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Abstract

Objectives: Nearly three years into the pandemic,
SARS-CoV-2 infections are occurring in vaccinated and
naturally infected populations. While humoral and cellular
responses in COVID-19 are being characterized, novel
immune biomarkers also being identified. Recently, an
increase in angiotensin-converting enzyme 2 expressing
(aka, ACE2 positive) circulating exosomes (ExoACE2) were
identified in the plasma of COVID-19 patients (El-Shennawy
et al.). In this pilot study,wedescribe amethod to characterize

the exosome-associated microRNA (exo-miRNA) signature in
ACE2-positive and ACE2-negative exosomal populations (non-
ExoACE2).
Methods: We performed a sorting protocol using the
recombinant biotin-conjugated SARS CoV-2 spike protein
containing the receptor binding domain (RBD) on plasma
samples from six patients. Following purification, exo-miRNA
were characterized for ACE2-positive and ACE2-negative
exosome subpopulations by RT-PCR.
Results: We identified differential expression of several
miRNA. Specifically let-7g-5p and hsa-miR-4454+miR-7975
were upregulated, while hsa-miR-208a-3p and has-miR-323-
3p were downregulated in ExoACE2 vs. non-ExoACE2.
Conclusions: The SARS CoV-2 spike-protein guided exosome
isolation permits isolation of ExoACE2 exosomes. Such
purification facilitates detailed characterization of potential
biomarkers (e.g. exo-miRNA) for COVID-19 patients. This
method could be used for future studies to further the
understanding mechanisms of host response against SARS
CoV-2.
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Introduction

Despite the tremendous success of coronavirus disease 2019
(COVID-19) vaccine development, the continuous appear-
ance of rapidly evolving genetic severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) variants makes
paramount the identification of novel minimally invasive
approaches for patient stratification, disease staging, and
treatment regimen design. Indeed, even if COVID-19 disease
moves toward endemicity with a considerable decrease in
the daily average number of deaths, the persistent and
cyclic transmission rate calls for fortified efforts to further
characterize the viral pathogenesis and the related possible
interventions [1].

Recently, El-Shennawy et al. reported an increase
in circulating exosomes expressing ACE2 (ExoACE2) in the
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plasma of COVID-19 patients, highlighting the potential role
of a first-line immune response against viral infection [2].
Indeed, they reported the capability of ExoACE2 to bind the
spike protein of SARS-CoV-2 virions and inhibit pneumocyte
infection, both in vitro and in vivo, in murinemodels [2]. The
authors speculated a direct physical involvement of these
small extracellular vesicles (EVs) in suppressing access
of SARS-CoV-2 to its host cell surface without providing a
molecular explanation for the reported ExoACE2-mediated
inhibition of SARS-CoV-2 infection. To explore potential
mechanisms of inhibition, we examined the miRNA con-
tents (aka, cargo) of ExoACE2 compared with that of non-
ACE2-expressing exosomes (non-ExoACE2) in order to
identify possible new biomarkers for immune response
and clinical course prediction.

Due to their all-pervasive distribution within biofluids,
exosomes are considered one of the most promising
biomarker sources in liquid biopsy innovations [3]. The
combination of their molecular composition and the
diversity of cargos make these endosomal-originated nano-
vehicles complex [4]. In particular, exosomes associated
with pathological alterations could be mined to identify
innovative biomarkers for longitudinal measures during
disease progression [5]. Once released in biological fluids,
exosomes migrate to target cells and, by direct contact, can
release their content into them, thus influencing the cell
target phenotype, metabolism, and intracellular pathways
[6]. This process plays an intriguing role in the progression of
several diseases, such as cancer [7], neurodegenerative dis-
eases [8], and, as recently demonstrated, also in SARS-CoV-2
infection [2]. However, the challenge remaining for
EV-devoted researchers is the characterization of single-cell
exosomes, such as in physiological vs. pathological condi-
tions [9, 10].

Several methods have been described for exosome
purification that include differential centrifugation and
detection of surface molecules such as CD81 and CD63
[11] vs. phage display technology [12, 13]. Of these two
approached, the phage display approach was able to pro-
vide differentialmolecular characterization of the exosome
associatedmiRNA (aka, exo-miRNA) cargo. Exo-miRNAs are
small RNAs detectable through liquid biopsy. Exo-miRNA
influence gene expression and thus playing an essential
role in the pathogenesis of a wide range of diseases
including regulating the immune response against infec-
tious diseases [14, 15]. Because exo-miRNAs are protected
within EVs, they are more resistant to degradation vs.
circulating miRNA [16] and may be more stable as potential
biomarkers.

Previously, we demonstrated that exo-miRNAs repre-
sent a diverse molecular cargo in terms of potential

biomarker resources [17]. In this pilot study, we applied our
biomarker discovery approach to expand upon recent
findings of El-Shennawy et al. [2] by differentially charac-
terizing ExoACE2 and non-ExoACE2 and their respective
exo-miRNA cargo in the context of SARS CoV-2 infection.

Materials and methods

Sample collection

Serum samples were collected from six COVID-19 patients in the acute
phase of the disease (within 7 days following exposure). All patients
were referred to the Infectious and Tropical Disease Unit of Magna
Graecia University of Catanzaro, Italy. The research related to human
use complied with all the relevant national regulations, institutional
policies and was in accordance with the tenets of the Helsinki Decla-
ration (revised in 2008) (World Medical 2013), and was approved by the
authors’ Ethical Committee (no.COVID19@UMG POR Calabria-FESR/FSE
2014–2020 D.D.R.C. n. 4584 del 4/5/2021-Azione 10.5.12). Informed consent
was obtained from all individuals included in this study.

Purification of total exosomes from patients’ serum

Exosomes were size exclusion-isolated from 500 μL of serum using
qEVoriginal/35 nm columns (Izon, Izon Science Ltd.) according to the
manufacturer’s protocol. The size distribution and concentration of EV
particleswere evaluatedusing the tunable resistive pulse sensing (TRPS)
method (qNano, Izon Science Ltd.) and an NP100 nanopore membrane
with 47.5 mm stretch. All measurements were calibrated using 110 nm
polystyrene calibration beads appropriately diluted (CPC 100, Izon Sci-
ence Ltd.) in the same measurement conditions. Sample analysis was
carried out using Izon Control Suite software v3.3 (Izon Science, UK).

Physical characterization of purified exosomes

Dynamic light scattering and zeta potential were determined with a
Nano ZS 90 (Malvern Instruments), allowing the analysis of particles
within the range of 1 nm–3 μm. For morphological investigation,
COVID-related exosomes were fixed with 4% paraformaldehyde (PFA)
for 5 min and one drop (10 μL) of them was placed on a 400-mesh
perforated film grid for 10 min. After washing with PBS, COVID-related
exosomes were stained with 1% uranyl acetate for 2 min. Then, the
sample was washed with PBS and finally observed with a Tecnai G2
(FEI) transmission electron microscope (TEM) operating at 100 kV.
Images were captured with a Veleta digital camera (Olympus Soft
Imaging System).

Isolation and validation of ExoACE2s from COVID-19
patients’ serum

To verify the expression of ACE2 receptor by the previously purified
exosomes, we first performed flow cytometry analysis (BD FACSCanto
II) using an CD63 Exo-Flow capture kit (System Biosciences – SBI, Palo
Alto, California, USA) following the manufacturers’ instructions and as
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previously reported [12]. Briefly, the CD63-conjugated beads were
firstly incubated overnight (O.N.) with the previously isolated exo-
somes and secondly labeled with anti-ACE2 (Miltenyi Biotec, Bergisch
Gladbach, Germany) (Figure 1A).

The exosome sorting protocol was performed using recombinant
biotin-conjugated RBD spike viral protein (Sino Biological Europe
GmbH, Eschborn, Germany) in combinationwith streptavidin-conjugated
beads (Thermo Fisher, Waltham, Massachusetts, USA) following the
manufacturers’ instructions. Briefly, 100 μL of streptavidin-conjugated
beadswasmixedwith 0.4 μg of the recombinant biotin-conjugated RBD
spike viral protein and incubated for 1 h at room temperature. Tubes
were placed on a magnet for 1 min, the supernatant was removed, and
beads were washed with 1 mL of the supplied washing buffer. The
conjugated beads were added to the previously isolated serum-
released exosomes and incubated O.N. at 4 °C. The following day, tubes
were placed on the magnet for 1 min and the supernatants containing
the unbound exosomes were recovered as non-ExoACE2 samples
(Figure 1B). To assess the validity of the sorting protocol, a small
amount of non-ExoACE2 samples (100 μL) was tested for the expression

of ACE2 using a CD63 Exo-Flow capture kit and an ACE2 antibody as
detailed above (Figure 1C).

NanoString sample preparation and data analysis

For the nCounter flex of NanoString Technology, 50 ng of RNA/miRNA
was used as input. Firstly, total miRNAs were extracted from exosomes
using an exoRNeasy kit purchased from Qiagen (Hilden, Germany)
according to the manufacturer’s instructions. In detail, the annealing
master mix was prepared by combining 13 μL of annealing buffer, 26 μL
of nCounter miRNA tag reagent, and 6.5 μL of the 1: 500 miRNA assay
controls dilution prepared as follows: 1 μL of miRNA assay controls and
499 μL of nuclease-free water. An aliquot of 3.5 μL of the annealing
master mix was placed into each tube of a 0.2 mL strip tube plus 3 μL of
RNA sample. The samples underwent the following thermal cycler
conditions: 94 °C for 1min, 65 °C for 2min, 45 °C for 10min. Following the
finishing point of the annealing protocol, when the thermal cycler had
reached 48 °C, 2.5 μL of the ligation master mix was added to each tube.

Figure 1: Workflow of the exosome sorting protocol. Graphical representation of the exosome sorting protocol. (A) Total exosomal population was
tested for the expression of ACE2 before sorting. First, the streptavidin-conjugated beads (black circle) were coated with CD63 (purple drop) conjugated
with biotin (orange circle). After 1 h of incubation and unbound washing, total exosomes were added and incubated overnight. CD63-positive exosomes
were labeled with PE-conjugated anti-ACE2 and visualized by flow cytometry. A representative flow cytometry plot (pre-sorting) shows about 18% of ACE2
expressing exosomes of the total exosome population in the rectangular gate. (B) Exosomes were sorted using as bait the recombinant RBD spike viral
protein. First, the streptavidin-conjugated beads (black circle) were coated with the recombinant RBD spike viral protein (blue drop) conjugated with
biotin (orange circle). After 1 h of incubation, total exosomes representing ACE2-expressing exosomes (violet circle) and exosomes not expressing ACE2
(green circle) were added and incubated overnight (O.N.). After three cycles of washing, the two populations, unbound exosomes (exosomes not
expressing ACE2, green) and bound exosomes (ExoACE2, violet), were separately recovered using a magnet and processed for RNA extraction and
NanoString analysis. (C) A small amount of exosome preparations not expressing ACE2 (green circles) were analyzed by flow cytometry for the expression
of CD63 and ACE2 using the same protocol as for plot A. Representative flow cytometry plot (post-sorting) shows the absence of ExoACE2 in the
rectangular gate and the validity of the sorting protocol.
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The ligation master mix was prepared by combining 22.5 μL of
polyethylene glycol and 15 μL of ligation buffer to obtain a 15× solution.
The stripwas then flicked and spun down gently. The stripwas returned
to the 48 °C thermal cycler with the lid closed and incubated at 48 °C for
5 min. Maintaining the temperature at 48 °C is critical for optimal assay
performance. Then 1 μL of ligase was added directly to the bottom of
each tube to be sure that all samples received it having a dilution of 1:10.
There is no need to mix. Immediately after the addition of ligase to the
last tube, the tubeswere recapped, and the thermal cycler lidwas closed.
The ligation protocol was started to have a species-specific tag sequence
(miRtag) via a thermally controlled splinted ligation at 48 °C for 3 min,
47 °C for 3 min, 46 °C for 3 min, 45 °C for 5 min, and at 65 °C for 10 min.
After finishing the ligation protocol, the unligated miRtags were
removed by enzymatic purification by adding 1 μL of ligation clean-up
enzyme to each tube to initiate the purification protocol with the
following thermal cycler conditions: 37 °C for 60 min and 70 °C for
10 min. Then, the strip was removed from the heat block, and 40 μL of
nuclease-free water was added to each sample, mixed well, and spun
down.

Then, miR-tagged mature miRNAs were hybridized with a
nCounter Human (V3) miRNA Expression Assay CodeSet following the
manufacturer’s instruction (code CSO-MIR3-12). The hybridization
mastermixwas prepared by adding 130 μL of hybridization buffer to the
tube containing 130 μL of reporter CodeSet. Then 20 μL of hybridization
master mix was added to each tube of the strip containing the sample
that was previously denatured at 85 °C for 5 min and then quick-cooled
on ice. The addition of 5 μL of Capture ProbeSetwas performedwhen the
thermal cycler reached 65 °C to increase the assay’s sensitivity. The
hybridization reaction was performed for 36 h. The unhybridized
CodeSet was removed by automated purification performed with a
nCounter Prep Station to determine whether the remaining target
probes’ complexes were transferred and bound to an imaging surface.
Counts of the reporter probes were tabulated for each sample using a
nCounter Digital Analyzer. Each sample was scanned for 555 fields of
view (FOV). The raw data output was imported into nSolver™ (https://
www.nanostring.com/products/analysis-software/nsolver). Data were
normalized by the first top 100 miRs, and statistical analysis was
done according to the software instructions (https://doi.org/10.1093/
bioinformatics/bts188). Then Excel normalized table data were
exported, and t-test and logarithms were calculated to build the vol-
cano plot. The volcano plot was created using GraphPad 8.0. It displays
an unstandardized signal (log2 fold change) against a noise-adjusted/
standardized signal (−log10 (p-value) from the t-test). The adjusted
p-value was performed following the Benjamini–Hochberg (BH) pro-
cedure. The 95% confidence interval (CI) with upper and lower values
was also calculated using the data analysis function in Excel.

Results

Starting from the serum of six patients in the acute phase of
the disease Table 1 we used the recombinant RBD spike viral
protein to purify the ExoACE2.

The workflow of the protocol for exosome sorting is
represented in Figure 1. EVs presented a spherical shape
with a diameter of approximately 50–120 nm and revealed
the presence of the lipid bilayer. The physical analysis
confirmed, therefore, that almost all the nanoparticles

isolated from our patients can be referred to as “small EVs”
according to the MISEV2018 criteria [18] (Figure 2A and B).
Following sorting, both populations (ExoACE2 and non-
ExoACE2) were recovered. The reliability of our ExoACE2
sorting protocol was confirmed by flow cytometry, demon-
strating the complete spike protein-dependent ACE2 deple-
tion in the exosomal samples (Figure 3).

The differentially sorted EVs were processed for nucleic
acid purification, and the resulting miRNAs were analyzed
using an nCounter miRNA Expression kit. Interestingly,
unsupervised hierarchical clustering showed that the exo-
somes sorted for their affinity to the RBD spike viral protein
showed an independent exosome-derived miRNA profile.
Among 800 miRNAs present in the commercially available
panel nCounter miRNA-V3 screening the most biologically
relevant miRNAs (updated to miRBase 22), in ExoACE2, we
identified four deregulated exo-miRNAs with respect to the
EVs not expressing ACE2, as reported in Table 2. In particular,
let-7g-5p and hsa-miR-4454+miR-7975 were upregulated,
while hsa-miR-208a-3p and has-miR-323-3p were down-
regulated in ExoACE2 vs. non ACE2 expressing exosomes
(Figure 4).

Discussion

It has been demonstrated that miRNAs of the let-7 family act
as immune response modulators and influence CD8-positive
T-cell activation [19]. Moreover, two published works indi-
cate that circulating let-7g-5p is associated with a better
prognosis in COVID-19 disease and can interact with the
SARS-CoV-2 genome and negatively influence replication
and infection [20, 21]. Another miRNA of the let7 family, has-
let7b-5p, has recently been observed to be deregulated in
nasopharyngeal swabs from COVID-19 patients; it modulates
the expression of ACE2 and DPP4, enforcing the hypothesis
of an essential role of these miRNAs in SARS-CoV-2 infection
[22]. Interestingly, hsa-miR-208a-3p has been described to be
associatedwithmyocyte injuries, so it could be a predictor of
heart damage in COVID survivors [23].

While future studies are needed, with the presented
data, we speculate the ability of ExoACE2 to influence the
miRNA-driven immune response against SARS-CoV-2 infec-
tion. Although the active role of EVs in the most various
pathological states is not well investigated, exosomes would
seem to polarize the signals related to the immune system in
a virus-neutralizing way, as indicated by the activation of
CD8-positive T cells by the miRNA let-7g-5p contained in the
ExoACE2 cargo [24].

These new shreds of evidence show a promising and
novel use of exosomes as biomarker sources and immune
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interactors, with an active role in virus neutralization. In
this scenario, our validated method for exosome subpop-
ulation isolation, trapping, and characterization offers a
promising future platform that can be used in the context
of other infectious diseases. In addition, validation of the
identified deregulated miRNAs could be adopted in a more
representative cohort of subjects, including both vacci-
nated and unvaccinated patients, as well as responders and
non-responders. Such evidence could be of help in the

development of liquid biopsy tests devoted to the effective
monitoring of immune response in the course of the
infection and could open up crucial advances in terms of
patient-specific and timely appropriate booster vaccination
programs.
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Figure 2: Physical andmolecular characterization of isolated ACE2-expressing exosomes. The isolated nanoparticles were physically characterized using
dynamic light scattering (Zetasizer Nano S, Malvern Instruments) (A) and transmission electron microscopy (scale bar=100 nm; insert shows a higher-
magnification image) (B). Both analyses confirmed that all isolated vesicles can be referred to as “small EVs”, according to the MISEV2018 criteria [18].

Figure 3: Representative image of flow cytometry analysis of isolated exosomes pre- and post-RBD spike-based sorting. Comparing the two plots, it is
possible to appreciate the complete depletion of ACE2-expressing exosomes after sorting (from 18.6 to 0.48%).
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Table : Clinical data of enrolled patients.

Characteristic Patient  Patient  Patient  Patient  Patient  Patient 

Gender Female Male Female Female Male Female
Age, years      

Body mass index, kg/m
. . . . . .

Cerebral ischemia history No No Yes No Yes No
Chronic obstructive pulmonary disease No No Yes Yes No No
Autoimmune diseases No No No No No Yes
Diabetes No No No No No Yes
Chronic kidney diseases Yes No No No No No
Hypertension No No No No Yes Yes
Diagnostics Polymerase chain reaction (PCR)

Table : Exo-miRNA name, fold change (FC)a, p-values, and % confidence interval (CI) values are provided.

Exo-miRNA FCa p-Value (t-test) p-adju (BH) ACE+ % CI ACE− % CI

Hsa-let-g-p . . . .–. .–.
Hsa-miR-a-p . . . .–. .–.
Hsa-miR-a-p . . . .–. .–.
Hsa-miR-+hsa-miR- . . . .–. .–.

aExoACE-expressing divided by non ACE-expressing. p-Value refers to the difference between two groups obtained by t-test. The adjusted p-value
following the Benjamini–Hochberg (BH) procedure is also shown.

Figure 4: Volcano plot of the differentially expressed exo-miRNAs as
assessed by a microarray analysis in serum exosomes from COVID-19 pa-
tients sorted by ACE2 presence/absence. The y-axis indicates the −log10 of
the p-values and the x-axis is the fold change (FOC) measured as the log2--
transformed ratio of the expression between both experimental groups.
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