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Abstract

With the outbreak of coronavirus disease (COVID-19) caused by novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the world has been facing an unprecedented challenge. Considering the lack of appropriate therapy for COVID-19, it is
crucial to develop effective treatments instead of supportive approaches. Mesenchymal stem cells (MSCs) as multipotent stromal
cells have been shown to possess treating potency through inhibiting or modulating the pathological events in COVID-19. MSCs
and their exosomes participate in immunomodulation by controlling cell-mediated immunity and cytokine release. Furthermore,
they repair the renin-angiotensin-aldosterone system (RAAS) malfunction, increase alveolar fluid clearance, and reduce the
chance of hypercoagulation. Besides the lung, which is the primary target of SARS-CoV-2, the heart, kidney, nervous system,
and gastrointestinal tract are also affected by COVID-19. Thus, the efficacy of targeting these organs via different delivery routes
of MSCs and their exosomes should be evaluated to ensure safe and effective MSCs administration in COVID-19. This review
focuses on the proposed therapeutic mechanisms and delivery routes of MSCs and their exosomes to the damaged organs. It also
discusses the possible application of primed and genetically modified MSCs as a promising drug delivery system in COVID-19.
Moreover, the recent advances in the clinical trials of MSCs and MSCs-derived exosomes as one of the promising therapeutic
approaches in COVID-19 have been reviewed.

Keywords COVID-19 - mesenchymal stem cells - cytokine storm - RAAS - exosome - drug delivery - clinical trials -
SARS-CoV-2

Introduction

The novel coronavirus disease 2019 (COVID-19), caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), emerged for the first time in Wuhan, China, at the
end of December 2019 [1]. COVID-19 is rapidly spreading
worldwide, with more than 53.5 million confirmed cases and
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1,350,000 deaths up to the middle of November 2020 [2].
After isolation and identification of SARS-CoV-2, a growing
body of efforts has been made to understand its transmission
and epidemiological features and improve diagnostics tests
and emergency therapeutic strategies. The majority of
SARS-CoV-2 infected cases are symptom-free (80%) or dis-
play moderate flu-like symptoms, including fever, sore throat,
cough, myalgia, shortness of breath, and fatigue. However,
new manifestations such as gastrointestinal and CNS symp-
toms, anosmia, and ageusia were reported [3, 4].
Approximately 15% of infected cases display severe pneumo-
nia, and 5% develop acute respiratory distress syndrome
(ARDS), the most severe complication of COVID-19, which
is characterized by diffuse alveolar-capillary damage [5, 6].
Although the certain underlying reason for the life-threatening
condition in COVID-19 is still unknown, severe inflammation
related to a high level of pro-inflammatory cytokines is hy-
pothesized to be the primary cause of disease severity and
death [7]. Considering the immune system's pivotal role in
COVID-19 pathogenesis, targeting the immune system helps
to suggest curative therapies to surmount the disease. Despite
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the impressive progress in the diagnosis and management of
COVID-19 patients, the treatment mainly consists of support-
ive care, and no curative vaccine or drug has been approved.
These supportive treatments for ARDS mainly consist of con-
tinuous renal replacement therapy (CRRT), invasive mechan-
ical ventilation, and extracorporeal membrane oxygenation
(ECMO) [8, 9]. Although studies have suggested a variety
of treatments such as antimalarial drugs (chloroquine,
hydroxychloroquine) [10], antiviral drugs (antiretrovirals,
remdesivir) [11, 12], renin-angiotensin-aldosterone system-
related drugs (ACE inhibitors) [13], and immunomodulatory
agents (sarilumab, tocilizumab) [14—16], the efficacy of these
treatments are under question. Considering the fast global
spread of the virus, developing effective therapies is neces-
sary. Within this context, we discuss the mechanisms involved
in therapeutic features of MSCs and their exosomes, possible
drug delivery roles of MSCs, and recent clinical trials in
COVID-19.

MSCs as a potential therapy for severe cases
of COVID-19

Cell-based therapies (CBT), particularly using stem cells, are
promising therapeutic approaches for treating many incurable
diseases. Although CBT has many advantages as a therapeutic
approach, some important limitations include inadequate cell
source, high immunogenicity, and the ethical issue remained
unsolved. Mesenchymal stem cells (MSCs) are a group of
non-hematopoietic stem cells that originate from several adult
tissues such as bone marrow, adipose tissue, dental pulp, am-
niotic membrane, placenta, and amniotic fluid. Based on the
International Society for Cellular Therapy (ISCT), MSCs of
different tissues express common surface markers such as
CD73, CD90, and CD105, while do not express CD45,
CD34, CD14 or CD11b, CD79« or CD19 and HLA-DR sur-
face molecules, which are defined as a part of the recognition
criteria of MSCs. These cells are plastic-adherent in standard
culture conditions and have capability to differentiate into
osteoblasts, adipocytes, and chondroblasts [17]. Some essen-
tial features of MSCs, including regeneration ability, anti-
inflammatory effects, immune evasive characteristics, and in-
teraction with various intra-/extra-cellular pathways, bring
them up as a novel treatment for different pathologic condi-
tions [18]. Also, MSCs proliferate simply under the appropri-
ate condition that results in expansion to usable clinical vol-
ume. These cells are preserved in a standard condition to be
ready to use source for clinical administration. Also, various
clinical trials of MSCs administration did not show side ef-
fects in allogeneic transplantation. These features make MSC-
based therapy an excellent stem cell source compared with
other types of stem cells [19].

The therapeutic effects of MSCs are related to the simulta-
neous influence of direct cell-cell contact and paracrine ef-
fects. MSCs release secretome, consisting of lipids, proteins,
free nucleic acids, and extracellular vehicles (EVs). Based on
release pathways, biogenesis, size, content, and function, EV's
are categorized into three main sub-types: microvesicles
(MVs), apoptotic bodies, and exosomes [20]. Application of
the secretome instead of cellular counterparts provides impor-
tant advantages, including determining dosage and potency,
avoiding invasive cell biopsy, providing storable and easy-
accessible sources, more stability, low immunogenicity, and
a higher chance of crossing the blood-brain barrier (BBB)
[21]. Considering the emerging and rapid spreading of new
SARS-CoV-2, the pathology of COVID-19 as a treating target
and application of stem cells as a novel treatment strategy are
of interest. Herein, we discuss the therapeutic role of MSCs
and their exosomes in negative consequences of COVID-19,
including cytokine storm, RAAS dysfunction, alveolar fluid
accumulation, and hypercoagulation.

Immune system-virus interaction and
immunomodulation of MSCs

SARS-CoV-2 belongs to the virus family that enters into host
cells through surface angiotensin-converting enzyme 2
(ACE2) expressed in type II surfactant-secreting alveolar
cells, oral mucosa, GI tract, kidney, and heart [22-24]. After
invasion of the virus, the innate and adaptive immune re-
sponses are activated. A variety of immune cells including
T-helper (CD3+ CD4+) and T-cytotoxic (CD3+ CD8+) lym-
phocytes, B cells (CD19+), NK cells (CD16+CD56+), mono-
cytes, and macrophages involve in immunologic response
against SARS-CoV-2 [25, 26]. These cells produce and se-
crete various cytokines, chemokines, and other pro-
inflammatory factors to induce an immune response. It is ex-
pected that a well-coordinated inflammatory response limits
the distribution of viruses and eliminates the infection, while
an exaggerated and uncontrolled immune response causes tis-
sue damage, both locally and systemically [27]. It has been
shown that high amounts of neutrophils and elevated
neutrophil-to-lymphocyte ratio in the lung tissue usually show
more severity and unfortunate clinical outcome [28].
Evaluation of patients with severe COVID-19 revealed that
significant leukopenia consists of a reduction in T-helper, T-
cytotoxic, B cells, Natural killer cells, monocytes, eosinophils,
and basophils [6, 29].

MSCs have shown promising immunomodulatory features
in severe inflammatory conditions. MSCs suppress matura-
tion, activation, and antigen presentation of dendritic cells
(DC) and immune cell infiltration to the lung tissue. These
cells can modulate T lymphocytes' proliferation, cytokine se-
cretion, Th1/Th2 balance, regulatory T cell production, B cell
proliferation, and antibody production. They also inhibit
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natural killer cell activation while increasing T reg cells [30].
MSC derived extracellular vesicles play an important role in T
reg production and also increase M2 macrophage phenotype
[31, 32].

Along with the cellular dysregulated immune response,
massive release of pro-inflammatory factors, cytokines, and
chemokine, called "cytokine storm" or "macrophage activa-
tion syndrome (MAS)," promotes tissue damage processes
such as acute lung injury (ALI). Most patients with severe
symptoms display higher serum levels of pro-inflammatory
factors such as IL-6, IL-1p3, IL-2, IL-8, IL-17, TNF-«, G-
CSF, GM-CSF, IP10, MCP1, and MIP1 [7, 33]. This imbal-
anced immune system reaction causes simultaneous
hyperinflammatory/immunodeficiency states that result in in-
tense inflammation against host cells along with the ineffec-
tive function of T-cytotoxic and natural killer to induce apo-
ptosis in virally infected cells. It seems that TNF-«, IL-6, and
IL-1 play pivotal roles in COVID-19 pathogenesis. TNF-c is
mainly secreted by monocyte lineage and possesses a complex
mechanism of action against viral infection. Although this
protein induces the antiviral effect, paradoxically, TNF-«
can cause pathological complications related to the activation
of different downstream signaling pathways. TNF receptors
(TNFR1 and TNFR2), as two essential receptors of TNF-«,
are responsible for inducing this mediator's effects, including
cell growth, NF-«kB activation, and cytokine genes upregula-
tion. It has been shown that TNF- « did not play a pivotal role
in the clearance of viral infections such as influenza and pox-
virus, while TNF-o depletion dysregulates antiviral inflam-
mation. Highly expressed TNF-o results in lung tissue fibrotic
remodeling by inducing uncontrolled recruitment of immune
cells and decreased level of antioxidant molecules in paren-
chymal and endothelial cells of lung tissue [34, 35]. TNF-
activates the host cells' extrinsic apoptotic pathway by activat-
ing death receptors TNFR1, Fas, and TNF-related apoptosis-
inducing ligand (TRAIL) [36, 37]. Activation of these recep-
tors can trigger apoptosis by different mechanisms such as
activation of the caspase-8 pathway, producing reactive oxy-
gen species (ROS), and activation of mitochondrial enzymes
[38, 39]. It seems that triggering different apoptosis pathways
by imbalanced and over-secreted TNF-o« may promote severe
tissue damage during the cytokine storm of COVID-19. IL-6,
as another player in ARDS of COVID-19, is a soluble medi-
ator that participates in different processes, including inflam-
mation, immune response, liver function, and hematopoiesis.
IL-6 links innate to the adaptive immune response by stimu-
lating B cells to produce antibodies and differentiating naive T
cells. This cytokine is a potent production inducer of acute-
phase proteins such as C-reactive protein (CRP), an important
indicator of lung lesions and the disease severity. It has been
shown that the regulated release of IL-6 is necessary for lung
repair in the early inflammatory stage and controlling infec-
tion following viral damages [40—42]. On the other hand, IL-6
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overproduction causes different harmful properties in the
lungs. IL-6, in combination with transforming growth factor
3 (TGF-f3), stimulates the differentiation of naive cells to T-
helper 17, which plays a pivotal role in neutrophil evoking,
while IL-6 prevents TGF-{3-induced Treg differentiation [43].
It seems that the reduction in Treg, which was observed in
severe COVID-19 patients, leads to imbalanced T cell ratios
and uncontrolled immune response [27]. IL-6 function is de-
pendent on how its signal is transmitted to target cells. Two
different pathways translate the effect of IL-6: 1) classic sig-
naling, and 2) trans-signaling. In classic signaling, target cells
of IL-6 express an 80 kDa IL-6 receptor (IL-6R); however,
there are limited cells, including hepatocytes and some leuko-
cytes, that can be affected via IL-6R. Classic signaling medi-
ates the activation of anti-inflammatory effects of IL-6 on
target cells. On the other hand, if the soluble IL-6 receptor/
IL-6 complex associates with gp130a, expressed on all cells,
they immediately initiate an inflammatory cascade, so-called
“trans-signaling” [44, 45]. It is indicated that Type II
surfactant-secreting alveolar cells, which are host cells for
SARS-CoV-2, can be stimulated by the IL-6 receptor/IL-6
complex, which induces an inflammatory response in alveoli
that increase the risk of pulmonary fibrosis [46]. It seems that
IL-6 increases the chance of severe complications of COVID-
19, through immune response dysregulation and causing pul-
monary fibrosis. IL-1 is a family of cytokines consisting of 11
members believed to have pro-inflammatory and antagonistic
functions. Production of IL-1 is triggered by virus-mediated
activation of some pathways such as double-stranded-RNA-
dependent protein kinase (PKR), NF-«kB, and extracellular
signal-regulated kinase (ERK). IL-1{3, an important member
of the IL-1 family, is an inflammatory cytokine that induces
pulmonary fluid accumulation in ARDS. This mediator in-
duces rapid accumulation of neutrophils in the virus-infected
lung; however, it has been shown that neutrophils do not have
important effects on viral clearance [47]. The presence of IL-
13, which is elevated in severe COVID-19 patients, can lead
to considerable fibrotic response in the lung [48]. There are
some concerns about the incidence of pulmonary fibrotic
changes in patients who have recovered from COVID-19
[49]. It seems that regulating IL-1 secretion, along with other
mechanisms, may prevent the risk of pulmonary fibrosis as
long-term pulmonary consequences of COVID-19. Moreover,
it has been demonstrated that IL-1{3 plays an important role in
the pathogenesis of virus complications in the central nervous
system (CNS). Hyper-inflammation and elevated IL-13 in
CNS exacerbate neurodegeneration through oxidopamine me-
diated toxicity and increased nitric oxide level [50]. It is sug-
gested that coronaviruses can induce immune-mediated de-
myelination in the acute phase of infection. It seems that high
amounts of IL-1{3 participate in virus-induced neuronal demy-
elination via promoting IL-17 production, which results in
inhibiting apoptosis in virus-infected cells, blocking T
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cytotoxic cell function, and increasing cell infiltration to the
CNS [51, 52]. Another study showed that IL-1{3 causes
excitotoxic neuronal injury by inhibiting astrocyte glutamate
transport, which withdraws glutamate from the synaptic cleft
[53]. Considering the association between COVID-19 and
demyelination, it is probable that SARS-CoV-2 induces
CNS damage through IL-143.

Considering the pivotal role of the cytokine storm in the
mortality of COVID-19 patients and long-lasting pulmonary
function impairment, there is an urgent need for effective
treatments for facing the virus-induced cytokine storm.
Several studies suggested that MSCs have significant inhibi-
tory effects on the cells and major cytokines participating in
the cytokine storm. Various paracrine mediators exert immu-
nosuppressive features of MSCs, including IL-10, TGF-f3,
indoleamine-2,3-dioxygenase (IDO), TNFx-stimulated
gene-6 (TSG6), and prostaglandin E2 (PGE-2). MSCs can
switch between inflammatory and anti-inflammatory pheno-
types in different conditions [54]. Recently it is suggested that
immunomodulatory features of MSCs are affected by their
microenvironment; for instance, inflammation increases
MSCs' immunomodulatory effects [55, 56]. MSCs display
immunosuppressive characteristics only during exposure to
sufficiently high levels of pro-inflammatory cytokines and
nitric oxide, which in COVID-19 occurs as the cytokine
storm. The co-presence of IFN-y and another cytokines, in-
cluding TNF, IL-1¢, or IL-1f3 in the inflammation microen-
vironment is essential for immunomodulatory effects of
MSCs [57]. These mediators exist in the lung and other affect-
ed organs during COVID-19 pathogenesis, help MSCs ex-
press their immunosuppressive effects. MSCs can influence
TNF-oc dependent pathways through different mechanisms.
Highly expressed TNF-o and IFN-y in the inflammation site
are well known to induce MSCs to secrete PGE-2,
Cyclooxygenase 2 (COX-2), and IDO. PGE-2 stimulates al-
veolar macrophages to produce IL-10, which reduces MHC 1
and costimulatory molecules' expression on macrophages and
reduces neutrophils migration to the lung tissue by inducing a
reduction in rolling, adhesion, and trans-epithelial migration
of these immune cells [58, 59]. Moreover, PGE-2, IDO, and
COX-2 inhibit T cell and B cell proliferation [60—63]. High
amounts of [FN-y also induce MSCs to upregulate inducible
nitric oxide synthase (iNOS), which suppresses the immune
system overactivity and delays hypersensitivity responses
[64]. MSC-derived exosomes also participate in the modula-
tion of the TNF-« level. MSCs transfer exosomes to the mac-
rophages that inhibit TNF-o production by affecting alveolar
macrophages in ARDS preclinical models. It seems that mir-
451, as an exosome content, suppresses TNF-x and the ex-
pression of macrophage migration inhibitory factor (MIF) in
macrophages [65, 66]. MSC injection in ALI/ARDS preclin-
ical models resulted in increased lung tissue recovery. They
raised the level of anti-inflammatory molecules such as IL-10

while decreased inflammatory cytokines, including TNF-c,
MIP-2, IL-1$3, TGF-3, vascular endothelial growth factor
(VEGF), IL-6, IFN-y, MPO, RANTES, and NOS levels
[67-74]. Although MSCs secrete some cytokines, the effect
of such cytokines depends on the type of transmitted signal.
For instance, MSCs release IL-6, which has a dual effect on
the target cells, mediated by classical anti-inflammatory sig-
naling or pro-inflammatory trans-signaling [75]. IL-1 receptor
antagonist (IL-1Ra), which prevents toxic immune response,
is secreted from MSCs and competes with IL-1f3 for the IL-1
receptors. As a result, MSC-secreted IL-1Ra suppresses im-
mune cell infiltration into the lung. Under the effect of IL-1Ra,
MSCs secrete VEGF, which increases type Il surfactant-
secreting alveolar cell regeneration and prevents endothelial
cell apoptosis [76]. MSC therapy modulates immune response
and decreases lung tissue fibrosis in ALI/ARDS in vivo
models [71, 77-79]

Considering the immunomodulatory effects of MSCs,
they prevent and eliminate cytokine storm in COVID-19
and decrease life-threatening complications. Besides,
MSCs are also well known to reduce immune cell infiltra-
tion to the site of inflammation. MSCs produce and secrete
insulin-like growth factor I (IGF-1) which inhibits immune
cell infiltration to the alveolus. Keratinocyte growth factor
(KGF) secretion by MSCs inhibits the influx of neutrophils
to the lung tissue [80, 81]. Angiopoietin-1 (Ang-1) is an-
other regulatory molecule secreted by MSCs that supresses
endothelium-leukocyte interaction by changing endothelial
cell adhesion molecules, and preventing immune cell ad-
hesion and rolling [82]. MSCs also secrete hepatocyte
growth factor (HGF), which stabilizes the endothelium
and repairs injured endothelial cells in lung tissue by
inhibiting Rho GTPase [83]. MSC-derived MVs decrease
neutrophil influx to the injured lung tissue. Moreover,
these exosomes diminish the recruitment of Ly6Chi mono-
cytes as stimulator lung tissue fibrosis [65].

MSCs also interact with the cells in a direct contact manner.
Many studies have shown that the transfer of healthy mito-
chondria to damaged cells can improve inflammatory and de-
structive processes. These studies have suggested using MSCs
as a viable option for transferring healthy mitochondria to
damaged cells. Mitochondrial transfer from MSCs significant-
ly reduced inflammatory cytokines, improved mitochondrial
dysfunction of alveolar cells, and reduced asthma-induced
inflammation in the animal model [84]. One study found that
MSC-derived mitochondria were involved in protecting
against ALI. Mitochondrial transfer from MSCs to
pneumocytes occurs over 24 hours through tunneling the
gap junctions between two cells which regulates cell
bioenergy and increases ATP concentration in the recipient
cells [85]. Moreover, mitochondrial transfer from MSCs to T
cells induces their differentiation into Treg and limits the in-
flammatory response. The mitochondrial transmission reduces
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inflammatory cells as well as tissue damage in the animal
model of host transplant disease (GVHD) [86].

Effect of MSCs in RAAS Regulation

The RAAS is a pivotal regulator of blood pressure and Na*/K*
balance. This regulatory system consists of several factors,
such as angiotensinogen, renin, different types of angiotensin,
angiotensin-converting enzymes (ACE), and ATI receptor.
Some parts of RAAS exist in the lung, which convert angio-
tensin I to angiotensin Il by ACE 1. Angiotensin II affects the
AT1 receptor or is converted to other angiotensin types by
ACE 2. As mentioned above, cell entry of SARS-CoV-2 de-
pends on the interaction of the viral spike (S) proteins to cel-
lular receptors ACE2, with the assistance of the cellular serine
protease TMPRSS2. Binding of ACE 2 and (S) proteins acti-
vate clathrin-dependent endocytosis of SARS-CoV-2 and
ACE2. Receptor-virus interaction also triggers
metalloprotease 17 (ADAM17), which results in the inhibition
and shedding of ACE2, which increases the local accumula-
tion of angiotensin II [24, 87]. It is suggested that angiotensin
[T has a dual effect on COVID-19 pathogenesis; as a restrictive
infection mechanism, angiotensin II inhibits ACE 2 by com-
peting SARS-CoV-2 or downregulating ACE2 thorough AT1
receptor [88]. As a progressive factor, angiotensin II binds
AT1 receptor and acts as a lung damage-promoting factor by
inducing vasoconstriction, inflammation, fibrosis, and apopto-
sis of alveolar epithelial cells [89, 90]. However, clinical stud-
ies suggest that administration of ACE inhibitors, which block
ACE 1 and consequently reduce angiotensin I, did not affect
the risk of COVID-19 that weaken the protective effects of
angiotensin II [91]. It is obvious that regulated amounts of
ACE 2 convert angiotensin II to angiotensin 1 to 7, which
protects lung tissue against fibrosis, apoptosis, oxidative
stress, and inflammation [92, 93].

MSC:s can interfere with RAAS and change the expression
pattern of angiotensins. Intratracheal administration of MSCs
increases alveolarization and diminishes angiotensin II, AT1
receptor, and ACEI in the injured lung [94]. As a paracrine
effect, MSCs—derived M Vs can alter the RAAS balance, from
ACE]1- angiotensin II- AT1 receptor axis to ACE2- angioten-
sin (1-7). Inhibition of ACEI1- angiotensin II- AT1 receptor
axis can reduce angiotensin [I/AT1 mediated complications of
COVID-19, especially its cardiovascular problems [95].

Effects of MSCs in Alveolar Fluid Clearance

Hyaluronic acid (HA), also called hyaluronan, is a lung matrix
component necessary for the lung's physiological function.
Studies suggest that inflammation increases HA, IL-1, and
TNF production, which are elevated in COVID-19, promote
HA production by stimulating HA-synthase-2 (HAS2) in type
IT surfactant-secreting alveolar cells and fibroblasts [96]. High

@ Springer

amounts of HA play two crucial roles in COVID-19 patho-
genesis. First, HA supports the leukocyte infiltration, which is
linked with edema formation [97]. Second, HA accumulation
in alveoli prevents gas diffusion through the alveolar wall
because HA can absorb a high amount of water up to 1000
times its molecular weight [96]. Clinical evidence from the
lungs of COVID-19 patients indicates the existence of white
patches (ground glass), which present as the accumulation of
fluid in the alveoli [98]. Along with imaging findings, the
pathological evaluation of autopsies confirms that alveoli are
filled with liquid jelly termed exudate [99]. Some clinical
studies suggest hyaluronic acid and type III procollagen as
early indicators of poor prognosis for COVID-19 patients
[100].

MSCs inhibit fluid accumulation in the lung through sup-
pression of leukocyte infiltration to the lung tissue. MSCs also
release KGF and Ang-1, which facilitate endothelial repair in
a paracrine manner. Both KGF and Ang-1 reduce alveolar
epithelium permeability in lung tissue and inhibit uncontrolled
proteins and alveolar fluid transport and fluid accumulation in
the lung [74, 80, 101-104]. KGF reduces BAL protein level in
acute lung edema models, and MSC derived Ang-1 has been
shown to decrease permeability to albumin [101, 105]. Similar
effects have been reported for HGF and EVs secreted from
MSCs as a paracrine effect [106, 107]. MSCs transfer Ang-1
mRNA to the lung's injured endothelial cells through their
secreted microvesicles [108]. Ang-1 secreted from MSCs in-
hibits F actin fibers' transformation into stress fibers and sup-
presses cytoskeleton fibers' central organization in alveolar
type 2 cells and endothelial cells [101, 108]. The central orga-
nization of actin and myosin fibers results in increased protein
permeability. MSC derived KGF upregulates alpha epithelial
Na channels (aENaC) gene expression and Na*/K*-ATPase
activity, which results in improved alveolar fluid transport in
the Iungs [109]. aENaC facilitates Na reabsorption from the
apical surface of alveolar epithelial cells and inhibits fluid
accumulation in alveoli [101, 108, 110]. Furthermore, MSC-
derived M Vs increase the alveolar fluid clearance during acute
lung injury in a dose-dependent manner. Both MSCs and their
microvesicles increase the expression of eNOS as a NO pro-
ducer enzyme in endothelial cells of lung tissue. A higher
amount of NO results in vasodilation and decreases pulmo-
nary arterial pressure and pulmonary vascular resistance
[111]. It seems that MSCs improve the outcome of ARDS
by increasing alveolar fluid clearance and lung tissue
compliance.

Effects of MSCs in Coagulation

Three essential factors predispose vessels to thrombosis;
endothelial damage or dysfunction, blood flow changes
(stasis, turbulence), and hypercoagulability, known as
Virchow's triad. Several studies reported that thrombotic
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events are frequent among patients with COVID-19
[112—114]. It is vital to consider Virchow's triad to under-
stand the possible mechanisms of thrombosis formation.
As the first factor of this triad, ACE2 is highly expressed
in endothelial cells of arteries and veins in some tissues
[115]. Thus, the presence of ACE2 makes endothelial
cells susceptible to SARS-CoV-2 infection and injuries.
Moreover, lymphocytic endotheliitis and apoptotic bodies
were observed in autopsy specimens, which show vascu-
lar endothelial inflammation in COVID-19 patients [116].
As the next factor, vascular wall thickening, occlusion,
and lumen stenosis cause pulmonary hypertension and
abnormal blood flow in the advanced stage of COVID-
19 [117]. Virus-induced inflammation triggers
hypercoagulation as the last factor of Virchow's triad.
IL-6 can increase tissue factor (TF) expression in mono-
nuclear cells that initiates the extrinsic coagulation path-
way. Also, both IL-6 and TNF-« suppress endogenous
anticoagulant pathways that results in a hypercoagulable
state. Systemic infection may result in excessive amounts
of von Willebrand factor, which mediates platelet aggre-
gation and exposes vessels to clot formation. The excess
von Willebrand amount results from the infection-induced
deficiency of ADAMTS13, which reduces coagulation by
cleaving the von Willebrand factor [118, 119]. A combi-
nation of these mechanisms increases the risk of throm-
bosis and disseminated intravascular coagulation (DIC)
that appear in paraclinical data as elevated D-dimer, fibrin
degradation products (FDP), and more prolonged PT and
PTT values [120].

MSCs can reduce complications of thrombosis and DIC
mainly through immune system regulation, recanalization,
and neovascularization. MSCs decrease organ deteriora-
tion and DIC by regulating the release of pro-
inflammatory cytokines such as TNF-o, IFN-y, IL-1,
and IL-6. The mentioned cytokines are involved in apopto-
sis of vascular endothelial cells, vessel injury, overexpres-
sion of TF, and DIC development. Besides, MSCs inhibit
fibrin microthrombi formation via suppressing T-cytotoxic
lymphocytes, NK cells, and B cells [121, 122]. MSCs in-
duce recanalization and angiogenesis through recruiting
macrophages. They alter M1 macrophages, which encour-
age inflammation, to M2 macrophages, which promote tis-
sue repair. Macrophages participate in thrombosis lysis and
endocytosis and also vessel recanalization. MSCs induce
vascular-like structures through the infiltration of macro-
phages in thrombosis sites. The macrophages inside throm-
bosis induce 1) proliferation and migration of endothelial
cells, 2) lysis of extracellular matrix, 3) secreting angio-
genesis factors such as VEGF and basic fibroblast growth
factor (bFGF) [123]. It seems that administration of MSCs
may reduce coagulation complications in COVID-19 by
controlling Haemostasis factors.

Effects of MSCs in the Regeneration of Lung Tissue

MSCs play a positive role in the regeneration of damaged or
destroyed tissues. Up to now, MSCs have been used to regener-
ate different organs such as bone, cartilage, nervous system, cor-
nea, trachea, and skin [124—129]. MSCs induce reconstruction
mainly through two mechanisms; differentiation to specific cell
types and paracrine signals that promote target progenitor cells.
Hypoxia can act as a promoter for the differentiation of MSCs to
type Il surfactant-secreting alveolar cells as the main target cell of
SARS-CoV-2. This effect is mediated by microRNA-145 (miR-
145), which targets TGF-{3 receptor II (TGFRRII) and conse-
quently inhibits TGF-3 signaling [130]. It is indicated that under
appropriate conditions, MSCs express Clara cell secretory pro-
tein (CCSP), pro-surfactant protein C (pro-SPC), thyroid tran-
scription factor-1 (TTF-1), and cystic fibrosis transmembrane
conductance regulator (CFTR) proteins, which are pivotal func-
tional factors of alveolar cells [130]. Moreover, MSCs recruit
domestic cells by producing paracrine signals to enhance prolif-
eration and regeneration in damaged tissues. MSCs release KGF
and HGF in the damaged lung, which both induce proliferation
and inhibit apoptosis in type II surfactant-secreting alveolar cells
[131]. Another study showed that the secretome of MSCs con-
tains several essential factors such as fibronectin, lumican,
periostin, and insulin-like growth factor-binding protein 7
(IGFBP-7), which play a vital role in the stimulation of regener-
ation in lung tissues by affecting type II surfactant-secreting al-
veolar cells [132]. Along with regenerative effects, MSCs can
protect pulmonary cells by inhibiting apoptosis pathways. It is
indicated that MSCs prevent apoptosis in the lung fibrosis model
of rats by reducing caspase-3 protein expression and increasing
the Bcl-2/Bax ratio [133]. The other study showed that MSCs
reduce apoptosis by inhibiting PI3K/Akt and Caspase-3 in lung
fibroblasts [134]. These studies suggest that both MSC and its
secretome can participate in lung regeneration and protection
against ALI as a serious consequence of COVID-19. The under-
lying mechanisms of SARS-CoV-2 pathogenesis and MSCs’
role in eliminating COVID-19 complications are shown in Fig. 1.

Delivery Routes of MSCs

MSCs can detect several chemoattractant molecules, pro-
inflammatory cytokines, and cell-cell adhesion molecules
expressed in the site of inflammation. High levels of IFN-y,
TNF-«, IL-6, IL-8, and TGF-{ in the site of inflammation in
the COVID-19 patients act as chemotactic molecules,
resulting in MSCs migration to the damaged tissues [134].
In order to increase the efficacy of MSCs and their secretome
therapy, several parameters should be optimized, such as cell
dose, secretome concentration, and delivery method [135].
The efficacy of MSCs’ migration to the site of inflammation
depends on the delivery route of MSCs. Considering the type
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Fig. 1. COVID-19 pathogenesis and MSCs role in the elimination of
SARS-CoV-2 related complications (1) SARS-CoV-2 enters alveolar
type II cells through binding ACE2. As a result, angiotensin II accumu-
lates in the alveoli and binds to ATRI1, which acts as a lung damage
promoting factor and induces vasoconstriction, inflammation, fibrosis,
and apoptosis of alveolar epithelial cells. (2.1) M1 alveolar macrophages
produce various pro-inflammatory cytokines, including TNF-«, IL-6, IL-
8, and IL-1. TNF-« depletion during the severe phase of COVID-19
activates the extrinsic apoptosis pathway in the alveolar cells and results
in massive lung tissue fibrosis. (2.2) TNF-«, IL-6, and IL-8 secretion by
M1 alveolar macrophages attract both MSCs to the site of inflammation.
(2.3) IL-13 and TNF-« increase hyaluronic acid production by type II
surfactant-secreting alveolar cells and fibroblasts. (3.1) MSCs produce
IL-1ra, which competes with IL-1, secreted from M1 macrophages, for
the IL-1 receptor and suppresses IL-1 effects. (3.2) MSCs decrease TNF-
o production of macrophages by their secreted exosomes such as mir-451
containing exosomes. (4.1) IL-1, TNF-«, IL-6, and IL-8 production by
alveolar macrophages increase immune cell accumulation in the alveoli.
(4.2, 3) M1 macrophages secrete IL-6 and TGF-f3, increasing naive T cell
differentiation to T helper 17 cells and decreasing naive T cell differenti-
ation to regulatory T cells. (5) MSCs reduce immune cell infiltration to

of disease, there are various delivery methods for MSCs. One
of the potentially effective delivery routes for MSCs in
treating respiratory disorders such as COVID-19 is intrave-
nous (IV), which results in a significant number of MSCs
accumulating in the lungs. MSCs modulate immune system
reactions against themselves by suppressing B cell prolifera-
tion and inhibit immunoglobulin production. They also ex-
press a lower level of surface antigenic molecules such as
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the alveoli through the secretion of IL-10, KGF, and IGF-1. (6.1) MSCs
increase M2 phenotype macrophages and, as a result, decrease inflamma-
tory cytokines production by M1 macrophages. MSCs increase the infil-
tration of macrophages to the site of thrombosis. (6.2) M2 macrophages
promote tissue repair through several mechanisms, such as vessel recan-
alization. They secrete VEGF and bFGF, which support the proliferation
of endothelial cells. (7) PGE-2, IDO, and COX-2 are secreted by MSC
that inhibit the proliferation of infiltrated B cells and T cells. (8) MSC-
derived EVs increase T cell differentiation to Regulatory T cells. T reg
cells inhibit over-activation of immune responses. (9) Hypoxia, which is a
consequence of severe chronic inflammation, promotes MSCs differenti-
ation to type II alveolar cells. (10) MSCs secrete KGF, HGF, pro-SPC,
TTF-1, and CFTR, which reduce the accumulation of angiotensin II. As a
result, they decrease the apoptosis of alveolar cells while they increase
their proliferation. (11) MSCs transfer their mitochondria to the alveolar
cells and improve their function. (12) MSCs facilitate injured endotheli-
um repair through secretion of HGF, KGF, and angiopoietin 1. (13)
MSC-derived microvessels decrease pulmonary arterial pressure and pul-
monary vascular resistance that results in diminished fluid accumulation
in the alveoli.

major histocompatibility complex (MHC) class I and II or
costimulatory molecules including CD80, CD86, or CD40,
resulting in lower stimulation of the immune system against
administered MSCs [136]. This immune-modulatory function
makes MSCs an appropriate candidate for passage through
circulation when they are injected systematically and also
makes them able to track damaged organs without immune
system disruption. Besides, IV injection of MSCs results in
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MSC entrapment in the lung microvasculature due to their
large sizes that cause higher efficacy in lung disease.
Another route of delivery is the administration of MSCs via
intratracheal liquid bolus administration, which increases the
chance of MSC migration to the targeted regions of lung tissue
[137]. Underlying mechanisms of intratracheal delivery of
MSCs are suggested to be similar to intratracheal surfactant
replacement therapy and based on the deposition of the cells
on the surfaces and traveling through the airways. The effica-
cy of intratracheal delivery has been approved by several stud-
ies [138, 139]. However, there is a lack of enough information
on improving intratracheal cell delivery [140]. Intranasal de-
livery is another potential route of MSC delivery to the lungs,
which is feasible, noninvasive, and effective. In this method of
delivery, MSCs’ viability is near 100%. The volume of cells
given to the patient and multiple-dose administration are im-
portant in intranasal cell delivery, which improves its efficacy
[141].

Condition media (CM) of MSCs, which contains secretome,
has shown promising therapeutic effects in both in vitro and
in vivo models of several inflammatory diseases of the lung
[142]. In vitro and in vivo experimental models of ALI and
ARDS have shown that MSCs secrete several anti-inflamma-
tories, anti-apoptosis, anti-fibrosis molecules and consequently
improve lung tissue regeneration. Additionally, cell-free thera-
pies with MSC components have a lower risk of immune sys-
tem stimulation. These features make them appropriate candi-
dates for treating severe conditions following infection with
various microorganisms and viruses such as SARS-CoV-2.
As shown in several clinical studies, MSC-derived exosomes
have demonstrated higher safety, which attributes to their nat-
ural properties such as their small size and natural presence in
different organs. Also, the delivery route of exosomes via aero-
sol inhalation seems safer than the IV route of MSC therapies.
Furthermore, from the economic point, the exosomes have a
much lower final cost of production and more accessible stor-
age and shipping, which makes their scale-up more plausible
for general public use [143, 144]. However, there are some
reports on the efficacy of MSC condition medium to be lower
than MSC injection in ALI [145]. This difference in the amount
of clinical evidence may consist of limited follow-up and a
lower number of exosomes used in clinical studies than stem
cell application [146]. It has been only in the past decade, which
exosomes found a way to be in the scientific discussion for
potential therapeutic use. The MSCs have generated reliable
results in several studies of respiratory disorders such as
ARDS and pulmonary fibrosis, which resemble the respiratory
problems caused by COVID-19. MSCs’ entrapment in lung
tissue may be an important reason for successfully applying
these cells in pulmonary disease. Accumulation of MSCs in
the pulmonary tissues prolongs these cells' presence; thus, it
provides long-acting therapeutic agents that would remove pos-
sible chronic complications of COVID-19.

MSCs as a Drug Delivery System

Recently, genetically modified or pretreated MSCs with various
drugs have been used as a vehicle of drug delivery for various
molecules such as chemotherapeutic drugs, cytokines, RNA, and
DNA [147]. Manipulated MSCs gradually release their content
by exocytosis or within EVs in the microenvironment of dam-
aged tissues. Application of primed MSCs decreases the system-
ic collateral toxicity of drugs, provides a sustained release system
that increases the duration of drug effect in the tissue, and acts in
a targeted manner. Drug—loaded MSCs are administered in two
different ways; direct cell-cell contact and condition media (CM).
Considering the tropism features of MSCs, they can accumulate
in inflammation sites, directly communicate with local cells, and
release drugs in the inflammation microenvironments. CM of
drug-loaded MSCs contains important biological factors, includ-
ing EVs. Moreover, MSCs can release loaded drugs by recruiting
EVs that transport drugs between MSCs and target cells
[147-150]. Several research groups have used MSCs to provide
appropriate drug carrier systems. MSCs were administered suc-
cessfully in lung delivery of IFN-{3 and IFN-¢, which are among
the foremost candidates to treat COVID-19 in various ongoing
clinical trials (available on clinicaltrials.gov) [148—151]. VEGF
plays an important role in brain inflammation during COVID-19
pathogenesis [152]. Engineered MSCs can secret soluble Fms
related receptor tyrosine kinase 1 (FIt-1), a receptor of VEGF,
that competitively inhibits the factor from binding to the organ
receptors [153]. It seems that the idea of drug-loaded and
engineered MSC application is hopeful and encouraging as a
future therapy to fight the COVID-19 pandemic. The special
features of MSCs, such as immunomodulation, RAAS control-
ling, alveolar fluid reduction, and coagulation suppression along
with loading appropriate drugs, bring them up as a beneficial
treatment intervention of COVID-19.

Clinical Trials

Based on the immunomodulatory characteristics and regener-
ative effects of MSCs in preclinical studies and their success-
ful outcomes in the treatment of various respiratory disorders
such as ARDS and H5N1 viral infections in the past, several
clinical studies have been launched to assess the safety and
efficacy of MSCs from different cell sources for COVID-19
[154, 155]. Up to December 6, 2020, our search by the key-
words “COVID-19”, “exosome” and “mesenchymal stem
cell” revealed that there are 66 registered clinical trials of
MSCs application in clinicaltrial.gov, of which 38 are active
and recruiting patients, and six have completed their trials.
The proportion of MSCs administration of different sources
is shown as umbilical cord (36%), adipose tissue (18%), bone
marrow (13%), Wharton's jelly (10%), dental pulp (3%),
olfactory mucosa (2%), induced pluripotent stem cell
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(IPSCs) (2%), placenta (1%), and unmentioned origin or off-
the-shelf MSC products (15%) (available on clinicaltrials.gov)
[156]. The list of administered MSCs and their sources are
mentioned in the Table 1 of supplementary information. It is
indicated that different sources of MSCs share common
features that bring them up as an appropriate therapeutic
option. For instance, MSCs from adipose tissue, amniotic
fluid, bone marrow, and umbilical cord minimally express
ACE2 and TMPRSS2, indicating that MSCs from these
sources are resistant to SARS-CoV-2 infection. Also, bone
marrow-derived MSCs do not alter their ACE2 or
TMPRSS2 expression under inflammatory conditions that
are important in increasing the efficacy of MSC application
in cytokine storm during the sever phase of COVID-19 [157,
158]. However, selecting the most appropriate source of
MSC:s for clinical administration requires evaluating future
results of ongoing clinical trials and better investigating mo-
lecular and biological features of MSCs. Besides, eight ongo-
ing clinical trials of exosome administration are available, of
which one study is successfully terminated. Out of these eight
studies, only one study has used nonstem cell-derived EVs
(generated by immune cells), and the rest used stem cell-
derived EVs (Table 1).

These trials' main inclusion and exclusion criteria are the
same signs of disease exacerbation used by healthcare systems
worldwide. This type of intervention is mostly used in hospi-
talized patients in the ICU (Intensive Care Unit) because it
needs close observation of patients to monitor probable side
effects of CBT. Besides, CBT strategies only make sense for
severe and critical patients because the mechanism of action of
such therapies is based on immunomodulation. In addition,
the probability of Cytokine Release Syndrome (CRS) is

significantly higher in ICU admitted patients [159]. It is also
important to consider costs, availability, and condition of cell
isolation, which are limiting factors in CBTs.

When the efficacy of CBT is proven in a preclinical model,
and before initiating a clinical trial, it is necessary to ensure that
Cellular and Tissue-Based Products (HCT/Ps) are produced and
preserved under clinical-grade standards. Good Manufacturing
Practice (GMP), which is obligatory by the Food and Drug
Administration (FDA), Health Canada, and European
Medicines Agency (EMA), is defined as applying standard op-
erating procedures for manufacturing and controlling therapeutic
cell production quality [160]. Because of the substantial need to
HCT/Ps during the COVID-19 pandemic, it is essential to con-
sider GMP guidelines in cell isolation and processing. However,
some factors influence GMP's quality in the pandemic situation,
including time limitation, lack of appropriate equipment, and
financial problems. One of the most important aspects of GMP
in the COVID-19 pandemic is the viral contamination that can
originate from several sources, including HCT/Ps, biological raw
materials, manufacturing environment, and clinicians who ad-
minister HCT/Ps to patients. In order to reduce the chance of
virus transmission, it is suggested to test the final products by
employing validated tests for SARS-CoV-2, screen tissue donors
for contamination, screen operators who are in close contact with
HCT/Ps or patients, and obey guidelines of GMP rigorously.
However, our understanding of GMP quality in CBT clinical
trials of COVID-19 is insufficient, and further studies are essen-
tial to improve HCT/Ps preparing processes and clinical practice
during the pandemic situation.

The optimum dosing and required number of injections of
MSC:s are also not precise, and therefore some trials are using
flexible dosing to find out the appropriate measures at the end

Table 1 Registered Exosome and Extracellular Vesicles Clinical Trials for COVID-19 on clinicaltrials.gov
No NCT Number Interventions Phases Enrollment URL
1 NCT04491240 Exosome inhalation Phase 1|Phase 2 90 https://Clinical Trials.
gov/show/NCT04491240
2 NCT04389385 COVID-19 Specific T Cell Phase 1 60 https://Clinical Trials.
derived exosomes 20ov/show/NCT04389385
(CSTC- Exosome)
3 NCT04384445 Zofin ® (Organcell™ Flow) Phase 1|Phase 2 20 https://Clinical Trials.
Placebo gov/show/NCT04384445
4 NCT04493242 Bone marrow-derived Phase 2 60 https://Clinical Trials.
extracellular vesicles 2ov/show/NCT04493242
5 NCT04276987 MSCs-derived exosomes Phase 1 30 https://Clinical Trials.
gov/show/NCT04276987
6 NCT04623671 CAP-1002 Phase 2 60 https://Clinical Trials.
Allogeneic cardiosphere-derived 20v/show/NCT04623671
stem cell (CDC)
7 NCT04595903 Hemopurifier ® device Not Applicable 40 https://Clinical Trials.
gov/show/NCT04595903
8 NCT04602442 Exosome inhalation Phase 2 90 https://ClinicalTrials.
gov/show/NCT04602442
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of'the trial. The overall number of cells injected is somewhere
between 10 million/per kg to 50 million/per kg for each pa-
tient, and the number of injections is between one and five
times of injection. These trials' primary outcome is the change
in lung CT, blood biochemical examination, lymphocyte sub-
sets, and inflammatory factors shift, mortality outcome, and
ICU and hospital stay duration. These outcomes will be
assessed for up to one year in some trials to observe MSC
treatment's long-term consequences.

There have been four published studies of the registered
clinical trials showing promising results. The first study is a
case report of a 65 y/o critically ill COVID-19 patient with
severe pneumonia and respiratory failure requiring mechani-
cal ventilation whose disease had progressed despite intensive
therapy, with markers showing evidence of multiple organ
damage [161]. Considering the severe organ injury caused
by an inflammatory response and side effects, the glucocorti-
coid and antiviral therapy were withdrawn. This patient was
treated with allogeneic human umbilical cord MSC (hUC-
MSC) alongside the conventional therapy, which she had
not responded to, using three intravenous infusions of 5 x
10" hUC-MSCs, three days apart. During the therapy, antibi-
otics were given to prevent infection, and thymosin «1 was
also given to amplify the immunomodulation effects of the
MCS:s.

She was transferred out of the ICU as she recovered, with
most of her laboratory results returning to normal. Six days
after the third infusion, her CT scan changes in the lungs
significantly improved. All measured parameters, including
T cell counts, returned to normal levels. No short-term side
effects were observed for this patient.

The second clinical trial was a pilot study to assess whether
MSC intravenous infusions of allogeneic MSCs from the um-
bilical cord source could improve clinical outcomes for pa-
tients with COVID-19 pneumonia [162]. Seven confirmed
COVID-19 patients were enrolled, including one critical type,
four severe types, and two mild types. Before transplantation,
all had shortness of breath, high body temperature, and low
oxygen saturation. Treatment was a single intravenous injec-
tion of GMP grade MSCs, 1 x 10° cells per kilogram of patient
weight. There were no adverse reactions to follow-up over 14
days, and within two days, all patients had significantly im-
proved respiratory function. Overall, peripheral lymphocytes
increased with a shift to regulatory phenotypes, and inflam-
matory cytokines decreased significantly, while anti-
inflammatory factors such as IL-10 increased after treatment.

The third study assessed the efficacy of UC-MSCs for
COVID-19 treatment at Taikangtongji Hospital in Wuhan,
China. The study included 31 patients; 30 were either in the
severe or critical condition of the disease. The UC-MSC treat-
ment showed the restoration of oxygenation and downregulation
of inflammatory factors and mitigated cytokine storms in patients
hospitalized with severe COVID-19 without any noticeable side

effects. In the end, 27 of those patients were discharged from the
hospital [163].

As the fourth clinical study, a parallel assigned controlled,
non-randomized, phase 1 clinical trial was performed in China
to evaluate the safety and efficacy of UC-MSCs administra-
tion in moderate to severe COVID-19 patients. They enrolled
18 patients divided into two groups, and three cycles of intra-
venous infusion of hUC-MSCs were administered in three-
day intervals. Assessment of clinical manifestations and labo-
ratory data suggest that application of MSCs had no infusion-
associated adverse effect. It also reduced mortality and im-
proved long-term treatment outcomes [164].

Some immunocompromised conditions may co-exist with
COVID-19, such as malignancies, diabetes mellitus, organ trans-
plantation, and acquired immunodeficiency syndrome (AIDS)
[165]. Besides, some immunosuppressive drugs like glucocorti-
coids, azathioprine, and calcineurin inhibitors influence immune
responses [166]. Since immunocompromised conditions is one
of the excluding criteria of MSC-based therapy in COVID-19,
MSC-based therapy's exact role in immunocompromised pa-
tients with COVID-19 is unclear. However, clinical administra-
tion of MSCs in some immunocompromised conditions like
AIDS and type 2 diabetes (T2DM) were evaluated. MSCs may
be useful in these immunocompromising diseases by controlling
the dysregulated immune system or boosting endogenous repair
by altering the microenvironment. In a phase 1/phase 2 clinical
trial, patients with T2DM received cord blood-derived
multipotent stem cells. The results revealed that the CBT reverses
immune dysfunctions via balancing Th1/Th2/Th3 cytokine pro-
duction [167]. In another clinical study, it is shown that all pa-
tients who received MSC transfusions tolerate the intervention all
over the clinical trial. Transplanted MSCs elevated circulating
naive and central memory CD4 T-cell and returned IFN-y and
IL-2 production in the immune nonresponder patients. The im-
mune enhancements were correspondingly associated with sys-
temic immunomodulation and inflammation [168]. These results
show that MSCs can exert immunomodulation even in immuno-
compromised patients. Besides, MSCs participate in several re-
generative mechanisms when they are administered in COVID-
19 patients. For example, MSCs promote cell regeneration, im-
prove cell bioenergy, control coagulation disorders, and regulate
the RAAS axis, which are helpful in immunocompromised
COVID-19 patients. However, more evaluation is essential for
shedding light on MSCs administration outcomes and possible
advantages and disadvantages in the immune system disorders
and COVID-19.

Limitations of MSC-based Therapy
in COVID-19:

Although MSCs provide several advantages in combating
COVID-19, there are still some doubts and limitations that
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should be evaluated in the future studies. The first issue in
applying MSCs in COVID-19 is the eligibility of the patients
for CBT. There is insufficient information on use of MSC-
based therapy in patients with a history of chronic diseases or
excluding conditions such as malignancies, immune system
disorders, allergies, pregnancy, and lactating mothers [18,
169]. As the second problem, the majority of clinical trials
using MSCs or their exosomes in COVID-19 are in phase I/
II which led to insufficient outcomes. In addition, the main
problem with published studies, in addition to their small
sample size, is the absence of control groups, which makes
the outcome of these studies challenging. Clinical administra-
tion of MSCs requires strong evidence of safety and efficacy,
which is achieved by evaluating probable side effects and
unwanted long-lasting results. Finally, the absence of standard
therapeutic protocols for various aspects of MSC-based ther-
apy, including isolation methods, selecting an appropriate
source, storage conditions, route of delivery, administration
methods, dosage, and appropriate phase of the disease are
important limitations of MSCs application in COVID-19.
Nevertheless, MSC-based therapy in the COVID-19 pandem-
ic requires more analysis and reconsideration in the expecta-
tions of surmounting their hurdles in future studies.

Conclusion

MSCs and their secreted molecules can modulate immune
system reactions in severe conditions followed by infection
and other pulmonary severe situations, accompanied by over
activation of the immune system. Their secretome can also
inhibit lung tissue fibrosis and accumulation of alveolar fluid
in alveoli in ARDS clinical and preclinical models. There are
only a few reports of using MSCs in the treatment of COVID-
19, and further studies would be required on the mechanisms
involving the therapeutic effects of MSCs in severe COVID-
19.
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