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Abstract—As a rule, coronavirus infections are mild in healthy adults and do not require special approaches
to treatment. However, highly pathogenic strains, particularly the recently isolated SARS-CoV2, which
causes COVID-19 infection, in about 15% of cases lead to severe complications, including acute respiratory
distress syndrome, which causes high patient mortality. In addition, a common complication of COVID-19
is the development of pulmonary fibrosis. Why is the novel coronavirus so pathogenic? What new treatments
can be proposed to speed up the recovery and subsequent rehabilitation of the organism? In 2020, over
34 000 scientific articles were published on the structure, distribution, pathogenesis, and possible approaches to
the treatment of infection caused by the novel SARS-CoV2 coronavirus. However, there are still no definitive
answers to these questions, while the number of the diseased is increasing daily. One of the comprehensive
approaches to the treatment of the consequences of the infection is the use of multipotent human mesenchymal
stromal cells and products of their secretion (secretome). Acting at several stages of the development of the infec-
tion, the components of the secretome can suppress the interaction of the virus with endothelial cells, regulate
inflammation, and stimulate lung tissue regeneration, preventing the development of fibrosis. The results of basic
and clinical research on this topic are summarized, including our own experimental data, indicating that cell ther-
apy approaches can be successfully applied to treat patients with COVID-19.

Keywords: novel coronavirus infection, pulmonary fibrosis, multipotent mesenchymal stromal cells, secre-
tome, microRNA, inflammation.
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Coronaviruses are spherical viral particles, the corona. The outgrowths consist of a highly glyco-

morphological features of which include outgrowths sylated protein, called the S-glycoprotein, or spike. It
covering the envelope, which resemble the solar is the S-glycoprotein that determines the attachment

#Anastasiya Yur’evna Efimenko, Cand. Sci. (Med.), is Head of the Tissue Reparation and Regeneration Laboratory of the Institute for
Regenerative Medicine at the Medical Research and Educational Center of Moscow State University and an Associate Professor in the
Department of Biochemistry and Molecular Medicine of the Faculty of Fundamental Medicine of Moscow State University. Natal’ya
Igorevna Kalinina, Cand. Sci. (Biol.), is a Leading Researcher in the Department of Biochemistry and Molecular Medicine of the
Faculty of Fundamental Medicine of Moscow State University. Kseniya Andreevna Rubina, Dr. Sci. (Biol.), is Head of the Labora-
tory of Morphogenesis and Tissue Reparation of the Faculty of Fundamental Medicine of Moscow State University. Ekaterina Vladi-
mirovna Semina, Cand. Sci. (Biol.), is a Leading Researcher of the Laboratory of Molecular Endocrinology at the Research Institute
of Experimental Cardiology of the National Medical Research Center of Cardiology of the Ministry of Health of Russia and a Senior
Researcher of the Research Laboratory of Gene and Cell Technologies of the Faculty of Fundamental Medicine of Moscow State
University. Veronika Yur’evna Sysoeva, Cand. Sci. (Biol.), is a Senior Researcher of the Laboratory of Postgenomic Technologies in
Medicine of the Faculty of Fundamental Medicine of Moscow State University. Zhanna Alekseevna Akopyan, Cand. Sci. (Med.), isa
Leading Researcher of the Institute for Regenerative Medicine at the Medical Research and Educational Center of Moscow State Uni-
versity and Deputy Dean of the Faculty of Fundamental Medicine of Moscow State University. Academician Vsevolod Arsen’evich
Tkachuk, Dr. Sci. (Biol.), is Dean of the Faculty of Fundamental Medicine of Moscow State University and Director of the Institute
for Regenerative Medicine of the Medical Research and Educational Center of Moscow State University.

170



SECRETOME OF MULTIPOTENT MESENCHYMAL

of the virus and its penetration into the target cell.
According to the data obtained on cultured cells, the
receptor for the spike proteins of both SARS-CoV and
SARS-CoV-2 can be angiotensin-converting enzyme 2
(ACE2) [1]. This protein has been found on the sur-
face of cells of the heart, kidneys, adipose tissue, blood
vessel walls, brain, testicles, and gastrointestinal tract.
Proceeding from the tissue distribution of ACE2, a
map of infection with the novel coronavirus SARS-
CoV-2 was constructed, according to which lung cells,
namely type-II alveolocytes, as well as epithelial cells
of the small intestine and cells of the blood vessel wall,
including endothelium and pericytes, are at the great-
est risk of infection.

Indeed, using electron microscopy, SARS-CoV-2
particles were detected in these cells. Based on the data
obtained, a new approach to the treatment of COVID-
19 was proposed, which implies blocking of the inter-
action of ACE2 and the spike protein. However, the
clinical efficacy of this approach remains unexplored
since the study based on a soluble form of ACE2 was
withdrawn before results were obtained. A more
detailed study of the interaction of SARS-CoV-2 with
cells carrying ACE2 on their surface showed that the
presence of this protein does not in itself determine the
infection of a cell with the new coronavirus. To bind
with the receptors and initiate the fusion of the viral
particle with the cell membrane, the spike protein
must be activated by proteolytic cleavage at two sites
[2]. Thus, the activation of spike proteins of coronavi-
ruses on the cell membrane can be mediated by trans-
membrane protein serine protease 2 (TMPRSS2).
Hence, the efficiency of binding and penetration of
viruses into cells that simultaneously carry the ACE2
receptor and the TMPRSS2 protease is much higher
compared to cells expressing only the receptor. The
efficiency of the cleavage of the spike protein by cellu-
lar enzymes is determined, in particular, by its amino
acid sequence, which may differ slightly in different
strains of the coronavirus and contain sites of recogni-
tion by different proteases, including furin, plasmin,
kallikrein, cathepsins B and L, and others.

SARS-CoV-2 was found to be able to enter target
cells by binding to other membrane proteins as well,
including CD147, also known as basigin or matrix
metalloprotease inducer [3]. This receptor is present in
almost all tissues and organs, where it is located
mainly in the endothelium and epithelial lining of the
respiratory tract and small intestine, in “immature”
(poorly differentiated) cells, as well as in cells of many
types of tumors. The tissue distribution of CD147
indicates that it can cause the penetration of SARS-
CoV-2 into many tissues and mediate multiple organ
failure under severe forms of COVID-19. Proceeding
from these data, it was proposed to use a drug that
blocks the interaction of CD 147 with the spike protein.
A clinical study of the efficacy of meplazumab, based
on blocking CD147 monoclonal antibodies, showed
that its use significantly reduces the severity of the
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course of the disease and accelerates the elimination of
the virus from the body [4].

Thus, the pathway or pathways of cell infection
depend(s) on the presence of receptors on its mem-
brane that can bind the spike protein and on the effi-
ciency of its proteolytic activation, which is deter-
mined by the availability of the proteases required for
this. The enzymes that activate the spike protein can
become targets for therapy, and analysis of their con-
tent and activity in tissues and blood serum can be
used to predict the course of infection.

Vascular wall cells as targets of the new coronavirus.
Although in the first months of the pandemic the
development of pneumonia was considered one of the
initial stages of the novel coronavirus infection, a more
detailed analysis showed that damage to the lungs, as
well as to other organs, is more likely a consequence of
damage to blood vessels [5]. Most likely, the infection
of the cells of the vascular wall with SARS-CoV-2
plays the central role in the pathogenesis of COVID-
19. For example, throughout the world, patients with
COVID-19 have been registered who died of cardio-
vascular events such as stroke and heart attack, but
without any signs of damage to the respiratory system.
The endothelium of the vascular wall carries viral
receptors, ACE2, CD147, as well as proteases that
mediate the cleavage of the spike protein. Infection of
endothelial cells is accompanied by the infiltration
of the vascular wall by immune cells and the disrup-
tion of the integrity of the endothelial monolayer,
which can contribute to the formation of blood clots
and, as a consequence, multiple organ failure [6].

Earlier, our works and works by other authors
established that the wall of blood vessels serves as a
special environment for the so-called multipotent
mesenchymal stromal cells (MSCs), which are
involved in maintaining the cellular composition of
tissues and their recovery after damage. Thus, MSCs
are required for maintaining the viability of the endo-
thelium and stabilizing blood vessels. In addition, they
are able to control the activity of cells of innate and
adaptive immunity, including neutrophils, macro-
phages, and various subpopulations of T cells. Analysis
of the atlas of human tissues, compiled on the basis of
the RNA content in single cells, showed that MSCs of
the heart and skin also have a high content of receptors
to SARS-CoV-2 and, consequently, like the endothe-
lium, can become targets of the new coronavirus [7].
‘We can assume that it is damage to MSCs that initiates
the progression of COVID-19 according to an unfa-
vorable scenario. However, the question remains, why
this happens only to some patients infected with the
new coronavirus. Perhaps the explanation is that the
severity of the course of COVID-19 depends on age
and the presence of comorbidities, including diabetes
and obesity. Note that these conditions, like many
other chronic diseases, are associated with dysfunc-
tions of MSCs [8].
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Thus, the loss or dysfunction of MSCs due to aging
and the development of comorbid diseases in combi-
nation with damage by SARS-CoV-2 can contribute to
thromboses of the microvascular bed, as well as the
development of an excessive immune response, which
is expressed in the overproduction of proinflamma-
tory cytokines (the so-called cytokine storm).

The effectiveness of MSC secretion products for the
treatment of patients with COVID-19. At present, the
tactics for treating severe cases of COVID-19 and its
complications remain supportive, aimed at reducing
the damage caused by artificial lung ventilation and
stimulating endogenous recovery processes. Clinical
studies of the effectiveness of several approaches are
being conducted, including transfusion of inactivated
convalescent plasma; a combination of known antivi-
ral drugs; and the use of anticoagulants, anti-inflam-
matory drugs, a soluble form of ACE2, and monoclo-
nal antibodies that inhibit interleukin-6 (tocilizumab,
etc.).

Considering the observations indicating damage to
MSCs due to infection with SARS-CoV-2, it can be
assumed that an effective approach to treating patients
with COVID-19 will be cell therapy using allogeneic
MSCs from bone marrow, adipose, or other tissues,
which over the last two decades has been viewed as a
promising approach for suppressing an excessive
immune response and stimulating tissue regeneration.
Indeed, 25 ongoing clinical trials are testing MSCs for
the treatment of COVID-19, including acute respira-
tory distress syndrome (ARDS) associated with
COVID-19, in various countries (China, the United
States, Jordan, Britain, Denmark, and France). Phase 1
and 2 clinical trials have shown the safety of MSC
infusions for patients with acute or chronic respiratory
distress syndrome [9—12]. More than a dozen clinical
cases have demonstrated that treatment with MSCs
improves the functioning of the airways; reduces
hemodynamic and multiple organ failure; decreases
pulmonary and systemic inflammation, apoptosis,
and pulmonary edema; and accelerates tissue repair
[13, 14].

Many studies have shown that the different effects
of MSCs are due to the components of the secre-
tome—a wide range of soluble biologically active mol-
ecules: cytokines, growth factors, enzymes, and fac-
tors that regulate inflammation [8, 15]. Our earlier
proteomic analysis showed that the secretome con-
tains proteins that are involved in maintaining balance
between the activity of proteases and their inhibitors,
which means that they can prevent both the proteo-
lytic activation of the viral spike protein and the exces-
sive activity of proteases in the tissues affected by the
virus in general. Suppression of protease activity can
prevent tissue damage and destruction caused by the
activity of innate immune cells. The pronounced
activity of enzyme systems triggers the inflammatory
process and predisposes one to a greater risk of bacte-
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rial infections, which in the lungs, for example, serves
as a sign of pathologies such as fibrosis and emphy-
sema [16]. MSC secretome also includes factors
involved in the antibacterial response [17]. The anti-
protease, antimicrobial, and anti-inflammatory
effects of MSC secretome make it possible to use it for
the treatment of various pulmonary diseases, includ-
ing pneumonia developing in patients with COVID-19
[18, 19].

Earlier, we and other researchers showed that com-
ponents of the MSC secretome suppress the immune
response in vivo and in vitro [19—22]. They are able to
activate immune cells, stimulate their proliferation,
and enhance the secretion of pro- and anti-inflamma-
tory cytokines. The specific pattern of secreted cyto-
kines stimulates the formation of immunosuppressive
T-regulatory cells and M2 macrophages [19, 21, 23,
24] and suppresses the activity of other T cells [25].
The most important role in the effects of MSCs is
played by cell-secreted anti-inflammatory cytokine
IL-10, including during lung tissue regeneration [19,
23]. The MSC secretome also contains growth factors
and microRNAs, which increase the viability of endo-
thelial cells and prevent the development of endothe-
lial dysfunction leading to the development of cardio-
vascular complications in patients with COVID-19.

The ability of MSC secretome to suppress excessive
immune response and increase endothelial viability
can be enhanced by cultivating cells under hypoxic
conditions, in the presence of interferon gamma
(IFNY) or platelet-derived growth factor (PDGF). We
have shown that such effects lead to an increase in the
content of mediators of the anti-inflammatory and
regenerative effects of MSCs, including hepatocyte
growth factor (HGF) and growth factor derived from
pigment epithelium cells (PEDF), as well as specific
microRNAs (miR-223, miR-146b, miR-126, and
miR-199a). For example, miR-223 induces the polar-
ization of macrophages into the M2 type, while the
expression of miR-146b leads to a significant decrease
in the production of the most important proinflam-
matory cytokines and chemokines, such as IL-6,
which play a key role in the development of ARDS [21,
26]. Hypoxia increases the expression of miR-126,
which mediates the protective effect of MSCs with
respect to vascular integrity and cell differentiation
[27]. PDGF plays an important role in lung tissue
repair [28]. We showed previously that stimulation of
human adipose tissue MSCs with PDGF led to an
increase in the immunosuppressive and regenerative
properties of their secretome at the expense of stimu-
lating the formation of anti-inflammatory, so-called
regulatory T-lymphocytes, and activating the growth
of blood vessels [21]. The cultivation of MSCs in the
presence of proinflammatory cytokines TNF-o or
IFNy stimulates the production by cells of factors that
can induce the polarization of anti-inflammatory M2
macrophages through an increased level of immuno-
suppressive proteins [29].
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Note also that the MSC secretome contains pepti-
dases proposed as coreceptors for SARS-CoV-2.
According to our data, supported by the results of
other researchers, MSCs express components of the
local renin-angiotensin system (RAS), including
angiotensin, an angiotensin-converting enzyme, a
renin receptor, and receptors for angiotensin peptides
[30]. In addition, the MSC secretome is enriched with
angiotensinase C, an enzyme that, together with
ACE2, participates in the generation of the Ang 1-7
peptide [30]. Thus, the MSC secretome can, when
administered, replenish the amount of Angl-7, pre-
venting cardiac events, in particular, tachycardia
caused by the occupation of ACE2 by the SARS-CoV-
2 virus. In addition, MSC secretome contains various
endopeptidases, including DPP4, which presumably
play the role of coreceptors for ACE2.

Thus, MSCs and their secretion products may
prove to be an effective therapy for patients with
COVID-19 due to their ability to suppress acute
inflammation and prevent the development of throm-
bosis and cytokine storms, which are the main causes
of the severe course of the noval coronavirus infection
[31—34].

The MSC secretome for preventing and treating pul-
monary fibrosis. Chronic or prolonged inflammation
often leads to the development of fibrosis—the
replacement of functionally active tissue with a con-
nective tissue matrix. For example, pneumonias of
viral etiology, which are characterized by a pro-
nounced immune response, often lead to the develop-
ment of fibrotic complications, deterioration of respi-
ratory function, and severe disability of patients. The
main source of excess matrix accumulation is myofi-
broblasts; therefore, an increase in the number of
these cells in the tissue becomes a central event in the
development of fibrosis. Thus, suppressing excessive
inflammation, as well as preventing the appearance of
myofibroblasts in the tissue, can halt the development
of fibrosis. However, there are currently no effective
treatments for pulmonary fibrosis.

Evidence has been accumulated that MSC secre-
tome can prevent and even reverse pulmonary fibrosis.
Most of the results indicate the leading role of prod-
ucts secreted by MSCs in the therapeutic effect of
these cells [35]. MSCs or bioactive products secreted
by them into the culture medium suppress the devel-
opment of fibrosis in various in vivo models, such as
renal failure, liver fibrosis, and idiopathic pulmonary
fibrosis [35—39]. However, the mechanisms of these
effects are understudied. Analysis of the MSC secre-
tome revealed the presence of enzymes involved in
extracellular matrix remodeling, including matrix
metalloproteinases (MMP2 and MMP9) and their
inhibitors (TIMP-1 and TIMP-2), as well as fibrosis-
related cytokines (IL-10 and prostaglandin-E2), vas-
cular endothelial growth factors (VEGF), and HGF,
which contribute to the antifibrotic action of the MSC
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secretome [17, 37, 40]. Earlier, in in vitro models, we
identified specific microRNAs (miR-21, -29, -129)
that can mediate the antifibrotic effect of the MSC
secretome [41]. Similar data were obtained in other
studies [37, 42].

Not only experimental but also clinical data indi-
cate that MSCs are effective for preventing tissue
fibrosis [36, 39, 44| due to the immunosuppressive
effects, as well as the ability to modulate the profi-
brotic microenvironment. The data of preclinical
studies in this area confirm the effectiveness of the use
of MSCs at the initial stage of treatment in the inflam-
matory phase [39]. Along with this, MSCs have
proved their effectiveness in the treatment of severe
pulmonary fibrosis, including in comparison with pir-
fenidone [45]. Thus, a randomized, open-label, and
placebo-controlled phase I/IIA study, conducted in
Russia, demonstrated the safety, good tolerability, and
a number of positive effects of MSCs obtained from
bone marrow in patients with rapidly progressing idio-
pathic pulmonary fibrosis [44, clinical study
NCTO02594839]. Several early phase clinical trials are
currently underway to study autologous or allogeneic
MSC:s isolated from adipose tissue, the placenta, or
the umbilical cord for the treatment of pulmonary
fibrosis (www.clinicaltrials.gov). Most of them have
confirmed the safety of this approach, but its effective-
ness has yet to be proved.

Note that, for the successful introduction of
approaches based on the use of products with MSC
secretome components into clinical practice, it is nec-
essary to solve a number of problems associated with
the standardization of a new class of drugs and the
development of strategies for their noninvasive admin-
istration, for example, using inhalation [18, 46]. The
recently launched pilot clinical trials of the use of the
vesicular fraction of MSC secretome for the treatment
of severe coronavirus pneumonia (NCT04276987), as
well as for determining its inhalation tolerance in
healthy volunteers (NCT04313647), are expected to
confirm the potential safety and efficacy of this
approach.

kok Xk

Cell therapy and the use of MSC secretome-based
products may prove to be very productive in the treat-
ment of critically ill patients with COVID-19 and in
combating the complications of coronavirus infection.
The first successful results of cell therapy in critically
ill patients with coronavirus infection have been
obtained: injections of donor MSCs have helped to
reduce significantly the level of inflammation in these
patients and have led to an improvement in the clinical
and radiological picture. The extent to which the
injected cells themselves were involved in repairing
damaged lungs remains unclear. Undoubtedly, para-
crine effects have contributed much to the stimulation
of regenerative processes. The accumulated data are
Vol. 91
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still preliminary, but they have encouraged and moti-
vated other researchers to search for and develop opti-
mal protocols for cell therapy. Since cell therapy is
associated with some serious risks for the patient and
requires a thorough study of the biosafety and efficacy,
promising approaches should also include the use of
not the cells themselves, but products based on the
components of their secretome. According to Russian
laws, a specialized licensed production site is required
for the production of biomedical cell preparations.
The one proposed was created on the basis of the
Medical Research and Educational Center of Moscow
State University as a part of the Institute for Regener-
ative Medicine. At present, the process is underway to
obtain a license to produce goods for regenerative
medicine, which can be used in the treatment of coro-
navirus infection and its complications.
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