the respiratory tract, including signs of haematological, cardiovascu-
lar, renal, gastrointestinal, hepatobiliary, endocrinological, neurological, ophthalmological and/or dermatological involvement
(Gupta et al., 2020). Loss of taste and smell has been considered as a frequent feature of COVID-19 (Menni et al., 2020), as a result
of smell receptor alteration, as previously observed with other respiratory viruses (Hopkins et al., 2020). Nevertheless, this symp-
tom has become rarer with more recently emerged viral variants. Thus, although the main site of SARS-CoV-2 infection remains
the epithelial mucosa of the upper respiratory tract and the lungs, infection of other organs and the systemic consequences of
dysregulated immune host responses indicate that COVID-19 is a systemic disease (Mehta et al., 2020; Synowiec et al., 2021).

SARS-CoV-2 entry into target cells has been well characterized. It is mediated by the viral Spike (S) protein, which belongs to
the class I fusion protein family. The Spike protein ensures receptor binding and fusion of the viral lipid envelope with cellular
membranes (Li, 2016; Perlman & Netland, 2009; Shang et al., 2020). The S protein is made of two subunits: (i) S1 which contains an
N-terminal domain (NTD), the receptor-binding domain (RBD) and two subdomains (SD1 and SD2), and (ii) S2 which contains
the fusion peptide (FP), a conserved motif principally composed of hydrophobic residues that triggers fusion after its insertion
into host cell membranes, two heptad repeats (HR1 and HR2), the transmembrane domain (TM) and the cytoplasmic tail (CT)
(Tang et al., 2020). SARS-CoV-2 S protein trimers bind the human angiotensin-converting enzyme 2 (ACE2) receptor with high
affinity (Hoffmann, Kleine-Weber et al., 2020; Wang et al., 2020; Yan et al., 2020; Zhou et al., 2020). Several possible conformations
of the RBD have been described within the structure of the prefusion SARS-CoV-2 S protein. In the ‘closed’ conformation, the
RBD is in a ‘lying down’ position, that is, it caps the top of the S2 subunit and is not accessible to ACE2 (Benton et al., 2020). In
the ‘open’ conformation, the RBD changes its orientation so that the ACE2 interacting surface becomes fully exposed at the top
of the Spike monomer (Wrobel et al., 2020). In vitro experiments have shown that the vast majority of SARS-CoV-2 RBD trimers
is fully closed (i.e., three RBDs in ‘closed” conformation) or partially open (one RBD in ‘open’ and two in ‘closed’ conformations)
(Ke et al., 2020; Walls et al., 2020; Wrapp et al., 2020).

Structural rearrangements of the S protein, from the closed pre-fusion to the post-fusion form, require proteolytic cleavages
by host proteases that contribute to viral tropism (Cai et al., 2020; Fuentes-Prior, 2021; Millet & Whittaker, 2015; Tang et al., 2020;
White & Whittaker, 2016). The first cleavage separates the S1 subunit, responsible for receptor binding, from the S2 subunit that
contains the fusion machinery, resulting in a non-covalent association between S1 and transmembrane-anchored S2. The second
proteolytic cleavage occurs at the S2’ site within the S2 subunit, exposing the hydrophobic FP that can be inserted into the host
cell membrane. This leads to the formation of coiled-coil motifs by HR domains and, finally, to fusion of the viral and cellular
membranes (Belouzard et al., 2012; Madu et al., 2009; Whittaker et al., 2021).

As described for SARS-CoV-1, SARS-CoV-2 can be triggered to fuse either at the plasma membrane (‘early pathway’) or at the
endosome membrane (‘late pathway’), depending on the availability of host proteases in its target cells (Matsuyama et al., 2005).
Type 2 transmembrane serine proteinase (TMPRSS2) has been shown to play a major role in SARS-CoV-2 entry, by cleaving the S
protein at the S2” site (R815) (Bestle et al., 2020; Hoffmann, Kleine-Weber et al., 2020; Matsuyama et al., 2020). The SARS-CoV-2
Spike protein gene contains an insertion of 12 nucleotides at the S1/S2 boundary that creates a minimal proprotein convertase
(PC) furin-like cleavage site (PRRAR|SV) (Coutard et al., 2020). Furin cleavage at the S1/S2 site has been demonstrated, as well
as less efficient viral entry in the presence of PC inhibitors (Bestle et al., 2020; Hoffmann, Kleine-Weber, & Pohlmann, 2020; Papa
et al., 2021; Shang et al., 2020; Walls et al., 2020). The expression of furin in the trans-Golgi could result in a pre-activated state of
the S protein (‘open’ RBD conformation of the prefusion S protein) in released virions (Shang et al., 2020; Wrobel et al., 2020).

Small Extracellular Vesicles (SEVs) are 50-200 nm in diameter vesicles delimited by a lipid bilayer, formed within the endoso-
mal network or derived from the plasma membrane. They are secreted in various biological fluids, including airway nasal mucus
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(Akers et al., 2013; Thery et al., 2018; Wu et al., 2015). The molecular composition of the sEVs varies according to their cellular
origin. They consist of selected cellular components located inside the vesicles or associated with their membrane. sEVs usually
contain membrane proteins known to cluster into microdomains at the plasma or endosome membranes, mRNAs or non-coding
RNAs, and metabolites (Raposo & Stoorvogel, 2013; Zebrowska et al., 2019). sEV's are not only waste transporter. They are pivotal
elements involved in intercellular communication, capable to transfer the aforementioned biomolecules from donor to recipient
cells (Mathieu et al., 2019).

During the course of viral infections, viruses can hijack the sEV biogenesis system to favour viral particle secretion (Ramakr-
ishnaiah et al., 2013). In addition, viruses can modify the sEV content in viral and host components to render healthy cells more
susceptible to infection (Mack et al., 2000; Rozmyslowicz et al., 2003) or to modulate the immune response in favour of the
pathogen or the host (Li et al., 2013; Schorey et al., 2015). Whether respiratory sEV's isolated from healthy cells contain ACE2 and
TMPRSS2 and could therefore play a role during SARS-CoV-2 infection is unknown.

The goal of this work was to unravel the molecular composition of sEVs present in the mucus produced at the apical pole of
human nasal epithelial cells (mu-sEVs) and to understand the role of mu-sEVs in priming the SARS-CoV-2 Spike protein and
facilitating its entry through the ‘early pathway,, thereby favouring infection of TMPRSS2-expressing cells.

2 | RESULTS

2.1 | Human nasal epithelial cells in primary culture can be infected with SARS-CoV-2 and their
infection is reduced by mucus removal

We used an original model of uninfected primary human nasal epithelial cells (HNECs) which, unlike immortalized cell lines,
recapitulate the most important characteristics of in vivo human respiratory epithelia (Bequignon et al., 2019; Coste et al., 2000;
Muller et al., 2013; Papon et al., 2002). Such HNECs, isolated from nasal polyps (NP), constitute a stable differentiated epithelium
containing three major cell types (e.g., basal, goblet and ciliated cells) after more than 21 days of culture at the air-liquid interface
(ALI) using a specific medium (Coste et al., 2000). When differentiated, HNECs exhibit morphological and functional char-
acteristics that mimick the normal human nasal epithelium. Mucus, that constitutes the first barrier viruses encounter during
infection, is notably produced by goblet cells at the apical pole of the epithelium (Harkema et al., 2006).

HNEC:s isolated from three different patients were infected at the apical pole of the epithelium with 20 ul of SARS-CoV-2
inoculum (~2.04 X 10* TCID5,/ml). As shown in Figure 1A, HNEC infection resulted in viral replication, as reflected by the
production of intracellular SARS-CoV-2 RNA 72 h post-infection. SARS-CoV-2 RNA production was reduced by 8.5-fold when
mucus produced by HNECs was removed (Figure 1A), suggesting that mucus contains components that favour viral infection.
Mucus removal had no effect on HNEC vitality, as assessed by trans-epithelial electrical resistance (TEER) (Figure S1).

2.2 | Mucus produced by HNECs contains sEVs carrying host factors required for SARS-CoV-2
entry

The presence of extracellular vesicles produced by HNECs in the mucus was demonstrated by means of differential ultracen-
trifugation enrichment (Salem et al., 2020; Thery et al., 2006). Tunable resistive pulse sensing (TRPS) was used to estimate the
amount of small (mu-sEVs) and large extracellular vesicles (mu-1EVs) produced by HNECs from 14 patients (Figure S2A). Mean
concentrations of 3.3 + 1.2 X 10'® mu-sEVs and 9.6 + 2.8 X 10’ mu-1EVs per ALI insert were observed, respectively. Because of
the large excess of mu-sEVs over mu-1EVs, we focused our study on the characterization of sEVs and their potential effect on
SARS-CoV-2 infection.

As shown in Figure 1B, TRPS of mu-sEVs produced by HNECs from nine different patients revealed a mean peak particle size
of approximately 155.9 + 30.8 nm in diameter. Figure 1C shows the size and discoid morphology of mu-sEVs isolated from mucus
generated by HNECs from two patients, as assessed by transmission electron microscopy (TEM). Finally, Figure 1D shows western
blot analysis of mu-sEVs produced by HNECs from four different patients, demonstrating the presence of sSEV membrane surface
marker CD9 and packaged protein markers Tumour susceptibility gene 101 protein (TSG101) and ALG-2-interacting protein X
(ALIX). Western blot analysis, performed on HNEC lysates, mu-sEVs and EV-deprived mucus (negative control) from two
patients, showed the absence of EV markers in EV-deprived mucus compared to mu-sEVs and the absence of cytochrome C
(mitochondrial marker) and calnexin (ER marker) in mu-sEVs compared to HNEC lysates (Figure S2B).

Because the presence of ACE2 and TMPRSS2 at the apical pole of HNEC ciliated cells has been demonstrated (Ahn et al., 2021),
we looked for the presence of these SARS-CoV-2 entry factors in mu-sEVs. Western blot analysis demonstrated the presence of
both full-length ACE2 (~100 kDa) and only the activated (cleaved) form of TMPRSS2 (~30 kDa) in mu-sEVs. These two SARS-
CoV-2 entry factors were also detected in mu-1EVs (Figure S2C). Together, these findings indicate that HNECs produce mucus
that contains sEV's, which themselves contain both ACE2 and TMPRSS?2, the key SARS-CoV-2 cellular entry factors.
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FIGURE 1 Effect of nasal mucus removal on SARS-CoV-2 infection of HNECs and characterization of mu-sEVs. (A) Intracellular RNA was extracted
72 h post-infection from HNECs isolated from three different patients, infected for 4 h with SARS-CoV-2 (20 ul of viral inoculum, ~2.04 X 10* TCIDs,/ml) at
the apical pole, in the presence or after removal of cell-produced mucus. SARS-CoV-2 RNA was quantified by RT-qPCR and the results were normalized to 18S
rRNA, then to control with mucus ( =100%). They are expressed as mean + SEM. **p < 0.01. (B) sEVs isolated from ~5 ml of mucus (mu-sEVs) produced by
HNECs from nine different patients analysed by tunable resistive pulse sensing (TRPS). Left panel: TRPS results from nine mu-sEVs indicating a mean peak
particle size of 155.9 # 30.83 nm in diameter. Right panel: TRPS results obtained from one representative mucus. (C) mu-sEVs isolated from two patients
adsorbed on copper grid, dried at room temperature, stained with uranyl acetate 1% and imaged by transmission electron microscopy. Scale bar: 300 nm. (D)
Western blot analysis of CD9, ALIX, TSG101, ACE2 and full-length and cleaved TMPRSS2 proteins using the amount of 10 mu-sEVs isolated from four
different patients
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FIGURE 2  Effect of mu-sEVs and mucus-containing sEVs on HNEC infection by SARS-CoV-2. (A) Effect of preincubation of viral particles with
different concentrations (107-10°) of mu-sEVs or with EV-deprived mucus on SARS-CoV-2 infection (10 ul of viral inoculum, ~2.04 X 10° TCID5,/ml) at the
apical pole of HNEC:s after removal of recipient cell mucus. Intracellular SARS-CoV-2 RNA was extracted 72 h post-infection and quantified by RT-qPCR.
Results were normalized to 185 rRNA, then to mucus-free control and viral particle preincubation with PBS alone (black bar). They are expressed as

mean + SEM of two independent experiments. **p < 0.01, ***p < 0.001. (B) Dynamics of SARS-CoV-2 RNA production at the apical pole of HNECs, as
assessed by RT-qPCR. Results were normalized to the viral RNA level 4 h post-infection for each condition and expressed as log;y mean + SEM of two
independent experiments. *p < 0.05, **p < 0.01 (Mann-Whitney U-test versus extracellular SARS-CoV-2 RNA levels in the presence of recipient cell mucus
72 h post-infection (blue line))

2.3 | mu-sEVs facilitate SARS-CoV-2 infection of HNECs

To evaluate the effect of mu-sEVs on SARS-CoV-2 infection, viral particles were incubated in the presence of increasing concen-
trations of mu-sEVs or EV-deprived mucus (negative control) generated by HNECs from two patients. Then, these viral particles
were used to infect HNECs from a third, different patient after removal of recipient cell mucus. As shown in Figure 2A, a mu-
sEV concentration-dependent augmentation of the amount of intracellular SARS-CoV-2 RNA was observed when mucus-free
HNECs were infected with viral particles preincubated with mu-sEVs. The highest proviral effect was achieved with 10° mu-
sEVs, a concentration within the range of physiological HNEC production per ALI insert. No proviral effect was observed when
viral particles were preincubated with EV-deprived mucus (Figure 2A, hatched histogram).

To investigate the effect of mu-sEV's on virus production at the apical pole of HNECs, SARS-CoV-2 viral particles were prein-
cubated with 10° mu-sEVs generated by HNECS from two patients. These viral particles were used to infect HNECs from a
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third, different patient without or after removal of recipient cell mucus and virus production at the apical pole was monitored
at different time points (Figure S3). The dynamics of SARS-CoV-2 RNA production after infection are shown in Figure 2B. The
highest level of production was observed when HNECs with their mucus had been infected by viral particles preincubated with
mu-sEVs (Figure 2B, red line). Mucus removal only slightly and non-significantly reduced viral production by cells infected with
viruses preincubated with mu-sEVs, to a level similar to that in cells that kept their mucus and were infected with viruses that
had not been preincubated with mu-sEVs (Figure 2B, dotted red line and blue line, respectively). Finally, viral production was
significantly reduced when HNEC mucus had been removed and viruses had not been preincubated with mu-sEVs (Figure 2B,
dotted blue line). Together, the results indicate that both mucus-containing sEVS and purified mu-sEVS facilitate SARS-CoV-2
infection of HNECs.

2.4 | TMPRSS2-containing VCaP-derived sEVs are a good model to study the mechanisms
underlying the effect of mu-sEVs on SARS-CoV-2 infection

Due to the limited amounts of mu-sEVs produced by fully differentiated HNECs isolated from patients, we decided to use the
in vitro model of sEVs isolated from immortalized cell lines to dissect the mechanisms underlying mu-sEVs effects on SARS-
CoV-2 infection. We selected the VCaP cell line, which has been previously demonstrated to express high levels of TMPRSS2
at both mRNA and protein levels (Li et al., 2021). VCaP enrichment was performed as previously reported (Ludwig et al., 2018)
and VCaP-sEVs produced in culture supernatants were characterized. Using TRPS technology, their mean peak particle size was
approximately 154.6 + 9.4 nm in diameter, comparable to that of mu-sEVs (Figure S4A). Western blot analysis demonstrated
the presence of both VCaP-sEV markers (CD9, CD81, CD63, TSGI101, ALIX) and SARS-CoV-2 entry factors (ACE2 and both
full-length and activated TMPRSS2) (Figure S4B).

Similar to what had been observed with mu-sEVs, SARS-CoV-2 RNA production by HNECs was impaired by mucus removal,
but it was restored when viral particles had been preincubated with VCaP-sEVs. A significant increase in SARS-CoV-2 RNA
production was observed when recipient cell mucus was not removed while viral particles had been preincubated with VCaP-
sEVs (Figure S3C). Based on these results, VCaP-sEVs were subsequently used as a relevant model to unravel the mechanisms
by which mu-sEVs facilitate SARS-CoV-2 infection.

2.5 | TMPRSS2-expressing Calu-3 cells are a good in vitro model to study the mechanisms
underlying the effect of mu-sEVs on SARS-CoV-2 infection

We tested different cellular models of SARS-CoV-2 infection, including Calu-3 cells (in which the virus preferentially uses the
early TMPRSS2-dependent route of entry), VERO-E6 and A549 cells (in which the virus preferentially uses the late, endosomal
cathepsin-dependent route of entry). Cells were infected at a final MOI of 0.1 and the intracellular amount of SARS-CoV-2 RNA
was measured by RT-qPCR 48 h post-infection. Incubation of viral particles with VCaP-sEVs prior to infection resulted in a
significant, approximately 13-fold increase in the intracellular amount of SARS-CoV-2 RNA in Calu-3 cells, whereas a significant
decrease was observed in infected A549 and VERO-EG6 cells (Figure 3A). This result indicates that VCaP-sEV's can play a dual
role in SARS-CoV-2 infection, depending on the virus preferential cellular route of entry. As shown in Figure 3B, the proviral
effect of VCaP-sEVs was confirmed with a SARS-CoV-2 Alpha variant strain in Calu-3 cells. Thus, Calu-3 cells, which express
TMPRSS-2 and thereby mimic natural infection, were used for further experiments.

2.6 SsEVs favour SARS-CoV-2 entry into cells in the absence of fusion of their lipid envelopes

|
A time-of-addition experiment was performed to assess whether VCaP-sEV's favour SARS-CoV-2 entry into Calu-3 cells (Figure
S5). Calu-3 cells were infected with SARS-CoV-2 at an MOI of one in the absence of VCaP-sEV exposure (control), 1 h after
preincubation with VCaP-sEVs, with VCaP-sEVs added at the time of infection, and with VCaP-sEVs added 2 h post-infection
(Figure S4). Total intracellular RNA extracted 24 h post-infection was quantified by RT-qPCR. As shown in Figure 3C, a sig-
nificant increase in SARS-CoV-2 RNA quantity was detected when viral particles were preincubated with VCaP-sEVs or when
VCaP-sEVs were added at the time of infection, but not when VCaP-sEV's were added 2 h post-infection. This result indicates
that sEV's facilitate an early step of the SARS-CoV-2 life cycle, most likely viral entry.

To assess whether SARS-CoV-2 preincubation with VCaP-sEVs leads to fusion of their viral and vesicular membranes, respec-
tively, SARS-CoV-2 viral particles, VCaP-sEVs and a mixture of both were immunoprecipitated overnight at 4°C by means of
anti-CD9 antibodies paired with magnetic beads (Figure S6A). Western blot analysis with anti-SARS-CoV-2 nucleocapsid (N)
protein and anti-CD9 sEVs membrane marker showed the presence of CD9 in eluted fractions from both VCaP-sEVs and VCaP-
sEVs/SARS-CoV-2, but not in those from SARS-CoV-2 alone fractions. Furthermore, SARS-CoV-2 N protein was detected in
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FIGURE 4 Role of sEV surface proteins in their proviral effect on SARS-CoV-2 infection. (A) Western blot analysis of ACE2, full-length and cleaved
TMPRSS2 and ALIX protein content in VCaP-sEVs incubated in the absence or in the presence of proteinase K. (B) Western blot analysis of ACE2, full-length
and cleaved TMPRSS2 and TSGI01 protein content in mu-sEVs isolated from two patients, incubated in the absence or in the presence of proteinase K. (C)
Effect of proteinase K (PK) treatment of VCaP-sEV's on their proviral effect on SARS-CoV-2 infection of Calu-3 cells. Intracellular viral RNA was quantified by
RT-qPCR 48 h post-infection. Results were normalized to 18S rRNA, then to infection without VCaP-sEV preincubation (black bar). Relative quantities are
expressed as mean + SEM of two independent experiments. **p < 0.01

the supernatant of samples containing viral particles, but it was absent from eluted fractions from all samples (Figure S6B).
These results indicate that preincubation of SARS-CoV-2 with VCaP-sEVs does not lead to their fusion. Together, they suggest
that VCap-sEVs interact with SARS-CoV-2 particles without merging, and that this interaction facilitates viral entry into the
TMPRSS2-expressing cell line Calu-3.

2.7 | The integrity of surface sEV proteins is required for their proviral effect on SARS-CoV-2
infection

To assess whether surface protein integrity is required for VCaP-sEVs to exert their proviral function, SARS-CoV-2 particles
were incubated with intact or proteinase K (PK)-treated VCaP-sEVs. As shown by western blot analysis, PK treatment degraded
vesicular ACE2, full-length TMPRSS2, but not the ~30 kDa activated TMPRSS2 fragment, probably because of its glycosylated
status (Figure 4A). The luminal control ALIX protein remained detectable after PK treatment (Figure 4A). Similar results were
obtained with PK-treated mu-sEVs generated by HNEC:s isolated from two distinct patients, using packaged sEV marker TSG101
(Figure 4B). Importantly, PK treatment of VCaP-sEVs abolished their proviral effect in Calu-3 cells after preincubation with
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SARS-CoV-2 (Figure 4C). Together, these results indicate that the integrity of surface-accessible sEV proteins, including ACE2,
is mandatory for the vesicles to exert their proviral effect in permissive cells.

2.8 | Vesicular TMPRSS2 activates SARS-CoV-2 prefusion Spike protein but cellular TMPRSS2
remains required for cell entry

The capacity of VCaP-sEVs to promote SARS-CoV-2 infection despite inhibition of cellular TMPRSS2 activity by camostat
mesylate was explored. SARS-CoV-2 viral particles were incubated in the absence or presence of 10° VCaP-sEV's prior to infection
of Calu-3 cells at an MOI of 0.1. Camostat mesylate (10 uM) was added or not at the time of infection and, when added, maintained
until the end of the experiment. Intracellular SARS-CoV-2 RNA was quantified by RT-qPCR 48 h post-infection. As shown
in Figure 5A, SARS-CoV-2 infection was significantly inhibited by camostat mesylate, regardless of prior preincubation with
VCaP-sEVs (~193 fold-decrease without preincubation, ~333 fold-decrease with VCaP-sEV preincubation). This result suggests
that cellular TMPRSS2 activity, which is required for the cleavage of cellular ACE2, remains necessary for viral entry in our
experimental conditions.

To better understand the role of vesicular TMPRSS?2 activity during SARS-CoV-2 infection, western blot analysis of the viral
Spike protein was performed under non-reducing conditions. The dynamics of Spike processing were analysed at three time
points, including T1 (5 min at 37°C), T2 (1h at 37°C) and T3 (overnight at 4°C) post-incubation with VCaP-sEVs, in the absence
or presence of camostat mesylate (100 uM) (Figure 5B). In the absence of VCaP-sEV preincubation, uncleaved Spike prefusion
trimers (>> 250 kDa, Tri-S), dimers (> 250 kDa, Di-S) and monomers (~ 170 kDa, mono-S) were detected at all time points. The
absence of Spike cleavage at the S1/S2 boundary resulted from the fact that viral amplification had been performed in VERO-E6
cells, generating acquisition of the R685H mutation that prevents intracellular furin cleavage. After preincubation with VCaP-
sEVs, SARS-CoV-2 Spike prefusion proteins were efficiently cleaved at the S1/S2 boundary, generating a fragment of ~100 kDa,
detectable with an anti-S1 antibody at T2 and T3. This cleavage was inhibited by camostat mesylate, which restored the presence of
uncleaved (Tri-S, Di-S and Mono-S) Spike prefusion proteins at T2 and T3. This result indicates that the cleavage was TMPRSS2-
dependent. Thus, during preincubation of viral particles with VCaP-sEVs, vesicular TMPRSS2 activates SARS-CoV-2 mutated
(R685H) prefusion Spike by promoting its cleavage at the S1/S2 boundary. Nevertheless, ACE2 cleavage by cellular TMPRSS2
remains mandatory for viral entry.

2.9 | mu-sEVs activate both SARS-CoV-2 and SARS-CoV-2 variant Alpha Spike proteins

In order to confirm the results obtained with the VCaP-sEV model on Spike protein processing, mu-sEVs isolated from HNECs
from two distinct patients (10'° and 5 x 10'® mu-sEVs, respectively) were incubated with SARS-CoV-2 and SARS-CoV-2 variant
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FIGURE 6 mu-sEV priming of SARS-CoV-2 and SARS-CoV-2 variant Alpha prefusion Spike protein. Time-course analysis of the effect of mu-sEV's
isolated from two patients (#1144 and #1146) on prefusion Spike protein priming from: (A) SARS-CoV-2, and (B) SARS-CoV-2 variant Alpha. Western blot
analyses of Spike (anti-SI antibodies) and TSG101 were performed on SARS-CoV-2 viral particles (10 ul of viral inoculum, ~2.04 X 10° TCID5,/ml) or
SARS-CoV-2 variant Alpha viral particles (10 ul of viral inoculum, ~1 x 10* TCID5,/ml), on mu-sEVs from the two patients (10'° and 5 X 10'° mu-sEVs,
respectively), and on mixtures of both at two time points: T1 (5 min at 37°C) and T2 (overnight at 4°C). Tri-S, Di-S and Mono-S: uncleaved prefusion Spike
trimer, dimer, and monomer, respectively. SI: cleaved prefusion Spike fragment at the S1/S2 boundary

Alpha viral particles. Variant Alpha was used because, unlike our initial SARS-CoV-2 virus, it was propagated in Calu-3 cells
and therefore contains the PRRAR furin-like cleavage site. The dynamics of Spike processing were analysed by means of western
blot under non-reducing conditions at T1 (5 min at 37°C) and T2 (overnight at 4°C) (Figure 6). In the absence of mu-sEVs,
uncleaved SARS-CoV-2 Spike prefusion oligomers (Tri-S, Di-S and Mono-S) were present at all time points, whereas in the case
of SARS-CoV-2 variant Alpha, the uncleaved Spike prefusion monomer and the product of Spike prefusion cleavage at the S1/52
boundary were predominant. Incubation of the original SARS-CoV-2 strain with mu-sEVs induced Spike prefusion oligomer
cleavage at the S1/S2 boundary, generating cleavage product intermediates and a fragment of ~100 kDa detected with an anti-S1
antibody (Figure 6A). Incubation of SARS-CoV-2 variant Alpha with mu-sEVs induced cleavage of the uncleaved Spike prefusion
monomer at the S1/S2 boundary (Figure 6B). For both SARS-CoV-2 viruses, mu-sEV-induced activation of the Spike prefusion
proteins was observable at T1.

Together, these results demonstrate that, after short-term incubation, mu-sEVs activate Spike prefusion proteins from two
different SARS-CoV-2 variants, including furin-preactivated ones, by promoting cleavage at the S1/S2 boundary.
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3 | DISCUSSION

The first step of SARS-CoV-2 infection takes place in the upper airways, precisely in the nasal cavity, after airborne transmission
by respiratory droplets. Airway mucus, which is principally produced by goblet cells, is theoretically the first barrier against
infection. Under normal conditions, mucins and muco-ciliary clearance both participate in protecting the respiratory system
from harmful external agents, including pathogens.

In the present study, we evaluated the effect of mucus secreted by HNECs on their infection by SARS-CoV-2. In an ex vivo
assay, we showed that removal of the airway mucus reduces SARS-CoV-2 infection, while mu-sEVs isolated from different mucus
exert a significant proviral effect. This effect is mu-sEV concentration-dependent, with a maximal effect obtained at mu-sEV con-
centrations in the range of physiological HNEC production. Interestingly, a significant but weaker proviral effect was observed
when SARS-CoV-2 particles were preincubated with physiological amounts of mu-lEVs (Figure S7). Together, these results sug-
gest that the mucus produced by HNECs contains EV's that favour SARS-CoV-2 infection at physiological concentrations. This
proviral effect seems to be specific for SEVs contained in upper airway epithelial mucus; indeed, a recent study indicated that
extracellular vesicles of salivary origin have no effect on SARS-CoV-2 infection (Conzelmann et al., 2020). The proviral effect of
mu-sEVs, that contain both ACE2 and TMPRSS2, does not appear to be related to the transfer of the ACE2 receptor to HNEC
cell surface (Figure S8), but instead to the cleavage of viral Spike prefusion proteins mediated by vesicular TMPRSS2, as shown
in our experiments using concentrations of mu-sEVs comparable to those measured in HNEC-generated mucus.

To understand the mechanisms explaining that mucus sEVs facilitate SARS-CoV-2 infection of respiratory cells, we used a
3-component in vitro model highly relevant to the pathophysiological situation reflected by our experiments with HNECs. The
model used: (i) two SARS-CoV-2 variant strains, including a variant derived from the original Wuhan strain and a SARS-CoV-2
variant Alpha strain, both originating from patients diagnosed in the laboratory of virology of our institution; (ii) sSEV's produced
by the TMPRSS2-expressing VCaP cell line, the size of which is comparable to that of mu-sEVs, that contain both ACE2 and
full-length and activated TMPRSS2 in their membranes (Deng et al., 2021) and exert a proviral effect on HNEC infection by
SARS-CoV-2; and (iii) the TMPRSS2-expressing, SARS-CoV-2 permissive lung carcinoma-derived Calu-3 cell line. This cell
line is particularly relevant, because SARS-CoV-2 uses the ‘early’ TMPRSS2-dependent entry pathway to infect it (Koch et al.,
2021) and sEVs had the same proviral effect as mu-sEV's in HNECs.

Other models were considered as less relevant because, in contrast with our observations with HNECs, mu-sEV's and infec-
tious viruses, sEV preincubation reduced infection and subsequent replication instead of increasing them. This was the case in
our experiments when using A549 and VERO-E6 cells, which express low levels of TMPRSS2 and therefore use the ‘late’ endo-
somal pathway for SARS-CoV-2 entry. Similarly, SEVs isolated from the kidney-derived 293FT cell line overexpressing ACE2
and TMPRSS2 (293FT-ACE2-TMPRSS2) reduced infection of the colon-derived Caco-2 cell line with a lentivirus expressing
the SARS-CoV-2 Spike protein (SARS-CoV-2-S-pseudotyped lentivirus) (Cocozza et al., 2020). One should therefore remain
careful when suggesting the use of sEVs as therapeutic tools against SARS-CoV-2 infection, because our results strongly suggest
the opposite (proviral) effect in real infected patients.

Our study indicates that the effect of sEVs on SARS-CoV-2 infection is to favour the TMPRSS2-dependent entry pathway, at
the expense of the ‘late’ endosomal entry route. Our time-of-addition experiments confirmed that sEV's favour entry into target
cells. Interestingly, PK treatment of sEVs indicated that the integrity of surface-accessible vesicular proteins (including ACE2) is
mandatory for their proviral effect. PK treatment may also alter the effect of vesicular tetraspanins, that have been suggested to
operate in cell membranes by bringing ACE2 and TMPRSS2 closer (Earnest et al., 2017; Earnest et al., 2015; Hantak et al., 2019).
Our results suggest that SARS-CoV-2 Spike protein and vesicular ACE2 interact when they are incubated together. However, we
did not observe any fusion of viral and sEV membranes in vitro, suggesting that the interaction between vesicular ACE2 and
viral particles is transient and that, once released, viruses display activated prefusion Spike proteins.

We demonstrated that both VCaP-sEV and mu-sEV vesicular TMPRSS2 cleaves SARS-CoV-2 prefusion Spike at the S1/S2
boundary, with better efficiency of mu-sEV vesicular TMPRSS2, detected as a cleaved (activated) fragment only. We also showed
that, although incubation with vesicular TMPRSS2 induces SARS-CoV-2 Spike priming, cellular TMPRSS2 remains necessary
for viral entry into Calu-3 cells, probably to perform cleavage at the S2’ site which ultimately triggers fusion between viral and
cellular membranes. Because the original SARS-CoV-2 strain used in our experiments had been propagated in VERO-E6 cells,
an R685H mutation that prevents furin cleavage at the S1/S2 boundary was present (Lamers et al., 2021), explaining the lack
of S1 cleavage fragment when SARS-CoV-2 virions were incubated without sEVs. Using a SARS-CoV-2 Alpha variant strain
propagated in Calu-3 cells that contains the furin-like cleavage site, we confirmed the facilitating effect of sEV's on infection and
the ability of mu-sEVs contained in airways mucus to induce Spike prefusion protein cleavage at the S1/S2 boundary.

In conclusion, our study shows that uninfected HNECs produce mucus that shelters sEVs containing both ACE2 and acti-
vated TMPRSS2. After binding SARS-CoV-2 viral particles, mu-sEVs have the capacity to cleave wild-type or R685H-mutated
prefusion Spike proteins at the S1/S2 boundary, resulting in higher proportions of prefusion S proteins exposing their RBD
in the ‘open’ conformation, therefore capable to bind the receptor at the cell surface. Our observations confirm that S pro-
teins containing the PRRAR polybasic cleavage site are not entirely primed after their release from producer cells (Koch et al,,
2021; Wrobel et al., 2020). Thus, the role of mu-sEVs produced by the nasal epithelium is to complete prefusion Spike priming
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performed by intracellular furin during viral egress from infected cells. This is mediated by vesicular TMPRSS2 activity, with the
goal to render SARS-CoV-2 virions prone to entry into target cells using the ‘early, TMPRSS2-dependent pathway instead of the
‘late} cathepsin-dependent route. These results strongly suggest that prefusion Spike priming by mu-sEVs produced in the nasal
cavity plays a role in viral tropism. They also show that nasal mucus does not protect from SARS-CoV-2 infection, but instead
facilitates it. It is now necessary to investigate the role of mu-sEVs produced by HNECs on the priming of fusion proteins from
other coronaviruses and respiratory enveloped viruses.

4 | MATERIALS AND METHODS
41 | Cell culture

VERO-E6 cells (African green monkey kidney cells, ATCC CRL-1856) and A549 cells (human tumorigenic lung epithelial cells,
ATCC CCL-185) were maintained in Dulbeccos modified Eagle medium (DMEM, ThermoFischer, Waltham, Massachusetts,
USA) supplemented with 10% foetal bovine serum (FBS), 50 IU/ml penicillin, 100 xg/ml streptomycin, and 0.1 ug/ml ampho-
tericin B (ThermoFischer Scientific) at 37°C with 5% CO2. Calu-3 (ATCC, HTB-55) and VCaP cells (vertebral-cancer of the
prostate cells, ATTC, Manassas, Virginia, USA) were cultured in the same medium supplemented with 1% non-essential amino
acids (NEAA, ThermoFischer Scientific) or 2 nM DHT (R&D Systems, Minneapolis, Minnesota, USA), respectively.

4.2 | Preparation of human nasal epithelial cells

Primary HNECs were obtained from patients with chronic rhinosinusitis with nasal polyps undergoing ethmoidectomy, as previ-
ously described (Coste et al., 2000). All patients gave informed consent and the study was approved by the local ethics committee
(Comité de Protection des Personnes IDF X 2016-01-01). All patients benefited from an earlier 24 h negative RT-qPCR for
SARS-CoV-2 RNA in nasopharyngeal swabs.

After surgical resection in the operating room, nasal polyps were immediately placed in DMEM/F-12 supplemented with
antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin, 2.5 g/ml amphotericin B, and 100 mg/ml gentamicin). For cellular
dissociation, nasal polyps were washed with PBS (Phosphate Buffered Saline, Life Technologies, Carlsbad, California, USA) con-
taining 5 nM dithiothreitol (Sigma Aldrich, Saint-Louis, Missouri, USA) to eliminate mucus and blood. Enzymatic digestion was
performed for 16 h at 4°C (0.1% [wt/vol] pronase [Sigma Aldrich] in culture medium). HNECs (10° cells) were then plated in
inserts (12-mm Costar Transwell, Sigma Aldrich) with 12-mm-diameter polycarbonate micropore membranes (pore size: 0.4 um)
coated with type IV collagen (Sigma Aldrich) and incubated at 37°C in 5% CO2. For the first 24 h, the cells were incubated with
1 ml of DMEM/F-12-antibiotics with 2% Ultroser G in the lower chamber and DMEM/F-12-antibiotics with 10% FCS in the
insert. After 24 h, the medium at the surface was aspirated and cells were washed with PBS to eliminate non-adherent cells. The
culture medium in the insert (Pneumacult-ALI, StemCell Technologies, Vancouver, Canada) was removed to place the cells at the
air-liquid interface (ALI). Cultures were maintained at 37°C with 5% CO2. The medium in the lower chamber was then changed
every day. To assess cell viability, cells were observed daily with an optic microscope and trans-epithelial electrical resistance
(TEER) was measured (Epithelial Volt/Ohm (TEER) Meter 3, World Precision Instruments, Sarasota, Florida, USA). As already
reported, HNECs reach a stable differentiated state with the detection of ciliated, goblet, and basal cells at day 21 of culture in the
ALI medium (Papon et al., 2002).

4.3 | Viruses

The SARS-CoV-2 strains used in this study were isolated from nasopharyngeal swabs from SARS-CoV-2-infected patients seen
at Henri Mondor University Hospital, Créteil, France. SARS-CoV-2 viral stock was propagated in VERO-EG6 cells, while SARS-
CoV-2 variant Alpha viral stock was propagated in Calu-3 cells, using modified culture media with 2% FBS. The viral stocks were
aliquoted and stored at -80°C. Viral titers were measured by means of RT-qPCR in VERO-E6 cells and expressed as TCIDs per
milliliter. VERO-E6 cells were seeded in sextuplicate in 48-well plates and incubated for 2 h with 10-fold serial dilutions of viral
stocks. The infectious inoculum was then replaced by the culture medium and cells were incubated for 48 h before intracellular
viral RNA assessment by RT-qPCR.

4.4 | sEV preparation

Preparation of VCaP-sEVs was adapted from a previous report (Ludwig et al., 2018). Briefly, ~1.5 L of conditioned VcaP medium
was collected and centrifuged twice at 2000 x g for 20 min. The supernatants were then supplemented with 10% PEG6000 and
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75 mM NaCl. After overnight incubation at 4°C, sEV's were centrifuged at 2000 x g for 20 min at 4°C. The pellets were dissolved
in NaCl 0.9% overnight and centrifuged at 16,500 x g for 20 min at 4°C. The supernatants were then collected and centrifuged at
100,000 x g for 90 min at 4°C. The pellets containing VCaP-sEVs were rinsed one time with NaCl 0,9%, centrifuged at 100,000 x g
for 90 min at 4°C and then resuspended in NaCl 0.9%.

m u-sEVs were prepared by differential centrifugation using mucus produced by HNECs isolated from distinct patients. Briefly,
mucus was recovered by washing the apical pole of HNECs cultured at the ALI every 48 h with 200 ul PBS per insert. After
incubation for 5 min at room temperature, mucus-containing PBS was collected and placed at 4°C for short-term storage. The
recovered biological samples (~5 ml) were centrifuged at 2000 x g for 20 min at 4°C. 2K supernatants were then centrifuged at
16,500 x g for 20 min at 4°C. The 16,5K pellets obtained corresponded to mu-1EVs. The 16,5K remaining supernatants were again
ultracentrifuged at 100,000 x g for 90 min at 4°C. 100K supernatants, that correspond to EV-deprived mucus, were collected.
100K pellets containing mu-sEVs were rinsed with NaCl 0,9%, centrifuged at 100,000 x g for 90 min at 4°C and resuspended in
NaCl 0.9%. All samples were stored at -20°C for short-term or -80°C for long-term conservation.

All relevant data from our experiments have been submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV220307)
(Van Deun et al., 2017).

4.5 | Tunable resistive pulse sensing (TRPS)

The concentrations and sizes of EV's were measured by means of the TRPS technology, using the Gold qNano instrument (Izon
Science, Medford, Massachusetts) and the Izon Control Suite software version V3.4.2.44 for analysis.

VCaP-sEV-containing samples were analysed using NP150 nanopores, stretched to 47.5 mm under 0.70 mV voltage and 7-
10 mbar pressure. mu-sEV-containing samples were analysed using NP150 nanopores, stretched to 51 mm under 0.48 mV voltage
and 5 mbar pressure. mu-lEV-containing samples were analysed using NP800 nanopores, stretched to 48 mm under 0.18 mV
voltage and 7-10 mbar pressure. Calibrations were performed using CPC 200 or CPC 1000 carboxylated polystyrene beads. Each
EV sample was processed with a minimum of 500 particle count in triplicate. Data were collected and analysed according to the
manufacturer’s instructions. The amount of vesicles per ALI insert was then estimated.

4.6 | Morphological characterization of sEVs by transmission electron microscopy (TEM)

sEVs isolated from mucus secreted by HNECs from two donor patients were diluted 1:50 in PBS for analysis. Samples (3 ul) were
deposited on copper grids, dried at room temperature and stained with uranyl acetate (1%). Morphology was investigated by
transmission electron microscopy using a Tecnai F20 microscope (FEI Company, Hillsboro, Oregon, USA).

4,7 | Proteinase K treatment

An amount of 10 mu-sEVs or VCaP-sEV's was incubated in the absence or in the presence of proteinase K (20 ug/ml) and 5 mM
CaCl2 for 30 min at 37°C under gentle agitation. Proteinase K activity was inhibited by adding 5 mM phenylmethysulfonyl
fluoride (PMSF) for 10 min at room temperature.

4.8 | SARS-CoV-2infection

SARS-CoV-2 infection of HNEC:s isolated from uninfected patients was performed at their apical pole with 20 ul of viral inocu-
lum (~2.04 X 10* TCID5,/ml) for 4 h, in the presence or in the absence of mucus at 37°C with 5% CO2. To remove the mucus
from the apical pole of HNECs, the wells were rinsed with 200 ul PBS two times 48 h prior to infection and two times at the
time of infection. For Calu-3, VERO-E6 and A549 cell lines, 150,000, 75,000 and 75,000 cells, respectively, were seeded in 48-well
plates 24 h prior to SARS-CoV-2 infection. Cells were infected at a final MOI of 0.1 for 2 h in DMEM 2% FBS at 37°C with 5%
CO2, with or without the addition of 10 uM of the protease inhibitor camostat mesylate (Merck, Darmstadt, Germany). When
indicated, viral particles were incubated under gentle agitation overnight at 4°C in the absence or in the presence of 10° VCaP-
sEVs or mu-sEVs. After infection, HNECs were rinsed at the apical pole with 200 ul PBS, while immortalized cell lines were
washed and supplemented with fresh medium with or without the protease inhibitor. Supernatant and intracellular RNA were
extracted at different time points post-infection, as indicated.
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4.9 | Time-of-addition experiment

One hundred and fifty thousand Calu-3 cells were seeded in 48-well plates 24 h prior to SARS-CoV-2 infection at an MOI of
1. Culture medium or 10° VCaP-sEVs were incubated with viral particles 1 h prior to infection, at the time of infection, or 2 h post-
infection. Cells were then washed and incubated with 10° VCaP-sEV's for 24 h before viral RNA quantification was performed
in cellular extracts.

4.10 | Extraction and PCR amplification of supernatant and cellular viral RNAs

Extraction of SARS-CoV-2 RNA from the supernatant was performed by means of QIAmp Viral RNA Mini Kit (Qiagen,
Hilden, Germany). Intracellular viral RNA was extracted using the RNeasy Mini Kit (Qiagen). Reverse transcription was
performed using the High Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific). SARS-CoV-2 RNA was quan-
tified with the TagMan Gene Expression Master Mix (Applied Biosystems, Foster City, California, USA) using specific primers
(forward primer 5'- ACAGGTACGTTAATAGTTAATAGCGT-3" and reverse primer 3'-ATATTGCAGCAGTACGCACACA-5")
and qPCR probe (5'-ACACTAGCCATCCTTACTGCGCTTCG[5']Fam[3’']BHQ-1-3"). Quantitative PCR was performed with
QuantStudio 5 Real-Time PCR system (ThermoFisher Scientific). SARS-CoV-2 RNA levels were quantified according to the
AACT method and normalized to GAPDH mRNA or 18S rRNA for intracellular samples. SARS-CoV-2 RNA relative quantities
were plotted against infection without extracellular vesicles.

4.11 | Western blot analysis

sEVs isolated from VCaP or from HNEC-produced mucus (~10'° sEVs) were incubated under gentle agitation in the absence or
in the presence of 10 times-concentrated SARS-CoV-2 or SARS-CoV-2 variant Alpha particles (~2.04 x 10° TCIDs,/ml and ~10*
TCIDs5/ml, respectively) using Amicon Ultra-4, PLTK, membrane Ultracel-PL, 30 kD (Merck). Three incubation conditions
were used: T1 (5 min at 37°C), T2 (1 h at 37°C) and T3 (overnight at 4°C). When indicated, incubations were performed in the
presence of 100 uM camostat mesylate (Merck).

Samples were prepared in EZ buffer (Tris-HCI 20 mM, NaCl 100 mM, EDTA 1 mM, NP40 0.5%, Glycerol 10%) before denatu-
ration at 95°C and migration on NuPage 4-12%, Bis-Tris gel (ThermoFisher Scientific). After transfer on a 0.45 ym nitrocellulose
membrane (ThermoFisher Scientific), blocking was done in 5% bovine serum albumine (BSA, Euromedex, Souffelweyersheim,
France) or 5% nonfat dry milk for 1 h. Membranes were then incubated overnight at 4°C with primary antibodies against the
following proteins: SARS-CoV-2 nucleocapsid (#MA5-29981, ThermoFisher Scientific), SARS-CoV-2 Spike S1 subunit (#PA5-
81795, ThermoFisher Scientific), TMPRSS2 (#109131, Abcam, Cambridge, UK), ACE2 (#15348, Abcam), TSG101 (#ab83, Abcam),
CD9 (#92726, Abcam), ALIX (#117600, Abcam), CD81 (#79559, Abcam), CD63 (#59479, Abcam), Calnexin (#133615, Abcam),
Cytochrome C (#133504, Abcam). Membranes were washed in TBS-tween before incubation for 1 h with the corresponding
HRP-conjugated secondary antibody. Immune complexes were detected by chemiluminescence with ECL select western blotting
detection reagent (GE Healthcare, Amersham, Buckinghamshire, UK) using ImageQuant LAS 4000 software.

412 | VCaP-sEV immunoprecipitation

VCaP-sEVs (10'°) were incubated overnight at 4°C with 100 ul of exosome-human CD9 isolation beads (#¥10620D, Invitrogen),
in the absence or in the presence of SARS-CoV-2 viral particles (~2.04 x 10* TCIDs,/ml). All fractions were isolated using a
magnetic separator and analysed by western blot using antibodies directed against CD9 or SARS-CoV-2 nucleocapsid.

413 | SARS-CoV-2 Spike sequence analysis

SARS-CoV-2 RNA was extracted and reverse transcribed as described above. Amplification of the target sequence
was performed using the PCR advantage kit (ThermoFisher Scientific) and the following primers: 1850-Forward 5’-
GCACAGAAGTCCCTGTTGCT-3" and 2833-Reverse 3'-GTGCACTTGCTGTGGAAGAA-5'. The BigDye Terminator kit
(ThermoFisher Scientific) was used to prepare samples for Sanger sequencing using the following primers: 2293-Reverse
3'-GGTTTAATTGTGTACAAAAACTGCC-5" and 2691-Reverse 3'-TGGTATTTGTAATGCAGCACC-5'. Sequences were anal-
ysed with Chromas Lite software.
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4.14 | Statistical analysis

The results are expressed as mean + SEM of two or three replicate experiments, as indicated. Comparisons were performed by
means of the Mann-Whitney U-test using Prism software.
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