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Abstract It only took 8 months for the pneumonia
caused by a previously unknown coronavirus to turn
into a global pandemic of unprecedentedly far-reach-
ing implications. Failure of the already discovered
treatment measures opened up a new opportunity to
evaluate the potentials of mesenchymal stem cells and
their extracellular vesicles (EVs), exosomes in partic-
ular. Eventually, the initial success experienced after
the use of MSCs in treating the new pneumonia by
Lnge and his team backed up the idea of MSC-based
therapies and pushed them closer to becoming a
reality. However, MSC-related concerns regarding
safety such as abnormal differentiation, spontaneous
malignant and the formation of ectopic tissues have
triggered the replacement of MSCs by their secreted
exosomes. The issue has been further strengthened by
the fact that the exosomes leave similar treatment
impacts when compared to their parental cells. In
recent years, much attention has been paid to the use of
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MSC-derived exosomes in the treatment of a variety of
diseases. With a primary focus on COVID-19 and its
current treatment methods, the present review looks
into the potentials of MSCs and MSC-derived exo-
somes in battling the ongoing pandemic. Finally, the
research will draw an analogy between exosomes and
their parental cells, when it comes to the progresses
and challenges in using exosomes as a large-scale
treatment method.
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Introduction

In February 2020, the World Health Organization
(WHO) identified the coronavirus (SARS-CoV-2) as
the responsible cause of the pandemic coronavirus
disease 2019 (COVID-19) (MclIntosh et al. 2020).
Increase in the daily COVID-19-related deaths has
made it the most important global issue. SARS-CoV-2
is the third type of pathogenic CoVs after two highly
pathogenic CoVs named severe acute respiratory
distress syndrome coronavirus (SARS-CoV-1) and
the Middle East Respiratory Syndrome Coronavirus
(MERS-CoV) first detected in Wuhan, China (Sahin
et al. 2020). From the outbreak of coronavirus on 31
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December 2019 until 9 August 2021, there have been
202,296,216 confirmed cases of COVID-19 and
4,288,134 recorded deaths, which have been reported
to WHO. The high spread rate [the basic reproduction
number (RO) range: 3.8 to 8.9], the relatively long
incubation period (7-14 days), and the lack of uniform
symptoms across patients pushed the outbreak into the
level of a global pandemic (Elrashdy et al. 2020).

A wide range of symptoms ranging from mild,
common cold to severe and acute respiratory illness
and consequent death have been reported in patients
infected with SARS-CoV-2 (Singhal 2020). The
coronavirus death rate was 3.4% of reported
COVID-19 cases worldwide (Gaye et al. 2020). Age
and pre-existing medical conditions (diabetes, hyper-
tension, respiratory disease, and cardiovascular dis-
ease) ae believed to increase the death risk in patients
infected by the virus (Aggarwal et al. 2020; Iaccarino
et al. 2020).

Although several effective vaccines are now avail-
able to immunize individuals, a daily discovery of
fresh facts about the structure, pathogenicity, trans-
mission system, and immune properties of the SARS-
CoV-2 virus have made scientists around the world
continue research into all possible treatment strategies
to treat the infected populations.

COVID-19 pathogenesis

Coronavirus is a non-segmented positive single-
stranded RNA (26-32 kb) virus enclosed by a spher-
ical or pleomorphic envelope belonging to the family
of Coronaviridae and the genus Coronavirus (De Haan
et al. 1998). The virus is capable of entering and
infecting human cells via two types of cell receptors,
including the angiotensin-converting enzyme 2
(ACE2) receptor and the transmembrane serine pro-
tease 2 (TMPRSS2) (Hoffmann et al. 2020a; Zhou
et al. 2020). The ACE2 receptor is the main cause of
systemic diseases as it is widely distributed on the
surface of many human cell types such as pulmonary,
renal, cardiac, arteries, and intestines cells (Verma
et al. 2020). Due to the high expression of both
receptors in the alveolar type II (AT-II) cells, lungs are
the major infected organ that are severely affected by
the virus (Devaux et al. 2020).

Down-regulation of alveolar cell surface ACE2
after viral invasion alters the ACE/ACE2 balance
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toward ACE and promotes vascular inflammation and
oxidative stress (Zhang et al. 2020a, b, c¢). Moreover,
the recognition of the pathogen-associated molecular
patterns (PAMPs) such as viral RNAs by various
pattern recognition receptors (PRRs) including toll-
like receptors (TLRs) 3, 7, 8, and 9, melanoma-
differentiation-associated gene 5 (MDAS), cyclic
GMP-AMP synthase (cGAS), and retinoic acid-in-
ducible gene I (RIG-1) contribute to the production of
high levels of IFN-I as the first innate immune
response against viral infections and subsequently
induces secretion inflammatory cytokines by activated
cytotoxic CD8+ T cells and CD4+4 T helper 1 (Thl)
(Takeuchi and Akira 2009; Hoffmann et al. 2020a;
Moore and June 2020).

This inflammatory microenvironment in the lungs
with the extensive viral proliferation effectively raise
the level of pro-inflammatory cytokines and chemoki-
nes including IFN-o, interleukin-2 (IL-2), IL-6, IL-7,
IL-12, granulocyte-colony stimulating factor (G-
CSF), tumor necrosis factor-alpha (TNFa), inter-
feron-y-inducible protein 10 (IP-10), macrophage
inflammatory protein-1 alpha (MIP-1A), transforming
growth factor-beta (TGF-f), CCL2, CCL3, CCLS5 and
CXCLS8 which have been repeatedly reported in those
infected by COVID-19 patients (Wu et al. 2014;
Taghavi-Farahabadi et al. 2020).

This life-threatening form of systemic inflamma-
tory response that is called cytokine release syndrome
(CRS) is responsible for symptoms such as pneumo-
nia, acute respiratory distress syndrome (ARDS), and
multi-organ failure in COVID-19 patients (Epelbaum
2020; Huang et al. 2020; Mehta et al. 2020; Moore and
June 2020; Xu et al. 2020).

Among leading causes of death in patients, infected
by SARS-CoV-2, including viral pneumonia, ARDS,
septic shock, and heart disease, ARDS is the leading
cause of death (Mehta et al. 2020). Based on such
information, curbing and reducing inflammatory reac-
tions is probably one reliable way to save COVID-19
patients.

Current available treatments

In this episode of coronavirus global emergency, the
first medical strategy to fight against COVID-19 is use
of off-labeled antibiotics and antiviral drugs to prevent
the virus replication cycle and to inhibit host
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inflammation. This strategy mostly leads to supportive
and symptomatic treatment and even promising results
in some cases, but is not a definitive treatment for this
infection. For instance, immunomodulatory interven-
tions such as tocilizumab (a blocker of IL-6 receptor),
adalimumab (anti-TNF antibody), and eculizumab
(anti-C5 antibody) can effectively mitigate the CRS,
which are nevertheless incapable of reducing mortal-
ity in COVID-19 patients (Bian et al. 2020; Mehta
et al. 2020).

Among antiviral drugs, chloroquine (CQ) and its
derivative hydroxychloroquine (HCQ), are cheap and
safe. Their pharmacokinetic properties have also
already been approved in the treatment of such viral
infections as malaria (Lei et al. 2020). In addition to
anti-viral activity, CQ acts as an anti-inflammatory
agent that treats autoimmune disorders, including
rheumatoid arthritis (Nirk et al. 2020).

Studies have revealed CQ’s broad-spectrum antivi-
ral activity through several mechanisms, including
prevention of virion assembly and formation of new
viral particles through the alkalization of low pH
organelles, especially lysosome. It has also proven to
be preventive of the uptake and endocytosis of
nanoparticles within the size range of 60-140 nm via
the impairment of glycosylation in the cellular recep-
tors of SARS-CoV (Yan et al. 2013; Wei et al. 2020), a
process which weakens affinities between ACE2 and
SARS-CoV-2 (Vincent et al. 2005).

CQ also plays an important role in reducing the
transfer of pro-inflammatory agents and receptors into
the cell membrane (Ganesan et al. 2018). Such
capabilities may account for CQ’s potent efficacy in
COVID-19 treatment. Since the early In-vitro studies
by Wang, chloroquine has been found to be highly
effective in the control of SRS-COV-2 infection. The
number of studies and clinical trials to test the efficacy
and safety of chloroquine in the treatment of COVID-
19 has increased significantly (Cortegiani et al. 2020;
Gao et al. 2016; Gautret et al. 2020).

To date, more than twenty clinical trials, all in
China, have examined the effect of CQ in COVID-19
patients. The characteristics of the clinical trials and
the primary results have been reported and presented
as a table in a study carried out by Cortegiani et al.
(2020).

A combination of the two protease inhibitors
lupinavir and ritonavir was another option COVID-
19 treatment (Nutho et al. 2020). The use of these

drugs in COVID-19 treatment basically has to do with
the earlier confirmed success against SARS-CoV-1
virus and the coronavirus that causes MERS (Yao et al.
2020).

These drugs inhibit a responsible enzyme called
3-chymotrypsin-like protease (3C-like), which acts as
a crucial enzyme in the breaking down of polyproteins
into two involved enzymes in virus replication,
including RNA-dependent RNA polymerase and
helicase (Nutho et al. 2020).

The result of studies on the vitro model for SARS-
CoV-2 infection suggest that the Lopinavir-ritonavir
combination form is more effective than when either is
applied alone (Choy et al. 2020; Kang et al. 2020).

A systematic review of randomized controlled trials
conducted by Tejas in 2021 to evaluate the efficacy
and safety of lupinavir-ritonavir in COVID-19 showed
no considerably different results when treating the
patient with a combination of lupinavir-ritonavir
compared to others who had not received this treat-
ment. In addition to the use of lopinavir-ritonavir
related with high risk of adverse events than treated
patients with the umifenovir as control group (Patel
et al. 2021).

Two other drugs, Nafamostat and camostat, which
have been approved in Japan to be used as treatment
pancreatitis as they subdue serine proteases, including
extracellular proteases TMPRSS2 (Hoffmann et al.
2020a, b; Hoffmann et al. 2021).

By blocking virus-membrane fusion, a downregu-
lation of TMPRSS2 significantly reduced cellular
infection rate (Hoffmann et al. 2021).

The initial results of cell culture and animal studies
determine that this well-known drugs not only main-
tain an excellent safety profile but also act as a
promising drug candidate in fighting COVID-19.
However, more experimental data are needed to
extensively use it to treat patients suffering from
COVID-19 (Breining et al. 2021).

In addition, a plethora of drugs such as Nitazox-
anide, Ivermectin, Corticosteroids and Tocilizumab
and Sarilumab and still many other unknown or lesser-
known drugs have been investigated by scientists and
researchers around the world in the hope of unveiling
an effective cure against the COVID-19 pandemic.

As the purpose of the present study was to
exclusively investigate the treatment efficacy of
MSC and MSC-derived exosomes, it found no further
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Table 1 Detailed information of completed clinical studies for MSC or EVs therapy of COVID-19 registered at Clinicaltrials.gov

through April 2021

Intervention NCT Source of Phase Dose & Rout of Participants ~ Study Location
number stem cell timing administration number design
Mesenchymal ~ NCT04473170  Autologous  I/I N.A in 146 Randomized, Abu Dhabi Stem Cells
stem cells NHPBSC open label Center,
United Arab
Emirates
NCT04522986 MSC I 4 times dose, iv 6 N/A, open Osaka University
1 x 10% cells label Hospital,
Japan
NCT04713878 MSC N.A Triple dose, iv 21 Randomized, University of Health
1 x 10° cells/ open label Sciences, Turkey
kg/dose
NCT04288102 UC-MSC I Triple dose, iv 100 Randomized, 1. General Hospital of
4 x 107 cells double-blind Central Theater
/dose Command
2. Maternal and Child
Hospital of Hubei,
China
3. Wuhan
Huoshenshan
Hospital, China
NCT04535856  Allogenic I Low-dose: N.A 9 Randomized, University of
MSC 5 x 107 cells, double-blind Hassanudin/ Dr.
High-dose: Wahidin
5 % 107 cells Sudirohusodo
Hospital, Indonesia
NCT04355728 UC-MSC 1S Double dose, iv 24 Randomized, Diabetes Research
100 x 10° double-blind Institute, University
cells/infusion of Miami, Miller
School of Medicine,
United States
NCT04492501 BM-MSC N.A Single dose, N.A 600 Non- Pak Emirates Military
2 x 10° cells/ randomized, Hospital, Pakistan
kg open label
Extracellular NCT04491240 MSC-EV v Twice a day, in 30 Randomized, Medical Centre
vesicles 10 days, double-blind Dinasty, Russian
0.5-2 x 10" Federation
particle

NHPBSC non-hematopoietic peripheral blood stem cell, MSC mesenchymal stem cell, UC umbilical cord, BM bone marrow, N.A not
applicable, i.n intranasal, i.v intravenous, EV extracellular vesicle

room for a full review of various types of pharmaceu-
tical solutions.

Results from the transfer of the neutralized anti-
bodies from patients, who have recovered during the
periods prior to MERS and SARS coronavirus
outbreaks, suggest that convalescent plasma (CP)
may help with a quick viral clearance, and induce
clinical benefits (Xi 2020). Generally, the results
obtained from COVID-19 convalescent plasma are
highly contradictory and in more cases than not, are
rejected as stable epitopes are required, while SARS-
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CoV-2 is an RNA virus in which genome is constantly
mutating (Xi 2020; Zhang et al. 2020a, b, c).

Another potential treatment can be cell-based
therapy It has now been demonstrated that mesenchy-
mal stem cells (MSCs) enjoy significant therapeutic
advantages for lung injuries (van Haaften et al. 2009;
Han et al. 2019a, b).

Besides MSCs, different immune cells such as
natural killer (NK) cells, dendritic cells (DC), T cells,
and Cytokine-Induced Killer (CIK) cells as well as
secreted exosomes have also been evaluated and are
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found to have beneficial effects in pulmonary patho-
logical conditions mediated by infectious and non-
infectious agents (Lee 2017; Jung et al. 2020; Lythgoe
and Middleton 2020). Among various cellular sources,
the therapeutic function of MSC and its exosomes is
consistently reported in different models of acute and
chronic pulmonary diseases that can support their use
in treating patients with COVID-19 induced pneumo-
nia/ARDS (Fujita et al. 2018; Lythgoe and Middleton
2020).

The present review is set to highlight the therapeu-
tic potentials and challenges facing exosomes derived
from MSC in comparison with their cells of origin as a
strategy to promote the treatment of patients suffering
from COVID-19.

MSC-Based therapy potentials and challenges
for COVID-19

The March 2020 report by Leng and his team
confirmed the therapeutic potentials of transplanted
MSC:s in the amelioration of the pulmonary function
of COVID-19 patients for the first time (Leng et al.
2020). Numerous subsequent clinical and pre-clinical
studies evaluated such efficacy, safety, and various
aspects of MSCs’ ability to treat COVD-19. The
promising results of phase I/II clinical studies on the
application of MSCs in patients with ARDS (Wilson
et al. 2015; Laffey and Matthay 2017) encouraged a
wide variety of clinical trials in the treatment of
COVID-19 with MSCs. Table 1 presents the details of
the completed clinical studies.

Given its unique properties, including anti-inflam-
matory, immune-regulating, and tissue regeneration
power, MSC’s success in treating COVID-19 infection
has come by no surprise. Also, demonstrating the
safety of human allogeneic bone marrow in MSCs
after intravenous injection into patients with idio-
pathic pulmonary fibrosis in the first AETHER trial
has provided the base for the use of MSCs in the
treatment of patients with respiratory disorders (Glass-
berg et al. 2017). In addition, the safety of MSCs
administration in patients with ARDS has been
demonstrated across three early-stage completed
clinical trials (Han et al. 2019a; Lopes-Pacheco et al.
2020).

The candidacy of MSCs for the treatment of var-
ious stages of respiratory disease has led to the

revelation of their possible mechanisms, in recent
decades (Han et al. 2019a, b; Watanabe et al. 2020).
For example, anti-inflammatory and anti-apoptotic
effects of MSCs ameliorate lung function through
inducing the restoration of epithelial and endothelial
cells and also enhancing the clearance of alveolar
edema fluid in several models of ARDS. MSCs are
able to secrete the anti-inflammatory cytokines (IL-10
and TGF-) and resulting in a decreased neutrophil
recruitment into the injured organs and decrease in the
level of pro-inflammatory cytokines (TNF-o, IL-8, IL-
6) (Mohanty et al. 2020). Such function (secreting the
anti-inflammatory agent) is part of paracrine activities
of MSCs which enables them to manage the function
of The cells around them including immune cells
(macrophages and T cells) and non-immune cells
(alveolar epithelial cells) (Harrell et al. 2019). Fur-
thermore, MSCs directly interact with various immune
cells by averting their proliferation as well as altering
their phenotype toward an anti-inflammatory state via
the transfer of mitochondria, either directly by
tunneling nanotubes (TNT) or indirectly, via secreted
extracellular vesicles (Laffey and Matthay 2017;
Behnke et al. 2020).

The secretion of various growth factors including
fibroblast growth factor-beta (FGFb), vascular
endothelial growth factor (VEGF) (Cahill et al.
2016) by MSCs not only significantly inhibit cell
apoptosis and decrease oxidative damages, but also
induce proliferation and migration of epithelial and
endothelial cells to regenerate and replace damaged
cells in the pulmonary fibrosis. Such properties are
probably useful for the recovery of COVID-19
patients, like results obtained in the study by Harrell’s
team (Harrell, Sadikot et al. 2019). Distribution
alveolar permeability and excessive neutrophil infil-
tration have repeatedly been reported as hallmark
pathophysiology properties of the COVID-19 pan-
demic (Tomar et al. 2020).

Angiopoietin-1 which is present at secreted soluble
factor MSCs through cytoskeletal reorganization and
prevention of NF-«kB activity in the alveolar epithelial
type II cells, ameliorating alveolar barrier integrity
and restoring inflammatory-induced epithelial protein
permeability (Anastasiadis 2015).

However, there are several serious challenges of
MSC-based therapy that not only reduce their thera-
peutic efficacy but also limit the accessibility of such
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therapy for millions of infected individuals at this
stage in the pandemic.

Despite clinical reports approving the safety in the
use of MSCs, some doubts have yet to be completely
resolved, including those on the abnormal differenti-
ation, the spontaneous malignant transformation
(Drela et al. 2019; Mazini et al. 2019; Saeedi et al.
2019), and the formation of ectopic tissues of trans-
planted MSCs (Lukomska et al. 2019).

Systemic intravenous (I'V) injection is the key route
of administration widely used in MSC-based therapy
(Kabat et al. 2020). Although the long-term fate
of in vitro expanded MSCs after injection remains
unclear, the majority of injected cells are, in the short
term, entrapped in the capillaries of various organs,
especially the lungs (Abreu et al. 2021). However, in
the lungs, they experience a fleeting life and disappear
24 h after injection. Generally, the low efficiency of
MSCs engraftment in the lungs is accepted (Behnke
et al. 2020). However, the long life term of the grafted
MSC:s for several weeks (Gu et al. 2015; Harrell et al.
2019) leads to their continued action and increases the
likelihood of malignancy due to host immunological
tolerance to the MSCs (Behnke et al. 2020; Cruz and
Rocco 2020). Finally, very small shares of such cells
are relocated to other organs, including liver and
spleen (Abreu et al. 2021). Pulmonary embolism due
to the obstruction of microcirculation in the periphery
and disseminated intravascular coagulation, respira-
tory and cardiovascular failure, particularly in high
doses of MSCs are the serious adverse effects of MSCs
therapy (Liao et al. 2017).

In addition, inflammation-induced embolization
considerably increases the risk of instant blood-
mediated inflammatory reaction (IBMIR) and causes
a rapid loss of the majority of infused cells due to
activation of innate immune responses, including
complement/coagulation cascades (Qu et al. 2021).
Such a result may limit the use of MSCs for COVID-
19 patients with hypercoagulopathy. The use of early-
passage MSCs in lower doses is recommended to
reduce the side effects associated with the MSCs
prothrombotic profile (Galleu et al. 2017). Changing
the immunomodulatory properties of MSCs by lung
microenvironment is another challenge that should be
taken into consideration. Although MSCs mostly
possess anti-inflammatory activity, their immunomod-
ulatory property is completely related to the immune
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status of the microenvironment (Le Blanc and
Mougiakakos 2012; Islam et al. 2019).

In fact, it is suggested that the anti-inflammatory
effect of MSC:s is heterogeneous (Behnke et al. 2020).
Under undesirable environments, MSCs can increase
damage through secretion factors in response to the
lung microenvironment (Antebi et al. 2018). Islam
et al. reported different results of protective activity of
MSCs in three different models of lung injury (Islam
et al. 2019). Contrary to the protective effect of native
MSCs on ventilator-induced lung injury, lung injury
with primary acid worsened after exposure to native
MSCs due to the development of fibrosis. In order to
overcome the lung microenvironment, Islam and his
colleagues treated mice with MSCs carrying human
gene of IL-10 (MSC™'? or hepatocyte growth factor
(MSCHSF). The result indicated the level of pro-
inflammatory cytokines, while TGF-1 and fibrinogen
were decreased after 24 h. They also demonstrated
that lentivirus [LV] carrying human genes of glu-
tathione peroxidase-1 (LVS"™*™") and for a proper
oxidative microenvironment of lungs before MSC
administration led to an increase in the antioxidant
capacity but reduced the level of H,O,, cytokines IL-6
and fibronectin. In fact, they indicated that microen-
vironment at the time of administration is an important
factor that determines the MSCs function (Islam et al.
2019).

To reduce the heterogeneous anti-inflammatory
effect and improve the appropriate anti-inflammatory
phenotype of MSCs, Bustos et al., treated the injured
mice with human MSCs preconditioned with serum
obtained from ARDS patients. The results showed that
preconditioned MSCs exhibited a higher level of
cytokines, such as IL-10 and IL-1RN, which lead to an
increase in their protective capacity (Bustos et al.
2013).

Meanwhile, changing such properties of MSCs that
are related to lung microenvironment may induce drug
resistance in a way similar to what has repeatedly been
reported in MSC-based anti-cancer therapy (Birru
et al. 2020).

The migration and homing capability of MSCs is
another critical factor for the efficacy of the MSC-
based therapy. In vitro culture conditions such as
(hypoxic culture condition, culture confluence), the
passage number and the donor’s age can alter the
homing related physical properties of MSCs (Ullah
et al. 2019). For example, the level of chemokine
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receptors such as CXCR4 on the surface of MSCs drop
during in vitro serial expansion MSCs and affect their
homing ability (Jin et al. 2018). In addition to such
inherent limitations, providing and maintaining a large
amount of clinical-grade MSCs, required for a large
number of patients, is not only very expensive but also
difficult and cumbersome.

The mechanism of action of MSCs has yet to be
entirely understood, and possibly entails the collection
of various signaling pathways. It is generally accepted
that a big part of these postulated mechanisms are
mediated by the secretion of paracrine factors (Zhou
et al. 2019; Batsali et al. 2020). The working role of
paracrine mechanisms of MSCs has been observed in
order to help improve the airway inflammation of
animal models (Fujita et al. 2018). Soluble mediators,
which are secreted by MSCs include cytoki-
nes, growth factors, miRNA, as well as exosomes,
sharing similar functions like parent cells, are respon-
sible for their properties (Jafarinia et al. 2020).
Interestingly, follow-up MSCs transplantation in a
patient with acute graft-versus-host disease, while
emphasizing the relatively short-lived transplanted
MSCs, reported no relationship between MSCs trans-
plantation and therapeutic responses. They concluded
that the anti-inflammatory effects of MSCs depend on
the production and secretion of reparative factors (Von
Bahr et al. 2012).

Therapeutic potential of MSC-derived exosomes
for COVID-19

Exosomes are nano-size membranous vesicles with a
size range within 30-150 nm. They are secreted by
many cell types into various body fluids (Modani et al.
2021). In physiological and pathological conditions,
exosomes have a critical role in cell-to-cell commu-
nications through the transport of various biological
molecules like miRNA and proteins into target cells
(Modani et al. 2021). Unlike apoptotic bodies and
micro-vesicles, which are derived from the cell
surface, exosomes are generated by endosomal path-
ways and load the cytoplasmic content of the origin
cell. Therefore, they are a mini version of their origin
cell and mimic all of their properties (Pegtel and
Gould 2019). Exosomes are among key paracrine
effectors secreted by MSCs and due to their biological
cargo, which is similar to parental cell, and their

ability to preserve healing properties, they are con-
sidered as an attractive candidate to replace MSCs in
treating various diseases (Joo et al. 2020).

Nontoxicity, low-immunogenicity, high stability,
easy storage, and the potential to be produced as
an off-the-shelf product are several benefits of exo-
somes compared to their cellular counterparts that led
to their expanding clinical application as new thera-
peutic surrogates (Jafari et al. 2019).

In addition, the natural functioning of exosomes
enables them to deliver their membrane and cytoplasm
bio-active components from origin cell to target cells
through the fusion of plasma membranes. There are
also other unique properties, including a natural ability
to freely cross the biological barriers such as Blood
Brain Barrier (BBB). Furthermore, biocompatibility is
another feature. Due to their root in biological sources
and an intrinsic targeting ability, exosomes have been
utilized as delivery vehicles for pharmaceutical com-
ponents in preclinical studies (Guo et al. 2017). These
unique properties of exosomes add to immune-mod-
ulatory and anti-inflammatory associated with MSCs
introduce exosomes derived from MSCs as an inter-
esting tool for therapeutic intervention to deal with the
current COVID-19 pandemic situation. Probably,
MSC- exosome, in a mechanism difference or similar
to parental cells, can prevent the cytokines storm
induced by over-reactive immune responses and as
well as promote endogenous repair of injured lungs.

Effect of MSC-derived exosomes on lung
inflammation

MSC-derived exosomes inherit immunosuppressive
properties from their parental cells. Various mecha-
nisms were probably used by MSC-exosomes to
equilibrate the function of the immune system (Chen
et al. 2016). One of the key mechanisms is repro-
gramming and altering the phenotype of various
immune cells. For instance, the ability of MSC-
derived exosomes to promote the survival of alveolar
macrophages and change their phenotype from pro-
inflammatory (M1) into the anti-inflammatory (M2)
polarization has been confirmed by at least two studies
(Rodriguez et al. 2018; Park et al. 2019). The
implication of these findings is that exosomes can be
a viable alternative to their parental cells.
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Such ability has also been reported for MSCs,
which can alter the Treg/Teff ratio toward increased
Treg, and boost the secretion of anti-inflammatory
cytokine (Del Fattore et al. 2015).

Different studies have found that MSC-exosomes in
the inflammatory environment of ARDS, were respon-
sible for reprogramming of macrophages toward
reducing the production of TNF-o and IL-8 as the
major pro-inflammatory cytokines, M1-M2 polariza-
tion of macrophages and also improving their phago-
cytosis effects and oxidative phosphorylation (Vats
et al. 2006; Phinney et al. 2015; Morrison et al. 2017).

Another mechanism through which MSCs would
cause regulation of target cells function is dependent
on gene expression regulation via exosome-mediated
microRNAs transfer (Gong et al. 2017). As already
mentioned, exosomes can change the function of the
target cell based on its specific bioactive molecules.
MicroRNAs exist within MSC- exosomes such as
miR-34a, miR-122, miR-124, miR-127, miR-146a,
and miR-195 that have a significant role in inducing
the immune-modulatory properties associated with
MSCs (Aliotta et al. 2016, 2017). For example,
overexpressed miR-122 in MSC-exosomes increase
the chemo-sensitivity of hematoma cells through
knockdown of its target gene, including cyclin Gl
and insulin-like growth factor receptor 1 and trigger
apoptosis and cell cycle arrest (Lou et al. 2015).

Also, miR-34a is a master tumor suppressor
miRNA which is able to regulate critical genes
in tumor evolution and progression of cancer such as
BCL2, MYC, CDK4/6, NOTCHI1, MET, and CD44
(Slabakova et al. 2017). Song et al. showed that MiR-
146, a well-known anti-inflammatory miRNA, selec-
tively packaged into exosomes derived from MSCs
and could induce macrophages towards M2 pheno-
types (Song et al. 2017).

In addition, MSC- exosomes carried a high-level
mRNA of cyclooxygenase (COX)-2 enzymes induc-
ing the production of prostaglandin E2 (PGE2). PGE2
is considered as a critical key to switch the Ml
phenotype to the M2 phenotype of macrophages
(Németh et al. 2009).

Systemic administration of MSCs and MSC-exo-
somes in aspergillus hyphal extract induced allergic
airway inflammation in immunocompetent mice,
while emphasizing the better impact of MSC-exo-
somes than MSCs, and thus reported the mitigation of
allergic airway inflammation induced by Th2/Th17
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through switching the Th2/Thl7 inflammatory
response toward the Thl response, and decreased
eosinophilic and neutrophilic-mediated allergic
inflammation in the lung tissue (Cruz et al. 2015).
Phinney et al. in 2015 reported that exosomes secreted
by MSCs in the environmental oxidative stress in
animal models of chronic obstructive pulmonary
disease (COPD) modulated the function of macro-
phages through a mitochondrial transfer and blocked
the central inflammatory pathway, including TLRs
and NF-xB by transferring regulatory microRNAs
such as miR-451 which is known as the TNF
suppressor (Phinney et al. 2015).

Overall, it can be concluded that MSC-exosomes
could possibly accelerate the recovery process in
COVID-19 patients via re-equilibrating the dysregu-
lated function of immune systems.

Tissue regenerative potential of MSC-based
exosomes and its implications in treating COVID-
19

Disruption of lung epithelial-endothelial barrier integ-
rity, fibrosis, and thickening in alveolar walls through
the infiltration of monocytes and alveolar macro-
phages that lead to dysfunctional alveolar-capillary
gas exchange and hypoxia happen in the late stages of
SARS-CoV-2 infection (Leeming et al. 2021). Several
studies have well demonstrated the suppressive prop-
erties of the immune system and the regeneration of
tissues damaged by MSC-exosomes in various lung
diseases in vitro and in animal models (Willis et al.
2017; Braun et al. 2018; Khatri et al. 2018). Addi-
tionally, MSC- exosomes in a dose-dependent manner
are effective in restoring and repairing of lung injury
arising from ARDS (Monsel et al. 2015; Shah et al.
2019).

High levels of angiopoietin-]l mRNA which is a
known as an anti-inflammatory and anti-permeability
agent, in MSC- exosomes, reduce permeability pul-
monary edema and decrease the infiltration of neu-
trophils (Mei et al. 2007; Gennai et al. 2015; Park et al.
2019). Furthermore, animal models of various lung
disorders (asthma and COPD) in recent studies
showed that exosomes secreted by MSCs through
PI3K/Akt pathway were able to restore the expression
of extracellular matrix (ECM) proteins, and reduced
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the parenchymal collagen content (Belik et al. 2016;
de Castro et al. 2017).

Also, Park and colleagues reported a jump in
alveolar fluid clearance (AFC) after MSC-exosomes
administration through upregulation of the sodium
channel and keratinocyte growth factor (KGF) in
alveolar epithelial cells (Park et al. 2019).

Preclinical animal models studies revealed that
MSC-exosomes could also reduce pulmonary hypoxic
hypertension (Lee et al. 2012; Chen et al. 2014; Hogan
et al. 2019). For example, Lee et al. in 2012 evaluated
the cytoprotective action of MSC-exosomes in hypox-
ia pulmonary arterial hypertension (PAH) mice mod-
els. They reported reverse hypoxic pulmonary
hypertension via preventing the hypoxic activation
by suppressing the STAT3 signaling pathway, and
overexpressed the miR-17 superfamily and miR-204
in the lungs (Lee et al. 2012). In general, upregulating
the expression of tricarboxylic acid (TCA) cycle
enzymes, including pyruvate dehydrogenase (PDH)
and glutamate dehydrogenase 1 (GLUD1) as well as
improving the mitochondrial function of pulmonary
cells are MSC-EXO mechanisms in reducing PAH
complications (Hogan et al. 2019). Such results
indicate the high potential of MSC-exosomes in
repairing COVID-19-associated lung damage. How-
ever, obtaining better results require an in-depth study
of the mechanism and vascular effects of SARS-CoV-
2 infection.

Antiviral activity of MSC-derived exosomes

The three mentioned functions of MSC-exosomes
include anti-inflammatory properties, immune modu-
lation, and tissue protection properties performed
through the alteration of host cell function. MSC-
exosomes also have natural antiviral activity resulting
from endogenous cargoes, including mRNA and
miRNA (Popowski et al. 2021).

Immune-modulatory properties of T regulatory
cells induced by MSC-exosomes might increase virus
clearance by TCDS cells in neonatal mice infected
with influenza A virus (IAV) (Oliphant et al. 2015).

For example, Khatri et al. reported the antiviral
activity of MSC-exosomes in a pig model of influenza
virus. They showed that such activity is dependent
upon the presence of mRNA and miRNAs in exo-
somes derived from MSCs and their transport to lung

epithelial cells. They also demonstrated the reduction
in the inflammatory condition by averting the expres-
sion of proinflammatory cytokine and chemokine after
MSC-exosomes administration in pig models (Khatri
et al. 2018).

Also inducing the expression of T regulatory cells
by MSC-exosomes might increase virus clearance by
TCDS cells in an unknown mechanism (Oliphant et al.
2015).

Antiviral abilities of MSC-exosomes can be pro-
moted in engineered types, such as the use for delivery
of loaded antiviral drugs and the production of
engineered exosomes by the expression of antibodies
and receptors on their surface as nano-decoys. In the
nano-decoys complex, exosomes act as a cell-mimic.
Through binding with the viruses, they do block the
initialization of the virus into the host cell, which is
done via tagging the virus, thanks to the physical link,
thus increasing the pre-infection chances of elimina-
tion by immune cells (Rao et al. 2020). For example,
the presence of ACE2 on the surfaces of lung-derived
exosomes effectively trapped viral particles before
infection (Rao et al. 2020; Zhang et al. 2020a, b, c).

The engineering of MSC-derived exosomes to
express ACE2 on their surface, along with their other
known properties, is likely to have stronger potential
in the fight against SARS-CoV-2, confirming results
obtained by Shennawy et al. that revealed the ability of
plasma isolated ACE2-expressing (ACE24) exo-
somes from COVID-19 patient in neutralization of
SARS-CoV-2 infection (El-Shennawy 2020; Hoff-
mann et al. 2020a, b). Table 2 summarizes the
therapeutic benefits of MSCs and their exosomes in
lung injuries.

MSCs and MSC-derived exosomes: a comparison
of efficiency in COVID-19 treatment

The debate over whether exosomes or cell therapy
work better remains open-ended. Despite having
almost the same therapeutic effects, either of the two
strategies has its own advantages and disadvantages
that can affect the choice of a workable strategy for the
treatment of COVID-19 patients. Here we review
some advantages of exosomes over MSCs in treating
COVID-19 as we also discuss the present challenge
faced by exosome-based therapy.
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Table 2 The comparison of therapeutic benefits of MSC and their exosomes in lung injuries

Therapeutic roles

MSC therapy

MSC-exosome therapy

References

Immunomodulatory activity

| Pro-inflammatory cytokine
1 Anti-inflammatory cytokine
— M1-M2 phenotype polarization

T Immune cells proliferation & activation

SN

directly

T Treg/ Tegr ratio
1 Oxidative phosphorylation in MQ
TAlveolar MQ survival

S SN

Tissue regeneration activity

Trans differentiation function
Cytoprotective function
Improvement of Mitochondrial function
T Cell apoptosis
— Epithelial & endothelial cell proliferation
T Anti-fibrosis function
1 Alveolar epithelium function
| Permeability pulmonary edema
| Pulmonary hypoxic hypertension

SN XX XXX

Antiviral activity

Carry antiviral cargo

<

1 Neutralization viral infection -

T Viral entrance into cells -

1 Virus clearance through T cell activation v

S SN

S SN

SRS X "X

S SN

v

Phinney et al. (2015)
Del Fattore et al. (2015)
Park et al. (2019)
Harrell et al. (2019)

Del Fattore et al. (2015)
Morrison et al. (2017)
Hogan et al. (2019)

Behnke et al. (2020)
Lee et al. (2012)
Hogan et al. (2019)
Lou et al. (2015)

Al-Khawaga and Abdelalim (2020)
Islam et al. (2019)

Park et al. (2019)

Park et al. (2019)

Hogan et al. (2019)

Khatri et al. (2018)
El-Shennawy et al. (2020)
Rao et al. (2020)

Oliphant et al. (2015)

MSC mesenchymal stem cells, EV extracellular vesicle, MQ macrophages, Treg T regulatory cell, Teff T effector cell, AFC alveolar

fluid clearance. The arrows represent: increase, T; decrease|; induction, — ; inhibition, T

The comparison of exosomes function and their
source cell shows that exosomes are able to exert
the same impact through a different or similar
mechanism, and in many cases are even more
effective (Phinney and Pittenger 2017). For
instance, Del Fattore et al. verified the better
immunomodulatory function of MSC-derived
exosomes than the origin cells. They realized that
in a mechanism, which probably differs from
parent cells, MSC-derived exosomes alter the
PMSC Treg/Teff ratio toward increased CD4*"
CD25*CD127low Tregs and also, change the
amount of anti-inflammatory cytokine, including
IL-10 increased (Del Fattore et al. 2015).

Due to their small size, exosomes are able to cross
thin veins and even the blood—brain barrier, while
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MSCs can immediately get trapped in the lungs
and create the pulmonary embolism and infarct,
especially after intravenous injection (Aryani and
Denecke 2016). For example, intravenous injec-
tion of inoxine-labeled MSCs demonstrated high
initial uptake and trapped a large number of MSCs
in the lungs due to their relatively large size (=~
25 pm in suspension) (Ye et al. 2020).

Due to the absence of MHC class I-II on their
surface, both allogeneic and autologous MSC-
derived exosomes are safe. In a prospective
nonrandomized cohort study in April 2020, Sen-
gupta evaluated the safety and therapeutic efficacy
of exosomes derived from allogeneic BMSCs in
COVID-19 patients (Sengupta et al. 2020). After
72 h of a single intravenous administration of
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exosomes, adverse effects were not observed and
all safety endpoints of the study were met. 17
patients (71%) out of the 24 under observation
recovered. Clinically, the capacity to restore
oxygenation of patients ameliorated. The result
of the laboratory test also demonstrated the
reconstitution of immunity through growth in the
neutrophil and lymphocyte count, suppression of
cytokine storm via declining the acute phase
reactants, C-reactive protein, and ferritin. In
addition to that finding, they reported that MSC-
derived exosomes are an ideal and novel thera-
peutic option for severe COVID-19 (Sengupta
et al. 2020). While as previously stated, abnormal
differentiation and spontaneous transformation
about MSCs is still a concern.

4. Removing such restrictions as the lineage of
exosomes reference [Embryonic stem cells
(ESC) and induced pluripotent stem cells (iPS)]
combined with developed technology for produc-
ing and cryopreserving grade-clinical exosomes
under GMP guidelines makes their production
much easier and consequently less expensive
(Whitford and Guterstam 2019). For example,
the exosomes production quality control could
start from the first step, which is the donor
competency analysis and is subsequently imple-
mented in all stages. Also, some production
processes such as final concentration and vial
filling could be performed in a fully automatic
manner, representing an example of a closed-loop
system. And the final product of each exosomes
batch is analyzed for size, homogeneity, quantity
as well as positive and negative markers (Muraca
et al. 2017)

5. Easy manipulation of exosomes and engineering
exosomes allows the production of a wide range of
products tailored to the intended purpose through
various direct and indirect techniques. It is also
possible to improve the therapeutic effect of the
exosomes by loading therapeutic drugs (Wang
et al. 2016; Armstrong et al. 2017).

6. Another advantage of MSC-exosomes is that
parent cells in the treatment of COVID-19 allow
for a nasal administration of antiviral-loaded
exosomes and a direct transfer of them into the
nasal mucosa and the lungs that are most fre-
quently exposed to the coronavirus and thus serve
as the destination where the proposed drugs are

expected to effectively work (Ziegler et al. 2020;
Popowski et al. 2021)

However, there are still significant roadblocks on
the development of exosomes-based therapies.

The first challenge is to find the appropriate cell
source that meets the therapeutic goal. Various factors
such as tissues of origin, the donor age, and culture
conditions might also alter the therapeutic properties,
including immunomodulatory and differentiation
capacity of MSCs (Gao et al. 2016).

The second issue is the integral dependence of
exosomes production on cell culture. exosomes are
secreted by cells. Thus, producing them in large
amounts requires the production of large amounts of
cells without compromising the genotypic and phe-
notypic properties of their producing cells (Whitford
and Guterstam 2019).

Obtaining a huge number of cells in a process which
is less time-consuming and more cost-effective is yet
another step toward limiting stable products. It
definitely restricts the production of large quantities
of stem cell-conditioned medium which carry cell-
derived exosomes (Colao et al. 2018).

However, the success of cell culture development
based on technologies to increase surface area has
largely overcome such a limitation. Yet the complex-
ity of controlling the environmental parameters
including the risk of phenotypic alteration and the
formation of apoptotic bodies can decrease the quality
and quantity of the final product (Agrahari et al. 2019).

As exosomes are the secreted products of cells,
perfusion bioreactors culture cells such as hollow-fiber
perfusion bioreactors provide sufficient mass transfer
in the culture and also continuous high cell density
culture and effectively reduce the cellular requirement
for serum factors (Whitford and Guterstam 2019).
Integra CELLine systems are new flask ‘bioreactors’
that are able to concentrate exosomes within a
membrane compartment and allow transfer of culture
medium for a long period of time (Whitford et al.
2015). Increasing the concentration of exosomes
effectively reduces the downstream processing steps,
and thus the resulting costs (Whitford et al. 2015).

Another limiting issue associated with the produc-
tion of exosomes in a large-scale cell cultivation
system is the dependence of optimal cell growth on
animal serum (Whitford and Guterstam 2019). This is
problematic in two ways. The first issue has to do with
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Table 3 A summary of the comparison of MSC-therapy and MSC-exosome therapy for the treatment of COVID-1

Is preferred exosome than MSC for COVID- 19 Treatment? MSC MSC-Exosome References
therapy therapy
Cross thin veins and even the - ("4 Guo et al. (2017)
blood brain barrier(BBB)
Entrapped in the capillaries of non-target orga v - Abreu et al. (2021)
Pulmonary embolism v - Liao et al. (2017)
Risk of instant blood-mediated v - Qu et al. (2021)
inflammatory reaction (IBMIR)
Induce drug resistance v - Birru et al. (2020)
Intrinsic targeting ability v v Jin et al. (2018)
Safety - v Jafari et al. (2019)
Abnormal differentiation - Drela et al. (2019)
Formation of ectopic tissue v - Drela et al. (2019)
Prolong circulation time - v Sengupta et al. (2020)
Change their properties under lung microenvironment v - Behnke et al. (2020)
Easy manipulation to improve stability and therapeutic - v Armstrong et al. (2017)
properties
Procoagulant activity v (4 Tripisciano et al. (2017)
High stability - v Whitford and Guterstam
(2019)
Direct transfer (nasal administration) - v Ziegler et al. 2020)
Cost High Low Colao et al. (2018)

the increased risk of viral contamination while the
second deals with the high presence of large numbers
of exosomes in animal serums that if not removed
before cell culture may enter the final product and
render it unacceptable before being injected. An
alternative suggestion is serum-free and xeno-free
culture media components but provided that it main-
tains comparable therapeutics properties of the exo-
somes product (Phelps et al. 2018).

A significant advantage of exosomes compared to
adherent producer cells such as stem cells is their
simple isolation from the conditioned medium (Colao
et al. 2018). However, adherent cell products are
enzymatically detached, which increases downstream
processing operations costs and purification times
while reducing efficiency that results in loss of product
(Whitford et al. 2015).

In downstream processing, four separation methods
are generally used to purify exosomes, including
sedimentation force, affinity isolation, filtration, and
polymeric precipitation (Gardiner et al. 2016). Each of
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these methods for different reasons may not be
appropriate for larger-scale production of exosomes.

For example, the limitations of ultracentrifugation
such as the lengthy process, repeated steps, and
disruption of exosomes during separation are incon-
siderable. However, as for nanospecific precipitation,
it not only requires downstream processing to remove
PEG from the final product, but also reduces the purity
of the final product due to the co-isolation of various
types of EVs and proteins (Chen et al. 2020).

Affinity purification through antibodies against
exosomes surface markers could be the best method
for exosomes purification that leads to a purer and
more homogeneous product compared with other
methods (Willis et al. 2017).

The proposed ideal processes for exosomes purifi-
cation are sequence-based processes designed from a
combination of filtration and chromatographic—based
methods. A fine example of this strategy is tangential
flow filtration, which is capable of purifying MSC-
exosomes with a 125-fold concentration (Kim et al.
2018).
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Another challenge is the heterogeneity of the
exosomes subpopulations. Exosomes have been used
in almost all studies to refer to isolated extracellular
vesicles (Tkach et al. 2018; Willms et al. 2018). Part of
such ambiguity is due to the inability of extraction
methods to separate exosomes subtypes, as well as the
lack of accurate descriptions for each type of exo-
somes, as many of their properties overlap between
exosomes subtypes, such as size and markers (Willms
et al. 2018).The importance of such an issue was
recognized when it was observed that exosomes
isolated with different sizes of dendritic cells could
induce different classes of T cells such as cytotoxic T
cells, helper T cells, and regulatory T cells (Kowal
et al. 2016). In addition, quantitative determination of
the bioactive substance of the exosomes product
remains a major challenge in the development of its
therapeutic scales (Willis et al. 2018). According to
the FDA standards, potency is defined as the specific
ability or capacity of a product to elicit the desired
result (Pachler et al. 2017). It is necessary that a unique
potency unit for the assessment of exosomes potency
be applied to standardize practices and overcome the
inconsistencies and variations between batch-to-batch
products. Of note is the point that in vitro potency,
assays must be able to accurately predict outcomes
in vivo so that it is be specific for each disease, fit-for-
designated purpose, and relevant to the final functional
(Colao et al. 2018). For example, to define the potency
of MSC-exosomes, their immune-regulating proper-
ties have been used to induce IL-10 from mononuclear
cells after the incubation process with them (Kim et al.
2020).

Another hurdle of exosome-based clinical trials is
the pro-coagulation activity assigned to them (Tripis-
ciano et al. 2017). This is a biological property of
exosomes and their origin cell as they carry the same
receptors and proteins on their surface, including
phosphatidylserine, which is well-known as a critical
component in promoting coagulation activity and
tissue factor as the main initiator of coagulation
(Bernimoulin et al. 2009; Tripisciano et al. 2017).
Cellular origin, passage number, and viability are
other important factors that are able to strengthen the
coagulation cascade in blood after exosomes admin-
istration (Tripisciano et al. 2017; Nielsen et al. 2018;
Silachev et al. 2019).

A proposed solution to prevent the procoagulant
activity of exosomes is treatment with a combination

of anticoagulants agents (heparin and bivalirudin).
While Silachev et al. demonstrated that monotherapy
is done only by heparin due to the fact that using
different proteins in the procoagulant activity of
exosomes is not effective (Silachev et al. 2019). Also,
the quality of the final product resulting from the
isolation of exosomes is another effective factor in
minimizing exosomes coagulation activity. Nielsen
et al. showed that adding to the purity of isolated
exosomes and removing more contaminants, includ-
ing plasma proteins and lipoproteins, reduced the risk
of thrombosis in cancer patients (Nielsen et al. 2018).
Many hospitalized patients who suffered from
COVID-19 are dealt with increased risk of coagu-
lopathy and venous thromboembolism, and currently
dispense anticoagulation and fibrinolytic drugs (Bar-
nes et al. 2020; Mancia et al. 2020; Smith et al. 2020).
Therefore, it is proposed that further analysis be
undertaken with utmost caution to prevent or reduce
the plausible complication of exosomes in COVID-19
patients, who are facing a high risk of thrombosis.

Contrastingly, a recent study by Jamshidi et al.
demonstrated that MSCs can decrease the risk of
thrombosis and coagulation in COVID-19 through the
equalization of hemostasis factors (Jamshidi et al.
2021). Several mechanisms are involved in this
function, (1) MSCs reduce apoptosis of vascular
endothelial cells and subsequently the vessel injury
and disseminated intravascular coagulation (DIC)
through decreasing the expression of pro-inflamma-
tory cytokines such as TNF-o, IFN-y, IL-6. (2)
Suppression of immune cells, including T-cytotoxic
lymphocytes, NK cells, and B cells by MSCs prevent
the formation of microthrombi fibrin and also, (3)
MSCs alter the differentiation of macrophages polar-
ization toward M2 phenotype, which promotes neo-
vascularization and tissue repair (Zhang et al. 2019;
Jamshidi et al. 2021).

Table 3 is a summary of the comparison of MSC-
therapy and MSC-exosomes therapy for the treatment
of COVID-19.

Such abilities are likely to be present in the
exosomes secreted from them, which adds another
benefit to MSC-exosomes for the treatment of patients
suffering from COVID-19.
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Conclusion

Creating a new clinical treatment strategy requires not
only years of pre-clinical studies but also a successful
completion of three different clinical phases. In the
last decade, the therapeutic potential of MSC-exo-
somes and their abilities in both preclinical and animal
models have been evaluated on the hopes for a new
cure toward incurable diseases. The COVID-19 crisis
is an opportunity to assess the knowledge gained out of
MSC-exosomes therapeutic potentials. The result of
the first clinical study conducted in China shows that
MSC-exosomes can be effective in averting the
progression of COVID-19 and healing damaged lungs.
In addition, the intrinsic features such as safety,
stability, and scalability make exosomes an ideal and
practical treatment option for COVID-19. Despite
such significant achievements, there is still a long way
ahead toward accessing exosome-based ready-to-use
products on the shelf, before which a great deal of
effort is required to solve technical problems sur-
rounding such a gain. Some of those issues have to do
with the biological nature of MSC-exosomes, such as
heterogeneity, others are rooted in the in vitro pro-
duction process, including variability associated with
culture conditions. Therefore, the production of large,
purified and uncontaminated amounts, with clinical-
grade of exosomes is the main challenge complicating
the process of exosome-based treatment.
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