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Nigel Temperton?®, Elisa Vicenzi*” and Nicole Meisner-Kober'?"

Abstract

Background The converging biology between enveloped viruses and extracellular vesicles (EVs) has raised inter-
est in the application of engineered EVs as antiviral therapeutics. Following the recent COVID-19 pandemic, EVs
engineered with either the ACE2-receptor or Spike-protein have been proposed as strategy to either decoy SARS-
CoV-2, or to compete with its cell entry. For generic use as a platform for future pandemic preparedness, a systematic
and quantitative comparison of both strategies is required to assess their limitations and benefits across different
variants of concern.

Methods Here we generated EVs decorated with either the ACE2-receptor or the Spike-protein of (Wuhan)-SARS-
CoV-2 and used single vesicle imaging for in-depth quantitative characterisation. These vesicles were then systemati-
cally tested for anti-viral activity across SARS-CoV-2 variants of concern using both, pseudotype and live virus cellular
infection models including primary human bronchial and nasal explants.

Results Spike-protein EVs or ACE2-EVs recovered from transiently transfected HEK293T cells comprised only a small
fraction of the EV secretome (5% or 20%, respectively) and were primarily derived from the plasma membrane rather
than multivesicular bodies. Redirecting intracellular trafficking of the Spike protein by mutating its transmembrane
or subcellular localisation domains did not increase the yields of Spike-EVs. Both types of vesicles inhibited SARS-
CoV-2 (D614G) in a dose dependent manner with kinetics and immunohistochemistry consistent with an inhibition
at the initial cell entry stage. ACE2-EVs were more potent than Spike-EVs and at least 500-1000 times more potent

M. Schiirz and I. Pagani contributed equally to this work.

*Correspondence:

Elisa Vicenzi

vicenzi.elisa@hsr.it

Nicole Meisner-Kober

nicole.meisner-kober@plus.ac.at

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-025-02223-x&domain=pdf

Schiirz et al. Cell Communication and Signaling (2025) 23:323

Page 2 of 33

than soluble antibodies in a pseudotype model. Surprisingly, ACE2-EVs switched from an inhibitory to an enhancer
activity for the Omicron BA.1 variant whereas Spike-EVs retained their activity across all variants of concern.

Conclusions While our data show that both types of engineered EVs potently inhibit SARS-CoV, the decoy ver-

sus competition strategy may result in diverging outcomes when considering viral evolution into new variants

of concern. While Spike-EVs retain their competition for receptor binding even against higher affinity viral Spike muta-
tions, the formation of complexes between ACE2-EVs and the virus may not only result in inhibition by decoy. As EVs
are actively internalised by cells themselves, they may shuttle the virus into cells, resulting in a productive alternative
cell entry route for variants such as Omicron, that diverge from strict plasma membrane protease cleavage to the use

of endosomal proteases for release of their genome.

Introduction
Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) is a positive single-stranded RNA envel-
oped virus, member of the Coronaviridae family and it
is the aetiological agent of Coronavirus Disease 2019
(COVID-19). The virus was first isolated in Wuhan,
China, at the end of 2019 and since then has been spread-
ing worldwide, causing one of the most severe pandem-
ics experienced in human history [12, 66]. Although the
virus with its mutated versions has lost some of its threat
over time and the development of efficacious vaccines
has marked a turning point, periodic surges in infection
rates highlight a need for novel anti-viral agents. Espe-
cially compounds capable of blocking cell entry and rep-
lication of corona viruses could be of pivotal importance
for those individuals at higher risk of severe COVID-19
complications, and in anticipation of future pandemics.
SARS-CoV-2 enters cells through the interaction of
the Spike protein exposed on the mature virions with the
Angiotensin converting enzyme 2 (ACE2) protein that is
the primary receptor of SARS-CoV-2 [22, 60]. ACE2 is a
zinc metallo-peptidase that belongs to the family of the
dipeptidyl carboxydipeptidase with the catalytic domain
exposed on the extracellular leaflet of the plasma mem-
brane. Its main physiological function is the cleavage of
angiotensin I and angiotensin II generated by renin and
ACE enzymes, into angiotensin 1-9 and angiotensin 1-7,
respectively, which are crucial for regulating blood pres-
sure [19, 39]. On mature SARS-CoV-2 virions, the Spike
protein is composed of two separate subunits, S1 and
S2, non-covalently linked and formed from the precur-
sor Spike protein by furin proteolytic cleavage within the
virus-producing cells [69]. The S1 subunit binds to ACE2
through its Receptor Binding Domain (RBD) located at
the apex of Spike when it is in the “up” conformation,
whereas the S2 subunit anchors the Spike protein to the
viral membrane [69]. Binding of S1 to ACE2 exposes an
additional cleavage site on S2 to the proteolytic activity
of either transmembrane protease serin 2 (TMPRSS2) at
the cell surface, or cathepsin L in the endosomal com-
partment following ACE2-mediated endocytosis [25].

This cleavage promotes the disengagement of S1 from
S2, enabling S2 to undergo conformational changes
that promote its elongation and fusion with the cellular
membrane.

Targeting the entry step of the virus life cycle repre-
sents one of the most attractive therapeutic interventions,
as it can prevent the initiation of the virus replication
and spread and can be targeted by molecules that do not
require cell penetration. An initial strategy for treatment
of infected individuals thus involved the use of human
monoclonal antibodies (mAb) against the Spike protein
[10]. However, this approach has been challenging due
to the emergence of various variants of concern (VoCs)
over the last four years of the pandemic. VoCs are char-
acterized by mutations primarily in the Spike protein,
that render the virus more infectious, thereby endow-
ing the new variant with the advantage to replace the
pre-existing ones [41]. Of particular note is the Omicron
variant, which was detected for the first time in South
Africa and Botswana in November 2021 [58]. Omicron is
characterized by at least 30 mutations and has been rap-
idly evolving to gain contagiousness and to escape pre-
existing immunity conferred by either prior infection or
vaccination [6]. In addition, the neutralization activity of
the current approved mAb is fading, thus posing a con-
tinuous need for new mAbs that target highly conserved
regions of the Spike protein [61, 62]. In contrast to anti-
Spike mAb, ACE2 targeted strategies bypass the continu-
ous accumulation of new mutations in the Spike protein.
ACE2 mimetics such as ACE2 ectodomain lacking the
transmembrane domain (shACE2), its Fc-fusion form
that overcomes the short half-life of shACE2 and their
variants selected for higher affinity have been shown to
block SARS-CoV-2 infection both in-vitro and in vivo in
animal models [34, 35, 70]. Catalytically inactive forms of
ACE2 mimetics have also proven to inhibit SARS-CoV-2
infection with the VoCs up to the delta variant [5, 23].

Another strategy to inhibit the interaction between
Spike and ACE?2 is the use of extracellular vesicles (EVs)
decorated with ACE2 or Spike ligands on their surface.
Like many viruses, EVs are lipid bilayer particles which
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cells release into the extracellular space either by plasma
membrane budding or exocytosis from endosome
derived compartments [37]. EVs expose transmembrane
proteins such as CD63, CD81, or CD9 on their surface
in the same orientation as the producing cells and can be
engineered to display peptides or proteins of interest on
their surface. This is achieved by overexpression of target
proteins in the producing cells, whereas their successful
packaging into EVs depends on their subcellular localisa-
tion and interaction with sorting machineries [9, 75]. EVs
engineered to expose ACE2 on their surface were shown
to inhibit SARS-CoV-2 infection in vitro and in vivo in
animal models [8, 14, 65]. Interestingly, naturally occur-
ring EVs carrying ACE2 as a consequence of SARS-
CoV-2 infection were also detected in the plasma of
infected individuals and were successfully used to coagu-
late the virus in in vitro and in vivo infection models [14].
One advantage of this approach as compared with that of
soluble ACE2 mimetics is the possibility to maintain the
full receptor including the ACE2 neck domain, thereby
mimicking a more physiological conformation that
allows homodimerization and facilitates a better accom-
modation of the Spike protein. Furthermore, engineered
EVs are hypothesised to carry several copies of the ACE2
receptor and may thereby have both, increased avidity
and the propensity to simultaneously bind and neutralize
several virions.

Additionally, it has been shown that after both, SARS-
CoV-2 infection as well as mRNA vaccination, circu-
lating EVs carrying the Spike-protein on their surface
are produced even before the detection of neutralising
antibodies [2]. Consistently, engineered lung epithelial
EVs, decorated with the receptor-binding domain of the
S-protein on their surface, showed promising results as
alternative immunogens for vaccination after admin-
istration by inhalation [61, 62]. Additionally, S-protein
decorated EVs were proposed as vehicles for targeted
delivery of antiviral agents [18] and an antiviral activity
was described in mouse models [7]. Since engineered
EVs are thus attractive candidates for the development
of novel antiviral therapeutics, the mechanisms, benefits
and limitations of these two major paradigms need to be
characterised more systematically and quantitatively.

In this study, EVs were engineered in order to decorate
the surface with GFP-tagged versions of either the ACE2
(ACE2-EVs) or the Spike protein (S-EVs) from the initial
Wuhan SARS-CoV-2 variant, quantitatively characterised
at the single vesicle level. A systematic characterisation of
these engineered EVs and their antiviral activity was done
using a SARS-CoV pseudovirus assay as well as live virus
infection models in cell lines and primary human bron-
chial and nasal explants. Thereby we quantify for the first
time the antiviral potency of engineered EVs at the single
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vesicle level and systematically compare the differential
activity of viral decoy versus competition across different
SARS-CoV-2 variants.

Material and methods

Plasmids

Cloning of the mCherry tagged human CD63 mamma-
lian expression construct was performed as described
previously [9, 21]. Human ACE2 (NM_021804) tagged
with turboGFP (tGFP) [16] in pCMV6 (ORIGENE
#RG208442) and native SARS-CoV-2 S-Protein (2019-
nCoV) tagged with GFPSpark (GFPsp) in pCMV3
(SinoBiological#VG40589-ACG) [51] were obtained
commercially.

To generate S-Protein (VSV-G TM) GFPy, the trans-
membrane (TM) and cytoplasmic domains of SARS-
CoV-2 S-Protein were exchanged by those from Vesicular
Stomatitis Virus G- Protein (VSV-G) in analogy to previ-
ous chimeric constructs for S-protein from SARS-CoV-1
described by [28]. Four overlapping gene fragments were
created as follows: Plasmid #VG40589-ACG was digested
via Xbal/KpnlI and served as a vector backbone (fragment
1). S-Protein sequence spanning aal-1213 (fragment 2)
and the sequence of GFP, including a GS linker (frag-
ment 4) were PCR amplified from plasmid #VG40589-
ACG. The VSV-G TM sequence spanning aa441-511
(GenBank accessionM35219.1) was purchased as Gene
Strands from Eurofins Genomics (fragment 3). Primers
and the Gene Strands were designed to overlap with the
adjacent fragment or vector backbone and were assem-
bled via HiFi DNA Assembly using NEBuilder HiFi DNA
Master Mix (NEB).

S-Protein (AERGIC) GFPsp constructs were gener-
ated by deleting the ERGIC (Endoplasmic Reticulum
Golgi-Intermediate Compartment) localisation signal
(aal269-1273) in analogy to [31]. Cloning was performed
as described above via HiFi DNA assembly using the fol-
lowing fragments: Fragment 1 was created as described
above. PCR-amplified sequences spanning S-Protein aa
1-1268 (2) and the GFP, sequence including a GS linker
(3) were PCR amplified from plasmid #VG40589-ACG.
All primers and constructs are listed in Supplementary
File 1.

Cell lines
The Vero cell line was obtained from the Instituto Zoo-
profilattico of Brescia, Italy (BS CL101), and ATCC
(CCL-81), respectively and was cultivated in Eagle’s mini-
mum essential medium (EMEM; Lonza) supplemented
with 10% fetal bovine serum (FBS; Euroclone) 1% penicil-
lin—streptomycin and 1% glutamine.

HEK293T/17 cells (ATCC CRL 11268) were main-
tained in Dulbecco’s Modified Eagle’s Medium High
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Glucose (DMEM; Pan Biotech P04-04510) supplemented
with 10% FBS (Pan Biotech P40-37500HI) and 1% penicil-
lin and streptomycin (Pan Biotech P06-07100). CHO cells
(ATCC CCL 61) were maintained in Ham F12 (Pan Bio-
tech P04-14500) supplemented with 10% FBS (Pan Bio-
tech P40-37500HI), and 1% penicillin streptomycin (Pan
Biotech P06-07100). CHO-ACE2-TMPRSS2 cells were
maintained in Ham F12 (Pan Biotech P04-14500) supple-
mented with 10% FBS (Pan Biotech P06-07100), 1% peni-
cillin-streptomycin (Pan Biotech P06-07100), 2 pg/mL
Puromycin (Merck-Millipore 540,411-25MG) and 100
pg/mL Hygromycin (Merck-Millipore 400,050—100MG).
The human lung epithelial Calu-3 cell line was obtained
from NovusPharma and was cultivated in DMEM sup-
plemented with 20% FBS, 1% penicillin—streptomycin,
1% glutamine, 1% non-essential amino acids and 1%
sodium pyruvate.

The human embryonic kidney (HEK293T; CRL-3216)
cell line, kindly provided by the group of Prof. Dr. H.
Brandstetter (Paris Lodron University Salzburg, Austria)
was cultivated in DMEM (Gibco, MD, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, MD, USA), 1%
GlutaMAX Supplement 100x (Gibco, MD, USA) and 1%
Antibiotic/Antimycotic (100x, Gibco, MD, USA).

HEK293T cells stably transfected with CD63—-mNeon
were kindly provided by Dr. Samir El Andaloussi and Dr.
Andre Gorgens (Karolinska Insitute, Stockholm, Sweden
[9, 11] and were cultivated in DMEM (Gibco, MD, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco,
MD, USA), 1% GlutaMAX Supplement 100x (Gibco, MD,
USA) and 1% Antibiotic/Antimycotic (100x, Gibco, MD,
USA).

All cell lines were incubated at 37 °C, 5% CO, and 90%
relative humidity.

Human Bronchial Epithelial Cells (HBEC)

The isolation, culture, and differentiation of primary
human bronchial epithelial cells (HBECs) were done
as previously reported [49], with some modifications.
Briefly, epithelial cells were harvested from the mainstem
bronchi of individuals undergoing lung transplants. For
this study, cells were obtained from four donors (BE37,
BE63, BE168 and BE177; see Table 1). The epithelial cells
were detached by treating the bronchi overnight with
protease XIV and then cultured in a serum-free medium
(LHC9 mixed with RPMI 1640, 1:1) supplemented as
described [49]. The collection and study of bronchial
epithelial cells for investigating airway epithelium physi-
opathology were specifically approved by the Ethics
Committee of the Istituto Giannina Gaslini in accord-
ance with the guidelines of the Italian Ministry of Health
(registration number: ANTECER, 042-09/07/2018).
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Donor ID Diagnosis Sex Age*
BE37 Pulmonary hypertension M
BE63 Idiopathic pulmonary fibrosis F 63
BE168 Pulmonary fibrosis M 55
BE177 Pulmonary fibrosis M 64

Informed consent was obtained from each patient using a
form previously approved by the Ethics Committee.

To obtain differentiated epithelia, cells were seeded at
a high density (5 x10° cell/snapwell) on 12-mm diame-
ter porous membranes (Snapwell inserts, Corning, code
3801). After 24 h, the serum-free medium was removed
from both sides and replaced only on the basolateral side
with Pneumacult ALI medium (StemCell Technologies).
The cells were then differentiated for 3 weeks under in
air-liquid interface (ALI) conditions.

Human Nasal Epithelial Cells (HNEC)

Air-liquid interface human nasal epithelial cells (hNECs)
were purchased from Epithelix and maintained in Muci-
lair cell culture medium (Epithelix). Pooled nasal epithe-
lial cells from 14 individual donors were then seeded on
6.5-mm Transwell® inserts (cat #3470, Corning Incorpo-
rated, Oxyphen, Wetzikon, Switzerland) in MucilAir™"
culture medium (EP04MM, Epithelix Sarl, Geneva, Swit-
zerland). Once confluent, air-liquid interface (ALI) was
established and maintained for at least 28 days for muco-
ciliary differentiation. Average culture time post ALI was
43 days.

Patient sera

Whole blood donations were collected at the Depart-
ment for Transfusion Medicine of the University Hospital
Salzburg, Austria. All donors had a brief health screen-
ing and completed a written questionnaire prior to blood
donation, including an informed consent on pathogen
screening as part of further processing and on the use of
leftover material for research purposes. All samples were
screened negative for the infectious disease parameters
HIV1/2, HAV, HBV, HCV, PB19 and syphilis. In addition,
screening for anti-SARS-CoV-2 anti-N total antibody
(including IgM, IgG and IgA) using the Elecsys Anti-
SARS-CoV-2 (ACOV2) total antibody electrochemilu-
minescence immunoassay (ECLIA, Roche Diagnostics,
Basel, Switzerland) on a Cobas8000-e801 device (Roche
Diagnostics) was done as described in [38]. Three anti-
SARS-CoV-2 anti-N negative serum pools, each con-
taining serum of 50 individuals, were used as negative
controls (see also Supplementary Table 1).
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COVID-19 convalescent serum

In the course of the COVID-19 pandemic, plasma prod-
ucts of convalescent donors were collected at the Depart-
ment of Transfusion Medicine by apheresis (Trima Accel
cell separator, Terumo BCT, Lakewood, CO, USA) for
transfusion of critically ill patients, as described in [29].
The donors had to be fully recovered at least for four
weeks from COVID-19 infection, confirmed by RT-qPCR
and SARS-CoV-2 anti-N antibody screening. After clini-
cal evaluation, negative screening for infectious diseases,
normal range of plasma protein, immunoglobulins, cre-
atinine and full blood count as well as positive testing
for anti-SARS-CoV-2 antibodies, plasma donation was
permitted. In the frame of apheresis, additional 7 mL of
serum was collected from one male donor (age 26 years)
after written informed consent (approved by the Eth-
ics Committee Salzburg, vote 1080/2020), and frozen
at—380 °C until use. As shown in Supplementary Table 1c,
two different assays were applied for anti-SARS-CoV-2
screening according to manufacturer’s instructions: the
Elecsys Anti-SARS-CoV-2 total anti-N antibody ECLIA
(Roche Diagnostics) and a SARS-CoV-2 Surrogate Virus
Neutralization Test (SVNT) (GenScript, Piscataway
Town-ship, New Jersey, USA) using an ETIMax3000 plat-
form (Diasorin, Saluggia, Italy).

Pseudovirus production

Pseudotype viruses were produced in HEK293T/17
cells pre-seeded in a T175 flask (Thermo) with approxi-
mately 5x 10° cells the day before transfection. Cells
were then co-transfected with 2 pg of packaging lenti-
viral core p8.91, 3 pg of pCSFLW encoding Firefly lucif-
erase, and 2 pg of the Spike SARS2 (D614G)-pCAGGS
(Medicines & Healthcare Products Regulatory Agency
CFAR100985), SARS pCAGGS, and Omicron (BA.1) in
pcDNA3.1 se using FugeneHD (Promega) transfection
reagent at a ratio of 1:3 DNA:FugeneHD in OptiMEM
(Gibco). After a 15 min incubation at room temperature,
the transfection mix was added to the cell culture media.
PVs were harvested at 48 h post transfection and super-
natant filtered through a 0.45 pum cellulose acetate filter
(Starlab).

Extracellular vesicle production and characterisation

For EV production (S-GFPy, EVs, ACE2 tGFP EVs), 2X
10’ human embryonic kidney cells (HEK293T) were
seeded in T225 cell culture flasks, left to attach overnight,
washed with OptiMEM (Gibco, MD, USA) and then
transfected with plasmids of interest by preparing DNA
complexes with branched polyethyleneimine (Sigma,
MO, USA; 60 pg DNA: 90 pg PEI). 4 h after transfection,
the medium was changed to OptiMEM supplemented
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with 1% antibiotic/antimycotic. Conditioned medium
(CM) was harvested after 48 h of cultivation. For EV pro-
duction from native HEK293T cells or from the stably
expressing CD63- mNeon line, cells were seeded in T225
or 3 layered T175 flasks (with 2x 107 or 4x 107 cells
each) and left to attach overnight. After washing with
OptiMEM, the cells were incubated in OptiMEM supple-
mented with 1% Antibiotic/Antimycotic and the CM was
harvested after 48 h.

For EV isolation, conditioned medium from transiently
transfected and native HEK293T cells was collected and
centrifuged twice at 300 X g for 5 min and once at 3000
x g for 15 min. After filtration through a 0.22 um filter,
the CM was concentrated 50-100 Xvia ultrafiltration
(UF) using a 200 mL Amicon Stirred Cell over a 100 kDa
MWCO filter. The flow-through of the UF step was col-
lected, filtered through a 0.22 pum membrane and used
as a negative control termed “soluble fraction” through-
out the manuscript (matched by total protein concen-
tration). The concentrate of the UF was further filtered
through a 0.22 pm membrane and 1 ml was loaded on a
Superdex 200 Increase 10/30GL column (GE Healthcare,
IL, USA) for chromatography on a Shimadzu LC-20 Al
FPLC instrument equipped with a SPD-M20 A Photo-
diode Array Detector (Shimadzu, Japan) and a RF-20 A
Fluorescence Detector (Shimadzu, Japan). The sample
was eluted under isocratic conditions at 4 °C and 0.8 mL/
min using phosphate buffered saline (PBS: 8 g NaCl, 0.2 g
KCl, 1.44 g Na,HPO,, 0.24 g KH,PO, per litre) adjusted
to a pH of 7.4 and further filtered through a 0.22 pm fil-
ter. Fractions were pooled as indicated in Supplementary
Fig. 1a and concentrated to a concentration of >1*10"2
particles/ml (measured by NTA) with a 10 kDa MWCO
Amicon Ultra 4 mL centrifugal filter. The EV samples
were stored at 4 °C until further use.

Protein concentration determination

Protein concentrations were determined by Bradford
measurements using the Pierce Detergent Compatible
Bradford Assay Kit (Thermo Fisher Scientific, MA, USA)
following the manufacturer’s instructions. Absorbance
at A ,,= 595 nm was measured on a NanoDrop 2000c
Spectrophotometer (Thermo Scientific, MA, USA).

Nanoparticle tracking analysis

Particle size distributions and concentrations were deter-
mined by nanoparticle tracking analysis (NTA) on a
Nanosight LM14 C equipped with a 488 nm laser (Mal-
vern, UK) using the NTA analytical software version
3.1.54. Samples were diluted in their respective buffer
and five videos (1 min each) were recorded with a cam-
era level of 13-15, screen gain 1. Analysis software set-
tings were kept constant for all measurements (detection
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threshold 5). For each sample, the mean of three individ-
ual measurements was calculated.

Analytical FPLC-SEC

Size exclusion chromatography (SEC) experiments were
performed on a Shimadzu custom built system com-
prised of a mobile phase degassing unit (Shimadzu DGU-
20 A3R), three liquid chromatography pumps (Shimadzu
Prominence LC-20 Ai) a PDA detector (Shimadzu SPD-
M20 A) and a Fluorescence detector (Shimadzu RF-20
A) with automated fraction collection (Shimadzu FRC-
10 A). The chromatographic system was mounted in a
cold cabinet (Tritec, Hannover, DE) to ensure a constant
temperature of 4 °C during the runs. The Shimadzu Lab-
Solutions software 5.97 was used for data acquisition,
GraphPad Prism 9.1.2 was used for data analysis. For
analytical size exclusion chromatography of conditioned
medium, CM was harvested from transfected cells, as
described above, centrifuged twice at 300 X g for 5 min
and once at 3000 X g for 15 min and filtered through a
0.22 pm membrane. CM (1 mL injection volume) was
fractionated on a dextran-agarose matrix column (Super-
dex® 200 Increase 10/300 GL, Lx LD. 30 cm x 10 mm,
8.6 um) with isocratic elution at a flow of 0.8 mL/min. All
samples were monitored by detection of the UV absorb-
ance at 280 nm and simultaneous fluorescence detection
as specified in the chromatograms.

Immunofluorescence for single vesicle imaging
Immunofluorescence for single vesicles imaging was per-
formed according to [48]. Briefly, 1 x 1079 particles/ml of
UF SEC purified EV solution were immobilised on quartz
glass microscope slides by 30 min incubation of the EV
solution in a humidified chamber. Then EVs were fixed
with 4% PFA, blocked with normal goat serum (NGS)
and incubated with primary antibodies in 1% NGS block-
ing buffer as specified for each experiment (anti-CD9 (Ms
mAb to CD9 [MM2/57], Invitrogen) (1:1000); anti-CD63
(Ms mAb to CD63 [TS63], Thermo Fisher) (1:1000); anti-
CD81 (Ms mAb to CD81 [1D6], Bio Rad) (1:1000); anti
SARS-CoV-2 Spike antibody (Ms mAb to SARS-CoV-2
(COVID-19) Spike antibody [1 A9], GeneTex (1:100)) fol-
lowed by incubation for 1 h at RT with secondary anti-
body (anti-Mouse AF555 (Goat pAb to Ms IgG Alexa
Fluor 555, Abcam) diluted 1:1000 in PBS.

Single vesicle imaging with patient sera was performed
as described above for immunofluorescence using com-
mercial antibodies, whereas serum from COVID-19 pos-
itive or COVID-19 negative donors (diluted 1:5 in PBS)
served as primary antibody and anti-Human Alexa Fluor
Plus 555 (Goat Ab to Hm IgG (Alexa Fluor 555), A4827,
Thermo scientific) diluted 1:1000 in PBS was used as a
secondary antibody.
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Samples were embedded in Vectashield Antifade
mounting medium (Vector laboratories, H-1000) and
stored at RT protected from light until imaging. Single
vesicle imaging of EVs immobilised directly from con-
ditioned medium was performed by incubation of 35 ul
of CM on quartz glass microscope slides for 30 min in a
humified chamber followed by embedding in PBS.

Post isolation labelling of EVs with Cy5-NHS

1 ml of UF-SEC purified native, S-GFPg,, ACE2-tGFP or
CD63-mNeon EVs at a concentration of 6*10'! particles/
ml (1 nM) were incubated with 10 pM Cy5 — NHS ester
(lumiprobe (Germany) CAS No.: 1263093-76-0) at 37 °C
for 1 h with shaking at 1500 rpm. Free dye was removed
by FPLC — SEC on a Superdex 200 Increase 10/30 GL
column (GE Healthcare). Chromatograms were recorded
using a UV/VIS absorbance diode array detector (DAD)
as well as simultaneous recording of GFP/mNeon fluores-
cence (488/510 nm or 504/517 nm ex/em, respectively)
and Cyb5 fluorescence (646/662 nm ex/em) in a split detec-
tion mode on the fluorescence detector. EV fractions were
pooled and analysed by single vesicle imaging.

Cell uptake of EVs

Vero cells were seeded at 5x 10* cells/mL with 300pl
per well into a 96-well p-plate (Ibidi (WI, USA); 300 uL/
well) pre-coated for 1 h with 20 pg/mL fibronectin from
human plasma (Sigma Aldrich, MO, USA) diluted in PBS.
Cells were allowed to attach by incubation in DMEM
(Gibco, MD, USA) supplemented with 10% FBS (Gibco,
MD, USA) and 1% of a 100 X antibiotic/antimycotic solu-
tion (Gibco, MD, USA) at 37 °C, 5% CO, and 90% rela-
tive humidity overnight. The next day the medium was
changed to medium containing different concentra-
tions of fluorescently labelled EVs (determined by NTA)
as indicated. After 3 h, the cells were washed once with
medium and fixed with Pen-Fix (Thermo Scientific, MA,
USA) supplemented with 0.1 pg/mL Hoechst for 20
min and subsequently washed 3 times with PBS, pH 7.4
(Gibco, MD, USA). Fixed cells were kept in 1x PBS in
sealed plates and stored at 4 °C.

High- resolution wide field fluorescence microscopy

Cellular and single vesicle imaging was performed on
an Olympus IX83 microscope equipped with spectral
filters for DAPI, GFP, Cy3, Cy5 and Cy7 and five dif-
ferent objectives. For imaging of EV cell uptake a 40
X objective (UPLXAPO40X NA 0.95) and a hardware
autofocus (IX3-ZDC2-830 Z Drift Compensation) ena-
bling automated plate scanning were used. For imaging
based high content single vesicle characterisation, a 100
% oil objective (UPLXAPO100XO NA1.45) was used. A
SPECX7IR-LFIB Light Engine (Lumencor) was used as
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excitation light source with 6 LEDs and additional exci-
tation filters for the following wavelengths: 395/25 nm,
438/29 nm, 475/28 nm, 555/28 nm, 575/25 nm, 635/22
nm and 730/40 nm. Either a Penta-Band dichroic mir-
ror (AHF-SPX-PSEM) or specific emission filter cubes
for the respective fluorophores were used in the optical
path (49,002—ET—EGEFP filter cube: ET470/40 X EX and
ET525/50 m EM; 49,004—ET- CY3/TRITC filter cube:
ET545/25 X EX and ET605/70 m EM).

Image processing and analysis

All images shown side by side are recorded with similar
exposure times and are shown to scale. Cellular localisa-
tion of the spike protein and the ACE2 protein with and
without CD63 mCherry (Fig. 2) is shown as single stack
out of a Z-stack after deconvolution. Single vesicle imag-
ing (Fig. 3, 4 and 5) is performed using a 40 Xor a 100
X objective and images. Unprocessed images are analysed
using the “coloc” function of the Fiji plugin EVAnalyzer
[48]. EV uptake into cells (Fig. 5) was monitored after cell
fixation and images were recorded as Z-stack. Deconvo-
lution of images, using the constrained iterative decon-
volution plugin of the Olympus “Cell Sense dimension”
software was performed, and a Maximum intensity pro-
jection (MIP) of the image was generated. Images were
analysed using the “EV count per cell- remove cropped “
function of the Fiji plugin EVAnalyzer.

Super resolution microscopy

To obtain sub-diffraction limit resolution images of sin-
gle EVs, 1x 10° EVs in 1 plL were stained with an anti-
CD63, (Becton Dickinson, USA) or an anti- CD81 (R&D
Systems, USA) antibody conjugated to Alexa Fluor 647,
as described [64]. To immobilize stained EV Samples,
the ONI EV profiler kit (Oxford Nanoimaging, United
Kingdom) was used according to manufacturer’s instruc-
tions. In brief, the glass surface of the provided microflu-
idic chip was functionalized with proprietary EV binding
chemistry. After washing, EVs were loaded on the chip
and fixed with fixation buffer. For imaging, microfluidic
channels containing the immobilised EVs were loaded
with BCubed super resolution imaging buffer (Oxford
Nanoimaging, United Kingdom), which enhances fluoro-
phore blinking and prevents photobleaching. Three fields
of view were recorded for each sample using direct sto-
chastic optical reconstruction microscopy (dASTORM) on
a Nanoimager S instrument (Oxford Nanoimaging, UK)
using 40%, 20% and 20% power for the 488 nm, 561 nm
and 640 nm lasers, respectively. For localisation mapping,
2500 images were recorded per channel.
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NanoFCM measurement

NanoFCM (High Sensitivity Flow Cytometry for Nano-
particle Analysis) was performed on a nanoFCM flow
nano-analyzer (NanoFCM Co.) following the manufac-
turer’s instructions to measure particle concentration
and size. Briefly, the instrument applies two single pho-
ton-counting avalanche photodiodes (APDs) for simulta-
neous detection of side scatter (SSC) and fluorescence of
particles, which was used to determine the ratio of vesi-
cles with and without a GFP for S-GFP,, EVs and ACE2-
tGFP EVs. The instrument was calibrated separately for
concentration and size using 200 nm polystyrene beads
and a silica nanosphere cocktail (provided by nanoFCM
as pre-mixed silica beads with diameters of 68, 91, 113,
and 151 nm currently called as NanoFCM Quality Con-
trol Nanospheres), respectively. 20 ul of each EV prepara-
tion were diluted by sterile PBS in a range from 1:10 to
1:2000 allowing to detect at least 500 particles. Events
were recorded for 60 s for each biological sample twice.
The flow rate and side scatter intensities were converted
into corresponding particle concentrations and size using
the nanoFCM software.

Transmission electron microscopy

Sample preparation for negative staining was performed
by dropping 10 pl EV solution (concentration of 2Xx
10" to 10" particles/mL) onto Formvar carbon coated
200 mesh TEM grids (Agar Scientific, Essex, UK), which
were fixed between tweezers. The solution was concen-
trated on air at room temperature for 30—45 min and
excess liquid was removed with a filter paper. EVs were
washed 3 X using 100 pl of ddH,O and fixed with 1%
(v/v) glutaraldehyde in PBS followed by 8 washing steps
in ddH,O. Negative staining was then performed using
aqueous 2% (w/v) uranyl acetate for 5 min followed by
(flat) air-drying for an hour. Specimens were imaged on
a transmission electron microscope Leo EM 910 (Zeiss,
Oberkochen, Germany). Micrographs were taken on a
Trondle Sharp:eye digital camera.

Western blotting

Samples (Cell lysates, SolF, EVs or recombinant SARS-
COV-2 (R&D systems biotechne 10,549-CV) as indi-
cated) were mixed with SDS reducing buffer separated
on 4-20% TGX Gels (BioRad) under non-reducing
(CD9, CD63, CD81 and serum) or reducing conditions
in an SDS containing Electrode running buffer at pH 8.3.
Proteins were transferred onto a 0.45 puM nitrocellulose
or PVDF-membrane by semi dry blotting in a transfer
buffer containing 10% methanol. Then the membrane
was blocked with either TBS supplemented with 0.2%
Tween and 2% BSA (for WB with human sera) or with



Schiirz et al. Cell Communication and Signaling (2025) 23:323

0.05% Tween and 2% BSA (for WB with commercial
antibodies) for 1 h at room temperature. The blots were
incubated with primary antibodies (CD63: Thermo Sci-
entific 10628D (1:1000); ACE2: abcam ab15348 (1:5000);
CD9: Invitrogen AHS0902 (1:2000); CD81: Bio-Rad
MCA1847 (1:10 000); Flotillin-1: BD 610821 (1:1500);
SARS-CoV-2 Spike glycoprotein: abcam ab272504
(1:1000); TMPRSS2: abcam ab92323 (1:500); Calnexin:
Cell signaling #2679 (1:1000); human serum; GeneTex
SARS-CoV/SARS-CoV-2 [1 A9]: SZABO-SCANDIC
GTX632604-100 (1:2000), Serum from COVID-19 nega-
tive and COVID-19 reconvalescent patients (1:100)),
diluted in the respective blocking buffer, overnight at 4 °C
on the shaker. Secondary antibodies (Goat anti-Human
IgG Cross-Adsorbed Secondary Antibody, HRP; (Invit-
rogen #62-8420; 1:4000); Rabbit anti-mouse IgG-HRP
(Cell Signaling #7076; 1:3000), anti-rabbit HRP) (ab6112;
1:20.000), diluted in the respective blocking buffers, were
incubated with the membranes for 1 h. Washing steps
after primary and secondary antibody incubations were
performed 5 times each with TBS +0.2% Tween or TBS
+0.05% Tween for 5 min. The blots were imaged with the
Licor system for fluorescence (Licor Odyssey FC Model
2800; with an image) or on a Biorad system (ChemiDoc
XRS +) for chemiluminescence detection, depending on
the secondary antibody.

Pseudovirus transduction experiments

EVs, human convalescent serum or monoclonal antibod-
ies (NanoTools) were serially diluted in Ham F12 medium
to achieve the required concentrations in a white 96-well
F-bottom plate (Thermo). PV were diluted to achieve
10°-10° relative light units per well before adding to the
plate and incubating at 37 °C for 1 h. Target cells (CHO
or CHO ACE2 TMPRSS2) were then added (10* cells per
well) and incubated at 37 °C for 48 h. Cells were lysed
with Bright Glo reagent (Promega) and luminescence
was measured using a GloMax Navigator luminometer
(Promega).

SARS-CoV-2 and SARS-CoV-1 viral isolates

The isolation of viruses from clinical samples and their
subsequent use in research was approved by the IRCCS
San Raffaele Scientific Institute Review Board as part of
the COVID-19 Biobanking project ‘COVID-Biob’ (34/
int/202019 March 2020; ClinicalTrials.gov Identifier:
NCT04318366). Informed consent was obtained from
each participant.

The SARS-CoV-2 isolate of the B.1 lineage with the
Spike D614G mutation (GISAID accession ID: EPI_
ISL_413489) was derived from the nasopharyngeal
swab of a mildly symptomatic patient by inoculation
of Vero E6 cells as previously described (Clementi, N.
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et al., 2020; Mycroft-West, C. J. et al. 2020; Stravalaci M.
et al,, 2021). The isolate of the South African B.1.351 (b)
lineage (GISAID accession ID: EPI_ISL_1599180) was
obtained an Italian 80-year-old male patient. The isolate
of the B.1.1.7 (a) lineage (GISAID accession ID: EPI_
ISL_1924880) came from an Italian 58-year-old female
patient. The P.1 (g) lineage isolate (GISAID accession ID:
EPI_ISL_1925323) was sourced from an Italian 43-year-
old female patient. Lastly, the B.1.617.2 (d) lineage
(GISAID accession ID: EPI_ISL_4198505) was obtained
from an Italian 50-year-old male patient. The SARS-
CoV-2 isolate of the B.1.1.529 +BA (Omicron) lineage
(GISAID accession ID: EPI_ISL_12221510) was derived
from an Italian 53-year-old female patient.

Secondary viral stocks were generated by infecting
adherent Vero cells seeded in a 25 cm? tissue culture
flask with 0.5 ml of the primary isolate diluted in 5 ml of
complete medium. Three days post- infection, the cul-
ture supernatant was harvested, centrifuged and passed
through a 0.45 um filter. These secondary SARS-CoV-2
aliquots were maintained at —80 °C. Viral titres were
determined using a plaque-forming assay.

The SARS-CoV-1 HSR isolate was originally obtained
in 2003 from a sputum sample collected from an Italian
man who had returned from Vietnam with atypical pneu-
monia, as previously described [40, 59].

Infections

Vero cell infection

Vero cells were plated at 2.5 x 10° cells per well in 24-well
plates (Corning) and cultured with complete medium.
After 24 h, the cells were treated with ten-fold serial dilu-
tions of extracellular vesicles (Empty-EVs, S-EVs, ACE2-
EVs) together with 50 PFU of SARS-CoV-2. After 1 h of
incubation, the viral inoculum was removed, and cells
were covered with 500 pl of 1% methylcellulose (Sigma)
dissolved in EMEM supplemented with 1% FBS. Seventy-
two hours post-infection (PI), the cells were stained with
1% crystal violet (Sigma) in 70% methanol.

Calu-3 cell infection

Calu-3 cells were seeded in 48-well plates (Corning) at
a density of 5x 10* cells per well in complete medium,
24 h before infection. 10'* EVs were added together with
SARS-CoV-2 containing supernatant to obtain a multi-
plicity of infection (MOI) of 1 in a final volume of 250 pl
of DMEM supplemented with 2% FBS. After 1 h of viral
adsorption, the inoculum was removed and replaced with
complete medium. Culture supernatants were collected
at 24, 48 and 72 h PI and stored at — 80 °C until viral titres
were determined by a plaque-forming assay in Vero cells.
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HBEC and HNEC Infection
Forty-eight hours before infection, the apical surface of
HBEC was washed with 500 ul of HBSS for 1.5 h at 37
°C, and the cultures were transferred to fresh air-liq-
uid interface medium. Immediately before infection, to
remove accumulated mucus production, the apical sur-
faces were washed twice with 500 pl of HBSS, with each
wash lasting 30 min at 37 °C. Following the washes, 10!
EVs were added to the apical surface in 100 pl of HBSS
along with the viral inoculum (SARS-CoV-2) at a MOI
of 1. HBEC were incubated for 2 h at 37 °C. Afterward,
the viral inoculum was removed, and the apical surface
was washed three times with 500 ul of PBS. The cultures
were maintained at 37 °C for 72 h PI. Infectious viruses
were collected from the apical surface wash of the culture
with 100 pl of PBS every 24 h up to 72 h PI, stored at — 80
°C until analysis, and later titre using a plaque assay in
Vero cells. At 72 h PI, the cells were fixed in 10% formalin
overnight at 4 °C for immunofluorescence analysis.

All infection experiments were conducted in a biosafety
level 3 (BSL-3) laboratory at IRCCS San Raffaele Scien-
tific Institute.

Protease inhibitor testing

Calu-3 cells were seeded in 48 well plates at the concen-
tration of 5x 10* cell/well. After 24 h, cells were pre-
treated for 1 h with either Camostat or E64D inhibitors
at a concentration of 10 or 100 uM. After pretreatment,
EVs were added at a concentration of 10'! together with
SARS-CoV-2 VoCs (D614G or Omicron BA.1.) contain-
ing supernatant to obtain an MOI of 1 in a final volume
of 250 ul of DMEM supplemented with 2% FBS. After
1 h of viral adsorption, the inoculum was removed and
replaced with complete medium. 72 h post infection, cell
culture supernatants were collected and stored at — 80 °C
until determination of the viral titers by a plaque-forming
assay in Vero cells.

Plaque-forming assay

The viral titres of SARS-CoV-2 isolates were measured in
a plaque-forming assay optimized for Vero cells. Conflu-
ent Vero cells (1.5 x 10° cells/well) were seeded in 6-well
plates (Corning) and incubated in duplicate with 1 ml of
EMEM supplemented with 1% FBS containing tenfold
serial dilutions of the viral stocks. After 1 h of incubation,
the viral inoculum was removed, and 1 ml of methylcel-
lulose (dissolved in EMEM supplemented with 1% FBS)
was overlaid onto each well. After 72 h of infection, the
cells were stained with 1% crystal violet (Sigma) in 70%
methanol. Plaques were counted using a stereoscopic
microscope (SMZ-1500; Nikon Instruments) and virus
titres were calculated in terms of plaque forming units
(PFU)/ml.
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To determine the viral titres in supernatants collected
from Calu-3 and HBEC cells, confluent Vero cells (2.5
% 10° cells/well) were seeded in 24-well plates (Corning)
24 h prior to infection. The cells were incubated with 300
ul of EMEM supplemented with 1% FBS containing 1:10
serial dilutions of virus-containing supernatants. The
plaque-forming assay was performed as described above.

Immunocytochemistry

After washing in PBS, the epithelia were processed for
antigen retrieval using 10 mM citrate buffer (pH 6),
heated to 95 °C for 5 min. Then, all epithelia were per-
meabilized with 0.1% PBS-Triton X-100 for 10 min and
subsequently blocked with 5% milk powder in 0.01%
PBS-Tween (blocking solution) for 1 h at room tempera-
ture. Primary antibodies, diluted in the blocking solution,
were incubated for 1 h at room temperature. The follow-
ing antibodies were used: mouse IgG2a anti-dsRNA ]2
(Scicons, # 10,010,500); mouse IgG1 anti-SARS-CoV-2
Nucleocapsid (Sino Biological, # 40,143-MMO05); mouse
IgG1l anti-SARS-CoV-2 spike (Genetex, GTX632604-
100), all diluted 1:1000. Ciliated cells were stained with
a mouse IgG2b anti-acetylated tubulin antibody (7451,
Sigma-Aldrich) diluted 1:300. After three washes in
0.01% PBS-Tween, the epithelia were incubated with
Alexa Fluor secondary antibodies (Thermo Fisher Sci-
entific) at 1:200 dilution in the blocking solution for 45
min at room temperature in the dark. Following another
three washes, the porous membrane carrying the epi-
thelium was cut from the Snapwell’s plastic support and
mounted on microscope slides. Samples were mounted
with Fluoroshield containing DAPI (Sigma-Aldrich) to
stain cell nuclei. Imaging was performed using a Leica
SPE confocal microscope system. Confocal images were
acquired in xyz planes with 40X objective..

Graphs lllustrations and statistics

Graphs and statistics were generated using GraphPad
Prism 9.1.2 with statistical testing performed as speci-
fied in each figure legend. Illustrations were created in
Biorender.

Results

Engineering of HEK293T EVs decorated with ACE2,

or SARS-CoV-2 Spike protein on the surface

Engineered EVs were designed to inhibit viral entry
by either decoy or competition with Spike binding to
the ACE2 receptor of recipient cells by decoration with
either ACE?2 or Spike protein on the EV surface (Fig. 1a).
Surface decorated EVs were generated by transient over-
expression of the ACE2 or Spike proteins in the produc-
ing cells cultured in serum-free OptiMEM, followed
by UEF-SEC purification from the conditioned medium
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Fig. 1 Model of decoy and competition strategies and engineering of antiviral EVs. a Model illustrating decoy vs competition strategy of antiviral
EVs. b General workflow for the preparation of antiviral EVs. HEK293T cells were transfected with expression constructs for either S- GFP, or ACE2
— tGFP. After 48 h, the conditioned medium (CM), containing the different EVs was collected and subjected to ultrafiltration (UF) and size exclusion

chromatography (SEC) for EV enrichment

(Fig. 1b, Supplementary File 1). As revealed in previ-
ous work from our group [9] and consistent with more
recent follow up studies [75], overexpression of trans-
membrane proteins or even EV markers does not always
result in successful enrichment within extracellular vesi-
cles and highly depends on their subcellular localisation
and sorting within the producing cells. Therefore, we
used GFP tagged versions of either ACE2 (ACE2 C-ter-
minally fused to turboGFP, ACE2-tGFP) or the Spike
protein of the Wuhan SARS-CoV-2 virus (Spike pro-
tein C-terminally fused to GFPspark, S-GFPy) in order
to unambiguously trace and quantify their loading into
EVs. CD63-mNeon was used as a control [48]. Size exclu-
sion chromatography after UF enrichment of the condi-
tioned medium revealed that the GFP fluorescence for all
fusion proteins co-fractionated predominantly with the
EV peak (Supplementary Fig. 1a). An additional smaller
GFP fluorescent peak was obtained at a retention time
corresponding to ca 10—50 kDa, most likely represent-
ing nonvesicular, free ACE2-GFP or S-GFPSP, and/or
truncated GFP protein variants. The EV peak was col-
lected, and fractions were pooled as indicated. Interest-
ingly, a higher GFP fluorescence was obtained in the EV
peak for ACE2 as compared to the S-protein. Although
two different green fluorescent proteins were used in

the two constructs due to cloning reasons (turboGFP for
ACE?2, GFPspark for S-protein), their molecular bright-
nesses are relatively similar (tGFP: extinction coefficient
70,000 M-1 cm-1, quantum yield 0.53, molecular bright-
ness 0.37; GFPsp: extinction coefficient 47,000 M-1 cm-1,
quantum yield 0.60, molecular brightness 0.29; (Evrogen;
SinoBiological)) thereby indicating lower engineering
efficiency of S-GFPg, EVs compared to ACE2-tGFP EVs.
This is only partially explained by higher transfection effi-
ciency of the ACE2-GFP transfected cells as compared to
cells transfected with identical amounts of the S-GFP,
expression construct (Supplementary Fig. 1a, top panels).
We therefore tested the possibility to increase the sort-
ing efficiency of S-protein into EVs by targeted mutations
of the S-protein sequence. We first tested replacement of
the transmembrane (Tm) and cytoplasmic domains with
those of the vesicular stomatitis virus—G (VSV-G) based
on an earlier study investigating the use of S-protein dec-
orated EVs as vaccines for SARS-CoV1 [28]. As an addi-
tional strategy, we hypothesised that altering intracellular
localisation of the S-protein by removal of the ERGIC
targeting sequence might liberate S-protein within the
cell to traffic to multivesicular bodies or the plasma mem-
brane [31]. Of note, the addition of GFP downstream of
ERGIC should already perturb its function, since KKXX
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needs to be positioned at the C-terminus. However, as we
did observe substantial localization of Spike-GFPsp in the
perinuclear region (Fig. 2a lower left panel), we wondered
whether it might nevertheless still trap some protein at
the ER, thereby affecting also its sorting into extracellular
vesicles. Therefore we tested whether removal of ERGIC
would enhance the sorting into EVs. Constructs either
replacing the Tm and cytoplasmic domains of SARS-
CoV-2 with the corresponding VSV-G domains or delet-
ing the ERGIC targeting sequence were generated from
the native S-protein expression constructs by Gibson
assembly and used for EV engineering following the same
procedure as for the native protein.

The intracellular localisation of all GFP-tagged fusion
proteins in transfected HEK293T cells was documented
by fluorescence microscopy (Supplementary Fig. 2). In
addition, we used co-transfection with CD63-mCherry
to assess co-localisation with multivesicular bodies and
the plasma membrane (Fig. 2). As expected, ACE2-GFP
localised primarily to the plasma membrane with an
additional fraction detected at intracellular membranes,
however minimal signal in CD63-mCherry positive mul-
tivesicular bodies (MVBs) (Fig. 2a top panel and Sup-
plementary Fig. 2). GFP-tagged native S-protein was
detected primarily at the plasma membrane as well as
in intracellular compartments partially co-localising
with MVBs (Fig. 2a, lower left panel and Supplemen-
tary Fig. 2). Interestingly, the S-protein/VSV-G chimeric
constructs largely co-localised with CD63-mCherry at
both, the plasma membrane as well as within intracellu-
lar vesicles (Fig. 2a, lower middle panel and Supplemen-
tary Fig. 2). Removal of the ERGIC signal did not result
in increased CD63-mCherry co-localisation and instead
enhanced accumulation at perinuclear intracellular
membranes (Fig. 2a, lower right panel and Supplemen-
tary Fig. 2).

Despite these differences in intracellular localisation,
size exclusion chromatograms of the conditioned media
collected from HEK293T cells transfected with the differ-
ent S-protein variants showed no massive differences in
the GFP signal co-fractionating with the EV peak except
for a ca twofold reduction for the AERGIC construct

(See figure on next page.)
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(Fig. 2b). Consistently, quantitative single vesicle imaging
using the EVAnalyzer pipeline developed in our lab [48]
revealed similar fluorescence intensities of the GFP posi-
tive EVs at the single vesicle level except for the AERGIC
S-EVs (Fig. 2c¢). Since neither of the mutants increased
the levels of S-GFP, EVs, we focused on (GFP, tagged)
native S protein for further EV characterisation and
testing.

Qualitative characterisation of S-Protein and ACE2
decorated EVs

Nanoparticle Tracking Analysis (NTA) of the isolated
EVs showed size distributions in the range of 110-140
nm mean size/90-120 nm mode size (Fig. 3a and Sup-
plementary Fig. 3a). Interestingly, we observed a small
but significant increase in mode size of the ACE2-tGFP
engineered EVs (Fig. 3a). Similar particle/protein ratios
were observed for the engineered as compared to native
HEK293T EVs (Fig. 3b). Super-resolution microscopy
with dSTORM imaging confirmed GFP positive clusters
in a size range of ca 100—200 nm which spatially over-
lapped with both, CD63 as well as CD81 antibody stain-
ing (Fig. 3c). Representative images from Transmission
Electron Microscopy (TEM) with negative staining are
shown in Fig. 3d, confirming vesicular structures in the
100-200 nm range in all samples.

Western blotting of the EV samples confirmed the pres-
ence of canonical EV markers including the three major
tetraspanins (CD63, CD81 and CD9) as well as Flotillin-1,
whereas Calnexin as a negative marker was undetectable
(Fig. 3e and Supplementary Fig. 3b for uncropped West-
ern Blots). As expected, no EV markers were detected in
the EV-depleted conditioned medium collected during
ultrafiltration (containing mostly soluble proteins; SolF).
The presence of ACE2 in the engineered EVs but none of
the other EV samples was confirmed by an ACE2 anti-
body. Similar results were obtained for the corresponding
cell lysates, which is consistent with the reported low lev-
els or lack of ACE2 expression in HEK293T cells [42, 55].
Although we did detect TMPRSS2 to be expressed in the
HEK cells used for EV production, no sorting into EVs
was detected by Western Blotting. Using a commercial

Fig. 2 Optimisation of EV engineering for display of Spike protein and ACE2 receptor. a Live cell high- resolution widefield fluorescence microscopy
(100 x oil objective, NA1.45) of HEK293T cells after co- transfection of the different constructs with CD63-mCherry. Lower panel left: GFP; tagged
Spike protein of the Wuhan SARS-CoV-2 variant (S—GFPSp); Lower panel middle : S—GFPSp with replacement of the transmembrane (TM) domain
by the TM domain of VSV -G; Lower panel right : S—GFP, with elimination of the Endoplasmic Reticulum Golgi-Intermediate Compartment
localization domain (S(A ERGIC)-GFPy,). Top panel: ACE2 tagged with turboGFP (ACE2-tGFP). Single transfection of the respective plasmids are
shown in Supplementary Fig. 1. Scale bars: 2 um or 5 um as indicated. b Analytical SEC of CMs harvested from HEK293T cells with and without
transfection with the different constructs as indicated. Chromatograms are shown for detection of the GFP fluorescence measured at 488

nm/510 nm (ex./em.). Zoom-in shows the EV peak eluting at a retention time of ca. 10 min. ¢ Single vesicle imaging performed on CMs collected
from HEK293T cells transfected with different S—GFP plasmids. Mean X intensity/particle represents the total fluorescence detected per particle
and was calculated as area x mean pixel intensity per spot. Data represent replicates with means and standard deviations of 10 individual fields

of view per sample
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antibody raised early in the pandemic against the SARS-
CoV-2 Spike protein (ab272504; abcam), we confirmed
the specific expression of the S-GFP, fusion protein
in lysates from cells with the corresponding construct.
However, no signal was detected in the EVs recovered
from these cells. This is likely due to a low abundancy of
S-GFPg, modified EVs, as indicated by the low GFP fluo-
rescence in the EV peak detected by analytical SEC (Sup-
plementary Fig. 1a). Testing the Abcam anti-S antibody
for immunostaining also failed to detect the protein on
intact EVs by single vesicle imaging (data not shown).

In the course of this study, several additional anti-S
antibodies became available, one of them was also suc-
cessfully detected S-GFPy, in cell lysates and recombinant
S-protein positive controls by Western Blotting (Fig. 3f
and Supplementary Fig. 3¢ for uncropped Western Blot).
As shown in Fig. 3g, using this antibody (GTX632604-
100; GeneTex) for immunostaining and quantitative
single vesicle imaging confirmed the presence of Spike
protein in at least 80% of the GFP positive EVs. An addi-
tional fraction of S-positive EVs was detected which did
not show any GFP signal (Supplementary Fig. 3d). Since
only a small fraction of unspecific, false positive spots
was detected in native HEK293T EVs under identi-
cal conditions (Supplementary Fig. 3d; right panel), this
can most likely be explained by a fraction of processed
S-protein lacking the GFP tag, and/or different detection

(See figure on next page.)
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thresholds for 1:1 GFP-tagged proteins (detection limit
on our widefield microscope in the range of 3-5 mol-
ecules of GFP per EV) as compared to multiply labelled
secondary antibodies [48].

Since endogenous antibodies raised during an infec-
tion are specifically directed against intact Spike protein
exposed on cellular and virus membranes, we addition-
ally tested the recognition of S-GFPg, positive EVs by
sera from a voluntary donor recovered from infection
with SARS-CoV-2 during the first wave of the pandemic
in Austria. A serum pool containing serum from 50
healthy, unvaccinated voluntary blood donors was used
as negative control. The infection status of all donors
was monitored using an anti-N electrochemiluminis-
cence immunoassay (ECLIA) (Supplementary Table 1a).
In addition, the presence of specific SARS-CoV-2 anti-
bodies in the serum of the three COVID-19 convales-
cent plasma donors was confirmed by an anti-N ECLIA
(Supplementary Table 1c). Antibody functionality was
confirmed by an ELISA-based surrogate virus neutralisa-
tion test (Supplementary Table 1c). One donor was then
selected for testing reactivity of virus antibodies with
S-GFP, engineered EVs (Fig. 3h-i). Western Blotting
using recombinant S-protein confirmed again the pres-
ence of anti-Spike antibodies (Fig. 3h and Supplementary
Fig. 3c for uncropped Western Blots). After incubation of
S-GFP, EVs with either the serum from the COVID-19

Fig. 3 Qualitative characterisation of S-protein and ACE2 decorated EVs. a Size distribution of UF-SEC purified native HEK293T EVs as compared

to EVs from S-GFP, or ACE2-tGFP transfected HEK293T cells as measured by NTA. Box plots are shown for mean and mode sizes from 6 biological
replicates and 15 technical replicates each with 5-95% confidence intervals (Cl). A significant increase (¥, p=0.018) in the mode size is observed
for ACE2- tGFP as compared to native HEK293T EVs. Statistics: Ordinary one-way ANOVA. b Particles per mg protein ratios for the different
engineered and native HEK293T EVs, as assessed by normalizing particle concentrations determined by NTA to protein concentrations determined
by Bradford. Data represent averages with standard deviations of 6 independent EV preparations each. Statistics: One-way ANOVA. ¢ Representative
direct Stochastic optical reconstruction microscopy (dSTORM) images of S-GFP, (upper panel) or ACE2-tGFP (bottom panel) EVs stained

with Alexa Fluor 555 labelled anti-CD63 or anti-CD81 antibody (Oxford Nanoimager). Every dot represents one individual blinking event derived
either from individual fluorophores or repeated blinking of the same fluorophore. Scale bars: 100 nm or 200 nm as indicated. d Representative
TEM images with negative staining of native EVs, S-GFP, EVs, and ACE2-tGFP EVs. Scale bars: 50 nm. e Western Blot analysis of UF-SEC purified EVs,
EV-depleted conditioned medium (soluble fraction, SolF) and cell lysates of native, S—GFPSp and ACE-tGFP transfected HEK293T cells with detection
for different tetraspanins (CD9, CD81 and CD63), Flotilin-1, Calnexin, TMPRSS2, ACE2 or S-Protein as indicated. f Western Blot of cell lysates derived
from native and S-GFPg; transfected HEK293T cells and on recombinant SARS-CoV2 Spike protein with an anti-S-Protein antibody (GeneTex).

g Single vesicle imaging of UF-SEC purified EVs from S-GFP, transfected HEK293T cells using the same anti-S antibody (GeneTex) as in (f).
Representative images (left panel) of samples incubated with primary and secondary antibody are shown. Samples incubated with secondary
antibody only were used as negative controls. Particles detected by the antibody are pseudo-coloured in red, S-GFP EVs are shown in green

and co-localisation in yellow. Data for native HEK293T EVs are shown in Supplementary Fig. 3d. Scale bars: 2 um. Framed areas represent zoom

ins. Mean % of co-localisation of S-GFP,

positive particles detected by the antibody (red in green coloc) and % of total particles recognized

by the antibody colocalising with a detectable S- GFP; (green in red coloc) was calculated from 10 individual fields of view. h Western Blot

of recombinant SARS-CoV-2 Spike protein (200 ng or 500 ng) incubated with sera from SARS-CoV-2 positive or negative donors used as primary
antibody. HRP-labelled goat-anti-human (IgG) was used as secondary antibody. i Single vesicle imaging of EVs isolated from S-GFP, transfected
HEK293T cells after immunofluorescence detection, using sera from SARS-CoV-2 positive or negative donors as primary antibody and Alexa Fluor
555 labelled goat-anti human(lgG) as secondary antibody. Representative high-resolution widefield fluorescence microscopy images (100 X NA 1.45
oil immersion objective) are shown in the middle panel. Particles detected by the serum-derived antibodies are pseudo coloured in red, S—GFPSP
EVs are shown in green and co-localisation in yellow. Scale bars: 2 um. Framed areas represent zoom ins. Mean % of co-localisation of S-GFP,
recognised by the sera (red in green coloc) and % of total sera- recognized particles colocalising with a S-GFP (green in red coloc) was calculated
from 10 individual fields of view. Samples incubated with the secondary antibody only were used as negative controls
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positive donor or the serum pool from uninfected and
unvaccinated donors we performed single vesicle imag-
ing with anti-IgG detection (Fig. 3i). This confirmed that,
the serum from the COVID-19 positive donor contained
IgG antibodies recognising at least 60% of all S-GFP,
EVs, which was not the case for the healthy donor serum
(Fig. 3i). The total number of EVs detected under all con-
ditions are shown in Supplementary Fig. 3e, indicating a
relatively large additional fraction of HEK293T EVs non-
specifically detected by the anti-human secondary anti-
body but not co-localising with S-GFPy,.

Together these data directly demonstrate both the
presence, and surface exposure of S-protein on the engi-
neered EVs, and its accessibility to ligands even in the
protein rich environment of serum, thereby ruling out
shielding by a possible protein corona being formed.

Quantitative single vesicle characterisation of engineered
ACE2-GFP and S-GFP,, HEK293T EVs

Several studies have been reported by now which
explored EVs decorated with ACE2 as antivirals [70] or
S-protein from SARS-CoV-1 or SARS-CoV-2 for vac-
cination [26, 46]. However, only minimal information
is currently available on the origin and types of extra-
cellular vesicles underlying these populations, as well
as their quantitative contribution to the overall vesicle
numbers within the samples. We therefore further char-
acterised the engineered EVs by immunostaining for
the three major tetraspanin EV markers CD63, CD81
and CD9 (Fig. 4a and Supplementary Fig. 4a). EVs from
cells transiently transfected with CD9-emGFP, CD81-
emGFP as well as a HEK293T line stably overexpressing
CD63-mNeon were used as positive controls for anti-
body validation. Alternatively, we generically labelled
all protein-containing vesicles and nanoparticles in the
samples using Cy5-NHS chemistry to assess the relative
fraction of engineered EVs over all particles (Fig. 4b and

(See figure on next page.)
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Supplementary Fig. 4b). Samples were analysed by single
vesicle imaging and quantified using EVAnalyzer [48].

As shown in Fig. 4a (right panel) (% co-localisation red
in green), both S-GFPg, as well as ACE2-tGFP EVs were
predominantly positive for CD9 (ca 50% and 40%, respec-
tively) and CD81 (ca 60% and 55%, respectively) which,
in contrast to CD63, are known to primarily localize to
the plasma membrane rather than to multivesicular bod-
ies [17]. Only a small fraction of the GFP-positive EVs in
both samples were positive for CD63 (ca 30% and 25%,
respectively). This is consistent with the localisation
of the corresponding fusion proteins in the parent cells
(Supplementary Fig. 2) and indicates that these vesi-
cles primarily derive from the plasma membrane with a
smaller contribution from multivesicular bodies. Con-
versely, ACE2-tGFP or S-GFPg, EVs (green) constitute
only a relatively small fraction of all tetraspanin positive
EVs (red), as revealed by the converse analysis of percent-
age co-localisation of green in red. Similarly, also generic
detection of all particles by Cy5-NHS indicated that only
a minor fraction of all detected particles is positive for
the GFP-fusion proteins (Fig. 4b). Both analyses con-
firmed again that ACE2-tGFP overexpression generally
resulted in a ca 3- to 5-fold higher number of engineered
EVs as compared to engineering with S-GFP,. The rela-
tive difference between the two types of engineered EVs
is consistent with data generated by Nano-Flow-Cytom-
etry (nano-FCM). The absolute numbers of GFP positive
overall EVs, however is generally higher for all samples
(Supplementary Fig. 4c) as compared to single vesicle
imaging, which is likely due to the scatter based detec-
tion threshold and thus lower sensitivity for the total EV
population in Flow-Cytometry.

Interestingly, EVs from ACE2-GFP transfected cells
resulted in ca 2- to 3-fold higher Cy5-NHS labelling effi-
ciency as revealed by both, analytical SEC with simulta-
neous GFP/Cy5 fluorescence and UV280 nm detection
(Supplementary Fig. 4b) and single vesicle brightness

Fig. 4 Quantitative characterisation of engineered EV subpopulations by single vesicle imaging. a EVs isolated from native, S-GFP or ACE2-tGFP
transfected HEK293T cells were immunostained with antibodies targeting either of the three tetraspanins CD9, CD63 and CD81 with detection
by an Alexa Fluor 555 labelled secondary antibody. EVs from HEK293T cells transiently transfected with CD9-emGFP or CD81-emGFP or stably
expressing CD63-mNeon were used as a positive control for each of the antibodies. Representative high-resolution widefield fluorescence

microscopy images (100 X NA 1.45 oil immersion objective) for each tetraspanin are shown in the left panel. Particles detected by the antibody are
pseudo coloured in red, fluorescent protein (FP)-tagged EVs (GFP, tGFP, GFP,, or mNeon) are shown in green and co-localisation in yellow. Scale
bars: 1 um. The % co-localisation was calculated from 10 individual fields of view and is shown in the right panels. Red in green: % of tetraspanin-FP,
S-GFPg, and ACE2-tGFP co-localising with the respective tetraspanins. Green in red: % of immune-positive particles co-localising with a genetically
engineered tetraspanin, S-GFP,, or ACE2-tGFP. Statistics: t-test. b Native, CD63-mNeon, S-GFP, or ACE2-tGFP HEK293T EVs were covalently labelled
with CY5-NHS with removal of free dye by size exclusion chromatography (Supplementary Fig. 4b). Representative images are shown in the left
panel. The percentage of FP- (GFPsp, tGFP, mNeon) positive spots per CY5-NHS labelled particles as well as the single vesicles fluorescence intensity
of Cy5 are shown in the right panels. Means and standard deviations are calculated from 10 individual fields of view. Statistics: One-way Anova.

c Single vesicle fluorescence intensity of ACE2-tGFP, S-GFP; or CD63 mNeon HEK293T EVs. Data represent mean sum intensity per spot (calculated
as area * average intensity) for three independent samples with averages and standard deviations from 10 individual fields of view
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analysis from the imaging analysis (Fig. 4b, right panel).
This is consistent with the slightly increased size of these
vesicles detected by NTA (Fig. 3a) and suggests that
ACE2 engineering results in increased availability of pro-
tein-derived primary amines on the EV surface. Further,
the single vesicle brightness in the GFP channel was ca
3-fold higher for ACE2-tGFP than for S-GFP, as well as
CD63-mNeon EVs (Fig. 4c), suggesting that the average
stoichiometry of ACE2 on the engineered EVs is higher
than for the other two proteins.

Spike protein and ACE2 decorated EVs maintain cell uptake
activity in Vero cells

The basic physicochemical characterisation of the engi-
neered EVs did not indicate any global changes in mor-
phology or concentrations of the vesicles with an only
slightly increased size for the ACE2 EV. However, it is
worthwhile to note, that due to the small percentage
within the whole population the individual engineered
vesicles might be affected to a larger extent than can be
detected by bulk measurements. It is therefore conceiv-
able that these two large proteins on the surface might
nevertheless interfere with the biological activity of
the EVs. Since cell uptake is one of the key functions of
extracellular vesicles, we therefore tested whether ACE2-
tGFP and S-GFP, decorated EVs are still internalised by
recipient cells. Vero cells were used as they are a relevant
model for SARS virus replication [43]. Cells were grown
in optical bottom 96-well plates and incubated with
S-GFPg, or ACE2-tGFP EVs at increasing concentrations
for 3 h. Internalised EVs were detected after stringent
washing and cell fixation using automated high resolu-
tion widefield scanning microscopy and quantified after
image deconvolution by EVAnalyzer [48]. Both types of
GFP positive EVs were still recognised and taken up by
the Vero cells and show the typical perinuclear accumula-
tion of light diffraction limited, individual spots (Fig. 5a,
left panels), previously well described as a hallmark of EV
cell uptake [21]. The average number of S-GFPg, inter-
nalised EVs per cell was generally lower than for ACE2-
tGFP EVs (Fig. 5a, right panels) when doses are matched
based on total particle concentrations (determined by
NTA) (Fig. 5a; black axis). Comparison of doses matched

(See figure on next page.)
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by molarities of fluorescent particles (as calculated from
Fig. 4b) on the other hand show an IC;; in the same
range for ACE2- EVs as compared to S-EVs. The number
of total particles detected in the cells at saturation was
lower for S-GFPy, EVs (Fig. 4c) than ACE2-tGFP EVs,
most likely due to their lower brightness resulting in a
lower detection efficiency over the relatively high cellular
autofluorescence in the GFP channel. To simultaneously
monitor uptake of the S-GFP,, EV subpopulation over all
CD63 positive EVs, we used EVs from cells double trans-
fected with either CD63-mCherry and S-GFPg, (Fig. 5b)
or with CD63-mCherry and ACE2-tGFP (Fig. 5¢c). No
apparent difference was observed in the localisation of
internalised CD63-mCherry EVs with and without the
S-GFPg, or ACE2 protein (Fig. 5b, upper panel). The
number of CD63-mCherry as compared to the S-GFP,
EVs per cell was ca 10-fold higher (Fig. 5b, left panel).
This is highly consistent with the ca 10-fold higher num-
ber of CD63-mCherry as compared to S-GFP, EVs in the
sample (Fig. 5b). This was similar for ACE2-tGFP EVs.
In addition, the co-localisation of S-GFPg, and CD63-
mCherry and co-localisation of ACE2-tGFP and CD63
mCherry both in vitro and after cell uptake in situ was
comparable (Supplementary Fig. 5a and b). Therefore, we
conclude that the S-GFP, engineered EVs and ACE2-
tGFP engineered EVs are internalised with comparable
efficiency and result in similar subcellular localisation as
CD63 positive EVs in these recipient cells.

Antiviral activity of ACE2-tGFP EVs and S-EVs

in a pseudovirus assay

The ability of ACE2-tGFP EVs (Fig. 6a) and S-GFPg, EVs
(Fig. 6b) to either decoy or compete with SARS-CoV2 cell
entry was tested in a pseudovirus (PV) assay in Chinese
hamster ovarian (CHO) cells. To test dependence on the
canonical ACE2/TMPRSS2 pathway we used both, CHO
cells with stable lentiviral overexpression of ACE2 and
TMPRSS2 (CHO ACE2 +/T2 +), as well as wild type
cells which are negative for both, ACE2 and TMPRSS2
(CHO ACE2-/T2- cells). Native HEK293T EVs (Sup-
plementary Fig. 6), as well as a vesicle depleted fraction
collected after UF (soluble fraction, SolF) were used as
controls for nonspecific activity of non-engineered EVs

Fig.5 Functional characterisation of the EVs. a Uptake of S - GFPy, EVs or ACE2 - tGFP EVs (a) or EVs derived from double transfected S-GFP/
CD63 mCherry or ACE2-tGFP/CD63 mCherry cells (b and ¢) into Vero cells. Cells were seeded in a 96 well plate and incubated with different EV
concentrations for 3 h. After fixation, cells were stained with Hoechst33342 and imaged by automated scanning widefield fluorescence microscopy.
The dose response of EV uptake quantified by the number of fluorescent spots per cell as determined by the Fiji plugin EVAnalyzer [48] is shown

in the right panel. Data represent averages from 15 images per well and three replicate wells each. EV concentrations at half-maximal saturation
(ECy,) were determined by nonlinear curve fitting. Vesicle concentrations are additionally specified as ACE2-tGFP and S—GFPSp positive molarities,

as calculated by correction of total molarities using the experimentally determined % of engineered EVs depicted in Fig. 4a (blue/top x-axis).
Representative images at different concentrations as indicated are shown in the left panels. Scale bars: 20 um or 2 um for the zoom ins (a) and 10

um (b)
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or secreted non-vesicular components. In addition, we
used widely established neutralising antibodies against
either ACE2 or Spike protein (Fig. 6¢) as well as WHO
standard patient sera (Supplementary Fig. 6b) to bench-
mark the potency of the antiviral EVs quantitatively.
Pseudovirus was generated in HEK293T/17 cells [13]
by transfection with three different vectors contain-
ing a lentiviral packaging construct, a firefly luciferase
reporter construct, as well as either of the different
SARS-COV Spike protein variants. To cover the major
viral clades, we tested the Spike protein variants of
D614G, the first variant that emerged in Italy in Febru-
ary 2020, BA.1Omicron as the last emerging variant at
the time of this study as well as the SARS-CoV-1 Spike
protein. Levels of PV uptake were measured as relative
light units (RLU) of luciferase within the cells after 48 h
of cell/virus co-incubation with the virus. RLUs with and
without virus are indicated in grey (+ SD). As expected,
in ACE2/TMPRSS2 expressing cells, the addition of all
pseudovirus variants resulted in a> 1000-fold increase
in RLUs (Fig. 6a and b and Supplementary Fig. 6a; upper
panels). Consistent with the previously demonstrated
general dependence of all SARS-CoV-2 variants on ACE2
receptor binding, no significant luciferase reporter sig-
nal was obtained after pseudovirus addition to ACE2-/
T2- cells (Fig. 6a and b and Supplementary Fig. 6a lower
panels). PV infection was inhibited in a dose dependent
manner by neutralising antibodies (Fig. 6c). The ACE2
mAb showed comparable inhibitory potency against all 3
tested SARS-CoV PV variants with highly similar IC50ies
ranging from 0.11- 0.17 pg/mL of added antibody. In con-
trast, neutralisation with the S-protein antibody resulted
in ca 40-fold lower potency for Omicron as compared to
D614G or SARS-CoV-1 PV, consistent with an altered
antibody binding efficiency to different Spike variants.
Antiviral activity of the engineered EVs was tested by
co-incubation of the pseudovirus in presence of the EVs
at different concentrations ranging from 1x 10% to 1x
10" particles per mL as determined by NTA. ACE2-
tGFP EVs showed a strong, concentration-dependent

(See figure on next page.)
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inhibition of PV uptake (Fig. 6a) for all tested vari-
ants (SARS-COV-2: D614G BA.1 Omicron; and
SARS-COV-1) with ICies in the range of 2x 10°—2
% 10'% particles per mL. Using the single vesicle data
in Fig. 4b, we corrected these numbers for the frac-
tion of engineered EVs over all particles (as detected
based on Cy5-NHS labelling) and converted them
additionally into molar concentrations, resulting in
ICyjies ranging from 0.7 pM to 4.7 pM of ACE2-tGFP
positive EVs (Table 2). In contrast, no inhibition of
the pseudovirus was observed for Spike-protein deco-
rated EVs, which even resulted in a small but signifi-
cant increase of luciferase reporter signal for all tested
variants (Fig. 6b). This is not due to a photophysical
artefact of GFP fluorescence contributing to the lumi-
nescence, since control experiments with addition of
S-GFP, EVs without any pseudovirus did not result in
an increased luciferase signal (Supplementary Fig. 6c¢).
An alternative explanation might be that binding of the
Spike protein to ACE2 receptors might induce second-
ary effects in the cells, priming them for enhanced PV
uptake. We therefore additionally tested pseudovirus
infection after pre-treatment of the cells with S-GFP,
EVs for 1 h and removal of the EVs prior to pseudovirus
addition, rather than co-incubation. Under these con-
ditions, we observed no increase in luciferase reporter
signal (Supplementary Fig. 6d). Together this indicates
that S-GFP, EVs directly enhance, rather than inhibit
SARS-CoV-2 pseudovirus uptake in this reporter assay
system. No effect was detected for native HEK293T
EVs as well as EV-depleted matched samples for all
constructs.

Together, these data revealed that engineered decoy
(ACE2-) EVs are between 1000-40000-fold more
potent in SARS-CoV cell entry inhibition when com-
paring molarities of vesicles with molarities of free
antibody (Table 2). This high potency as compared to
free antibody, is likely explained by an increased avidity
due to multiple ACE2 receptors per particle, which can
therefore bind multiple viruses at the same time.

Fig. 6 Antiviral activity of EVs tested with the pseudovirus (PV) assay. Assay performed on CHO ACE2 +/T2 +cells or on CHO ACE2 -/T2- cells

using PV engineered to display different Spike protein mutants (SARS-COV-2: D614G, BA.1 Omicron; SARS-COV-1). Cells were treated with native
EVs (Supplementary material; grey), Spike EVs (b; blue) or ACE2-EVs (a; red) or their corresponding EV depleted conditioned media (bright red,
blue and grey). Cells without PV treatment (no virus) or with PV treatment alone (+ virus) + SD are indicated in grey. Mean RLU of >3 independent
measurements are shown for different EV concentrations at constant PV concentrations. ICs is determined by sigmoidal curve fitting with bottom
and top constrained for values obtained by cells with and without virus controls. (¢) CHO ACE2 +/T2 + cells, treated with PVs engineered to display
different Spike protein mutants (D614G, BA.1T Omicron SARS 2, SARST COV1) with and without an ACE2 monoclonal antibody #105 and a S-Protein
Receptor binding domain (RBD) monoclonal antibody. The antibody was used at different concentrations as indicated and ICy, is determined

by sigmoidal curve fitting with bottom and top constrained for values obtained by cells with and without virus controls
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Table 2 Comparison of all ICs, values determined from PV experiments illustrated in Figure 6 with normalized EV concentration

D614G BA1 Omicron SARS COV1
IC50 [p/ml] or ACE2 positive ey 150 ACE2 positive e 150 ACE2 positive ey
(ug/mL] I1C50 [pM] particles [%] corrected| [p/ml] or [IC50 [pM] particles [%] corrected| [p/ml] or [IC50 [pM] particles [%] corrected
6 3

% [pM] | [ug/mL] [pM] | [ug/mL] [pM]

ACE2 - tGFP
EVs Evs 1.57 £ 0.3E+10 26,07 18 4,69 2,34E+09 | 3,762058 18 0,68 8,19E+09 13,6 18 2,45
S- GFP, Evs n.a. 5 n.a. n.a. 5 n.a. n.a. B} n.a.
ACE2 antibody 0,15 1014 1014 0,17 1100 1100 0,11 747 747

ANTIBODIES i
Spike RBD 0,12 780 780 423 | 28210 28210 | 0,14 947 947
antibody

Inhibition of viral replication by engineered EVs

in infection models with native SARS-CoV-2 virus

Given that pseudovirus assays predominantly model the
cell entry step and not the entire viral replication cycle
or cellular responses to the infection, we next tested the
potential of engineered EVs to inhibit SARS-CoV-2 rep-
lication using a plaque assay. Vero cells were infected
using a total of 50pfu per wellof the native SARS-CoV-2
D614G virus in the presence or absence of engineered
or native EVs at two different concentrations. One-hour
post-infection, the medium was replaced and, cells were
overlaid with methylcellulose to allow plaque formation
directly in transfected Vero cells. Consistent with the
pseudovirus data, a dose dependent reduction of plaque
formation was observed when the virus was incubated
with ACE2-EVs (Fig. 7a middle panel). In contrast, native
HEK293T EVs and the EV-depleted soluble fraction
(Fig. 7a white bars and left panel) did not affect viral rep-
lication. Interestingly, unlike in the pseudovirus assay, the
S-GFPg, engineered vesicles also significantly inhibited
replication of the native virus (Fig. 7a, right panel).

To test the antiviral effects over time, Calu-3 cells
were infected with the SARS-CoV-2 D614G variant
in the presence or absence of the different EVs for 1 h.
The kinetics of viral replication was then determined
by measuring viral titres in the supernatant harvested
every 24 h up to 6 days post- infection via plaque titra-
tion in Vero cells. As shown in Fig. 7b, treatment with the
ACE2-tGFP EV reduced viral titres by approximately two
orders of magnitude (log;,) at 24 h post-infection, with
this reduction maintained throughout the culture dura-
tion. S-GFPg, EVs also effectively inhibited viral repli-
cation in Calu-3 cells, albeit again with lower efficiency
than ACE2-tGFP EVs. As in the other models, the EV
depleted soluble fraction again did not show any effect on
viral load (Supplementary Fig. 7a).

To validate the efficacy under conditions closer to
the physiological context, a 3D-model incorporating
primary human bronchial epithelial cells (HBEC) and
human nasal epithelial cells (HNEC) was employed
to assess the inhibitory effects of the engineered EVs
on SARS-CoV-2 replication (Fig. 7c). As shown in
Fig. 7d, SARS-CoV-2 production after infection via

the epithelial apical surface increased sharply, from 4.5
log,, PFU/ml at 24 h to 7.5 log;, PFU/ml at 72 h post-
infection. Treatment of HBEC with the virus in the
presence of ACE2-tGFP EVs decreased viral produc-
tion approximately 100 fold to 2.5 log;, PFU/ml after
initial 24 h post-infection at the dose of 10*'/ml EVs,
whereas S-GFP,, EV treatment at matched concentra-
tions reduced the viral titres to approximately 4 log,,
PFU/ml at 24 h post-infection. Similar results were
obtained for the nasal epithelial model (HNEC, Fig. 7d,
right panel). Again, no effect was observed upon addi-
tion of EV depleted conditioned medium (SolF; Sup-
plementary Fig. 7b). Interestingly, while the engineered
EVs showed a strong reduction of viral numbers at
onset (~ 100 fold) for all 3 tested models (Fig. 7b,d), the
viral replication progressed delayed but at similar slope
in the Calu3 and Nasal epithelium. This is consistent
with an inhibition of the initial infection and indicates
that there is no relevant contribution of secondary cel-
lular responses to the engineered EVs in these models.
Interestingly, in the bronchial epithelium model, viral
replication is further slowed down throughout the
monitoring time post infection together with ACE2
EVs, despite both viral and vesicles have been removed
after the one-hour infection (Fig. 7d, left panel). A ther-
apeutic effect will therefore be most effective at initial
stage of infection, when viral loads are still low or can
be achieved through repeated dosing, as compared to
viral particles, EVs do not replicate and are therefore
not able to outcompete high viral loads over time.
These results were confirmed by immunofluorescence
analysis of the HBEC stained with anti-nucleocapsid and
anti-Spike Abs (Fig. 8). The antiviral stainings were prom-
inently detectable both in HBECs treated solely with the
virus and those co-treated with native EVs (Fig. 8, upper
panels). Notably, infected cultures treated with ACE2-
tGFP EVs exhibited no nucleocapsid and Spike anti-
gens, suggesting an inhibition at the level of viral entry.
Consistent with results from the plaque forming assay,
treatment with S-GFPg, EVs also reduced viral antigen
detection albeit at lesser extent compared to ACE2-tGFP
EVs, as illustrated by the presence of a limited number of
virus positive cells which were however well below the
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Fig. 7 Antiviral activity of native virus in different models. a Virus induced plagque formation in Vero cells after 1 h post-infection. The virus

was either introduced alone (dashed line with grey error bars) or in combination with EV-depleted medium (SolF) as compared to the matched
isolated EVs. b Calu-3 cells were infected with the virus in the presence or absence of EVs as indicated, for 1 h. Cell supernatant was collected 1,2,3
and 6 days post infection and virus titre was determined by a plaque-forming assay in Vero cells. ¢ Cartoon illustrating the assay principle. Primary
human bronchial epithelial cells (HBEC) from lung explants or human nasal epithelial cells (HNEC) were cultivated in a transwell air-liquid interface
(ALI). These cells were apically infected with the virus in presence or absence of EVs. At different timepoints post-infection, 100 pl of saline solution
was added apically to collected the virus for subsequent plague assay determination of virus titres in Vero cells. Plague forming units (PFU)/ml

for the different engineered EVs are shown in d. Statistics: *, **, *** and ****indicate a p value of <0.1, <0.01, <0.001 and <0.0001 respectively,

as calculate in a two way ANOVA test with multiple comparisons using the Dunnett correction

frequency than the infected untreated control (Fig. 8,
bottom panel).

As variants with increased affinity to ACE2 and
increased stability have emerged during the ongo-
ing spread of SARS-CoV-2 over the past years, we
investigated whether ACE2-tGFP EVs were still active
against major VoCs and whether the S-GFP,, EVs
exposing the Wuhan Spike remained active against the
VoCs with mutated Spike proteins. ACE2-tGFP EVs
maintained their anti-viral activity against the vari-
ants that emerged from February 2020 to November
2021 (D614G, Alpha, Beta, Gamma, Delta; Fig. 9a). A
significant antiviral activity across these variants was
also maintained with the treatment of infected Calu-3
cells with the S-GFP,, EVs. Surprisingly, however,
ACE2-tGFP EV treatment proved entirely ineffective

against the infection of Calu-3 cells with the Omicron
BA.1 variant (Fig. 9a, bottom left panel). Instead, we
observed a small but significant enhancement of viral
replication at the dose of 10''/ml ACE2-tGFP EVs.
Interestingly no such loss of activity was observed for
the ACE2 EVs in the PV assay (Fig. 6a, middle panel).
In contrast to the ACE2-EVs, S-GFP, EVs maintained
activity against Omicron BA.1. When challenged with
SARS-CoV-1, as expected, the Wuhan Spike exposed
on the EVs did not effectively compete, at least at the
low percentage of S-positive EVs and decoration stoi-
chiometries resulting from current engineering strat-
egies. These results were corroborated in the model
using airway epithelial cells from bronchial and nasal
explants. Once more, only Spike EVs, but not ACE2 EVs
showed significant inhibition of Omicron replication
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Fig. 8 ICC characterisation on bronchial explants treated with different EVs and virus. Representative immunofluorescence images of the bronchial
3D culture model as illustrated in Fig. 7c. Blue: DAPI; Green: J2 anti-dsRNA; Red (left panel): anti- SARS-CoV2-nucleocapsid protein; Red (right
panel): anti-SARS-CoV-2 Spike protein; Purple: anti-acetylated tubulin (Cilia). Scale bars: 250 pm for the overview images, 50 um for the zoom ins

of the merged images and 10 um for the xz-projections

(Fig. 9b and Supplementary Fig. 8a). Representative
images from immunofluorescence of Omicron BA.1
infected HBEC cultures with different EV treatments
against viral nucleocapsid and dsRNA are shown in
Fig. 9c and Supplementary Fig. 8b, reaffirming the data
from the plaque formation assay.

Since this drastic difference between the effect of
ACE2-EVs on Omicron as compared to earlier variants

was unexpected, we finally investigated whether the
repeatedly reported escape of Omicron to alterna-
tive cell entry routes [33, 50] might play a role. Since
Omicron can additionally switch to a TMPRSS2 inde-
pendent, endosomal uptake route utilizing Cathepsin
L for cleavage of the S1 subunit to mediate membrane
fusion, we first tested whether this was also the case in
our model. Calu-3 cells were treated for one hour with
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Camostat or E64D at 10 uM and 100 uM followed by
exposure to the D614G or Omicron variants of SARS-
CoV-2 for another hour, and viral infectivity was meas-
ured 72 h later based on Plaque formation in Vero cells
(Fig. 10a and Supplementary Fig. 9c). Consistent with
previous reports, also in our Calu-3 model D614G was
efficiently inhibited by the TMPRSS2 inhibitor Camo-
stat but not susceptible to E64D treatment, indicat-
ing that Cathepsin proteases play no relevant role for
its entry under these conditions. Tested side by side,
within the same experiments we observed that also
Omicron was strongly inhibited by Camostat, although
full inhibition required higher concentrations of the
compound than for inhibition of D614G. Largely con-
sistent with previous studies [33, 50], we also observed
some inhibition of Omicron by the Cathepsin inhibitor
E64D which- although statistically significant- showed
only ~25% inhibition at 100 puM in our model, thereby
revealing that under these conditions Omicron can
use alternative proteases for cell entry, but indicates
that TMPRSS2 remains essential for effective infec-
tion. ACE2-EVs again inhibited D614G strongly and
did not show any additive effect in combination with
Camostat, which was expected given that they should
hit the same pathway. E64D did not change the inhibi-
tory effect of the ACE2-EVs on D614G, indicating that
the vesicles do not alter the cell entry route of this viral
strain (Fig. 10a, left panel). In contrast, for Omicron we
again observed that ACE2-EVs did not inhibit, but even
slightly -yet significantly- increased infectivity. Interest-
ingly, in combination with the inhibitors we observed
two effects for ACE2-EVs on Omicron: The increase
of infectivity mediated by the vesicles was inhibited by
E64D, supporting that the previously raised concept
that EVs can serve as “Trojan horses’ for viruses, shut-
tling them into endosomes [53]. After 10 pM Camostat
treatment, the same trend of a small increase of viral
infectivity in presence of the ACE2 EVs was observed
as without inhibitor, however the difference was not
significant. Interestingly however, the overall uptake of
Omicron in presence of ACE2-EVs remained strongly

(See figure on next page.)
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susceptible to Camostat with a smaller effect of E64D.
This demonstrates that the bulk entry (> 99%) of Omi-
cron in presence of ACE2-EVs remained TMPRSS2
dependent, thereby indicating that the ACE2-EVs —
despite shuttling additional viral particles into the cells
— do not entirely switch their overall protease usage
and thereby preferred cell entry route.

Discussion

The converging biology between viruses and extracellular
vesicles has raised interest in their application as antiviral
agents or vaccines. The possibility to expose membrane
proteins in their native conformation, together with avid-
ity and entropy-based gains in binding affinity may allow
to generate highly potent inhibitors of virus-receptor
binding. In addition, the similar physicochemical proper-
ties of EVs and viruses highlight the potential for similar
in vivo targeting. In this study, we directly compare, for
the first time, two strategies aimed at inhibition of SARS-
CoV entry into target cells by using EVs exposing either
the ACE2 receptor or the Spike protein of the Wuhan
first viral isolate on their surface. The vesicles were char-
acterised systematically and quantitatively down to the
single-vesicle level using a wide array of biochemical and
imaging-based techniques. Both types of engineered EVs,
designed to either act as decoy or compete with the virus,
were then directly compared for inhibition of all major
viral variants using a combination of relevant models,
including a pseudovirus assay as well as infection with
the live virus in cell lines and primary human bronchial
and nasal explant models.

Related studies have primarily relied on bulk charac-
terisation of the engineered EVs such as detection of
S-protein or ACE2 by western blotting within the EV
samples [8, 27, 65]. However, it is now understood that
the majority of EV isolation protocols tend to co-purify
non-vesicular components, thereby complicating the
interpretation of these ensemble averaging data [65,
68]. Direct evidence, quantification and characterisation
of bona fide Spike- or ACE2 decorated EV populations
at the single vesicle level is thus still very limited. Our

Fig. 9 Effect of antiviral EVs on different SARS-CoV-2 variants in cellular and bronchial explant models. a Calu-3 cells were infected with different
SARS-CoV-2 virus variants emerging from 2020- 2022 (D614G, Alpha, Beta, Gamma, Delta, Omicron) or SARS-CoV-1 in the presence or absence

of EVs as indicated. EV depleted soluble Fraction (dashed bars) from the different EV preparations isolated during UF were used as control. White:
virus only; Grey: native EVs; Blue: S — GFPSp EVs; Red: ACE2 — tGFP EVs. Cell supernatant was collected 72 h after the 1 h virus/EV treatment and virus
titre were determined in a plaque forming assay in Vero cells. b Inhibition of SARS-CoV-2 Omicron replication in the human bronchial and nasal
explant model described in Fig. 5¢. ¢ Immunofluorescence of Omicron infected HBECs for the different treatments with and without EVs at 72 h
post-infection. Blue: DAPI; Green: J2 anti-dsRNA; Red (left panel): anti- SARS-CoV2-nucleocapsid protein; Red (right panel): anti-SARS-CoV-2 Spike
protein; Purple: anti-acetylated tubulin (Cilia). Scale bars: 250 um for the overview images, 50 pm for the zoom ins of the merged images and 10
um for the xz-projections. Statistics: *, **, *** and ****indicate a p value of <0.1, <0.01, <0.001 and <0.0001 respectively, as calculate in a two-way

ANOVA test with multiple comparisons using the Dunnett correction
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data show that upon transient overexpression of both,
Spike- as well as ACE2- fluorescent protein reporters
within HEK293T cells, there is indeed a small fraction of
free Spike-protein as well as ACE2 protein secreted that
does not co-fractionate with EVs. Therefore, caution is
required when drawing conclusions about the mere pres-
ence of secreted proteins within EV samples on the pres-
ence and levels of engineered EVs.

Using quantitative single vesicle imaging and the
EVAnalyzer plugin [48], we further provide direct evi-
dence that the majority of secreted Spike protein and
ACE?2 is indeed derived from EVs decorated with these
proteins. For S-GFPg, EVs, we were additionally able to
confirm the Spike protein accessibility to antibodies in
the serum of COVID-19 patients, even within the com-
plex and protein rich environment in serum, thereby
ruling out shielding by a potential protein corona being
formed. Interestingly, both types of engineered EVs rep-
resented only a minor fraction of the total EV popula-
tion. In particular, the Spike-positive EVs did not exceed
yields of 5%, whereas ACE2 EVs reached up to 20% of all
detected EVs. These vesicles were predominantly posi-
tive for CD9 as well as CD81, indicating that they pri-
marily derive from the plasma membrane, with only a
smaller contribution of CD63 positive, multivesicular
body derived exosomes. While this is consistent with the
intrinsic plasma membrane localisation of ACE2, the low
yields of CD63 positive Spike EVs is surprising, since the
S-GFPg, fusion protein localised not only to the plasma
membrane but additionally also to MVBs and other intra-
cellular compartments. Interestingly and in line with this
result, a recent proteomics study has demonstrated that
upon overexpression of S-GFP,, the overall population
of released EVs was characterised by unchanged relative
levels of CD9 and CD81 but lower amounts of CD63 as
compared to matched EV samples from non-transfected
cells [7]. This indicates that Spike expression might alter
the host cell’s vesicle biogenesis, driving it towards pref-
erential secretion of microvesicles over exosomes. The
same study reported yields of ca 25% Spike-positive EVs
using Nano-flow cytometry; however, this quantification

(See figure on next page.)
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may be biased towards the engineered, fluorescent EVs
which, in flow cytometry, are more sensitively detected
than the scatter-based detection of the total popula-
tion that is subject to a size-based detection threshold.
Also, for our samples, higher fractions of ACE2- as well
as Spike-positive EVs were indeed detected by Nano-
flow cytometry as compared to the single vesicle imag-
ing analysis. In contrast, the latter was purely based on
fluorescence detection for both, engineered and non-
engineered vesicles using either GFP-tagging versus fluo-
rescence labelling of all proteinaceous particles by NHS
chemistry, respectively. Thereby, all vesicles or particles
are detected based on brightness rather than size, which
allows to detect also small vesicles, beyond the ca 40-50
nm thresholds of NTA or flow cytometry. This high-
lights the challenge to directly compare absolute num-
bers from different studies and indicates that the yields
of engineered EVs are indeed in the low percent range. A
previous study aiming at SARS-CoV-1 vaccine develop-
ment have reported increased yields of S-protein deco-
rated EVs when replacing the transmembrane domain
of the SARS-CoV-1 Spike protein with that of VSV-G
[28]. In our study, applying the same engineering strat-
egy to the SARS-CoV-2 S-protein did not result in an
increase of Spike-EVs irrespective of the transmembrane
domain, as assessed by quantitative single vesicle imag-
ing and analytical size exclusion chromatography. How-
ever, the study on SARS-CoV-1 Spike EVs has quantified
yields indirectly via total levels of Spike protein secreted
and co-isolated with EVs by ultracentrifugation rather
than a determination of truly EV associated protein.
Therefore, it cannot be excluded that the higher levels
of secreted chimeric Spike-VSV-G protein reported in
[28] could reflect both, vesicular but also non-vesicular
contributions, thereby reinforcing the need for single
vesicle analytics. Additionally, also removal of the ERGIC
localisation domain did not increase the yields of S-EVs
despite dramatically altering the subcellular localisation.
We therefore conclude that modulating the subcellular
localisation might not be a straightforward strategy to
enhance Spike protein loading into extracellular vesicles,

Fig. 10 Relevance of TMPRSS2 versus Cathepsin for SARS-CoV-2 variants in presence of ACE2-EVs. a Calu-3 cells were seeded and treated

with Camostat or E64D for one hour at different concentrations followed by exposure to the virus with or without ACE2- tGFP EVs for another

hour. Viral titres were determined after 72 h in the supernatant using a plaque forming assay in Vero cells. Percentages of viral inhibition were
calculated by normalization to the virus treatment alone, bars represent averages + SD from 4 wells, individual values are additionally shown

as single spots (two independent experiments with duplicates each). Non-normalised data with absolute PFU counts are shown in Supplementary
Fig. 9c. Statistics: One-way Anova with Holm-S$ld&k corrected multiple comparison. b Cartoon illustrating the different effects of ACE2-EVs on viral
entry for different SARS-CoV-2 VoCs. ACE2-EVs effectively inhibit viral entry by competition with ACE2 on the cell surface. This inhibition is lost

for Omicron, potentially explained by the lack of bivalent receptor binding and thereby lower stability/higher off rates of the Spike-ACE2 complex
(upper panel). Additionally, Omicron can switch to an alternative entry route via endosomal Cathepsin protease cleavage, which can be additionally

enhanced by the ACE2-EVs (‘Trojan horse’model, bottom panel)
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whereas increasing the total expression levels using e.g.
stable rather than transient overexpression [57] could
provide a simple solution for further investigation.

As anticipated, both types of engineered EVs inhibited
infection with SARS-CoV-2 in various models in a dose
dependent manner and was specific for the EVs display-
ing Spike or ACE2, since no inhibition was observed
for either native EVs or EV depleted medium. Immuno-
histological detection of viral RNA and protein within
bronchial explant models, as well as the kinetics of viral
replication was consistent with an inhibition by both
types of EVs at the stage of viral cell entry. Interestingly
however, comparing the two strategies across differ-
ent SARS-CoV-2 variants of concern up to the Omicron
strain, resulted in several unexpected findings:

First, testing of the same antiviral EVs in the pseu-
dovirus model did not entirely replicate the results
obtained with the live viruses. While EVs carrying the
spike protein were not able to prevent viral uptake, but
even increased infectivity when challenged against
pseudoviruses carrying the D614G, Omicron or SARS-
COV-1 spike, the same spike-EVs reduced infectivity
in all live virus variants of SARS-COV-2. ACE2-EVs on
the other hand showed potent reduction of viral uptake
in all tested pseudovirus variants (D614G, Omicron and
SARS-COV-2) while in the live virus ACE2-EVs were
only potently inhibiting replication of early SARS-COV-2
VOCs (from D614G to Delta) but entirely lacked any
inhibition of Omicron or SARS-COV-1. The pseudovi-
rus assay is a valuable, easy-to-use and robust tool with
simplified readouts (luciferase of GFP) well suited for
quick screens. As it does not reflect the entire viral life
cycle it is primarily designed to monitor the initial step
of viral infection and therefore widely used to quantify
and benchmark potencies of viral entry inhibitors, where
results for neutralising antibodies and sera can be well
translated to the live virus [24]. Therefore also for our
study, we conclude that the benchmarking of ACE2 EV
potency against WHO standards gives a good indication
for future dosing considerations.

However, our results support the importance of addi-
tionally using infection models with live viruses for stud-
ying more complex mechanisms, even though in this
study the antiviral vesicles were originally also designed
to simply target the initial step of viral entry. Addition-
ally to the lack of replication competencies, the pseu-
dovirus also differs in membrane composition, as unlike
SARS-COV-2 viruses, that are formed by incorporation
of the viral proteins at the ER membrane prior to lyso-
somal exocytosis [52], lentiviruses used for the pseu-
dovirus production are derived from membrane budding
[36] resulting in differences like increased infectivity of
the pseudovirus over the live virus [47]. Since our data
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indicate that the conformational dynamics, sterics and
likely also stoichiometries of both spike and ACE2 as
well as the proteases on the three membranes (vesicles,
viral particles and host cell membrane) are crucial for the
inhibition or lack thereof, such differences between pseu-
doviral and viral particles may explain the differential
results.

Second, although the Spike-EVs were engineered with
the initial, less affine variant of the Spike protein from the
Wauhan strain, they generally retained and even increased
their inhibition potency across all SARS-CoV-2 vari-
ants, including those with enhanced affinity to the ACE2
receptor. To assess the relevance of Spike-ACE2 affin-
ity on both infectivity and EV inhibition, we correlated
our data with the dissociation constant (Kd) values for
ACE2 binding by the different Spike variants, as experi-
mentally determined in three different recent publica-
tions ([20, 30, 32]). As shown in Supplementary Fig. 9a
(left panel), cellular infectivity (indicated by the number
of PFU in Calu-3 cells under identical conditions and
MO], data from Fig. 9a) of different SARS-CoV-2 strains
generally increased with increasing affinity/decreas-
ing Kd of the SARS-CoV variants. Assuming a diffusion
limited interaction, and an on-rate of the virus of k,, ~
1x 10e8 M~! s7! in analogy to diffusion rates previ-
ously reported for similarly sized extracellular vesicles
[72], and a Kd ranging from 1 to 30 nM (Supplementary
Fig. 10a), this would result in off rates between k g~ 0.1
s to 3571 With t1/2 =0.693/k,g the half-life of the dif-
ferent S-ACE2 complexes can thus be estimated to range
between ~0.2 to 7 s. Receptor internalisation kinetics is
typically much slower with rate constants on the minute
timescale [45]. A viral particle may therefore bind and
dissociate many times before being internalised, whereas
the longer-lived the virus-receptor complex and conse-
quently the virus residency on the cell surface, the higher
the chance for cell entry. Therefore, it is indeed plausible
that changes in virus — receptor—binding affinities at the
nanomolar Kd scale and thus changes in virus-receptor
complex half-lives at the second scale are directly rel-
evant for the infectivity of the virus, in particular at low
MOL

Counter-intuitively, however, the relative (percent)
inhibition of Wuhan Spike-EVs against SARS-CoV-2
variants increased rather than decreased with the affin-
ity gain of the Spike protein for new VoCs (Supplemen-
tary Fig. 9a). This can most likely be explained by the fact
that EV concentrations were ca 10*~10° times higher
than virus titres (10'°-10" EVs/well or 5x 10°-5 x 10’
S-EVs/well versus an MOI of 1 for 5*10* cells/well). As
illustrated in Supplementary Fig. 9b, due to the massive
excess of EVs over virus, under these conditions the inhi-
bition will be approximating saturation irrespective of
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the relative affinities for all viral variants, and thus result
in similar absolute numbers of residual viral entry for all
VoCs. This consequently results in a higher relative inhi-
bition for high infectivity, and a lower relative inhibition
for lower infectivity of different viral strains.

Third and most importantly, ACE2-EVs, while simi-
larly potent across different VoCs up to the Delta vari-
ant, completely lost their inhibition activity for Omicron
in the primary bronchial and nasal cell model, and even
slightly increased the Omicron virus load in Calu-3 cells
(Fig. 9a and Fig. 10a). Interestingly, it has been described
that Omicron diverges from the previous SARS-CoV-2
variants in bypassing the ACE2 and TMPRSS2 depend-
ent plasma membrane entry through an alternative endo-
cytic route that also depends on ACE2 binding but uses
endosomal proteases such as cathepsin for Spike cleav-
age, membrane fusion and endosomal release [63]. Since
EVs are entering cells themselves though endocytosis
of intact vesicles showing several hallmarks converging
with viral cell entry [21, 56, 67], and since ACE2-EVs are
designed to bind to the virus, it is thus conceivable that
ACE2-EVs can take the bound viruses along as they are
efficiently taken up themselves when exposed to cells—
a concept that has repeatedly been raised for different
viruses as “Irojan horse’ analogy, where viral compo-
nents are either transferred within EVs [1], which has
been also discussed for SARS-CoV-2 [15, 53] or where
virus is dragged along with the EVs [53]. Due to the need
for endosomal protease cleavage to then release the viral
genome, this may result in non-functional cell entry for
strictly TMPRSS2 dependent viruses, whereas such EV
mediated endosomal uptake may provide a viable alter-
native infection route for variants which can utilise
endosomal proteases. As we have observed that ACE2-
EVs can increase infectivity of Omicron but not any of
the other VoCs, our data would support this hypothesis.
However, as this contributes only a minor addition to
the viral cell entry, this does not explain the lack of Omi-
cron inhibition- in particular since Omicron keeps using
ACE2 and TMPRSS2 as major cell entry route in absence
and presence of the ACE2-EVs. The main question that
remains therefore elusive and warrants future investiga-
tion is why cell entry is efficiently inhibited by ACE2-EVs
for all SARS-CoV-2 VoCs except Omicron. One plausible
explanation may be related to the different conforma-
tional dynamics of the Omicron Spike protein compared
to earlier variants. Three Spike protein chains assemble
to form a homo-trimeric protein, but the conformation
of the individual subunits within a trimer differs despite
identical amino acid sequence. Specifically, the ACE2
receptor binding domain (RBD) can adopt a"down'or
an"up”conformation, whereas only the RBD-up subunit is
able to bind the ACE2 receptor. In the apo state, i.e. not
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in complex with ACE2, the spike of Omicron [74] is pre-
dominantly found in the one-RBD-up, two-RBD-down
conformation. This is similar for the other spike variants
such as Beta or Delta which are preferentially in the one-
RBD-up, two-RBD-down or in the three-RBD-down con-
formation in the apo state [4, 71, 73].

A substantial difference is however comprised within
the conformational dynamics upon ACE2 binding.
Alpha, Beta, Gamma and Delta variants all undergo sig-
nificant conformational transitions after ACE2 binding,
resulting either in a two-RBD-up or a three-RBD-up
conformation [76]. By stark contrast, the Omicron Spike
protein preferentially remains in the one-RBD-up, two-
RBD-down conformation even after ACE2 binding. This
conformational difference translates into a dramatic con-
sequence on the dynamics of the interaction. For all vari-
ants except Omicron, the bivalent binding mode upon
synergistic binding of the second RBD subunit within one
Spike trimer potentiates the affinity, directly resulting in
a reduced off-rate. In contrast, for Omicron, the interac-
tion remains monovalent and transient. Since ACE2 on
the vesicles dynamically competes with ACE2 on the host
cell membrane, any viral particle dissociating from an EV
has the chance to rebind either of these ACE2 molecules;
As binding to the cell surface will result in cleavage and
internalization, viral particles are repeatedly removed
from the equilibrium. The higher off-rates of Omicron
Spike from the ACE2 on the vesicles would therefore
less effectively compete with binding to the cell, thereby
explaining why ACE2 EVs are not effective in preventing
viral uptake through its major route (Fig. 10b). Resolving
this mechanism in depth however will require detailed
investigation of the three-dimensional confirmations,
accessibilities, steric properties and dynamics between
ACE?2 on the vesicle, spike on the virus and TMPRSS2 on
the cell surface for the different VOCs.

It has been demonstrated that, in the course of an
infection as well as upon vaccination, both Spike-EVs [2,
3, 15, 44, 54] as well as ACE2-EVs [14, 71, 73], are being
formed. Spike-EVs are secreted either by infected cells or
cells expressing the Spike protein targeted by mRNA vac-
cines, whereas ACE2-EVs secreted from a variety of cells
are generally found in the circulation but elevated after
SARS-CoV-2 infection [14]. Previous studies have dem-
onstrated that Spike-EVs can decoy anti-viral antibodies
[54], and it has been proposed that they can contribute to
secondary viral spreading from infected cells by acting as
Trojan horse for viral RNA [15]—both of which can fuel
the course of the infection. Based on our data, Spike-EVs
may also have an opposing function, potentially com-
peting with the virus and thus potentially dampening
the infection. It is unclear how virus:EV ratios may shift
with viral replication, or whether they remain constant,
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as higher viral load and consequently higher S-protein
expression may lead to increased release of Spike-EVs.
Thus, it is an open question to what extent such auto-
inhibition by competition between S-EVs and viruses
both released from the infected cells may contribute to
the outcome of an infection. Spike-EVs produced after
vaccination could potentially also contribute to both,
anti-viral antibody production by presenting and spread-
ing antigenic viral protein, but also themselves act as
anti-viral competitors. To assess these opposing roles
and their contributions, it remains to be investigated how
long after the initial vaccination or virus exposure such
Spike-EVs may still be present in the circulation, what
their titres are and how they distribute and spread within
the body. ACE2-EVs produced during the SARS-CoV-2
infection on the other hand were primarily reported to
counteract the virus by acting as decoy, which is also in
line with our data. However, our data also reveal that this
may only hold true for variants which are preferentially
cleaved by plasma membrane proteases and that ACE2-
EVs could in fact further promote viral spread of variants
such as Omicron which can use endosomal proteases by
shuttling them into EV-mediated endosomal cell entry.
Likewise, the same consequences need to be considered
when developing antiviral therapeutics based on engi-
neered EVs. Based on our data and in light of current
literature, we conclude that Spike-decorated EVs may
provide a viable therapeutic route across variants of con-
cern, limiting viral infection by both, direct competition
with viral cell entry and potentially additionally contrib-
uting to raising anti-Spike antibodies. Other than antici-
pated, our data showed that the Spike-EV competitors
retain their efficacy even for viral strains with improved
Spike-ACE2 affinity, at least under conditions when EVs
are in excess over viral particles. Therefore, the main
question will be whether sufficient EV exposure can be
achieved within the relevant tissues for effective compe-
tition, in particular at the onset of infection and against
high affinity variants. In addition, it remains to be tested
whether a potential decoy of anti-viral antibodies by the
Spike protein on the EVs may counteract the beneficial
function in the course of the infection. Due the evolu-
tionary pressure for Spike protein to retain or even gain
affinity to the ACE2 receptor, it would have been plausi-
ble to assume that ACE2-EV decoy may provide a strat-
egy that can be applied for all viral variants, and thus an
attractive platform for pandemic preparedness. However,
based on our data, caution needs to be taken since with
convergence between EV and virus cell uptake and traf-
ficking, decoy-EVs may also serve as shuttles for the virus
into alternative uptake routes and thereby enhance rather
than inhibit viral spread.
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Abbreviations

SARS —CoV-2  Severe Acute Respiratory Syndrome Coronavirus 2
COVID-19 Coronavirus Disease 2019
ACE2 Angiotensin Converting Enzyme 2

RBD Receptor Binding Domain

TMPRSS2 Transmembrane Protease Serin 2

mAb monoclonal Antibodies

VoC Variants of Concern

shACE2 soluble human ACE2

EV Extracellular Vesicles

ACE2-EVs Extracellular Vesicles with Angiotensin Converting Enzyme 2
S-EVs Extracellular Vesicles with Spike proteins
GFP Green Fluorescent Protein

n-COV native COV

tGFP turbo Green Fluorescence Protein
GFPsp Green Fluorescent Protein spark

™ Transmembrane

VSV-G Vesicular Stomatitis Virus G-Protein

ERGIC Endoplasmic Reticulum Golgi-Intermediate Compartment
EMEM Eagle’s Minimum Essential Medium

FBS Foetal Bovine Serum

DMEM Dulbecco'’s Modified Eagle’'s Medium

HEK Human Embryonic Kidney

HBEC Human Bronchial Epithelial Cells

ALl Air-Liquid Interface

hNECs human Nasal Epithelial Cells

ACOV2 Elecsys Anti-SARS-CoV-2

ECLIA Electrochemiluminescence Immunoassay
SVNT surrogate Virus Neutralization Test

UF Ultrafiltration

(@Y Conditioned Medium

PBS Phosphate Buffer Saline

NTA Nanoparticle Tracking Analysis

NGS Normal Goat Serum

DAD Diode Array Detector

ONI Oxford Nanoimager

dStorm direct Stochastic optical reconstruction microscopy
APD Avalanche Photodiodes

SSC Side Scatter

FCM Flow Cytometry

NanoFCM High sensitivity Flow Cytometry for Nanoparticle Analysis
PI Post-Infection

MOI Multiplicity Of Infection

BSL-3 Biosafety Level 3

PFU Plague Forming Units

RT Room Temperature

TEM Transmission Electron Microscopy

kd Dissociation constant

cl Confidence Interval

FP Fluorescent Protein

CHO Chinese Hamster Ovary

SolF Soluble Fraction
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