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Abstract 

Background  Coronavirus disease 2019 (COVID-19) has created a global pandemic with significant morbidity 
and mortality. SARS-CoV-2 primarily infects the lungs and is associated with various organ complications. Therapeutic 
approaches to combat COVID-19, including convalescent plasma and vaccination, have been developed. However, 
the high mutation rate of SARS-CoV-2 and its ability to inhibit host T-cell activity pose challenges for effective treat-
ment. Mesenchymal stem cells (MSCs) and their extracellular vesicles (MSCs–EVs) have shown promise in COVID-19 
therapy because of their immunomodulatory and regenerative properties. MicroRNAs (miRNAs) play crucial regula-
tory roles in various biological processes and can be manipulated for therapeutic purposes.

Objective  We aimed to investigate the role of lyophilized MSC–EVs and their microRNAs in targeting the receptors 
involved in SARS-CoV-2 entry into host cells as a strategy to limit infection. In silico microRNA prediction, structural 
predictions of the microRNA–mRNA duplex, and molecular docking with the Argonaut protein were performed.

Methods  Male Syrian hamsters infected with SARS-CoV-2 were treated with human Wharton’s jelly-derived Mes-
enchymal Stem cell-derived lyophilized exosomes (Bioluga Company)via intraperitoneal injection, and viral shed-
ding was assessed. The potential therapeutic effects of MSCs–EVs were measured via histopathology of lung tissues 
and PCR for microRNAs.

Results  The results revealed strong binding potential between miRNA‒mRNA duplexes and the AGO protein 
via molecular docking. MSCs–EVs reduced inflammation markers and normalized blood indices via the suppression 
of viral entry by regulating ACE2 and TMPRSS2 expression. MSCs–EVs alleviated histopathological aberrations. They 
improved lung histology and reduced collagen fiber deposition in infected lungs.

Conclusion  We demonstrated that MSCs–EVs are a potential therapeutic option for treating COVID-19 by preventing 
viral entry into host cells.
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Introduction
Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), which causes coronavirus disease 2019 
(COVID-19), was initially identified in Wuhan, China, 
in December 2019 [1]. The World Health Organization 
named COVID-19 an international public health emer-
gency on January 30, 2020, and a global pandemic on 
March 11, 2020 [2]. The COVID-19 outbreak developed 
into a protracted international health emergency. As of 
21 March 2023, there were over 761,071,826 unique cor-
onavirus infections worldwide, with over 6,879,677 fatali-
ties and over 88,298,471 recoveries [3]. SARS-CoV-2 is 
a member of the coronavirus (CoV) family of viruses, a 
broad group of potentially deadly RNA viruses that are 
frequently linked to respiratory illnesses. The lungs are 
the predominant location of SARS-CoV-2 infection in 
humans, but infection can adversely affect other organs. 
Fever, dry cough, and exhaustion are the main signs of 
COVID-19 following a SARS-CoV-2 incubation period 
that lasts approximately 14 days [4].

SARS-CoV-2 is a positive-sense, single-stranded RNA 
virus with a spherical envelope that typically ranges in 
size from 80 to 120 nm. It belongs to the genus Betacoro-
navirus. The genome of SARS-CoV-2 contains instruc-
tions for the synthesis of various proteins, both structural 
and nonstructural. Among these proteins, the spike (S), 
nucleocapsid (N), membrane (M), and envelope (E) pro-
teins play critical roles in the life cycle of the virus. The 
S protein is further divided into S1 and S2 subunits. 
The S1 subunit facilitates the attachment of the virus to 
host cells through its interaction with ACE2 receptors, 
whereas the S2 subunit promotes the fusion of the viral 
and host cell membranes. The presence of specific amino 
acids, including glutamine, asparagine, leucine, phenyla-
lanine, and serine, in the spike protein of SARS-CoV-2 
enhances its affinity for ACE2 receptors, thereby assisting 
in viral attachment [4]. Moreover, proteases originating 
from the host, such as TMPRSS2 and endosomal cysteine 
proteases, cleave the S protein of SARS-CoV-2, leading 
to the activation of the virus and its binding to the ACE2 
receptor on human cell surfaces. This activation process 
results in the release of the virus’s genetic material into 
the host cell, followed by the fusion of the viral envelope 
and the cell membrane. By imposing stricter restrictions 
on these host targets, it may be possible to impede the 
entry of SARS-CoV-2 into cells and mitigate the develop-
ment of illness [5, 6].

To combat the morbidity and mortality associated 
with COVID-19, numerous therapeutic approaches have 
been developed [7]. Convalescent plasma and vaccina-
tion may both be effective forms of treatment, but only if 
stable viral epitopes are present. SARS-CoV-2 has a high 
mutation rate and can directly inhibit host T-cell activity, 

making treatments ineffective [8]. For COVID-19 ther-
apy, mesenchymal stem cells (MSCs) and extracellular 
vesicles produced from MSCs may be helpful. Extracel-
lular vehicles are superior to parental MSCs in terms of 
their ease of handling in clinical settings [9]. Extracellu-
lar vesicles are a useful strategy for antiviral treatments, 
including COVID-19 [10], owing to their inherent quali-
ties in connection with immunomodulation, wound 
healing, and drug delivery. Proteins, messenger RNAs 
(mRNAs), small and long noncoding RNAs (ncRNAs), 
DNA, lipids, and carbohydrates from the parental MSCs 
are carried within the lipidic bilayer of extracellular vesi-
cles and can alter the behavior of target cells with angio-
genic, immunomodulatory, and regenerative effects [11].

MicroRNAs (miRNAs) are small, highly conserved, 
noncoding single-stranded ribonucleic acids (RNAs) 
that bind to the 3′-untranslated regions (UTRs) of tar-
get mRNAs to promote messenger RNA (mRNA) degra-
dation and/or impede protein translation [12, 13]. They 
have been thoroughly studied in cardiovascular medicine 
and serve crucial regulatory functions in many biological 
processes, both in health and in disease [14–16]. Since 
their activity can be effectively controlled by cutting-edge 
RNA-based technologies, the use of miRNAs constitutes 
a particularly alluring technique to manipulate numerous 
processes in terms of their therapeutic potential [17, 18].

The main aim of this study was to investigate whether 
lyophilized MSC–EVs have inhibitory effects on SARS-
CoV-2 infection both in silico and in  vivo. This study 
aimed to utilize computational analysis to assess the 
binding affinity of specific miRNAs contained in MSC–
EVs with relevant receptors, indicating their potential 
as therapeutic targets for combating SARS-CoV-2 infec-
tion. Additionally, in  vivo experiments were conducted 
to examine the ability of lyophilized MSC–EVs to mod-
ulate the expression of miRNAs, ACE2 and TMPRSS2 
receptors, as well as viral protein expression, to prevent 
SARS-CoV-2 from entering host cells. This study sought 
to elucidate the inhibitory mechanisms of MSCs–EVs on 
SARS-CoV-2 through both computational and experi-
mental approaches, providing valuable insights for the 
development of effective therapeutic interventions.

Materials and methods
In silico study
MicroRNA prediction
The SARS-CoV-2 entry receptors ACE2, TMPRESS2, 
ITGA3, ITGA5, ITGAV, and CTSL1 were used to iden-
tify and correlate interacting microRNAs via miRTarBase 
(http://​mirta​rbase.​mbc.​nctu.​edu.​tw/​php/​index.​php). The 
expression of 10 miRNAs (miR-200c-3p, miR-26b-5p, miR-
125b-5p, miR-98-5p, miR-214-3p, miR-32-3p, miR-98-3p, 
miR-92a-3p, miR-32-5p, and miR-31-5p) in MSC-derived 

http://mirtarbase.mbc.nctu.edu.tw/php/index.php
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extracellular vesicles (MSCs–EVs) via EVmiRNA inter-
rogation (http://​bioin​fo.​life.​hust.​edu.​cn/​EVmiR​NA#!/) 
and ExoCarta (http://​www.​exoca​rta.​org/) revealed micro-
RNA‒target interactions with these receptors. A literature 
analysis revealed five additional miRNA-derived MSC–EVs 
(miR-30a-5p, miR-17-5p, miR-27b-3p, miR-143-3p, and 
let-7f-5p) with the potential to interact with the ACE2, 
TMPRESS2 and CSTL1 receptors [19, 20]. To identify the 
interacting sequence positions of these receptors with the 
predicted miRNAs, pairwise sequence alignment between 
the predicted microRNA and the 3’UTR of the target 
receptor was performed via BLASTN.

Structural prediction of microRNAs‑mRNA duplex
Duplex sequences of microRNA-receptor mRNAs were 
used as inputs for the RNA fold (http://​rna.​tbi.​univie.​ac.​
at//​cgi-​bin/​RNAWe​bSuite/​RNAfo​ld.​cgi) for prediction of 
the duplex secondary structure of microRNA–mRNA and 
the dot-bracket notation of both. The 3-dimensional struc-
ture of each duplex was predicted via RNA-COMPOSER 
(https://​rnaco​mposer.​cs.​put.​poznan.​pl).

Molecular docking of duplexes with argonaut protein
The protein component of the RNA-induced silencing 
complex (RISC) is the argonaut protein (AGO). The PDB 
format of the argonaut silencing complex was retrieved 
with the ID 3F73 (https://​www.​rcsb.​org/). Protein prepara-
tion for this complex was performed according to Fadaka 
et  al. [21]. The PDB files of the microRNAs, microRNA–
mRNAs, and AGO proteins were submitted to PATCH-
DOCK (https://​bioin​fo3d.​cs.​tau.​ac.​il/​Patch​Dock/​php/). 
The shape complementarity theory is the basis of the 
PatchDock approach [22], and its applicability in molecu-
lar docking studies has been described elsewhere [23]. 
PATCHDOCK was employed for molecular docking anal-
ysis between chain A of the AGO protein and the micro-
RNA–mRNA duplex. The clustering root-mean-square 
deviation (RMSD) was selected as 2.0  Å for the protein–
small ligand complex type. The highest pose score was 
considered to be the best complex [23]. For visualization of 
the results, the Biovia Discovery Studio Viewer 2021 (Bio-
via DSV 2021) was used to present interactions, includ-
ing receptor surface interactions (hydrogen bonding and 
charging) in the docked conformations and the surface 
interactions of the microRNA–mRNA–AGO complex.

In vivo study (this work has been reported in line 
with the ARRIVE guidelines for stem cell research 
and therapy)
Experimental animals
Male adult Syrian hamsters, 100–150  g in weight, were 
sourced from the National Research Centre (NRC), 
Egypt. The animals were maintained in tidy cages with 

free access to clean drinking water and normal rodent 
feed. The animals were familiarized with an environment 
that featured daylight cycling (12-h cycles beginning 
at 8:00 AM) and room temperature (23  °C). The ani-
mals were handled in accordance with international and 
national ethical standards.

This study was performed under NRC’s ethical com-
mittee approval (approval number: NRC-20074), and all 
procedures and experiments were carried out per the 
approval. In controlled laboratory and biosafety circum-
stances, live viral infection studies were conducted in 
negative pressure-based level 3 isolators (PLAS LABS, 
Lansing, MI). Additionally, all of the experimental pro-
cedures adhered to the guidelines and approval of the 
institutional review board (BUFVTM 13-04-22, Faculty 
of Veterinary Medicine, Benha University, Egypt). The 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals (NIH publication 85-23, revised 
2011) was strictly followed in all experiments.

Virus and cells
The SARS-CoV-2 virus strain hCoV-19/Egypt/NRC-
03/2020 was propagated in Vero E6 cells (ATCC No. 
CRL-1586) at an MOI of 0.005, maintained at 37  °C in 
5% CO2 in a humid incubator, and observed microscopi-
cally daily. GISAID accession number: EPI_ISL_430819 
was applied to this sample. At 72  h post infection, the 
virus-infected culture supernatant was removed, clari-
fied by centrifugation twice for 15 min at 4 °C, aliquoted 
and titrated via a plaque assay [24]. Briefly, the virus was 
utilized to infect Vero-E6 cells in a 6-well cell culture 
plate and was serially diluted ten times in cell mainte-
nance media before being incubated for an hour at 37 °C 
with 5% CO2. The cell controls were noninfected wells. 
The plates were cultured for 72 h at 37 °C with 5% CO2 
after infection, after which 3  ml of overlayer medium 
with agarose was added and held at room temperature 
for solidification. Fixation and virus inactivation were 
carried out using a (10%) formalin solution for 1 h. Fol-
lowing fixation, the overlay was removed, and a 0.1% 
crystal violet solution was applied for staining. Plaque-
forming units (PFUs)/ml = number of plaques × virus-
injected volume × viral dilution × 10 was used for viral 
titer determination.

MSCs‑extracellular vesicles (MSCs–EVs)
Source of  lyophilized MSCs–EVs  Human Wharton’s 
jelly-derived Mesenchymal Stem cell-derived lyophilized 
exosomes were purchased from Bioluga® (Canada) with 
Certificate ID: TU35-5ZN4. The EVs were reconstituted 
in 5 ml distilled water, where 1 ml contained MSC–EVs 
derived from 0.5 × 106 MSCs [25, 26]. Lyophilization pro-
cess as stated in the COA of the product was by freeze 

http://bioinfo.life.hust.edu.cn/EVmiRNA#
http://www.exocarta.org/
http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi
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drying and sublimation using a cryoprotectant stabilizer 
which improves its stability and temperature tolerance 
and increases the shelf life and extends preservation 
periods of exosomes without losing its intrinsic cargo or 
harmful effects on the exosomal membranes [25].

Infection challenge of hamsters
Viral microneutralization was used to confirm the 
seronegative status of the male Syrian hamsters. Keta-
mine–xylazine was used to anesthetize Syrian hamsters 
individually (K, 100 mg/kg; X, 10 mg/kg). Hamsters were 
intranasally challenged with 100 μL containing 50 μL of 
SARS-CoV-2 and observed for an additional 7 days [27]. 
A 0.5  ml intraperitoneal injection of MSCs–EVs was 
given to the corresponding group 8 h after infection.

Titration of viral shedding
A sterile 0.5 ml of 1 × PBS supplemented with a 2% anti-
biotic antimitotic combination was flushed through the 
animal’s nose to collect nasal washes from infected ham-
sters (group II) and infected hamsters treated with MSC–
EVs [28]. Two hundred microliters of each sample was 
subjected to total RNA extraction before being subjected 
to qRT‒PCR to target the ORF1b-nsp14 gene, as previ-
ously described [24, 29].

Viral microneutralization assay (VMN)
As indicated above, the viral microneutralization (VMN) 
assay was used to confirm that the Syrian hamsters 
lacked anti-SARS-CoV-2 antibodies. It was also used to 
determine seroconversion against SARS-CoV-2 in the 
collected sera from treated and control infected animals, 
as previously described [30, 31].

Serum samples were inactivated by heating for 30 min 
at 56  °C and then held at 20  °C. Serum samples were 
prepared in twofold serial dilutions ranging from 1:10 
to 1:1280 in 50  l of maintenance cell culture medium. 
A 100 TCID/ml hCoV-19/Egypt/NRC-03/2020 SARS-
CoV-2 isolate was produced as the virus and combined 
in equal parts with serially diluted serum. The mixture 
was aliquoted in duplicate into 96-well plates contain-
ing Vero-E6 cells and incubated for 1  h at 37  °C before 
being removed. Following the removal of the inoculums, 
maintenance DMEM containing 2% bovine serum albu-
min (BSA) was added. The plates were then placed in a 
humidified incubator for three days at 37  °C with 5% 
CO2. The highest serum dilution that completely neu-
tralized the virus was recorded as the neutralizing anti-
body titer.

Experimental design
Following acclimatization, 28 male Syrian hamsters were 
randomly divided into three groups:

Group I (control group; n = 14): The hamsters were 
divided equally into two subgroups:

Subgroup Ia: Standard laboratory conditions without 
any intervention.

Subgroup Ib: Single intraperitoneal injection with 
0.5 ml of phosphate-buffered saline.

Group II (COVID-19 group; n = 7): Hamsters were sac-
rificed after 7  days of infection challenge (at the end of 
the experiment).

Group III (MSCs–EVs; n = 7): Eight hours after infec-
tion challenge, the hamsters were injected intraperito-
neally with 0.5 ml of MSC–EVs at a single concentration 
(100 μg protein/ml).

The timeline of the experimental design denotes the 
duration of the experiment, the experimental groups 
and the time at which the treatments were administered 
(Fig.  1). Body temperature and weight were measured 
daily for each group, and any changes in mortality or 
morbidity were noted. The nasal washes of the anesthe-
tized animals were taken at days 1, 3, 5, and 7 after infec-
tion. The viral titer in the nasal washes was determined as 
described above in “Titration of viral shedding” Section.

Sampling
In our animal experiments, we carried out euthanasia 
of the rats using a two-step procedure in full compli-
ance with our institutional guidelines for humane animal 
research. First, the rats were administered an intramus-
cular injection of a combination of ketamine (100  mg/
kg) and xylazine (10 mg/kg) to induce deep surgical anes-
thesia. Ketamine is a dissociative anesthetic that inhibits 
pain perception and produces a cataleptic state, while 
xylazine is an alpha-2 adrenergic agonist that provides 
sedation, muscle relaxation, and analgesia. This anes-
thetic regimen is a widely accepted and commonly used 
method to humanely anesthetize rodents prior to eutha-
nasia. Once the animals were confirmed to be in a deep 
plane of anesthesia, as evidenced by the loss of with-
drawal reflexes and lack of response to stimuli, we pro-
ceeded with euthanasia. Euthanasia was performed by 
exsanguination (cardiac puncture) to ensure death. This 
method involves the collection of a terminal blood sam-
ple via the retro-orbital sinus, which results in the rapid 
depletion of blood volume and death of the animal under 
deep anesthesia. The entire euthanasia process was car-
ried out by trained personnel in a dedicated euthanasia 
room, using techniques that minimize any potential pain 
or distress to the animals. All procedures were reviewed 
and approved by our Institutional Animal Care and Use 
Committee (IACUC) to ensure they adhered to the high-
est standards of humane animal research and have been 
reported in line with the ARRIVE 2.0 guidelines.
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Following a 7-day viral challenge, the hamsters were 
fasted for 12 h before being given an intramuscular injec-
tion of ketamine (100  mg/kg) and xylazine (10  mg/kg) 
to induce anesthesia. Using a capillary tube and retro-
orbital sinus blood, total blood and serum samples were 
taken from the anesthetized animals before and 7  days 
after infection [32]. Blood samples were taken in ster-
ile ethylenediaminetetraacetic acid (EDTA) vacutainer 
tubes, and all animal sera were isolated and stored at 
20  °C until use. Arterial perfusion fixation was carried 
out through the left ventricle while the hamsters were 
immobilized. Three sections of lung tissues were sepa-
rated. For histopathological analyses, the first compo-
nent was fixed in 10% formaldehyde, cleaned, dried, and 
embedded in paraffin blocks. To evaluate the virus titers 
in each collected organ, the second half was stored in 
RNeasy prior to being homogenized. The third portion 
was set aside in SDS buffer.

Complete blood count (CBC) and C‑reactive protein (CRP) 
analyses
Both complete blood count (CBC) and C-reactive pro-
tein (CRP) analyses were conducted instrumentally. For 
the CBC procedure, blood collection was conducted 
through retroorbital sinus puncture in an anesthetized 
hamster via a microhematocrit capillary tube inserted 
into the medial canthus of the eye to puncture the ret-
roorbital sinus. The collected blood, which was treated 
with EDTA as an anticoagulant, was analyzed via an 

automated hematology analyzer tailored for hamster 
blood. This facilitates the measurement of crucial param-
eters, including red and white blood cell counts, hemo-
globin, hematocrit, and platelet levels. Simultaneously, 
for CRP analysis, blood was collected following the same 
method used for CBC. After collection, serum separation 
is achieved by allowing the blood to clot, followed by cen-
trifugation and careful removal of the resulting superna-
tant. The quantification of CRP levels in the serum was 
subsequently accomplished via enzyme-linked immu-
nosorbent assay (ELISA) kits specifically designed for 
hamsters (catalog no. MBS1604138), with adherence to 
the manufacturer’s instructions for the assay. This dual 
approach provides comprehensive insight into the hema-
tological profile and inflammatory status of rodents, 
which is essential for a thorough understanding of their 
physiological condition.

Quantitative real‑time PCR for miRNAs
miRNA was isolated from lung tissue via a mirPremier 
microRNA Isolation Kit (Sigma‒Aldrich). Following 
the manufacturer’s instructions, cDNA was synthesized 
from miRNAs using an Invitrogen NCode VILO miRNA 
cDNA Synthesis Kit and a Bio-Rad T100 Thermal Cycler 
(USA) with U6 as an internal control for miRNA quanti-
fication [33]. The primer pairs used for the amplification 
of miR-200c-3p, miR-26b-5p, miR-125b-5p, miR-98-5p, 
miR-214-3p, miR-32-3p, miR-98-3p, miR-92a-3p, miR-
32-5p, miR-31-5p, miR-30a-5p, miR-17-5p, miR-27b-3p, 

Fig. 1  Timeline of the experimental design
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miR-143-3p, let-7f-5p, and U6 were purchased from Gen-
wez (New Jersey, USA) (Table 1). For qRT‒PCR, Maxima 
SYBR Green/ROX qPCR master mix [2x] (Thermo Scien-
tific, USA) was utilized according to Ebrahim et al., 2022. 
The equation RQ = 2−ΔΔCt was used to calculate the rela-
tive gene expression ratios (RQs) between the treated and 
control groups [34].

Histopathological analysis
H&E and masson trichrome staining
Fixed lung tissue samples were used to prepare paraffin 
sections of 4–6 µm thickness. The sections were mounted 
on glass slides for subsequent staining. For H&E, increas-
ing concentrations of ethanol were used to dehydrate 
the fixed sections. The dehydrated sections were then 
washed twice in distilled water, followed by H&E stain-
ing. Two blinded experienced investigators performed 
the examination, analysis, and imaging of the lung tissue 
sections via light microscopy (Leica DMR 3000; Leica 
Microsystem) [35].

Immunohistochemistry analysis
Paraffin sections were deparaffinized and hydrated. 
Endogenous peroxidase activity was blocked with 10% 
hydrogen peroxide, after which the sections were incu-
bated with primary antibodies directed against specific 
targets (Anti-SARS-CoV-2 (rabbit polyclonal to SARS-
CoV-2, 1/100–1/1000 concentration, ab229227, Abcam), 
TMPRSS2 (rabbit polyclonal to TMPRSS2, 1/100–1/500 
concentration, ab214462, Abcam), and ACE2 (rabbit pol-
yclonal to ACE2, ab15348, Abcam). Anti-CD105 (rabbit 
polyclonal, AA 58–110; Catalog No. ABIN707561) and 

CD73 antibody (rabbit polyclonal, AA 520–550; Catalog 
No. ABIN388750) were used.

The slides were washed with phosphate buffer before 
the biotinylated goat anti-rabbit secondary antibody IgG 
H&L (HRP) (ab6721) was applied. For localization of the 
immune reaction, the slides were incubated with avidin–
biotin peroxidase using diaminobenzidine as a chromo-
gen for visualization [36]

Morphometric study
H&E, Masson’s trichrome and immunostained sections 
were assessed and scored by two skilled pathologists 
who were unaware of the experimental techniques. 
Morphometric measurements were carried out with 
at least two sections per animal using ImageJ® soft-
ware version 1.52a28 and Fiji ImageJ software [37]. 
For each section, three distinct, nonoverlapping fields 
were assessed. The lung injury scoring system previ-
ously reported by Huang and Shi [38] was used to 
quantify the pathological injury to the lung tissue. 
The pathology indices included alveolar wall thick-
ness, alveolar congestion, lung edema, hemorrhage, 
and infiltration of neutrophils into the airspace or ves-
sel wall. The scoring system was as follows: lung hem-
orrhage (0 = no hemorrhage, 1 = mild hemorrhage, 
2 = severe hemorrhage), lung interstitial edema (0 = no 
edema, 1 = mild edema, 2 = severe edema), alveolar 
wall thickness (0 = no alveolar wall thickness, 1 = mid-
alveolar wall thickness, 2 = severe alveolar wall thick-
ness, and 3 = severe alveolar wall thickness with > 50% 
lung consolidation) and infiltration of inflammatory 
cells (0 = no inflammatory cell infiltration, 1 = mild 

Table 1  Sequences for primers

miRNA Forward Universal reverse Accession

miR-200c-3p GTT​TGT​AAT​ACT​GCC​GGG​TAAT​ GTG​CAG​GGT​CCG​AGGT​ MIMAT0000617

miR-26b-5p GTT​TGG​GTT​CAA​GTA​ATT​CAGG​ GTG​CAG​GGT​CCG​AGGT​ MIMAT0000083

miR-125b-5p GTT​TCC​CTG​AGA​CCC​TAA​C GTG​CAG​GGT​CCG​AGGT​ MIMAT0000423

miR-98-5p GTT​TGG​TGA​GGT​AGT​AAG​TTGT​ GTG​CAG​GGT​CCG​AGGT​ MIMAT0000096

miR-214-3p GTT​ACA​GCA​GGC​ACA​GAC​A GTG​CAG​GGT​CCG​AGGT​ MIMAT0000271

miR-32-3p GTT​TGG​CAA​TTT​AGT​GTG​TGTG​ GTG​CAG​GGT​CCG​AGGT​ MIMAT0004505

miR-98-3p GTT​GGG​CTA​TAC​AAC​TTA​CTAC​ GTG​CAG​GGT​CCG​AGGT​ MIMAT0022842

miR-92a-3p GTG​TAT​TGC​ACT​TGT​CCC​G GTG​CAG​GGT​CCG​AGGT​ MIMAT0000092

miR-32-5p GTG​GGG​TAT​TGC​ACA​TTA​CTAA​ GTG​CAG​GGT​CCG​AGGT​ MIMAT0000090

miR-31-5p GTT​TAG​GCA​AGA​TGC​TGG​C GTG​CAG​GGT​CCG​AGGT​ MIMAT0000089

miR-30a-5p GGG​TGT​AAA​CAT​CCT​CGA​C GTG​CAG​GGT​CCG​AGGT​ MIMAT0000087

miR-17-5p GGC​AAA​GTG​CTT​ACA​GTG​C GTG​CAG​GGT​CCG​AGGT​ MIMAT0000070

miR-27b-3p GTG​GTT​CAC​AGT​GGC​TAA​G GTG​CAG​GGT​CCG​AGGT​ MIMAT0000419

miR-143-3p GTG​GTG​AGA​TGA​AGC​ACT​G GTG​CAG​GGT​CCG​AGGT​ MIMAT0000435

let-7f-5p GTT​TGG​TGA​GGT​AGT​AGA​TTGT​ GTG​CAG​GGT​CCG​AGGT​ MIMAT0000067

U6 CTC​GCT​TCG​GCA​GCACA​ AAC​GCT​TCA​CGA​ATT​TGC​GT Ebrahim et al., 2022
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inflammatory cell infiltration, 2 = moderate inflam-
matory cell infiltration, 3 = severe inflammatory cell 
infiltration). Furthermore, the mean area percentage of 
collagen fibers was measured in Masson’s trichrome-
stained sections at high magnification [39].

The area percentages of the immunostained sec-
tions were subjected to morphometric analysis. The 
image type was changed to an RGB stack, which cre-
ated grayscale images of each channel to separate 
the immune staining. The green channel was given a 
threshold of 0–87 using the image adjustment thresh-
old. The area, area fraction, limit to the threshold, and 
display label were then measured using the analyze 
measure command. IHC quantitative evaluation was 
also performed with the Allred score, which offers a 
scale of 0–8 (0–1 = negative, 2–3 = mild, 4–6 = moder-
ate, and 7–8 = strongly positive). The score was deter-
mined by adding the percentage of positive cells and 
staining intensity grades (0–3) using the QuPath pro-
gram (0.1.2) [40].

Statistical analysis
The collected data were coded, tabulated, and sta-
tistically analyzed using GraphPad Prism, version 
8 (GraphPad Software). The data are presented as 
mean ± standard error of the mean (SEM). Statistical 
analysis was performed using one-way ANOVA for 
parametric data and the Kruskal‒Wallis test for non-
parametric data. Post hoc analysis was then performed 
to detect differences in pairs. A p value < 0.05 was con-
sidered significant.

Results
MSCs–EVs miRNAs target prediction
We identified fifteen MSC–EV-derived miRNAs that 
interacted with the SARS CoV-2 entry target receptors 
ACE2, TMPRESS2, ITGA3, ITGA5, and ITGA (Table 2). 
The miRTarBase prediction tool verified the interaction 
of ten of these EV miRNAs with entry receptor genes of 
SARS-C0V-2. The remaining five EV miRNAs were iden-
tified via the BLAST sequence similarity tool. All of the 
miRNA‒mRNA duplexes were confirmed by their mini-
mum free energy (MFE) in kcal/mol.

Molecular docking analysis
PatchDock was used to determine the degree of molecu-
lar docking between the miRNA‒mRNA complex and the 
AGO silencing protein (Table 2). The root mean square 
deviation (RMSD) was employed as a measurement to 
assess the accuracy of the pose reproduction and for 
docking process verification. The clustering RMSD was 
modified to 1.5 Å to confirm the accuracy of the binding 
pose. The geometric shape complementarity score was 
used to rank each microRNA. For each of the fifteen can-
didate microRNAs, the docking result with the greatest 
score (geometric shape complementary) was chosen as 
the ideal microRNA–mRNA–AGO complex (Table 3).

We identified strong binding affinity through high 
docking scores of all targeted microRNAs, ranging from 
16,004 for the miR-27b-3p–ACE2-AGO complex to 
25,012 for the miR-32-5p–ITGAV-AGO complex. Simi-
larly, the atomic binding energy values confirmed the 
strong affinity of the different complexes. The ACE2 val-
ues varied from − 61.04 to − 944.68, suggesting a high 

Table 2  miRTarbase interaction ID of SARS COV2 target receptors and their interacting miRNA along with RNAfold dot bracket 
notation of miRNA-mRNA duplex and Minimum free energy in kcal/mol

miRTarbase ID Target receptor miRNA Dot-bracket notation of duplex MFE

MIRT734668 ACE2 hsa-miR-200c-3p .((.(((((((………​………..))))))).))…… − 6.4

MIRT030157 ACE2 hsa-miR-26b-5p …..((.((((…(((……)))..)))).))… − 3.2

MIRT734665 ACE2 hsa-miR-125b-5p ………((((.(((..(((….)))…))).)))) − 7.50

No ID ACE2 hsa-miR-17-5p ….((.((((((((……..)).)))))).))………. − 10.2

No ID ACE2 hsa-miR-27b-3p ……..((((.(((((((…..))).)))).))))…… − 6.60

No ID ACE2 hsa-miR-143-3p ………((((((…((((((……))))))…))))))… − 14.2

MIRT734703 TMPRSS2 hsa-miR-98-5p (((((((…..))))))).((((….))))………… − 4.4

MIRT734705 TMPRSS2 hsa-miR-214-3p …….(((.((.(((.((…((………)).)).)))))))) − 6.40

MIRT734704 TMPRSS2 hsa-miR-32-3p ………((((((((………))))))))……… − 6.10

No ID TMPRESS2 hsa-let-7f-5p ………​………..(((((..(((…..)))..)))))… − 6.7

MIRT702643 ITGA3 hsa-miR-98-3p .((((((……………..))))))…………… − 4.7

MIRT003031 ITGA5 hsa-miR-92a-3p ………​………​……….((((((….)))))) − 4.30

MIRT028372 ITGAV hsa-miR-32-5p …………..((((……………..))))…. − 0.7

MIRT004976 ITGA5 hsa-miR-31-5p …….(((…((.((((…)))).))..)))…… − 4.40

No ID CTSL1 hsa-miR-30a-5p ……((((((…((((………))))…)))).))… − 7.8
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energy requirement for disassembling the complex atoms 
into free electrons. The negative binding energy values 
suggested that the AGO protein inhibits duplex forma-
tion. The hydrogen bonding and hydrophobic interac-
tions of the miR-200c-3p, miR-26b-5p and miR-125b-5p 
duplexes (Fig.  2) and the miR-17-5p, miR-27b-3p and 
miR-143-3p duplexes (Fig.  3) with the mRNA of ACE2 
and the binding pocket of argonaut silencing complexes 
revealed strong binding affinity. The miR-98-5p, miR-
214-3p and miR-32-3p duplexes interacted with the 
mRNAs of the TMPRESS2 gene and argonaut silencing 
protein via a number of hydrogen bonds, as illustrated 
in Fig. 4. The miR-98-3p–ITGA3-AGO complex and the 
miR-92a-3p and miR-31-5p–ITGA5–AGO complexes 
are illustrated in Fig.  5. Confirming the above findings, 
miR-32-5p bound to ITGAV mRNA, miR-30a-5p bound 
to CTSL1 mRNA and let-7f-5p bound with TMPRESS2 
mRNA (Fig. 6). The identification of strongly hydropho-
bic amino acids, amino acids with aromatic side chains, 
and amino acids with hydrogen bonds all support the 
concept that microRNAs are a component of argonaut 
protein-mediated gene regulation.

MSCs–EVs do not affect viral shedding 
in SARS‑CoV‑2‑infected animals
We examined changes in viral shedding over a period of 
seven days in both the COVID-19 group and the MSC–
EV-treated group. Viral shedding, characterized by the 
release of viral particles from infected cells, is an impor-
tant aspect of viral replication and transmission. By 

analyzing the level of viral shedding, we aimed to assess 
whether MSC–EVs could exert an inhibitory effect on 
SARS-CoV-2 replication and reduce the overall viral load 
in infected animals.

Viral shedding gradually increased in both groups over 
the first three days. However, over the subsequent four 
days, we observed a gradual decrease in viral shedding 
without a statistically significant difference between the 
COVID-19 group and the MSC–EV-treated group. These 
findings suggest that the administration of MSC–EVs did 
not significantly reduce the overall level of viral shedding 
from infected animals (Fig. 7).

Localization of MSCs–EVs
Lyophilized MSCs–EVs retain typical EV structures, sur-
face protein integrity, and deliver their cargo to targeted 
cells [41]. We investigated the localization of MSC–EVs 
in lung tissue via immunohistochemistry of CD105 and 
CD73, MSC–EVs markers. Compared with that in the 
control group or COVID-19 group, CD105 and CD73 
expression were present in the MSC–EV group, indicat-
ing that the MSCs–EVs reached the lung tissues (Fig. 8).

MSCs–EVs inhibited systemic inflammation 
in SARS‑CoV‑2‑infected animals
The effects of MSC–EVs on SARS-CoV-2-induced sys-
temic inflammation were investigated by assessing CRP 
levels, WBC counts, and the neutrophil/lymphocyte 
ratio. As expected, SARS-CoV-2 infection caused a sig-
nificant increase in the CRP level and neutrophil/lym-
phocyte ratio concomitant with a marked decrease in the 
WBC count. The administration of MSCs–EVs signifi-
cantly inhibited SARS-CoV-2-induced systemic inflam-
mation, as evidenced by the normalization of blood 
indices as well as CRP levels (Fig. 9).

MSC–EVs suppressed SARS‑CoV‑2 host cell entry 
by modulating the miRNA‑regulated expression of ACE2, 
TMPRSS2, ITGA3, ITGA5, ITGAV and cathepsin L.
Next, we investigated the effects of MSC–EVs on the 
miRNAs responsible for SARS-CoV-2 entry into host 
lung tissue via qRT‒PCR. miRNAs that target ACE2 
(miR-17-5p, miR-26b-5p, miR-125b-5p, miR-143-3p, 
and miR-200c-3p) were significantly decreased in 
SARS-CoV-2-infected animals, whereas miRNAs that 
target ACE2 were significantly increased after MSC–EV 
treatment (Fig. 10A). In parallel, infection with SARS-
CoV-2 caused significant upregulation of miRNAs 
that target TMPRSS2 (miR-98-5p, miR-214-3p, miR-
32-3p and Let-7f-5P), which was consistent with the 
above upregulation of miR-98-5p, miR-214-3p, miR-
32-3p and Let-7f-5P observed after MSC–EV treat-
ment (Fig. 10B). On the other hand, miR-31-5p, which 

Table 3  Docking scores between miRNA-mRNA and AGO 
protein

Score indicates the geometric shape complementary score; interface area 
(Area); Atomic contact energy (ACE) score generated for each miRNA-mRNA and 
argonaute (AGO) complex

miRNA-mRNA and AGO Docking score Area ACE

miR-200c-3p-ACE2-AGO 23,046 4106.1 − 920.02

miR-26b-5p-ACE2-AGO 23,472 4173.8 − 944.68

miR-125b-5p-ACE2-AGO 20,432 2877.1 − 61.04

miR-17-5p-ACE2-AGO 22,960 3556.8 − 861.80

miR-27b-3p-ACE2- AGO 16,004 2939.6 − 231.73

miR-143-3p-ACE2- AGO 21,118 3369.9 − 594.72

miR-98-5p-TMPRSS2-AGO 19,308 2899.5 − 83.25

miR-214-3p-TMPRSS2-AGO 23,308 3736.6 − 783.98

miR-32-3p-TMPRSS2-AGO 23,438 3852 − 877.90

let-7f-5p-TMPRSS2-AGO 21,722 3087.4 − 256.60

miR-98-3p-ITGA3-AGO 21,198 3059.5 − 907.88

miR-92a-3p-ITGA5 -AGO 24,068 3542.4 − 328.20

miR-32-5p-ITGAV-AGO 25,012 3711 − 171.61

miR-31-5p-ITGA5 -AGO 20,320 3160.2 − 804.52

miR-30a-5p-CTSL1-AGO 21,252 3496.2 − 122.26
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targets ITGA5, and miR-98-5p, which targets ITGA3, 
were significantly downregulated, whereas miR-32-5p 
and miR-92a-3p, which target ITGAV and ITGA5, 
respectively, were significantly increased in SARS-CoV-
2-infected animals. MSC–EV administration resulted 

in greater upregulation of integrin-targeting miRNAs, 
with the exception of miR-31-5p (Fig.  10C). Further-
more, the transcript level of miR-30a-5p, which targets 
cathepsin L, was significantly greater in SARS-CoV-
2-infected animals than in normal control animals. 

Fig. 2  2D structural models of miRNAs) miR-200c-3p, miR-26b-5p and miR-125b-5p (; 2D and 3D structural models of microRNAs duplexes 
with mRNA of ACE2 gene; Binding sites interactions between amino acid residues of Argonaut protein and microRNAs- ACE2 duplexes and surface 
shape of argonaut silencing complexes
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Compared with those of normal and SARS-CoV-2-in-
fected animals, the expression of miR-30a-5p increased 
in response to treatment with MSCs–EVs (Fig.  10D). 
Together, the results of the present study indicated that 
MSC–EV treatment prevented SARS-CoV-2 entry into 
host cells via the upregulation of the miRNA-related 
expression of ACE2, TMPRSS2, integrin, and cathepsin 
L.

MSCs–EVs downregulated TMPRSS2 and ACE2 protein 
expression in SARS‑CoV‑2‑infected lung tissue
Moderate immunoreactivity for TMPRSS2 was 
observed in the alveolar cells of the control group 
(Fig.  11a). This immunoreactivity became intense and 
widespread across the COVID-19 infected group, with 
highly significant differences (p < 0.001) compared 
with the control group (Fig.  11b). MSC–EV treatment 

Fig. 3  2D structural models of miR-17-5p, miR-27b-3p and miR-143-3p; 2D and 3D structural models of different microRNAs duplexes with mRNA 
of ACE2 gene; Binding sites interactions between amino acid residues of Argonaut protein and microRNAs- ACE2 duplexes and surface shape 
of argonaut silencing complexes
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reduced the overall intensity of the immunoreaction 
to an overall mild reaction across the alveolar cells, 
revealing a significant difference in expression (p < 0.05 
versus the control group and p < 0.001 versus the 
COVID-19 group) (Fig. 11c). Similar to TMPRSS2, we 
observed mild immunoreactivity for ACE2 in the alve-
olar cells of the control group (Fig.  11e). In contrast, 
intense immunoreactivity was noted in the COVID-19 
group (Fig. 11f ). In the MSC–EV-treated group, a mild 
reaction was observed in the alveolar cells (Fig.  11g). 
These results were confirmed by imaging analysis of 
the intensity of TMPRSS2 and ACE2 immunoreactivity 
(Fig. 11d, h). Immunoreactivity in the COVID-19 group 
was p < 0.001 versus that in the control group, whereas 

immunoreactivity in the MSC–EV-treated group was 
p < 0.001 versus the COVID-19 group.

SARS‑CoV‑2 protein expression in SARS‑CoV‑2‑infected 
lungs decreased following MSC–EV administration
Immunohistochemical staining for the SARS-CoV-2 
virus revealed negative immune reactivity in the control 
lungs (Fig. 12a). Lung sections from the COVID-19 group 
revealed intense brown granular cytoplasmic reactions in 
the alveolar cells (Fig.  12b). The lung sections from the 
MSC–EV-treated group displayed milder, less intense, 
cytoplasmic reactions across fewer alveoli cells (Fig. 12c). 
Histological observations were confirmed by image anal-
ysis of the intensity of SARS-CoV-2 immunoreactivity 

Fig. 4  2D structural models of miR-98-5p, miR-214-3p and miR-32-3p; 2D and 3D structural models of different microRNAs (miR-98-5p, 
miR-214-3p and miR-32-3p) duplexes with mRNA of TMPRESS2 gene; Binding sites interactions between amino acid residues of Argonaut protein 
and microRNAs- TMPRESS2 duplexes and surface shape of argonaut silencing complexes
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(Fig. 12d). All scores for SARS-CoV-2 immune expression 
were p < 0.001 versus the control group for the COVID-
19 group and p < 0.001 versus the COVID-19 group for 
the MSC–EV-treated group.

MSCs–EVs alleviated histopathological aberrations 
in SARS‑CoV‑2‑infected lung tissue
Examination of H&E-stained lung sections from the con-
trol group (group I) revealed a normal alveolar structure 
with patent lumens and thin interalveolar septa, lined 
predominantly by squamous type I pneumocytes and a 
few large cuboidal type II pneumocytes. Alveolar capil-
laries were also observed (Fig. 13a). The COVID-19 group 
(group II) displayed marked histological alterations. Dif-
fuse consolidation of the lung tissue with marked thick-
ening of the interalveolar septa, abundant inflammatory 
cells and collapsed lumens, in addition to intra-alveolar 

hemorrhage and congested blood vessels, were observed 
(Fig.  13b). Treatment of the infected hamsters in group 
III with MSCs–EVs resulted in a marked amelioration of 
the alterations. Most alveolar lumens appeared patent 
with a reduction in the interalveolar septa thickness and 
inflammatory cells, except for a few residual areas with 
congested blood vessels (Fig.  13c). Statistical analysis of 
the lung injury observed in the H&E-stained COVID-19 
lung sections revealed a statistically significant increase 
in all measured parameters compared with those in the 
control group (p < 0.001). In contrast, these parameters 
were significantly reduced following MSC–EV adminis-
tration (Fig. 13d) (p < 0.001). Masson’s trichrome-stained 
lung sections from the control group (group I) revealed 
the presence of fine collagen fibers in the interalveolar 
septa and surrounding the bronchioles and blood vessels 
(Fig. 13e). Conversely, in the SARS-CoV-2-infected lungs, 

Fig. 5  2D structural models of miR-98-3p, miR-92a-3p and miR-31-5p; 2D and 3D structural models of miR-98-3p with mRNA of ITGA3 
gene and miR-92a-3p, miR-31-5p with mRNA of ITGA5 gene; Binding sites interactions between amino acid residues of Argonaut protein 
and microRNAs- ITGA duplexes and surface shape of argonaut silencing complexes
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Fig. 6  2D structural models of miR-32-5p, miR-30a-5p and let-7f-5p; 2D and 3D structural models of miR-32-5p with mRNA of ITGAV, miR-30a-5p 
with mRNA of CTSL1, let-7f-5p with mRNA of TMPRESS2 gene; Binding sites interactions between amino acid residues of Argonaut protein 
and microRNAs- ITGAV, CTSL1 and TMPRESS2 duplexes and surface shape of argonaut silencing complexes
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abundant intensely stained collagen fibers were observed 
in the thickened interalveolar septa and surrounding 
the bronchioles (Fig. 13f ). In the lungs of the MSC–EV-
treated hamsters, fine intensely stained collagen fibers 
were observed in the interalveolar septa and around the 
blood vessels (Fig. 13g). Compared with the control treat-
ment, the administration of MSCs–EVs led to a signifi-
cant reduction (p < 0.05) in the surface area of collagen 
deposition (Fig. 13h) (p < 0.001).

Discussion
The treatment of COVID-19 remains a challenge, and 
effective therapies for the rapidly mutating SARS-CoV-2 
virus are urgently needed. One potential approach is the 

use of cell-based therapies, particularly MSC-derived 
extracellular vehicles (EVs), as a cell-free alternative to 
MSC therapy. Recent clinical research has demonstrated 
that MSC-derived EVs can decrease the production of 
proinflammatory cytokines and support the restoration 
of lung integrity, indicating that the MSC-secretome, 
which includes EVs, is a high-quality, safe, and potent 
therapeutic agent for COVID-19 treatment [42].

In our study, the injection of MSCs–EVs alleviated 
the histopathological changes in hamsters infected with 
SARS-CoV-2 by reducing the inflammatory response, 
decreasing interalveolar septa thickening, preventing 
lumen collapse, reducing intra-alveolar hemorrhage, 
and decongesting blood vessels. These observations 
were reinforced by the fact that the MSC–EV group dis-
played reduced systemic inflammation, as indicated by a 
decrease in CRP levels, a reduced neutrophil/leukocyte 
ratio, and a reduced total white blood cell count. Taken 
together, these results revealed that systemic inflamma-
tion and histological abnormalities were significantly 
reduced in the MSC–EV-treated SARS-CoV-2-infected 
animals.

The roles of MSC–EV-derived microRNAs (miRNAs) 
are partially understood, but their functions in the con-
text of host–virus interactions during viral infections are 
likely more complex. miRNAs play crucial roles as regu-
lators of viral pathogenesis by affecting host–virus inter-
actions and modulating host miRNA expression [43, 44]. 
This interaction between the virus and host miRNAs can 
alter the transcriptome of host cells and indirectly impact 
viral infections by influencing cellular pathways that have 

Fig. 7  Viral shedding is unaltered following exosome treatment. Viral 
shedding from infected and infected + MSCs–EVs was determined 
at days 0, 2, 4, 6, and 8. The x-axis indicates time (days), and y-axis 
indicates Viral Shedding (log ct)

Fig. 8  Immunohistochemical reaction for MSCs–EVs localization in lung tissues. a control group: negative immune reaction for CD105, b covid 
group: negative immune reaction for CD105, c MSCs–EVs group: Strong immune reaction for CD105 (arrow). d Allred score for CD105 expressed 
as mean ± SEM.***p < 0.001 versus the control group, ###p < 0.001 versus the covid group. e control group: negative immune reaction for CD73, f 
covid group: negative immune reaction for CD73, g MSCs–EVs group: Strong immune reaction for CD73 (arrow). h) Allred score for CD73 expressed 
as mean ± SEM.***p < 0.001 versus the control group, ###p < 0.001 versus the covid group
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broad pro- or antiviral effects [45]. In the case of SARS-
CoV-2, several miRNAs that can regulate the expres-
sion of proteins involved in viral entry pathways, such as 
ACE2, TMPRSS2, RAB14, integrin, and cathepsin L, have 
been identified [46]. Therefore, targeting these host miR-
NAs involved in viral entry and replication could provide 
a viable approach for developing new treatments against 
SARS-CoV-2 [47–51].

Several strategies have been developed to disrupt the 
interaction between ACE2 receptors and SARS-CoV-2, 
with the aim of blocking the spread of infection [52]. 
In the present study, there was a significant increase in 
ACE2 immunoexpression in the lung tissues of SARS-
CoV-2-infected hamsters. However, compared with 
infected hamsters, hamsters treated with MSC–EVs pre-
sented significant decreases in ACE2 immuno-expres-
sion. We propose that MSC–EV-derived miR-200c could 
be used as a preventive medication by reducing ACE2 
expression. We observed an increase in the expression 
of miR-200c-3p, as well as other MSC–EV miRNAs, 
including miR-26b-5p, miR-125b-5p, miR-17-5p, miR-
27b-3p, and miR-143-3p, in the groups treated with 

MSC–EVs. The relationship between ACE2 and miR-
200c has been investigated, and in cardiomyocytes, Ace2 
directly targets miR-200c [48, 49, 51]. Previous stud-
ies have shown that hsa-miR-17 targets viral proteins, 
including the S, N, Orf1a, M, and E proteins, and that its 
expression is suppressed during viral replication [48, 50]. 
Recent reports have shown that the level of miR-17-5p 
is reduced, whereas the level of miR-27a-3p is increased 
in the plasma of COVID-19 patients compared with 
healthy blood donors [53]. Furthermore, Demiray et  al. 
[54] reported lower expression levels of hsa-miR-17 and 
hsa-miR-200c in COVID-19 patients than in healthy 
individuals. Furthermore, Chen et al. [55] demonstrated 
that miR-27b directly targets specific binding sites in 
the 3′-UTR of ACE transcripts to decrease ACE expres-
sion. Wicik et  al. [56] identified miR-27a-3p as one of 
the major miRNAs modulating ACE2 networks. Addi-
tionally, Pierce et  al. [57] reported that hsa-miR-27a-3p 
influences the ACE2 network, thereby influencing the 
course of infection. These findings support the findings 
of the present study of the downregulation of miR-27 in 
infected hamsters and the significant increase in miR-27 

Fig. 9  MSC–EVs administration reduces covid induced inflammatory responses. a Serum CRP; b serum WBCs; c Serum neutrophil /lymphocyte. 
Data are expressed as mean ± SEM. *p < 0.05 versus the control group, ****p < 0.0001 versus the control group, ##p < 0.01 versus the covid group, 
####p < 0.0001 versus the covid group
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Fig. 10  MSC–EVs and their role in miRNA expression regulation. a Fold change of ACE2 receptor interacting microRNAs miR-17-5p, miR-26b-5p, 
miR-27b-3p, miR-125b-5p, miR-143-3p and miR-200c-3p in control, covid and MSC–EVs groups.; b Fold change of TMPRESS2 receptor interacting 
microRNAs miR-98-5p, miR-214-3p, miR-32-3p and let-7f-5p in control, covid and MSC–EVs groups. c Fold change of ITGA receptors interacting 
microRNAs miR-31-5p, miR-98-5p, miR-32-5p and miR-92a-3p in control, covid-infected and MSC–EVs groups.; d Fold change of CTSL1 receptor 
interacting microRNA miR-30a-5p in control, covid and MSC–EVs groups. Data are expressed as mean ± SEM. *p < 0.05 versus the control group, 
**p < 0.01 versus the control group, ***p < 0.001 versus the control group, ****p < 0.0001 versus the control group, #p < 0.05 versus the covid group, 
##p < 0.01 versus the covid group, ###p < 0.001 versus the covid group, ####p < 0.0001 versus the covid group

Fig. 11  Representative photomicrographs of lung immune stained sections for a–c TMPRSS2 expression a Control group: moderate immune 
expression (bold arrow) b Covid group: intense brown granular cytoplasmic positivity (arrow) in the alveolar cells c) MSCs–EVs group: mild 
to moderate brown granular cytoplasmic positivity (bold arrow) in the alveolar cells. e–f ACE2 expression e Control group: mild immunoreactivity 
in some alveolar cells. f Covid group: intense immunoreactivity in a large number of cells. g MSCs–EVs group: moderate reaction in the alveolar 
cells. d and h Allred score for TMPRSS2 and ACE2 expression. Data are expressed as mean ± SEM. *p < 0.05 versus the control group, **p < 0.01 
versus the control group, ***p < 0.001 versus the control group, ###p < 0.001 versus covid group. Allred index (0–1 = negative, 2–3 = mild, 
4–6 = moderate, and 7–8 = strongly positive)
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levels after MSC–EV administration, suggesting a role for 
miR-27 in regulating ACE2 receptors.

In recent research, miR-143 was found to be signifi-
cantly associated with the human immune system and 
has potential as a therapeutic target for vaccination [58]. 
Studies have shown that miR-143 is expressed in smooth 
muscle cells and cardiomyocytes, indicating its role in 
these cell types as a negative regulator of ACE2, influenc-
ing the balance between the formation of Ang-(1–7) and 
Ang II degradation [59] Chen et  al. [55]. Furthermore, 

the upregulation of miR-143-3p expression reduces the 
levels of pulmonary inflammatory factors and decreases 
alveolar epithelial cell apoptosis in Mycoplasma pneu-
moniae via the inhibition of the TLR4/MyD88/NF-B 
signaling pathway [60]. miR-143 was closely associated 
with lung sepsis in both mouse and human leucocytes 
after the induction of LPS. Furthermore, Wang et al. [60] 
demonstrated that Ang II induces apoptosis and inflam-
mation by regulating miR-143-3p in BEAS-2B cells, indi-
cating that miR-143-3p suppresses ACE2 by targeting its 

Fig. 12  Representative photomicrographs from SARS-CoV-2 immune stained lung sections showing a Control group: negative immune reactivity 
b Covid group: intense brown granular cytoplasmic immune reactivity (arrow) in the alveolar epithelium c MSCs–EVs group: mild to moderate 
brown granular cytoplasmic positivity (arrowhead) in the alveolar epithelium. d Allred score for SARS-CoV-2 immune expression. Data are expressed 
as mean ± SEM. **p < 0.01 versus the control group, ***p < 0.001 versus the control group, ###p < 0.001 versus the covid group,####p < 0.0001 
versus the covid group. Allred index (0–1 = negative, 2–3 = mild, 4–6 = moderate, and 7–8 = strongly positive)

Fig. 13  Representative photomicrographs from (a–c) hematoxylin and eosin and (e–g) Masson trichrome stained lung sections. H&E: a Control 
group: patent alveolar lumens and thin interalveolar septa (double arrow) lined by squamous type I pneumocytes (arrowhead) and large 
cuboidal type II pneumocytes (short arrow). An alveolar capillary (c) is also seen. b Covid group: Lung consolidation with diffuse thickening 
of the interalveolar septa, abundant inflammatory cells (if ), collapsed lumens (arrow), intra alveolar hemorrhage (asterisk) and congested 
blood vessels (bv). c MSCs–EVs group: with predominantly patent alveolar lumens and thin interalveolar septa (arrow) and residual thickening 
of the interalveolar septa with inflammatory cell infiltration (if ) and congested blood vessels (bv). d Assessment of lung with the lung injury scoring 
system. Data are expressed as mean ± SEM.***p < 0.001 versus the control group, ###p < 0.001 versus the covid group. Masson trichrome: e Control 
group: fine collagen fibers in the interalveolar septa and surrounding the bronchioles and blood vessels. f Covid group: abundant, intensely staining 
collagen fibers in the thickened interalveolar septa (arrow) and surrounding the bronchioles (double arrow). g MSCs–EVs group: fine, intensely 
stained collagen fibers in the interalveolar septa (arrow) and around the blood vessels. h Mean area percentage of collagen fibers in the different 
experimental groups. Data are expressed as mean ± SEM. ***p < 0.001 versus the control group, ###p < 0.001 versus the covid group
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3’-UTR. These findings are consistent with those of the 
current study, where the modulation of ACE2 through 
miR-143-3p could be a novel approach for the manage-
ment of lung inflammation.

Multiple studies have shown that miR-125b-5p inhibits 
the production of ACE2, reducing the ability of SARS-
CoV-2 to enter cells. Wang et al. [60] confirmed this rela-
tionship by using TargetScan to predict that miR-125b 
targeted the 3′-UTR of ACE2 mRNA. They conducted 
luciferase reporter experiments, which demonstrated 
that miR-125b reduced the activity of the reporter car-
rying the wild-type ACE2 3’-UTR. These findings dem-
onstrated that miR-125b directly targeted ACE2 and are 
concomitant with the results of the present study, with 
increased miR-125b-5p expression and significantly 
decreased ACE2 immuno-expression in the MSC–EV-
treated group compared with those in the COVID-19 
infected group.

Moreover, the TMPRSS2 receptor plays a crucial role 
in facilitating the invasion of the respiratory system by 
SARS-CoV-2, the virus responsible for COVID-19 [61] 
[62]. It is expressed in the epithelial cells of the human 
lung and is responsible for degrading the viral spike pro-
tein, particularly at the S1/S2 and S2’ sites, which ena-
bles the fusion of host membranes [5, 63]. Studies using 
mouse models and human cell lines have shown that 
interventions aimed at reducing TMPRSS2 levels resulted 
in decreased viral invasion [64, 65]. Consequently, target-
ing TMPRSS2 suppression through miRNAs could be a 
valuable approach for managing COVID-19.

In their computational analysis, Khalaj et al. [66] iden-
tified microRNAs that specifically target TMPRSS2. 
Matarese et al. [61] confirmed that miR-98-5p effectively 
regulates TMPRSS2 transcription in different types of 
human endothelial cells, including those from the umbili-
cal vein and the lung. Notably, miR-98 has been impli-
cated in the pathogenesis of SARS-CoV, where it aids in 
viral transmission and replication by stimulating bron-
choalveolar stem cell differentiation and downregulating 
ACE2 [48]. Previous reports have shown that miR-98 is 
affected by viral SARS-CoV nucleocapsid-driven down-
regulation, leading to impaired viral entry in alveolar cells 
[67]. Sardar et al. [68] reported that hsa-miR-98 targeted 
the spike protein in the SARS-CoV-2 genome. Addition-
ally, Rota et al. [69] demonstrated the importance of miR-
98-mediated targeting of the S protein in SARS-CoV-2.

TMPRSS2 is highly expressed in Caco-2 cells, facili-
tating the entry of SARS-CoV-2 [5]. miR-98 and miR-32 
significantly reduce the levels of TMPRSS2 transcript and 
protein in Caco-2 cells, with miR-32 exhibiting the high-
est level of gene repression. These findings support the 
use of gene silencing strategies to investigate TMPRSS2-
mediated viral entry in the host. Hoffmann suggested that 

a TMPRSS2 inhibitor could be a potential therapeutic 
option for COVID-19. A number of studies have further 
demonstrated that miR-32-3p directly inhibits viral RNA 
at the protein level and exhibits secondary degradative 
activity in the influenza PB1 coding region [70]. In this 
context, miR-32-3p has promising therapeutic efficacy 
in targeting TMPRSS2 for the management of CoV-2 
infections. Moreover, in silico research revealed that 
miR-32-5p and miR-92-3p are more complex posttran-
scriptional regulators than previously believed, as they 
are implicated in various biological processes crucial to 
the pathogenesis of SARS-CoV-2 [71]. For example, these 
microRNAs can target the lung cancer-related miRNA 
Rab-14 (RAB14), which has been identified as essential 
in lung cancer [72, 73]. RAB14, which is involved in the 
transport of membranes between endosomes and the 
Golgi complex, is closely linked to SARS-CoV-2 replica-
tion and plays a pivotal role in viral infection. Moreover, 
it may serve as a crucial protein for SARS-CoV-2 infec-
tion by assisting in the transport of vesicles necessary 
for the maturation and assembly of the virus’s structural 
proteins [71]. The decreased levels of RAB14 transcripts 
and several other vital genes for SARS-CoV-2 infection 
observed in the lung biopsies of individuals with adeno-
carcinomas may be associated with increased levels of 
specific miRNAs [74].

These findings align with the outcomes of the present 
study, which revealed a significant increase in the levels 
of miR-32, miR-92, and miR-98, along with decreased 
levels of TMPRSS2 subsequent to MSC–MSC–EV 
administration. Consequently, the increased levels of 
miR-32-5p and miR-92-3 following MSC-MSC–EV treat-
ment reduced TMPRSS2 but also suppressed the expres-
sion of Rab14 transcripts, suggesting a potential dual 
therapeutic strategy for COVID-19.

Let-7 family members play a role in the regulation of 
TMPRSS2; among these, let-7-5p is noteworthy. The 
increased expression of TMPRSS2 resulting from let-7 
suppression suggested enhanced viral uptake into tar-
get cells through two mechanisms: first, the cleavage of 
SARS-S, which activates the S protein for membrane 
fusion, and second, the cleavage of ACE2 [75, 76]. Follow-
ing virus internalization and replication, the membrane-
bound ACE2 receptors degrade, leading to elevated levels 
of angiotensin II and the angiotensin type 1 receptor, 
which triggers an inflammatory immune response [77]. 
Reduced let-7 expression can contribute to the viral bur-
den of the disease by facilitating viral entry into the host 
cell through increased TMPRSS2 expression and pro-
moting inflammation via the NF-B/IL-6/let-7/LIN-28 
axis. Furthermore, overexpression of let-7 mitigated the 
hyperinflammatory state. C163, as described by Xie et al. 
[78], is a small molecule that functions as a let-7 activator. 
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It can positively regulate let-7, thereby reducing viral pro-
liferation and the release of proinflammatory cytokines. 
Promising results from in vitro experiments suggest the 
potential of this compound as a treatment for COVID-
19 [78]. Consistent with these findings, our research 
revealed that the administration of MSC–EVs led to an 
increase in let-7-5p transcript levels, indicating that these 
EVs serve as let-7 stimulators against COVID-19.

The spike protein of SARS-CoV-2 contains a novel 
K403R substitution that introduces an RGD motif, which 
interacts with integrins α5β1 and αVβ3 [79]. These integ-
rins, which are found on vascular endothelial cells, play a 
role in cell adhesion and the immune response [80]. Inhib-
iting the binding of SARS-CoV-2 to these integrins via 
peptides such as ATN-161 and cilengitide reduces viral 
infectivity and attenuates vascular inflammation [81–83]. 
miR-31 regulates integrin expression and function by tar-
geting β1 and β3 integrins [84]. Direct binding of the spike 
protein to integrins activates inflammatory responses 
and increases leukocyte adhesion to the endothelium 
[83]. Blocking the integrin receptors α5β1 and αVβ3 
restores barrier function and reduces inflammation [82, 
83]. These findings suggest that integrins α5β1 and αVβ3 
could be potential targets to prevent SARS-CoV-2 infec-
tion [81–83]. The interaction between integrin α5β1 and 
ACE2 may amplify cell adhesion signaling and increase 
viral infectivity [81]. Additionally, ACE2 and integrin β1 
are upregulated in patients with COVID-19 and other rel-
evant health conditions [79, 83]. These results are consist-
ent with the results of the present study, as miR-31 is an 
MSC–MSC–EV microRNA that is expressed at high tran-
script levels in lung tissues after MSC–EVs administration 
[84]. Hence, the ameliorative effect of MSC–EVs could be 
attributed to the role of upregulated levels of miR-31 in 
suppressing integrin subunits [84].

Cathepsin L (CatL) is an enzyme found in lysosomes with 
various physiological roles, including apoptosis, antigen 
processing, and degradation of the extracellular matrix. It 
is also involved in the entry of SARS-CoV-2 into host cells. 
Inhibition of CatL is detrimental to SARS-CoV-2 infection 
and may affect later stages of infection [85]. Studies have 
demonstrated that CatL plays a significant role in the ini-
tial inflammatory response by activating M1 macrophages 
[86, 87]. This activation may contribute to the onset of 
the cytokine storm observed in conditions such as sepsis-
induced acute kidney damage [88]. Additionally, CatL has 
been identified as crucial for SARS-CoV-2 entry into host 
cells. The virus attaches to its receptor, causing conforma-
tional changes in the spike protein, which is then proteo-
lytically processed by CatL in endosomes [89]. In previous 
investigations with caliciviruses, CatL inhibitors significantly 
reduced viral replication. Confocal microscopy studies have 
revealed that CatL inhibitors can trap viral capsid proteins 

in endosomes during virus entry, suggesting that CatL and 
endosome maturation play crucial roles in calicivirus infec-
tion [90]. Currently, there are no specific medications avail-
able for treating SARS-CoV-2 infections. However, drugs 
that exhibit CatL inhibitory properties could offer potential 
therapeutic options for COVID-19 once it is established 
that CatL is indeed essential for viral entry and potentially 
late-stage infection [85]. A study by Zhao et al. [91] revealed 
a feedback loop between miRNA-200c and CatL (Cathep-
sin L). The overexpression of miRNA-200c reduced CatL 
expression, whereas the knockdown of miRNA-200c sig-
nificantly increased CatL expression. CatL overexpression, 
in turn, downregulated miRNA-200c expression, but this 
effect was counteracted by miRNA-200c restoration. These 
findings suggest that miRNA-200c may play a role in regu-
lating CatL levels [91]. This finding is consistent with the 
results of the present study, which revealed that the admin-
istration of MSC–EVs resulted in increased levels of miR-
200 and decreased levels of CatL, with decreased immune 
expression levels of SARS-CoV-2.

While multiple microRNAs were involved in regulating 
the viral receptor, the in silico and in vivo evidence indi-
cates that let-7-5p played the most critical role overall in 
the antiviral mechanism of MSCs–EVs by targeting the 
essential TMPRSS2 protease for SARS-CoV-2 entry into 
host cells. Reduced levels of let-7-5p increase TMPRSS2 
expression, enhancing viral uptake by activating the 
spike (S) protein and facilitating viral entry via cleavage 
of the ACE2 receptor. Overexpression of let-7-5p reduces 
TMPRSS2 expression, limiting viral entry and prolifera-
tion, and mitigating hyperinflammation, offering promis-
ing strategies for COVID-19 treatment.

Conclusions
The current study revealed that MSCs–EVs effectively 
inhibited SARS-CoV-2 infection. The combination of the 
microRNA expression data, the protein expression results, 
and the viral load observations, aligned with in silico data, 
provided a robust and direct demonstration of the mech-
anism by which MSC–EVs can suppress SARS-CoV-2 
entry and infection in the lung tissue. Our computational 
analysis indicated that the specific miRNAs contained in 
these targeted MSC–EVs strongly bind to relevant recep-
tors, suggesting their potential as therapeutic targets for 
SARS-CoV-2 infection. Furthermore, the in vivo findings 
demonstrated that MSCs–EVs have the ability to prevent 
SARS-CoV-2 from entering host cells by modulating the 
expression of miRNAs, ACE2 and TMPRSS2 receptors, as 
well as modulating viral protein expression.
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