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Abstract Coronavirus Disease 2019 (COVID-19)
caused by the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) has turned out to cause
a pandemic, with a sky scraping mortality. The virus is
thought to cause tissue injury by affecting the renin-
angiotensin system. Also, the role of the over-
activated immune system is noteworthy, leading to
severe tissue injury via the cytokine storms. Thus it
would be feasible to modulate the immune system
response in order to attenuate the disease severity, as
well as treating the patients. Today different
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medicines are being administered to the patients, but
regardless of the efficacy of these treatments, adverse
effects are pretty probable. Meanwhile, mesenchymal
stem cells (MSCs) prove to be an effective candidate
for treating the patients suffering from COVID-19
pneumonia, owing to their immunomodulatory and
tissue-regenerative potentials. So far, several experi-
ments have been conducted; transplanting MSCs and
results are satisfying with no adverse effects being
reported. This paper aims to review the recent findings
regarding the novel coronavirus and the conducted
experiments to treat patients suffering from COVID-
19 pneumonia utilizing MSCs.
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Introduction

Coronaviruses are enclosed pleomorphic viruses,
containing the longest genome of all ribonucleic acid
(RNA) viruses (Belouzard et al. 2012) which is a
positive-sense single stranded RNA viruses with the
animals to be the reservoir of these viruses, giving
them a zoonotic transmission capability and involving
respiratory tract in humans. High rate of mutation and
recombination features rapid evolution in these
viruses. The novel coronavirus, also known as

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10616-021-00461-8&amp;domain=pdf
https://doi.org/10.1007/s10616-021-00461-8

254

Cytotechnology (2021) 73:253-298

SARS-CoV-2, is the third coronavirus to have raised
concerns of a pandemic, with according to the world
health organization (WHO) 72.8 million of confirmed
cases as of December 16, 2020. The novel coronavirus
is supposed to have originated from the horseshoe bat
and then transmitted to the humans. SARS-CoV-2-
induced pneumonia, manifesting like the flue regard-
ing the key symptoms (Gentile et al. 2020d) is diverse
in symptoms, varying from the asymptomatic cases to
critical and severe cases, with the former requiring
intensive care unit (ICU) and the latter being common
among the elder people or ones with underlying
illnesses such as cardiovascular disease, chronic
kidney disease, diabetes mellitus, etc. (Novel 2020)
Novel 2020Error! Bookmark not defined. The com-
mon symptoms include fever, cough, and difficulty
breathing. There are also clinical manifestations, due
to the spread of the virus to the other organs and
secondary infections, besides from the respiratory
tract, such as acute respiratory distress syndrome
(ARDS) and acute heart damage (Hamming et al.
2004), sepsis, septic shock, and multiple organ dys-
function syndromes (MODS) (Wang et al. 2020). The
main infectious mechanism of the virus is quite
dependent on the expression of a specific receptor,
referred to as the angiotensin-converting enzyme 2
(ACE2) receptor, as well as the cellular transmem-
brane protease, serine 2 (TMPRSS2) (Hoffmann et al.
2020), elaborating why the virus involves almost
every organ in the body. To precisely report the
infection status, reverse-transcription PCR (RT-PCR)
is performed, as well as the computerized tomography
(CT) of the chest, which could be reliable. To date,
there is no cure for the COVID-19, and the most
common treatment for severe patients remain to be
supportive care, including fluid conservation, (non)in-
vasive supplemental oxygen, and mechanical intu-
bated ventilation support if necessary, along with the
administration of vitamins, convalescent plasma, and
safety-approved = pharmacokinetic = medications,
including the anti-malarial drug hydroxychloroquine,
interleukin 6 (IL-6), receptor inhibitor tocilizumab,
Janus kinase (JAK) inhibitor baricitinib, interleukin 1
receptor antagonist (ILIRA) anakinra (Al-Khawaga
and Abdelalim 2020), and viral fusion inhibitor camo-
stat mesylate, thus leaving no better choice than to
avoid the crowd and stay indoors. Also, frequent usage
of detergents and disinfectors would be useful in
disease prevention. Besides, given that the cure of
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COVID-19 is essentially dependent on the patient’s
own immune system (Sairam Atluri et al. 2020), some
treatment methods have been proposed and several
studies are being conducted, among which, transplan-
tation of mesenchymal stem cells can be a reliable
solution to treat the patients, owing to their
immunomodulatory and tissue-regeneration proper-
ties. According to the reports, transplanting MSCs to
the patients have also been free of any adverse effects,
turning them into a convenient candidate for curing the
COVID-19 patients. In this review we are going to
highlight the role of MSCs in treatment of COVID-19
patients according to the evidence published in the
past and the registered clinical trials worldwide.

Coronaviruses

Coronaviruses of the Nidovirales order, Coronaviridae
family, and Coronavirinae subfamily (Gentile and
Sterodimas 2020b), are positive-sense single-stranded
(ss)RNA sized 30-32 Kb (Dubey et al. 2020),
enveloped, nonsegmented, and pleomorphic viruses,
terminology of which is derived from solar corona like
appearance of the spikes in electron microscopy.
Coronaviruses are subcategorized into four genera;
alphacoronavirus, betacoronavirus, deltacoronavirus,
and gammacoronavirus, among which SARS-CoV,
SARS-CoV-2 and Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) belong to the betacoron-
aviruses, known to be circulating among species). It is
likely that all known coronaviruses have an animal
reservoir with the zoonotic transmission (Cui et al.
2019), and frequently infect humans by peridomestic
animals serving as intermediate hosts (Paules et al.
2020), generally causing cytopathic changes follow-
ing the replication in the respiratory and enteric
epithelial cells, bringing respiratory and gastroenteri-
tis symptoms in human and animal hosts, respectively.
The severity of illness ranges from the common cold to
severe and fatal disease (Rasmussen et al. 2020).
Human coronaviruses are capable of infecting up to
one-third of the upper respiratory tract in adults. Of
note, 229E, NetherLand 63 (NL63), Organ Culture 43
(0C43), and Hong Kong University 1 (HKU1) are
other coronaviruses infecting only the upper respira-
tory system (Fehr and Perlman 2015) with limited
disease severity, as most symptoms in the
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immunocompetent host will not be more severe than
the common cold.

Two-thirds of the viral RNA encodes RNA-depen-
dent RNA polymerase (RdRP) enzyme, RNA synthe-
sis components, and two non-structural polyproteins,
open reading frame 1 alpha (ORF1a) and ORF1b, with
no role in modulating the host response. One-third of
the viral genome encodes four structural proteins
including spike (S), envelope (E), membrane (M), and
nucleocapsid (N), as well as other proteins functioning
as helpers (Luk et al. 2019; Sahin et al. 2020).
Coronaviruses are characterized by moderate to high
rate of mutation (Su et al. 2016). The occurrence of
nurturing recombination, errors during replication, as
well as deletion, substitution and insertion mutations
in the genome can be attributed to the discontinuous
transcription, as RdRP performs template-switching
property and jumps during the replication. This leads
to genetic changes in the progeny virus, rapid evolu-
tion, altered virulence, resistance to antivirals, and
adaptation with a variety of hosts (Drexler et al. 2010;
Simon-Loriere and Holmes 2011). Therefore, one of
the critical mechanisms of these viruses in evolution
can be attributed to gene expression strategy through
substitutions in their nucleotides (Lauring and Andino
2010).

The novel coronavirus

The novel coronavirus, named by the International
Committee on Taxonomy of Viruses, SARS-CoV-2,
also commonly known as 2019-nCoV, is the seventh
human coronavirus and fifth betacoronavirus with a
diameter of 80—120 nm (Li et al. 2020c) known to be
sharing the same family with SARS-CoV, MERS-
CoV and rest of the common cold viruses (Su et al.
2016). COVID-19 outbroke in December 2019 in
Wuhan, China, the capital of Hubei province, which
according to the WHO has left, As of December 16,
72.8 million confirmed cases globally, out of which
1.62 million have passed away, and 41.3 patients have
recovered. There are various hypotheses regarding
how humans are infected with the virus, highlighting
the role of the Huanan Seafood Wholesale Market as
the point of origin for the illegal sale of wild animals
(Wenjie 2019). Thus, the virus is thought to have
infected the humans through an intermediate host (Lu
et al. 2020), such as pangolin (Lam et al. 2020), snake

(Ji et al. 2020), civet cat, mink, or other wild animals
(Lam et al. 2020; Lu et al. 2020). However, Rhino-
liphus affinis, also known as horseshoe bat, is recog-
nized as the maintenance host for SARS-related
coronaviruses. According to Xingguang Li et al.
(2020b) BetaCoV/bat/Yunnan/RaTG13/2013 virus,
is more similar to SARS-CoV-2 than pangolin coro-
navirus, as both belong to the same subgroup and share
70% of genomic similarity. Peng Zhou et al., (Zhou
et al. 2020a) have also reached parallel results, as a
short RARP region in BatCoV RaTG13, a bat coron-
avirus, is very similar to the genomic sequence of
novel Coronavirus (nCoV-2019) and is mentioned as
the reservoir of the virus. While based on Tao Zhang
et al. (2020b) Pangolin-CoV is 91.02% and 90.55%
identical to SARS-CoV-2 and BatCoV RaTG13,
respectively. Therefore, pangolin is the probable
reservoir of the virus, and the virus is transmitted as
the consequence of sequential recombination between
the precursors of bat SARS-related coronaviruses,
then transmitted to the intermediate host, and ulti-
mately to the humans. Studies have also shown that the
virus exhibits genetic divergence behavior after
infecting each host cell.

Based on genome sequencing data released on
January 3, 2020, the novel coronavirus has a genome
of 29.9 kb, encoding 29 proteins with 79% homology
with the SARS virus sequence (Rodriguez et al. 2020).
In fact, like other beta-coronaviruses, it has a long
ORFlab polyprotein at the 5’ end, followed by four
crucial structural proteins; the spike surface protein,
small envelope protein, matrix protein and nucleo-
capsid,) accompanied by three deletion mutations and
42 missense mutations in the genomic sequence of all
major structural and nonstructural proteins, including
eight substitution mutations in spike surface glyco-
protein, one substitution mutation in matrix protein,
four substitution mutations in the nucleocapsid pro-
tein, two deletion mutations (3 nucleotides and 24
nucleotides) and 29 substitution mutations in the
ORFlab polyprotein, and another deletion mutation
(10 nucleotides) at the 3’ end of the genome (Phan
2020). The abovementioned mutations end up to the
frequent recombination across the genomes and prob-
ably generation of new strains (Gupta et al. 2020).
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Clinical features

COVID-19 is an emerging resolved acute infection at
the animal-human interface, and the patients are
classified into mild, moderate, severe, and critical
types. The clinical spectrum vary from asymptomatic
or paucisymptomatic forms to mild upper respiratory
tract symptoms, progressive respiratory syndrome and
life-threatening viral pneumonia, or progressive
hypoxemia involving both lungs simultaneously in
severe stages (Huang et al. 2020b; Wang et al. 2020),
leaving the patient in need of mechanical ventilation in
the ICU. The disease is studied in four stages, as are
early, progressive, peak and absorption (Pan and Ye
2020), and CT findings prove to be useful in
determining the severity of the disease, as in most
ICU patients developing severe pneumonia (Chen
et al. 2020b; Huang et al. 2020b; Wang et al. 2020),
bilateral multiple lobular and subsegmental consoli-
dation, and in non-ICU patients, bilateral ground-glass
opacity (GGOs) and subsegmental consolidation have
been observed (Huang et al. 2020b). It is noteworthy
that COVID-19-induced pneumonia should be differ-
entiated from Streptococcus pneumonia, Mycoplasma
and Chlamydia-related pneumonia, and other coron-
avirus infections (de Wit et al. 2016; Malainou and
Herold 2019).

The incubation period regarding the incubation
period of SARS and MERS viruses, as well as the
available traveling data, is approximately 2—14 days
(median of 5 days) (Li et al. 2020a) after infection.
Studies have also shown that the incubation period of
patients with lesser exposure to the infection sources
turns out to be longer (Leung 2020), with a maximum
of 8 weeks (Backer et al. 2020). However, as the mean
interval (3-8 days) shows up earlier than the end of
incubation, the carriers are contagious before the
presentation of symptoms (Gentile and Sterodimas
2020a).

Symptoms occur after 4-6 days of incubation,
including fever, cough, shortness of breath (Chen
et al. 2020b), anosmia, bone pain, impaired taste,
dyspnea, breathing difficulties, malaise, leukopenia,
thrombocytopenia, lymphopenia, along with the ele-
vated levels of neutrophils (Chan et al. 2020),
C-reactive protein (CRP), and increased titers of 1gG
and IgM antibodies (Zhou et al. 2020a) in the
prodromal phase (Chan et al. 2020; Chen et al.
2020b; Huang et al. 2020b). Raised levels of pro-
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inflammatory and anti-inflammatory cytokines (CKs),
such as interleukin-10 (IL-10) have also been reported
in plasma, which might be associated with disease
severity (Huang et al. 2020b; Wong et al. 2004). Some
patients have also developed nausea before the fever,
headache or hemoptysis (Guan et al. 2020), sneeze,
confusion, chest pain (Rothe et al. 2020; Van Cuong
et al. 2020), chills, fatigue or myalgia, several patchy
shadows in both lungs based on chest radiography
imaging observations (Xu et al. 2020b), elevation in
serum levels of either of the aspartate aminotrans-
ferase (AST) or alanine aminotransferase (ALT)
enzymes (Chen et al. 2020b; Huang et al. 2020b),
gastrointestinal symptoms such as diarrhea (Zhu et al.
2019) and upper respiratory symptoms such as rhin-
orrhea. However, older adults, specially males with a
median age of 59 (Chen et al. 2020b), persons with
underlying health conditions, such as obesity, hyper-
tension, respiratory disease, endocrine metabolic dis-
ease, cardiovascular disease, chronic kidney disease,
or diabetes mellitus, as well as persons with compro-
mised immune systems are likely to develop more
severe symptoms (Novel 2020). According to WHO,
not all COVID-19 patients develop the symptoms as
mentioned earlier and roughly 1 out of 6 among the
infected develop difficulty breathing, thus approxi-
mately 80% of the infected recover. Newborn babies
from the infected mothers may also be subject to the
infection. According to two reports of 18 infected
mothers in the third trimester, all neonates tested
negative for the COVID-109. Still a baby tested positive
who was born from a mother suffering from the
COVID-19 in London (Chamseddine et al. 2020).
Complications include acute lung injury (ALI),
ARDS, characterized by osmotic gradient disruption
and impaired alveolar fluid clearance (AFC), intersti-
tial edema, acute heart damage, following the inflam-
mation in the cardiac muscles, resulting in
myocardium degeneration, occasional necrosis, and
cardiac arrest. Besides, acute renal injury is reported,
as proteins or blood is detected in the urine of half of
the patients, due to the exudation in the glomerulus
leading to kidney failure, and no treatment choice but
dialysis or kidney transplantation. Other complica-
tions include reduction and damage of spermatogenic
cells in testis, brain congestion, pancreatic islet cell
degeneration, large necrosis of neutrophil infiltration
in hepatocytes (Gentile et al. 2020b), and respiratory
failure (Gentile 2019, a, c, d), septic shock (Zhu et al.



Cytotechnology (2021) 73:253-298

257

2019), sepsis, multiple organs dysfunction syndrome
(MOD) (Del Rio and Malani 2020; Wu and McGoo-
gan 2020), secondary infections, and pneumothorax,
that can lead to death, due to multiple organs failure. In
some hospitals, patients are given prophylactic antibi-
otics to prevent secondary infections, in addition to
decrease lung inflammation, due to the high levels of
cytokines (Huang et al. 2020b).

In addition, ARDS is characterized by diffused
pulmonary capillary endothelium and alveolar epithe-
lium damage with osmotic gradient disruption,
impaired AFC hyaline membrane formation, protein-
rich noncardiogenic pulmonary edema (Force et al.
2012), hemorrhage, and intra-alveolar fibrin deposi-
tion, which may be further classified by PaO,/FiO,
(PF) ratio, as PF ratio of 200-300 indicates mild
ARDS, PF ratio of 100200 indicates moderate
ARDS, and PF ratio of < 100 indicates severe ARDS.
At the moment, there is no specific cure for ARDS, but
supportive care, including mechanical ventilation,
prone positioning ventilation, and fluid management
are used (Fan et al. 2018).

The virus can be detected in saliva (To et al. 2020),
sputum (Lin and Gong 2020), bronchoalveolar lavage
(Zhu et al. 2020a,2020b), throat (Bastola et al. 2020),
and nasopharyngeal swabs (To et al. 2020) 1-3 days
before the onset of symptoms, and the viral load peaks
on the day of symptom onset, but declines steadily
over time (Gentile et al. 2017b). Accordingly, the
virus transmission, parallel to the influenza, SARS,
and MERS is likely to have an airborne route. In other
words, the virus is transmitted among individuals
through close contact and large respiratory droplets
(Perlman and Netland 2009) or secretions of the
infected patients. Also the spread of the virus among
health care workers might be due to contact of the
mucosae with small irresistible respiratory drops
(Gentile and Garcovich 2019a; Van Cuong et al.
2020), aerosol, and inoculation via fomite-to-face
contact (Guan et al. 2020; Zhou et al. 2020b). Thus,
mouth, nose, or eyes are the transmit gates of the
disease through infected air droplets, as well as
contaminated surfaces and fabrics (Gentile et al.
2019a). Besides, given that the virus is further found
in stool specimens, fecal—oral transmission can also be
of transmission means (Holshue et al. 2020). How-
ever, it’s still unknown whether intrauterine can be of
the transmission pathways of the virus (Chen et al.
2020a).

Molecular techniques, serology, microbial exami-
nation, and virus culture are among the diagnostic
strategies used to detect SARS and MERS viruses.
RT-PCR or real-time PCR analysis of respiratory
fluids is of the molecular methods to detect the positive
nucleic acid of the virus. Antibody detection is less
sensitive than molecular methods, and the virus
culture of respiratory fluids is also time-consuming.
Also, utilizing chest CT images can be helpful in
early-stage disease detection and estimation of the
disease course, as most patients have specific patterns
in CT images (Kanne 2020). In fact, the viral activity
results in diffuse alveolar damage with cellular
fibromyxoid exudates, GGO lesions, and hazy
increase in attenuation.

In RT-PCR, which is the standard reference method
for virus detection, the target genes include the N, S,
and ORF1lab genes (Wong et al. 2020). Samples from
the upper respiratory tract such as oropharyngeal
swab, sputum, and nasopharyngeal aspirate (Tay et al.
2020), and lower respiratory tract, such as, expecto-
rated sputum, deep tracheal aspirate, and bronchoalve-
olar lavage can be collected, and PCR would be
performed after whole-genome sequencing and cell
culture (Murdoch and French 2020). But factors such
as sample type regarding the lower /upper respiratory
tract sample, sampling error, specimen collection
technique, and lack of early RT-PCR assay due to
low load prove to be effective in false-negative results
and makes it difficult for quick detection of the virus
(Chan et al. 2020). In fact, the viral load in the upper
respiratory tract is lower than the lower airways, and
the peak of viral load in the upper respiratory tract and
stool is observed on day 7—-10 of the disease (Gentile
et al. 2020e). Studies on patients in Singapore also
indicate that the higher the virus load is, the lower RT-
PCR cycle threshold values will be (Wong et al. 2020).
It is noteworthy that following a PCR test, chest
imaging should be performed and the possibility of
common viral and bacterial pneumonia should be
ruled out (Huang et al. 2020b). However, for patients
with severe respiratory symptoms, antibiotics should
be prescribed, like bacterial pneumonia and COVID-
19 are not often possible to differentiate.

Performing enzyme-linked immunoassay (ELISA)
tests to measure the levels of IgG, IgA, and IgM
antibodies, as well as antigen detection with rapid
diagnostic test (RDT) for the immunoglobulins (IgG
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and IgM) protein detection reagents can also be
considered useful in detecting the viral infection.

Control and prevention

Based on the experience with different epidemics, the
impact of each epidemic depends on the number of the
infected individuals, transmission of the infection and
severity of its clinical symptoms (Lipsitch et al. 2020).
Also, the role of asymptomatic contacts (Rothe et al.
2020) in the continuous transmission is not ignorable,
as the carriers developing no symptoms can expose the
naive to the virus (Lipsitch et al. 2020) and account for
1% of virus transmission during the incubation period
(Gentile et al. 2020a). The number of people infected
with COVID-19 within a short period is more
substantial than SARS and MERS (Rasmussen et al.
2020), and spread of the virus occurs at a time when
other coronaviruses cause colds (Dawood et al. 2020),
so other infectious pathogens such as influenza can
also affect control of the viral infection. To control the
spread of the virus, several strategies such as diagno-
sis, treatment, and quarantine of individual with
suspected symptoms including respiratory problems,
fever, and sore throat should be designed to prevent
further transmission of the virus among individuals
and reduce the chance of secondary infection due to
close contact. Close contact would be defined as
distance of about 2 m (6 feet) from a person with
COVID-19 infection or direct contact with secretions
of a confirmed COVID-19 patient (Alhazzani et al.
2020). Individuals at high risk of infection with the
virus, such as underlying illness as well as repeated
virus testing, also play a crucial role in controlling the
spread course. Recommendations provided by the
WHO on preventive actions such as staying home,
avoiding meetings and crowds, attending virtual
classes, reducing office hours and focusing more on
teleworking, preventing unprotected contact with live
animals, especially animals that are suspected to be the
reservoir of the virus, cooking meat and eggs well
done, avoiding people with cold symptoms, temper-
ature screening at land, air and sea checkpoints,
encouraging the public to use detergents for contin-
uous hand disinfection, and to wear face masks and
respirators with an adequate seal and directed move-
ment through the filters (Smith et al. 2016; Tran et al.
2012) can reduce the cumulative mortality rate caused
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by the virus and be a practical step towards lowering
the pandemic peak and developing countermeasures in
the field of vaccine design, diagnosis and treatment
(Qualls et al. 2017). Besides, assessing the immune
response to infection can also be useful in the vaccine
design pathway. Various clinical trials are also
underway, but it may take weeks or maybe months
for the definite results to come out. Various therapeu-
tic strategies, including neutralizing antibodies, pas-
sive antibody transfer from convalescent patients’
sera, noninvasive and invasive respiratory therapy,
blockade of rampant generation of pro-inflammatory
mediators, viral capsid protein degradation by PRO-
TACs, and development of blocking agents that bind
to the ACE2 receptor (Lu et al. 2020; Zhou et al.
2020b) are also presumed. It is noteworthy that the
vaccination and passive antibody transfer from con-
valescent plasma require stable viral epitopes for their
efficacy. For this purpose, transferring viral surface
glycoprotein epitopes onto the exosomes surface,
including 5 CTL epitopes, 3 sequential B cell epitopes,
5 discontinuous B cell epitopes (Baruah and Bose
2020), 13 major histocompatibility class I (MHC-I),
and 3 MHC-II antigenic epitopes would prove to be
useful in vaccine development. Administration of
chloroquine and hydroxychloroquine has also had
positive effects on patients (Yao et al. 2020). Although
there is no cure for the COVID-19 patients’, several
experimental approaches, including human immun-
odeficiency virus (HIV) antivirals, corticosteroids, old
malaria drugs, danoprevir, favipravir, hydroxychloro-
quine, Interferon—a2b(IFN-02b), chloroquine phos-
phate, and arbidol (Gentile et al. 2020c), and also
coprescription of lopinavir and rotinavir are being
tested in patients around the world. It has been shown
that, protease inhibitors lopinavir and ritonavir are
effective in patients with SARS and ribavirin in
patients with MERS. Of note, the abovementioned
immunosuppressive medications could not be admin-
istered in long term, due to the broad inhibition of the
anti-viral immunity (Al-Khawaga and Abdelalim
2020).
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Molecular pathogenesis of COVID-19 by focusing
on cytokine storms and renin angiotensin system
and crucial role of angiotensin II as a signaling
of tissue injuries

Alveolar epithelium of the lungs consists of a mono-
layer of alveolar type 1 (AT1) epithelial cells and AT2
cells, connected via the tight junctions to control the
flow of alveolar fluid and ions, such as Na™ and C1~
across the epithelial transporters (Ware and Matthay
2001), and the alveolus expansion along with surface
tension reduction is further facilitated by the AT2-
secreted surfactant, covering the alveolar epithelium.
AT2 cells along with resident alveolar macrophages
are the first cells to be infected by SARS-CoV-2 in the
lung and virus entry into the host cell depends on a
highly glycosylated homotrimeric S glycoprotein,
affinity of which for the cell surface receptor is
10-20 times more than of SARS (Gentile et al. 2019b).
The first step for SARS-CoV-2 to infect a cell is the
receptor-binding domain (RBD) of the S1 subunit of
the spike bind to the target cell receptor, which is the
ACE2, a dimeric type I membrane protein consisting
of N-terminal peptidase domain (PD) and C-terminal
collection-like domain (CLD) ending with ~ 40
residues intercellular segment and forming single
transmembrane helix (Gentile et al. 2019c¢). It can be
speculated that the presence or absence of cleavage
between the gp120 and gp41 of the S2 subunit of spike
can significantly affect host transferability and diver-
sity (Li et al. 2020b). Thus, the spike surface
glycoprotein plays a vital role in binding to the host
cell receptor (Lu et al. 2020), and possibly the S
protein, present in the envelope, establishes the
subsequent junctions between the virus and the host
membrane through binding to the ACE2 of host cell
and eventually the virus infects the cell (Kirchdoerfer
etal. 2016; Xu et al. 2020a), which leads to uncoating,
translation of viral components, and suppression of
ACE2 expression. Following the formation of struc-
tural proteins, nucleocapsids assemble in the cytosol,
inward bud into the lumen of the endoplasmic
reticulum (ER)-Golgi transitional compartments, and
structural proteins are released via exocytosis (Alana-
greh et al. 2020). ACE2 is an aminopeptidase mem-
brane enzyme of the renin angiotensin system (RAS)
which is expressed in myocardial and pulmonary cell
membranes, such as AT2, and has a counter-regulatory
effect on the RAS by converting Angiotensin II, a

vasoconstrictor, into Angiotensin (1-7), which even-
tually would cause tissue protection by binding to the
Mas receptor, perform anti-inflammatory effects by
producing nitric oxide (NO), as well as vasodilation
effects, which lowers blood pressure (South et al.
2019). On the other hand, ACE converts Angiotensin |
into Angiotensin II, which then binds to the type 1
Angiotensin receptor (AT1R) and cause tissue injury
by performing pro-inflammation effects, which results
in higher blood pressure, and vasoconstriction effects,
followed by increased oxidative stress (Sparks et al.
2014). Hoffmann et al., also highlight the role of
TMPRSS2 in proteolytic cleavage of ACE2 and
priming the S protein by TMPRSS2 (Hoffmann et al.
2020). Therefore, it can be expected that maintenance
of the balance in the function of the ACE and ACE2
would partly contribute in the tissue protection or
tissue injury, respectively. Of note, nCoV-2019
wouldn’t bind to aminopeptidase N and dipeptidyl
peptidase 4 receptors, unlike the other coronaviruses
(Zhou et al. 2020a).

Almost all endothelial cells and smooth muscle
cells in bronchial, tracheal and alveolar epithelial cells
in the lung, monocyte and macrophage, heart, liver,
kidney, testis (Gentile and Garcovich 2019b), lymph
nodes, spleen, gallbladder, stomach, duodenum, and
small intestine in the digestive tract express the ACE2
receptor, explaining why the virus spreads throughout
the body as it finds its way to the bloodstream with the
exception of thymus, bone marrow, MSCs, and other
immune cells (Hamming et al. 2004). Of note, the
intrinsic expression of interferon stimulating genes
(ISG) makes pluripotent and multipotent stem cells
resistant to viral infections (Zhang et al. 2020a). After
the virus entry, genome encoding is performed for
facilitating gene expression and synthesis of accessory
proteins, as well as determining host tropism and
disrupting the expression of neutralizing antibodies
(Yu et al. 2020), making the virus capable of adapting
to host cell (Sahin et al. 2020). At this point, the viral
RNA becomes encapsulated and polyadenylated, and
the synthesized polyproteins are affected by proteases
that exhibit chymotrypsin-like activity (Lambeir et al.
2003; Sahin et al. 2020). Negative sense mRNAs are
also synthesized for transcription, which are shorter
than the viral genome. In contrast, negative sense
RNA is synthesized similar to the viral genome,
serving as a template for the synthesis of the positive-
sense RNA (Luk et al. 2019; Sahin et al. 2020). For the
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virus to leave the cell, genomic RNA and R protein
assemble first, bud from the membrane of the host
endoplasmic reticulum, and finally get out of the cell
through exocytosis.

The fatality of the virus may be attributable to the
severe injury and bleeding in the airways and
progressive respiratory failure (Chan et al. 2020;
Huang et al. 2020b). Overexpression of T cells, more
precisely natural killer (NK) cells, CD4" Thl and
Th17 and high cytotoxicity of CD8* T cells also play
an essential role in the severity of clinical symptoms.
In fact, over-activation of immune system in response
to the virus, thus an imbalance between pro-inflam-
matory and anti-inflammatory cytokines leads to
severe hemophagocytic lymphohistiocytosis (HLH)-
like cytokine storms, characterized by the expansion
of tissue macrophages and overwhelming localized
secretion of pro-inflammatory cytokines into the
alveolar spaces by neutrophils and macrophages, such
as IL-2, IL-6, IL-7, IL-8, Th2-secreted 1L-10, IL-1f,
Thl-secreted interferon gamma (IFN-y, monokine
induced gamma interferon (MIG), macrophage
inflammatory protein 1 (MIP-1), MIP-2, mononuclear
phagocytes cells-1 (MPC-1) (Huang et al. 2020a),
CXCL-1, CXCL-2, CXCL-10, TNF-B, proteases like
metalloprotein (MMP)-2, MMP-9 and MMP-12, gran-
ulocyte-colony stimulating factor (G-CSF), inter-
feron-gamma-induced protein 10 (IP10), monocyte
chemoattractant protein-1 (MCP-1), macrophage
inflammatory protein-1 alpha (MIP1A), macrophage
inflammatory protein-1 beta (MIP1-B), CRP, and
TNFa, G-CSF, P10, MCP-1, MIP1A, MIP1-B
(Fig. 1) (Huang et al. 2020b); which subsequently
leads to reactive oxygen species (ROS) production,
endothelial and epithelial cells damage, intercellular
junctions disruption, impaired attachment to the
basement membrane, increase permeability of the
epithelial cells, migration of inflammatory cells, influx
of red blood cells (RBCs) from the capillary, epithelial
and interstitial edema (Thompson et al. 2017), accel-
erate accumulation of extracellular matrix (ECM)
factors, formation of an alveolar-capillary barrier,
excessive extracellular calcium levels, myocyte, res-
ident and immune cells apoptosis, lymphocytopenia,
impaired AFC, cell swelling and death (Al-Khawaga
and Abdelalim 2020), fibrin deposition, hyaline
membrane formation, carbon dioxide diffusion disor-
ders, air exchange dysfunction, alveolar proteinaceous
exudate accumulation, hypoxemic respiratory failure,
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and ARDS within 8-9 days after symptom onset. The
influx of lymphocytes into the airways may correlate
with the high neutrophil/lymphocyte ratio, increase
Th/regulatory T cells (Treg cells) ratio, and lym-
phopenia (Qin et al. 2020). Therefore, prevention the
cytokine storms can be a crucial strategy in the
treatment of COVID-19 patients. There is no effective
treatment for the COVID-19 pneumonia at the
moment, especially for severe and critical cases,
however conventional treatments for these patients
include administration of glucocorticoid, danoprevir,
lopinavir + ritonavir, hydroxychloroquine, favipi-
ravir, methylprednisolone, umifenovir, and interferon
alpha, but most of these are accompanied by side
effects. Another safe candidate is transplanting mes-
enchymal stem cells for their immunomodulatory
properties in attenuating and preventing cytokine
storms. As these cells are widely used for treating
type II diabetes, autoimmune disease, spinal cord
injury, graft versus host disease (GvHD), and systemic
lupus erythematosus (SLE) (Kamen et al. 2018), so
administration of the MSCs might prove effective in
reducing mortality and morbidity in patients (Al-
Khawaga and Abdelalim 2020; Le Blanc et al. 2004;
Rogers et al. 2020).

Mesenchymal stem cell

Mesenchymal stem cells, also referred to as mes-
enchymal stromal cells are non-hematopoietic,
matrix-derived, spindle-shaped and fibroblast-like
progenitor cells with CD73, CD90, CD105, CD29,
CD44, CD146 and CD166 surface markers (Gentile
et al. 2014b) found in almost all tissues with multiple
differentiation capabilities and self-renewal potentials
(Pittenger et al. 1999; Rad et al. 2019). Based on their
differentiation potential, they are categorized into
three groups; pluripotent, multipotent, and unipotent,
and can be stimulated to differentiate into mesodermal
lineages including adipocytes, osteoblasts, and chon-
droblasts, as well as myocytes (Bianco 2014), or even
transdifferentiate into ectodermal and endodermal
cells such as hepatocytes, neurons, and epithelial
cells. MSCs can be isolated from different tissues of an
adult, including bone marrow, umbilical cord (UC),
UC-derived Wharton’s jelly, placenta (da Silva
Meirelles et al. 2006), adipose tissue, liver, tooth root,
hair follicle (Gentile et al. 2019d), perivasculature,
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Fig. 1 Shows how the virus exerts its toxicity in cells. As the
virus enters the cell after being recognized by the ACE2
receptor, along with the viral replication and transcription to
produce viral proteins, the expression of the ACE2 is also
suppressed, resulting in pro-inflammatory, vasoconstriction, and
finally tissue injury. Furthermore, over-activation of the
immune system leads into diapedesis and accumulation of the
immune cells, such as T cell, B cell, macrophage, and monocyte
in the site of injury, which results in cytokine storms and high

muscle, dermis, menstrual blood, synovial fluid,
endometrium, amniotic fluid, cord blood, and even
bloodstream (Pollard 2004), but based on preliminary
observations, it is likely that MSCs of various sources
may prove to be different regarding the immunomod-
ulatory and tissue-protective properties, as well as
levels of secretory factors (Melief et al. 2013b;
Roushandeh et al. 2017). Additionally, aging is related
to cell senescence and stem cells of elderly patients are
less potent than fetal stem cells, regarding prolifera-
tive, secretory, and differentiation capabilities. How-
ever, embryonic stem cells and iPSCs are tumorigenic
(Sairam Atluri et al. 2020). Adult stem cells are
exempt from ethical restrictions and possess excellent
tissue repair capabilities, low immunogenicity and
tumorigenicity, thus the usage of adult stem cells has
been more popular than embryonic or pluripotent stem
cells (Scioli et al. 2017). Ability of migration and
homing to sites of inflammation and damaged tissue
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level of expression of inflammatory cytokines, such as IL-2, IL-
6, TNF-o, and the secreted antibodies from B cell-derived
plasma cells, causing cytotoxic effects on the epithelial cells in
the respiratory tract, as well as other organs infected by the
virus, such as the heart, liver, and kidney. This in turn would
cause clinical manifestations of the disease. ACE2 angiotensin-
converting enzyme 2, IL-2 interleukin 2, /L-6 interleukin 6,
TNF-o, tumor necrosis factor alpha

via the stromal-derived factor-1- chemokine receptor
4 (SDF-1-CXCR4) signaling axis, secreting paracrine
factors, such as immunoregulatory, angiogenic, anti-
apoptotic, and cell migration factors (Xiao et al. 2020),
to the site of injury, releasing multiple cell protective,
survival and proliferation factors to decrease cell
death, clearing alveolar fluid, secreting growth trophic
factors, regenerative molecules, extracellular vesicles
(EVs), cytokines, chemokines, and anti-microbial
peptides, as well as exerting anti-inflammatory,
immunomodulatory, and anti-fibrotic functions (Al-
Khawaga and Abdelalim 2020) by secretion of
cytokines, growth factors (GFs), chemokines, anti-
inflammatory mediators, and extracellular vesicles
(EVs) including exosomes and microvesicles (MVs),
controlling inflammation by altering adjacent immune
cells (Bernardo and Fibbe 2013), and modulating,
regulating, and suppressing the immune response are
also of features of these cells (Jones and Yang 2011).
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MSC-derived EVs with a maximum diameter of
1000 nm are heterogeneous biphospholipid encapsu-
lated membrane-packed vesicles, formed by direct
budding from the cell membrane, are comprised of
exosomes, microvesicles (MVs), and apoptotic bodies,
based on their origin and size which function to
mediate intercellular communication, decrease the
production of pro-inflammatory cytokines and
chemokines, and increase the production of anti-
inflammatory cytokines like IL-10 (Khatri et al. 2018).
MSC-EVs may further reduce the risk of tumor
formation and pass from the small blood capillaries
for being non-proliferative and small size, respec-
tively. Also, EVs can be used for autologous transfu-
sion for the lack of expression of MHC-I and MHC-II
(Abraham and Krasnodembskaya 2020). Content
delivery of EVs to the target cells, such as mRNA,
microRNA, proteins, lipids, and organelles can be
accomplished by either binding to the cell surface
receptor and merging with the cellular membrane, or
forming endocytic vesicles and entering the cytoplasm
in a CD44 dependent manner, which finally leads to
altering gene expression, modulating the behavior of
target cells, and attenuating the inflammatory response
(Hao et al. 2019), Mitochondria delivery to the
primary human alveolar cells may function to make
a shift from M1 to M2 phenotype in response to an
increase in the oxidative phosphorylation, enhance
their ability to repair lung injuries, and reduce lung
edema and endothelial permeability (Monsel et al.
2015). EVs also exert keratinocyte growth factor
(KGF) repair facilitation, anti-inflammatory and anti-
viral properties via transferring RNAs, such as
angiopoietin-1 (Angl) mRNA which reduces lung
protein permeability and decreases neutrophil influx
and MIP-2 level to reduce the inflammation, protect
the endothelial cell, and repair the barrier injury
caused by TNF-a, IFN-v, and IL-1f (Hu et al. 2018).
Studies indicate that EVs regardless of their isolation
source may be beneficial against lung injury. MSC-
derived multitargeted biologic agent exosomes with a
diameter of less than 200 nm are hypoimmunogenic
(Gattinoni et al. 2020) intracellular multivesicular
bodies with a late endosomal origin, harboring a
panoply of bioactive molecules, including microRNA
(miRNA), transfer RNA (tRNA), long noncoding
RNA (IncRNA), GFs, annexins, tetraspanins, heat-
shock proteins, transcription factors, and genetic
materials that can be released in conditions such as
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serum starvation or hypoxia and function to mediate
the crucial therapeutic role of MSCs by infusing from
the ECM and bio-fluids (Kowal et al. 2014) to the
plasma membrane of the neighboring and distant cells
to regulate function, fate, and shapes of target cells,
reduce the cytokine storm, promote the release of anti-
inflammatory factors, reduce the plasma levels of
chemokines, suppress apoptosis, induce M2 macro-
phages, remodel the injured tissue (Bari et al. 2020),
reverse the inhibition of host anti-viral defenses,
directly inhibit the entry of many RNA viruses and
their multiplication, such as influenza, HCV and
Coronavirus by altering the expression of the cellular
receptors (Cervelli et al. 2013), increase cellular
interaction through cell to cell communication,
increase the level of anti-inflammatory signaling
mediators, permeability and functional aspects of
alveolar epithelium to reduce the severity of lung
injury (Gentile et al. 2014a), and exhibit pro-angio-
genic and anti-fibrotic functions (Taghavi-farahabadi
et al. 2020). Exosomes also transfer mitochondria to
alveolar cells to increase their survival rate, prevent
their apoptosis, and promote cellular regeneration. Of
note, the immunomodulatory effects of MSC-Exo
depends on the type, maturity, and status of the target
immune cells, as well as the type of diseases. The
abovementioned features allows the MSC-Exo to be a
therapeutic strategy for myocardial infarcts, kidney
injury, CNS diseases, liver cirrhosis, diabetic wound,
and lung-associated diseases (Baglio et al. 2012).
Also, according to a prospective open-label trial, all
patients received a single intravenous dose of BM-
MSC-ExoFlo, which was accompanied by reversal of
hypoxia, immune reconstitution, improvement of
neutrophilia and lymphopenia, including increased
CD3%, CD4™", and CD8" T lymphocytes, and down-
regulation of cytokine storm in patients of severe
COVID-19 with no adverse effects attributable to the
treatment (Sengupta et al. 2020). Due to the above-
mentioned properties, exosomes are recognized as the
primary factors to exert paracrine effects and transfer
the genetic material from SCs to the tissue-specific
cells in need of regeneration. MVs, also known as
shedding vesicles, containing phosphatidylserine-con-
taining proteins, cholesterol, sphingomyelin, cera-
mide, mRNAs, and microRNAs, function to increase
AFC, reduce protein permeability and bacterial load in
the injured lung, and reduce neutrophil influx and
macrophage inflammatory protein-2 levels in
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bronchoalveolar lavage fluid (BALF) (Zhu et al.
2014). The uptake of MVs is further mediated by
CD44 receptors which is essential for the therapeutic
effects of MVs. Apoptotic bodies which are DNA and
histones rich irregular fragments of death cells with a
size of 50-4000 nm, bud during the apoptotic process
into the extracellular space (McVey et al. 2012).
Suppression or activation of the inflammatory
response is done through the sensor and switcher
mechanism, along with sensation of different danger
signals using the Toll-like receptors (TLRs) (Romieu-
Mourez et al. 2009), which aggravates inflammation
when the immune system is underactive, and as the
immune system is overactivated, inhibits the inflam-
matory response and prevents self over attack (Ag-
garwal and Pittenger 2005; Bashiri et al. 2018) by
inhibiting the proliferation, differentiation and secre-
tory profile of T cells and other immune cells. Thus,
MSCs do not always exhibit immunosuppressive
effects, but may also cause pro-inflammatory effects,
and for MSCs to be immunosuppressive, a specific
level of the inflammatory cytokines and pro-inflam-
matory cytokines, such as IL-6 and TNF-a is required.
However, in addition to the inflammatory stimuli, the
immunomodulatory phenotype of MSCs is also sub-
jected to other environmental factors such as hypoxia.
In fact, hypoxia is one of the pathological signs of
inflamed tissue microenvironment (Taylor and Colgan
2017) and stimulates MSCs to produce soluble
paracrine factors such as transforming growth factor-
beta (TGFp), (L-10) IL-6, IL-7, and chemokines
(Hosseini et al. 2019; Maffioli et al. 2017). Cytokines
are affective in accelerating the immune response,
stimulating Treg cells, and preventing lymphocyte
activation (Sioud et al. 2010), as IL-6 and IL-7 are
crucial for the proliferation, differentiation, and sur-
vival of T cells (Tan et al. 2001). Besides, the
immunosuppressive and anti-inflammatory effects of
mesenchymal stem cells can be partially mediated by
specific cytokines. Studies show that immunomodu-
latory factors secreted by MSCs include indoleamine
2,3-dioxygenase (IDO), prostaglandin E2 (PGE2),
tumor necrosis factor-stimulated gene 6 (TSGO),
inducible nitric oxide synthase (iNOS), TGF-f, IL-
10, hepatocyte growth factor (HGF), histocompatibil-
ity locus antigen-G (HLA-G), CD39 and CD73,
galectin, C-C motif chemokine ligand 2 (CCL2),
programmed cell death ligands 1 and 2 (PD-L1 and
PD-L2), haem oxygenase 1 (HO-1), interleukin-1

receptor antagonist (ILIRA), and complement sys-
tem-related factors (Jiang and Xu 2020). Following
the modulation of the innate immune cells, MSCs will
have indirect regulatory effects on T and B cells
(Roudkenar et al. 2018; Wang et al. 2014). In general,
MSCs can directly or indirectly interact with the innate
and acquired immune system components (Fig. 2).
The direct interaction is achieved through the cell-to-
cell contact, via the cell surface molecules and
receptors, and results in modulation of downstream
pathways, such as effecting cell proliferation, effector
production, and cell survival. Indirectly, MSCs upreg-
ulate anti-inflammatory factors and secrete a series of
immune modulators including growth factors,
immunomodulatory factors, soluble immunoregula-
tory molecules, adhesion molecules (Ren et al. 2010),
immunosuppressive molecules, exosome, chemokine,
complement components and various metabolites to
suppress immune cells’ activity in response to
alloantigens and mitogens, including T cell, Treg, B
cell, Breg, dendritic cell (DC), monocyte /macro-
phage, T helper (Thl), Th2, Th17, NK, neutrophil,
innate lymphoid cell (ILC), myeloid-derived suppres-
sor cell (MDSC) and mast cell (Najar et al. 2016),
resulting in balancing the immune responses and
regulation of the inflammation profile. Undifferenti-
ated MSCs are not immunomodulatory and can lead to
immune effector cell suppression, as well as immune
suppressor cell activation through a shift from pro-
inflammatory phenotype towards anti-inflammatory
phenotype. It is important to note that the variability in
the composition and functional status of immune cells
during inflammation affects the modulatory ability of
MSCs and their role in the course of disease. However,
allogeneic MSCs are recognized for being immune
evasive and they are poorly immunogenic, which
means MSCs are capable of escaping the cytotoxic
effects of lymphocytic T cells, B cells, and NK cells,
for the low expression of immune-stimulating mole-
cules such as human leucocyte antigen (HLAI) (Nauta
and Fibbe 2007), and major histocompatibility class I
(MHCII). In addition, co-stimulatory molecules, such
as CD40L, CD45, CD31 and CD34, CDI14, CD19,
CD11b, CD790q, and human leucocyte antigen (HLA)-
DR, CD80, and CD86 are not expressed, which is
more dependent on severity, type, and intensity of the
received signals (Li et al. 2012). Of note, studies
indicate the expression of MHC-II by the fetal MSCs,
adult BMMSCs, and adipose-derived stem cells
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Fig. 2 Immunosuppressive and immunomodulatory properties
of MSCs. IL-10 prevents the production of pro-inflammatory
cytokines, T cell proliferation, memory T cell formation, APC
maturation, as well as the expression of MHC and co-
stimulatory factors, which are produced by MSCs in a quiescent
state. Its expression is elevated under the influence of TLR
ligands and PEG2. PGE2 can suppress inflammation by
inducing Foxp3* Treg cells production. Also inhibits the
proliferation of T cells by elevating DCs’ maturation and
exhibit a pro-inflammatory effect, so low levels of this
chemokine can cause an inflammatory response. PGE2 can
suppress natural killers and inhibit CD8" T cell activity by
stimulating TGF-B secretion from monocytes. Also, the
expression of PGE2, IL-6, and IDO by MSCs modulates the
direct differentiation of monocytes into M2 type macrophages.
TGEF-B is a cytokine that is primarily secreted by MSCs and is

(ASCs) when stimulated by the IFN-y, which means
that the recently mentioned MSCs exhibit immuno-
genicity properties, facing the risk of immune rejec-
tion (Le Blanc et al. 2003).

MSCs along with parenchymal cells, also play a
role in balancing the inflammation, tissue repair, and
facilitation in times of disease and trauma, as well as
the maintenance of tissue homeostasis (Kfoury and
Scadden 2015). Following tissue or cell damage,
MSC:s facilitate tissue regeneration by suppressing or
stimulating the immune system (Keating 2012), in that
both exogenous and endogenous mesenchymal stem
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upregulated by inflammatory factors such as IFN-y and TNF-o.
This chemokine can inhibit the differentiation of T cells into
Th1 and Th2 and promote the production of Treg and Breg cells,
thus disrupting the expression of IL-2, MHC-II and stimulatory
cofactors in DCs and T cells. MSCs produce Treg by changing
DCs phenotype into the Tolurogenic phenotype. By inducing
MSCs-produced IDO, T cell proliferation is inhibited and Treg
is stimulated. IL-10 interleukin 10, MHC major histocompati-
bility complex, APC antigen-presenting cell, MSC mesenchy-
mal stem cell, 7LR toll-like receptor, PEG2 prostaglandin E2,
DC dendritic cell, TGF-f transforming growth factor beta, IL-6
interleukin 6, /DO indoleamine-pyrrole 2,3-dioxygenase, IFN-y
interferon gamma, TNF-o tumor necrosis factor alpha, Thi T
helper cell type 1, Th2 T helper cell type 2, Treg regulatory T
cell, Breg regulatory B cell, /L-2 interleukin 2

cells move to the site of inflammation through the
interstitium, owing to their chemokine cognate surface
receptors such as C3a and C5a chemokines (Schrauf-
statter et al. 2009), contact the endothelial cells in a
P-selectin- and VCAMI1-dependent manner, promote
the homing by probably binding of CD90 to the
integrins b3 and bS5, stimulate the basal membrane
matrix degradation by metalloproteinases, and allow
subsequent extravasation (Son et al. 2006). To inhibit
the proliferation, activation, and maturation of CDI19%
B cells, CXCR3*CD4" T cells, CXCR3"CD8" T
cells, CXCR3™" NK cells, monocytes and neutrophils,
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reduce the levels of BALF chemokines and cytokines,
and suppress the extracellular release of myeloperox-
idase and elastase (Sindrilaru et al. 2011). MSCs
release of various types of growth factors, such as
hepatocyte growth factor (HGF), vascular endothelial
growth factor (VEGF), keratinocyte growth factor
(KGF), angiopoietin-1, and fibroblast growth factor
(FGF) in the presence of inflammatory cytokines,
direct pro-regenerative signaling processes, and acti-
vate regenerative potential of tissue-resident stem
cells, trigger angiogenesis, remodel the stroma, clear
alveolar fluid in the lungs, reconstitute immune
microenvironment by regulating the immune
response, empower tissue stem/ progenitor cells to
differentiate, as well as the other cells, prevent
apoptosis, and suppress inflammation. This mecha-
nism is likely accomplished by cell replacement
(Tsukamoto et al. 2016). It is noteworthy that this
ability of MSCs is also mediated by molecules such as
indoleamine 2,3-dioxygenase (IDO), soluble human
leukocyte antigen class I molecule G5 (HLA-GS5) and
CCL2 through specific mechanisms (Su et al. 2014b),
secreted by MSCs themselves (Che et al. 2012). Tissue
regeneration is closely linked to inflammation, as the
immunosuppressive activity of mesenchymal stem
cells is also affected by inflammatory cytokines
(Pourgholaminejad et al. 2016). In other words,
inflammatory cytokines triggering the production of
chemokines in MSCs lead to the recall of monocytes,
macrophages, and neutrophils, or can lead to suppres-
sive effects on immune cells by producing IDOs in
MSCs. Further protection of the lung endothelial
barrier is guaranteed by inhibiting the pulmonary
vascular endothelial cell apoptosis, enhancing the
recovery of VE-cadherin, reducing proinflammatory
factors, and directly differentiating into AT2 cells via
the wnt/B-catenin signaling pathway (Zhang et al.
2019). MSCs exhibit anti-apoptotic properties by
salvaging dying host cells through transferring their
mitochondria, cell fusion, or transferring mRNA
through exosomes, and by secreting growth factors
(Sairam Atluri et al. 2020). Also, antimicrobial
properties may be accomplished by indirectly influ-
encing the role of host immune response against
pathogens or increasing the phagocytic activity of
macrophages and monocytes via promoting mitochon-
drial transfer, and directly by secreting antimicrobial
peptides and proteins (AMPs), including cathelicidin
LL-37, human-beta defensin-2 (hBD-2), hepcidin,

lipocalin-2 (Lcn2) (Sutton et al. 2016), and KGF.
However, inflammation performs dynamic effects on
these cells during active disease states, to the extent
that it can alter the behavior of these cells and prove to
be damaging (Wang et al. 2014). Of note, tissue-
resident MSCs are probably not as effective as infused
MSCs in restoring homeostasis in damaged tissue.
These cells are location-specific in their properties. On
the other hand, contrary to the immunomodulatory
effect of mesenchymal stem cells, research has shown
that infused MSCs wouldn’t last in damaged tissues
for so long (von Bahr et al. 2012). Also, several
strategies have been proposed to improve the engraft-
ment of MSCs for poor survival, which are genetic
modification, CXCR4 overexpression via the viral
vector, activation of the E-prostanoid 2 (EP2) receptor
by PGE2 (Xu et al. 2019).

Immune cells

T cells are of stem cell-derived progenitors in the
thymus (Livak et al. 1999), activated by two signals; T
receptor signaling and costimulatory signaling (DL
1989). CD4™ T cells, also known as Th cells, are the
key cells of the acquired immune system that differ-
entiate into Thl, Th2, Th9, Thl17, or Treg (CD3""
CD45RO0) subsets based on the severity of stimulation
and the milieu of cytokines (Pejman and Taylor 2009).
MSCs can alter the activation, proliferation, differen-
tiation, as well as cytotoxic activity of T cells through
several mechanisms (Angoulvant et al. 2004) both
indirectly or directly, through cell-cell contact (Ren-
ner et al. 2009), with the cellular ratio of notice
(Krampera et al. 2003), so that the low cell ratio leads
to T cell proliferation stimulation (Le Blanc et al.
2003). It is noted that MSCs could suppress the T-cells
at high cell ratio. (Song et al. 2018) To stop the T cell
cycle in the G1 phase, MSCs release TGF-f§ and HGF
(Glennie et al.), and to modulate and regulate the T
cell-mediated inflammatory response (Crop et al.
2010), MSCs further express soluble immunoregula-
tory molecules, adhesion molecules (Ren et al. 2010),
chemokines and immunosuppressive molecules, such
as IDO, PGE2, leukemia inhibitory factor (LIF), NO,
IL-6, PD-L1, and HLAGS (Cho et al. 2017; Su et al.
2014a) in the presence of specific inflammatory
cytokines, including IFN-v, as well as at least another
prestimulated cytokine, such as TNF-a, interleukin 1
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alpha (IL-1a), or IL-1 (Ren et al. 2010). Tryptophan
deficiency is another mechanism of MSCs to generate
Treg and drive T cells towards apoptosis (Benvenuto
et al. 2007; Plumas et al. 2005). Thus, T cells are kept
in the quiescent state and balance of T cell subtypes is
regulated (Djouad et al. 2007).

B cells are also of the acquired immune system, B
lymphocytes develop in the bone marrow (BM) from
hematopoietic precursor cells (Pieper et al. 2013). In
fact, MSCs differentiate into adipocytes and the
secreted B-cell activating factor (BAFF) promote the
proliferation of activated B-cells in a dose-dependent
manner (Wang et al. 2011). Following the stimulation
of cell surface receptors by specific antigens, B cells
proliferate, and further differentiation gives rise to
antibody-producing cells and memory cells, leading to
mediation and sustained protection against foreign
pathogens. MSCs can prevent the activation, prolifer-
ation, differentiation, antibody production, and cyto-
toxicity of B cells, both indirectly and directly,
through cell-cell contact (Franquesa et al. 2012).
Through the paracrine activity, MSCs stop cell cycle
in GO/ G1 phase (Corcione et al. 2006). Furthermore,
IFN-vy-induced MSCs would suppress B cell differen-
tiation into plasma cells (Schena et al. 2010) and also
promote non-activated B cell formation (naive, tran-
sitional and memory subsets) (Rafei et al. 2008) by
secreting molecules such as IL-1Ra (Luz-Crawford
etal. 2013) and EVs at precise doses (Asari et al. 2009;
Di Trapani et al. 2016). Also, IL-10-induced Bregs
would express high levels of IL-10, which results in
the regulation of B cell response (Park et al. 2015) and
suppression of immune response (Franquesa et al.
2015). However, in some cases, MSCs can stimulate B
cells to secrete antibodies (Asari et al. 2009).

Dendritic cells (DCs) are known as the most potent
antigen-presenting cells (APCs) in the body (Vickers
2017), which play an essential role in the acquisition,
processing, transportation, and presentation of various
antigens. DCs are also involved in activating antigen-
specific T cell response, as well as the direct interac-
tion between B cells and natural killer cells (Pende
etal. 1999), so the presence of DCs is vital in directing
the acquired immune system responses (Kingsley
1994). The proximity of these cells to MSCs leads to
the induction of Th2 and Treg, and suppression of the
pro-inflammatory T cells, which are the Th1 and Th17
(Spaggiari et al. 2009). MSCs can prevent differenti-
ation of monocytes or CD347 cells into DCs and
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inhibit the functioning of the CD34" hematopoietic
progenitor cell-derived DCs (Li et al. 2008), which
leads to immature DC production and immune
suppression (Nauta et al. 2006). MSCs also release
IL-6 (Spaggiari et al. 2009), PGE2 (Zhang et al. 2014),
and EVs, and further downregulate C-C motif
chemokine ligand 7 (CCR7) and CD49dp1 to prevent
mature DC migration, which results in the lower
expression of inflammatory factors and antigen-pre-
senting potential in these cells (Consentius et al.
2015), thus less induction of T cells (Chiesa et al.
2011). MSCs can even shift DCs into an anti-
inflammatory phenotype by downregulating pro-in-
flammatory factors such as TNF-o and IL-12 along
with upregulating anti-inflammatory factors, such as
IL-10 and PGE2, and as a result, these altered cells
inhibit T cell activity through the secretion of IL-10
(Favaro et al. 2016).

Macrophages are of the innate immune system,
which can be tissue-resident, derived from yolk-sac, or
circulating, derived from bone marrow monocytes
(Perdiguero and Geissmann 2016). Depending on the
microenvironment, these cells can further be polarized
into activated M1 or activated M2 with proinflamma-
tory and immunomodulatory properties, respectively.
Macrophage M1 can exhibit antimicrobial properties
through secretion of inflammatory cytokines and
chemokines. In contrast, macrophage M2 eliminates
trophic factors of inflammation by secreting immuno-
suppressive factors, such as IL-10, accelerates tissue
repair (Koch and Radtke 2011), and secrete immune
activators such as IL-6, IL-12, TNFa, IL-1f, IL-23,
CD86, and MHCII in quite a limited level (Abumaree
et al. 2013). Accordingly, MSCs can polarize macro-
phages of classically activated pro-inflammatory phe-
notype into alternatively activated anti-inflammatory
phenotype, following the detection of inflammatory
factors (Melief et al. 2013a), and through producing
immunosuppressive molecules and metabolites, such
as PGE2, TSG6, lactate, and kynurenic acid (Vasan-
dan et al. 2016). The mentioned shift further results in
disruption of T cell response, as well as the induction
of Treg (Bernardo and Fibbe 2013).

Natural killer cells are the effective key cells of the
innate immune system, derived from a common
lymphoid progenitor, and give rise to the lymphocyte
subtypes, inside or outside the bone marrow (Fathman
et al. 2011). These cells can control various microbial
infections and tumors by directly stimulating
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cytotoxicity against target cells, as well as producing
proinflammatory cytokines (Childs and Carlsten
2015). They can also lyse cells lacking MHC class I
molecules, and because MSCs express less of these
molecules, they are subject to the cytolytic activity of
these cells (Le Blanc and Mougiakakos 2012).
According to research, allogeneic MSCs can gradually
undergo the effects of natural killers. At the same time,
activation of these cells with TLR3 ligand and
stimulating their anti-inflammatory  phenotype
(MSC2 phenotype) protects them from this effect
(Giuliani et al. 2014). Studies have also shown that
MSCs would affect NKs directly and through cell—cell
contact (Lu et al. 2015), or indirectly interfere with
proliferation, cytolytic activity (CYT), and cytokine
production of these cells (Noone et al. 2013). In the
presence of IDO and PGE2 and the higher ratio of
MSCs to NK cells (Spaggiari et al. 2008), prolifera-
tion, activation, cytokine production, and cytotoxicity
is suppressed. Therefore, the low ratio of MSCs to
natural killers leads to the proliferation of NK cells and
lysis of MSCs, as well as cytokine production in
natural killer cells (Gotherstrom et al. 2011). The
interaction between MSCs and NK cells can be two-
way, performing suppressive or inductive effects on
each other. In other words, IFN-vy secretion from NK
cells can lead to the synthesis of CCL2 in MSCs, with
the launch of positive feedback on NK cell production
(Cui et al. 2016).

Neutrophils are polymorphonuclear leukocytes
playing an essential role in acute inflammations
(Kolaczkowska and Kubes 2013). They circulate
freely in the bloodstream and move to the site of
injury through chemotaxis, and bring down pathogens
through phagocytosis and secretion of bactericidal
molecules (Brinkmann et al. 2004). MSCs can prevent
recruitment and activation of neutrophils, formation of
extracellular traps, and the secretion of proteases by
neutrophils (Munir et al. 2016). Of course, the
modulation of neutrophils by MSCs can also depend
on the proinflammatory/ anti-inflammatory phenotype
of MSCs, as MSCs may lead to apoptosis of resting/
IL-8 activated neutrophils by secreting IL-6 or may
prevent apoptosis of these cells and promote their
activity (Cassatella et al. 2011). Besides, they can be
effective in retaining neutrophil resources in the bone
marrow and facilitate neutrophil migration toward the
inflammation site, thus helping to attenuate inflam-
mation (Brandau et al. 2014). MSCs also perform an

anti-inflammatory activity and recruit neutrophils in
the early stages through expression of ligands and
many binding molecules, such as C-X-C motif
chemokine receptor 3 (CXCR3) ligands, CCRS5 ligand,
intercellular adhesion molecule 1 (ICAM-1), and
vascular cell adhesion protein 1 (VCAM-1) (Ren
et al. 2008).

By the release of histamine, mast cells are known to
be the key cells of the innate immune system in
allergic anaphylaxis, and are also stimulated during
inflammation by non-allergic agents (Theoharides
et al. 2015), in a way that the released histamine
affects IL-6 expression in MSCs, prevents the apop-
tosis of neutrophils and promotes phagocytic cells
(Nemeth et al. 2012). IgE-stimulated mast cells can
also activate MSCs and secrete factors, such as thymic
stromal lymphopoietin and hematopoietic growth
factor (Allakhverdi et al. 2013). According to studies,
MSCs have a suppressive effect on cytotoxic activity,
secretion of inflammatory cytokine, and degranulation
of mast cells (Brown et al. 2011).

Stem cell therapy approaches

Cell-based therapy is recognized as a promising
therapeutic field in recent years, which performs
treating effects through stopping degeneration and
starting regeneration of the somatic and progenitor
cells, thus activating the endogenous repair system, or
performs injury preventive effects through slowing/
stopping pathophysiologic processes, naturally repair-
ing, restoring, and/or regenerating damaged or dis-
eased tissues and organs, such as diabetes,
neurodegenerative diseases, cardiovascular diseases,
muscular degenerative disorders, cancers, liver inju-
ries, hematopoietic and immune system disorders,
metabolic disorders, GVHD, Crohn’s disease, inflam-
matory bowel disease, rheumatoid arthritis (RA),
sepsis, and ARDS, burn, wound and excisional injuries
(Abbasi-Malati et al. 2018; Alijani-Ghazyani et al.
2020a, 2020b; Gentile et al. 2014a, 2017a, 2020c; Rad
et al. 2019; Roushandeh et al. 2017; Sabzevari et al.
2020). MSCs therapy demonstrates protection and
possible efficacy in patients with ARDS, like the BM-
MSCs which effectively reduce pulmonary inflamma-
tion and edema through the release of therapeutic
factors, however the same behavior in respiratory
virus-caused ARDS is yet to be thoroughly established
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(Rawat et al. 2019; Sleem and Saleh 2020; Zhang et al.
2020b). The BM, UC and adipose tissue are the main
sources in stem cell therapy. The UC, a neonatal tissue
with plentiful supply of easily expandable and acces-
sible MSCs, is composed of two arteries and a vein,
supported within a mucoid connective tissue, called
Wharton’s jelly (WJ) between the amniotic epithelium
and the umbilical vessels within the UC, and provides
protection, cushion, and structural support to the
umbilical vessels. WJ is rather recognized multipotent
than pluripotent, and is the most common source of
MSC:s to harvest for the lack of severe adverse effects,
superiority over the other biologics, containing the
highest concentration of primitive MSCs per milliliter
than any other allogeneic tissue, as well as secreting
large quantities of anti-inflammatory CKs, GFs, and
EVs. While, Autologous bone marrow requires the
patient to undergo an invasive procedure associated
with pain and morbidity to harvest the MSCs (G
Jeschke et al. 2011; Mohamed-Ahmed et al. 2018).
Adipose tissue is the proper source for cell therapy.
There are many subcutaneous fat tissue that is
extremely easy to isolate the stem cells from the
adipose tissue via minimal manipulation or enzymatic
digestion of fat. The mixed cell population referred to
as stromal vascular fraction (SVF), also known as
adipose-derived regenerative cells (ADRCs), is a
plentiful source of heterogeneous mesenchymal cell
set in the subcutaneous human adipose tissue (HAT),
including the hematopoietic cells, adipose-derived
stem cells (ASCs), preadipocytes, fibroblasts, peri-
cytes, vascular smooth muscle cells, endothelial cells,
resident monocytes/ macrophages and lymphocytes.
The SVF of the adipose tissue has come more and
more into the focus of stem cell research because this
tissue compartment provides a rich source of multi-
potent adipose tissue derived stromal cells. Each mL
of acquired HAT from minimal invasive liposuction in
the abdominal region, lumbar region, hump, arms
flanks, thighs, or knees and minimal manipulation
through enzymatic digestion with collagenase or
mechanical digestion equals 1000-9000/mL of ASCs
(Gentile et al. 2020e). ASCs have been infused for
treating complex perianal fistulas, alopecia and hair
loss, wound healing, facial reconstruction, diabetic
foot ulcers, knee osteoarthritis, ARDS, refractory
rheumatoid arthritis, pediatrics disease, fecal inconti-
nence, allogeneic flap, breast augmentation, calvarial
defects, Crohn’s fistulas, damaged skeletal muscle,

@ Springer

ischemic heart disease, autoimmune encephalomyeli-
tis, lateral epicondylitis, and soft tissue defects with no
severe adverse events being reported, owing to their
anti-inflammatory, immunomodulatory, and tissue
regenerative properties, regarding an increase in
peripheral lymphocytes amount, decline in the CRP
and over-activated cytokine-secreting immune cells,
expressing a large amount of anti-inflammatory fac-
tors, such as TGF-1, HGF, and IFN-y (Gentile et al.
2019a), osteogenesis, secreting proangiogenic, vari-
ous growth factors that induce proliferation of vascu-
lar endothelial cell and angiogenesis, including PDGF
and VEGF, and anti-apoptotic factors, secreting
vasculogenesis, differentiation into skeletal muscle,
pancreatic cells, hepatocytes, neurons, tendons, and
cardiomyocytes (Strem et al. 2005), as well as,
providing ECM composed of collagen, elastin, glyco-
proteins, polysaccharides, glycosaminoglycans and
water, thus ASCs can light up a way to treating
COVID-19 (Gentile and Sterodimas 2020b) and
compared to BM-MSCs, easy access using a mini-
mally invasive procedure (Fraser et al. 2006), and easy
to use with local anesthesia and with higher quantity
(roughly tenfolds), higher proliferative capacity,
longer life-span, and shorter doubling time, greater
suppression of IgG production, stronger differentia-
tion inhibition of monocytes into DCs, and more
genetically and morphologically stability in long-term
culture (Kern et al. 2006) gives ASCs a significant
edge over BM-MSCs. Further, the administration of
BM-MSCs for therapeutic aims of COVID-19 is
obstructed by safety issues, cell survivability, scala-
bility, and regulatory issues (Liang et al. 2020).
However, evidence point to variation in the growing
and differentiation ability of adipose precursors
among different fat depots and changes with age, in
a way that the growth rate of ASCs decreases through
aging (Gentile and Garcovich 2019a). In addition,
embryonic stem cells (ESCs), is a non-tumorigenic
afterbirth extensive source of stem cells, considered
medical waste which unlike BM and AD stem cells,
have faster doubling times, more plasticity and
possibly more potency (Nagamura-Inoue and He
2014). In short, Application of MSCs is promising
and challenging in several diseases. However, its
application in COVID-19 patients is to be considered
for accumulating within the lung microvasculature
when intravenously administered and performing anti-
inflammatory and immunomodulatory effects,
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protecting alveolar epithelial cells, promoting endoge-
nous repair of local cells and tissue regeneration, and
lowering lung fibrosis. Here, some clinical trials that
registered in www.clinicaltrials.gov were summarized
(Table 1). Despite the fact that administration of
autologous MSCs usually requires an invasive proce-
dure, it is the method of choice for COVID-19
patients, as the infection occurred in the blood cells
and several other organs may impact the quality and
sufficiency of the autologous MSCs (Al-Khawaga and
Abdelalim 2020). High doses of MSCs to treat organ
failure is administered via IV route, followed by intra-
arterial (IA) to increase engrafting of the cells (Sairam
Atluri et al. 2020). IV MSCs delivery is the most
common route, during which a large share of MSCs
are entrapped in the lung’s microvasculature for rela-
tively large size and expression of various adhesion
molecules and exhibit immunomodulatory properties,
improve the pulmonary microenvironment, protect
alveolar epithelial cells, prevent pulmonary fibrosis
and improve lung function (Cruz and Rocco 2020),
while a small fraction engraft in the target organs
(Gotherstrom et al. 2004). However, IV applications
of MSCs has contraindication for many of the criti-
cally ill patients for their systemic procoagulant state,
as tissue factor (TF)/CD142-expressing. MSC prod-
ucts could increase the coagulation activation markers
thrombin-antithrombin-complex (TAT) and D-dimer,
aggravate the pro-thrombotic state, and promote the
risk of thrombosis, embolism, disseminated intravas-
cular coagulation (DIC), and thrombotic multi-organ
failure (Moll et al. 2019). Of note, different sources of
MSC:s stand in stark contrast regarding the expression
of highly procoagulant TF/CD142, such as AD-MSCs
which are known to be of highly TF/CD142-express-
ing cells (Moll et al. 2020). Alternative routes to IV
cell administration and avoiding blood contact may
solve the dose-limiting toxicity, such as intramuscular
(IM) and intratracheal (IT). Further, IM administration
is characterized by longer in vivo survival of the cells,
improved functionality, and a lack of hemocompati-
bility issues (Braid et al. 2018). Also, intratracheal
administration of MSCs unlike the systemic adminis-
tration directly delivers the cells and increases the
accessibility of MSCs to both the alveolar epithelium
and the pulmonary endothelium, where MSCs
demonstrate reduction in endotoxin-induced injury to
explanted human lungs (Lee et al. 2009). In below,
some of them described in detail.

An experimental human placenta-derived stem cell
therapy, also known as natural killer cells, will be
conducted on 86 patients with confirmed symptoms of
COVID-19 in early stages of the disease by Cellular-
ity, Inc., a clinical-stage cell therapeutics company.
The experiment is however conducted with a hope to
prevent the disease course as well as to evaluate the
efficacy issues. As it would take some time for the
immune system to recognize the virus, the study aims
to prevent the out of control replication of the virus by
transforming placental stem cells into one-size-fits-all
“Natural Killer” cells, which would function as
sentinels. Once the patients will be infused with their
doze for 30-60 days, the experiment is ready to move
to a placebo-controlled study. Still the company is
waiting for the FDA to give a green light, and the
experiment is good to be conducted. The experiment,
CYNK-001, is said to have been tested on cancer
patients formerly and proved effective. Although
controversies concerning what the application of these
cells could possibly lead into is also highlighted, as
would result in destruction of respiratory cells and
exacerbation of most severe cases, if the natural killer
cells are to go in the other direction.

In another attempt to treat COVID-19 patients, as
well as to evaluate the potential effects of WJ-MSCs, a
phase I intervention is being conducted in Jordan,
which is planning to enroll 5 patients who have tested
positive for COVID-19. The study is going to provide
1 x 10%kg doses of newborns’ cord tissue-derived
WI-MSCs to the patients intravenously, in 3 separate
days. The newly isolated cells will first be screened for
HIV1/2, HBV, HCV, CMV, and Mycoplasma, and
cultured to enrich for MSCs. WJ-MSCs will be
counted and suspended in 25 mL of Saline solution
containing 0.5% human serum Albumin. There will be
a three weeks long follow up to assess the severity of
the condition and monitor the improvement of clinical
symptoms including fever, respiratory distress, pneu-
monia, cough, sneezing, and diarrhea. In this period
the RT-PCR has to report negative and CT findings
will be used for observing any side effects.

In order to treat intubated-ventilated patients suf-
fering from SARS-CoV-2-related acute respiratory
distress syndrome (ARDS), a phase I/II study has been
conducted by Assistance Publique—Hopitaux de
Paris, registered in March 29, 2020. 60 patients over
18 years old will be included, 20 as treatment group
and the rest for the control group. The control group
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Table 1 continued

Locations

Study design

Interventions Study type Phase

Conditions

Status Study title

The

Clinical
trial

number of

participants

identifier

Institute of

Phase 1 Allocation:

Treatment of Coronavirus COVID-19 Procedure: Placenta- Intervention

Recruitin g

July 8, 2020

36 NCT04461925

CellTherapyKyiv,

Phase 2 Rand(-Jmized [
Masking: Ukraine

al

Derived MMSCs;
Cryopreserved
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Pneumonia
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will receive 150 mL of NaCl 0.9% as a placebo. The
other 20 patients will receive 1 x 10° of umbilical
cord Wharton’s jelly-derived human MSCs/Kg, via a
peripheral or central venous over 30-45 min. The
injections will be on day 1, 3, and 5. Several
inflammatory markers, such as T regulatory lympho-
cytes and donor-specific antibodies will also be
monitored during follow up.

A Phase 1II intervention in ZhiYong Peng, Zhong-
nan Hospital has been registered on February 7, 2020,
involving 10 patients aged between 18 and 75 years to
assess the availability and safety of UC-MSCs treat-
ment in serious and critical types of COVID-19
patients. Patients of serious and critical groups will be
under treatment in a 28 days’ time, and each subject
will be infused with 3.3 x 10" of UC-MSCs per
50 mL per bag every other day intravenously, 3 bags
each time. In the follow up, participants will be
assessed for the efficacy and safety of the treatment,
and the adverse reactions. Every 7th day, patients will
be tested for the virus nucleic acid for 3 times. Also
lung imaging, WBC count, Lymphocyte count, Lym-
phocyte percentage, procalcitonin, and IL-2/4/6/8/10
will be evaluated on the same days.

Yang Jin, Wuhan Union Hospital in China is also
conducting an experiment, administering human
umbilical cord mesenchymal stem cells to treat
COIVD-19 in severe stages of the disease, as well as
to investigate efficiency and safety of UC-MSCs. The
study is registered in February 14, 2020, planning to
recruit 48 patients, with an age limit between 18 and
65 years. 24 patients will be the treatment group and
another 24 patients acting control group. The treat-
ment group will be administered 5.0 x 10° of UC-
MSCs/kg every 3" day on four rounds. In addition,
both groups will receive conventional treatment and
during the 90 days to 96 weeks of follow up, patients
will be monitored for the respiratory function, pul-
monary inflammation, clinical symptoms, pulmonary
imaging, side effects, and immunological characteris-
tics (immune cells, inflammatory factors, etc.).

On April 2, 2020, a phase I/Il study will be
conducted to explore the therapeutic potential of UC-
MSCs for COVID-19 patients in Puren Hospital
Affiliated to Wuhan University of Science and Tech-
nology. 30 participants aged 18—75 will participate in
the two control and treatment groups. The treatment
group will receive 1 x 10° of UC-MSCs/Kg, sus-
pended in 100 mL of normal saline, as well as the

@ Springer
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conventional treatment. If there is a necessity in
infusion of another dose, it will be administrated
during one week. Control group will receive conven-
tional treatments and, as well as the placebo intra-
venously. Patients will be monitored within 4 weeks
of time frame for the immune indices, such as TNF-a,
IL-1B, IL-6, TGF-B, IL-8, PCT, and CRP, as well as
the improvement and recovery time of inflammatory
and immune factors. In addition, blood oxygen
saturation will be evaluated.

A phase II, prospective, two-arm, partially masked,
single center clinical study in an attempt to assess the
safety, feasibility, and efficacy of SCE therapy,
mediate the overreaction of the immune system, and
treat the patients utilizing stem cell educator (SCE)
therapy, produced by Tianhe Stem Cell Biotechnolo-
gies Inc., has been conducted. According to the
responsible party, SCE therapy uses human multipo-
tent cord blood stem cells (CB-SC), derived from
human cord blood. 20 adult patients aged 18-60 years
old are estimated to enroll, who will receive SCE-
treated MNCs intravenously, which have been col-
lected by apheresis of blood, and subjects will be
under monitor within 4 weeks of follow up, including
evaluation of the percentage of activated T cells, and
Th17 cells by flow cytometry, chest imaging every,
which is performed 3-5 days for 4 weeks, as well as
determining the viral load by real time RT-PCR using
the samples of blood, sputum, and nose/ throat swab.

An elder female aged 65 years old suffering from
critical COVID-19 pneumonia, representing fatigue
and fever of 38.2 °C, cough, as well as small amount
of white bubble sputum, was received in the Longling
People’s Hospital, China. After she was tested positive
for the novel coronavirus, IFNo inhalation was
performed and was sent to the infectious disease
department of the Baoshan People’s Hospital for
better treatment. Antiviral therapy of lopinavir/riton-
avir, IFN-o inhalation and oseltamivir was adminis-
tered to the patient, as well as IV moxifloxacin,
Xuebijing, methylprednisolone, and immunoglobulin.
She was also under ventilator. After worsening of the
status, she was sent to the ICU, followed by perform-
ing invasive tracheal cannula to decrease the respira-
tory distress. Thymosin ol was administered to the
patient, due to the inflammation hemolysis-related
anemia, which didn’t turn out to be effective. On day
12, the hUCMSCs adoptive transfer therapy was
proposed, following withdrawal of the glucocorticoid

@ Springer

and antiviral therapy, by which time she was con-
firmed to be a critical COVID-19 patient, with severe
pneumonia, acute respiratory distress, multiple organ
injury, moderate anemia, hypertension, type II dia-
betes, electrolyte disturbance, immunosuppression,
acute gastrointestinal bleeding, etc. 2 days after the
withdrawn antiviral therapy, 5 x 107 of allogeneic
hUCMSCs produced under GMP condition was
infused intravenously every 3 days. She was receiving
thymosin o1 and antibiotics as well. After 8 days, she
recovered most of vital signs to normal level and was
good to be out of ICU again (Liang et al. 2020).

Camillo Ricordi from the University of Miami, the
USA, is also recruiting an interventional phase I/ II
experiment, regarding the safety and efficacy of
human umbilical cord-derived mesenchymal stem
cells in treating the patients suffering from severe
complications of acute lung injury or ARDS. 24
participants will be involved in this study, according to
their CT findings, need for ventilation, and age over
18 years old. The patients of the experimental group
will receive two infusions of 100 x 10° UC-MSCs/
intravenously, as well as the routine treatment. The
first infusion will be within the 24 h of study
enrollment, and the following infusion will be within
the following 48 h. The participants of the active
comparator will only be given standard of care
treatment. The current primary outcome measures
will be looking into the incidence of severe adverse
events, as well as the incidence of pre-specified
infusion-associated adverse events during the 90 days
of follow up.

An open label dose escalation phase 1 pilot study,
followed by a randomized, double-blind, allocation
concealed placebo-controlled study is to be conducted
by Belfast Health and Social Care Trust, the UK. The
study aims to assess the safety of realist orbcel-C in
COVID-19 patients with ARDS. 75 subjects of
moderate to severe type over 16 years old. In the
phase I trial, subjects receive 100 x 106, 200 x 10°,
and 400 x 10° of realist orbcel-C cells in three
infusions within 7 days. In the phase II trial,
400 x 10° cell dose of realist orbcel-C will be
administered to the patients. Oxygenation index will
be checked during the 7 days of follow-up, as well as
the adverse events during the 28 days.

Another clinical trial which is approved by FDA on
April 06, 2020, is being conducted by Hope Bio-
sciences, a clinical stage biotechnology company, in
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an attempt to pretreat patients with confirmed symp-
toms of early stage COVID-19, determine the efficacy
of autologous, adipose-derived mesenchymal stem
cells (HB-adMSCs), and increase the immune system
capability against the virus. The trial involves 75
participants in a Phase II, single arm, and non-
randomized study, who will be given five IV infusions
of the adMSCs in a fourteen weeks’ time and will be
followed up for a 6 months’ time. Meanwhile, they’ll
be monitored for the health status, including immune
cell levels, inflammatory markers, and requirements
for supplementary care or hospitalization. If the study
goes well, the progression and severity of COVID-19
will be limited, resulting in less hospitalization of
patients, as well as less need for ventilation. However,
the study has been designed for patients with banked
stem cells, but in the next step, donor cell source will
be utilized as well.

A phase I non-randomized trial is to be conducted
by Regeneris Medical, a company with stem cell
therapy specialty. The study aims to assess the effect
of autologous adipose-derived mesenchymal cells on
sever type patients, or those suffering from ARDS. 20
patients will be given 5 x 10°/kg body weight of
autologous adipose derived MSCs intravenously.
Patients will then be monitored for adverse effects
and any changes in length of mechanical ventilation
during the 28 days of follow-up.

Hope Biosciences is to recruit a randomized,
placebo-controlled, double-blind, single center phase
Il trial to investigate the safety and efficacy of
allogeneic adipose-derived mesenchymal stem cells
on COVID-19 patients. Of the 110 involved patients,
experimental group is going to receive hydroxychloro-
quine and azithromycin, as well as 100 x 10° of HB-
adMSCs/dose at day 0, 3, 7, and 10. Participants of the
placebo comparator will also receive hydroxychloro-
quine and azithromycin, and saline solution as a
placebo on the same days. During the 28 days of
follow up, participants will be monitored for any
mortality and invasive mechanical ventilation.

Another two-treatment, randomized, controlled,
multicenter clinical trial to investigate the safety and
efficacy of expanded allogeneic adipose tissue adult
mesenchymal stromal cells on patients on patients of
critical type, will be recruiting by Instituto de Inves-
tigacion Sanitaria de la Fundacion Jiménez Diaz,
Spain. 100 patients over 18 years old are estimated to
enroll, out of whom, the treatments group will be

receiving 1.5 x 10° of allogeneic and expanded
adipose tissue-derived mesenchymal stromal cells/-
dose in two series, whereas regular respiratory distress
treatment will be administered to the control group
patients. Efficacy of the infusion will be monitored
during the 28 days of follow up, and in a 6 months
long time, safety will be checked.

A phase II, multicenter, randomized, double-blind,
placebo-controlled intervention in Fu-Sheng Wang,
Beijing 302 Hospital is recruiting 90 patients between
18 and 75 years old, suffering from severe COVID-19
to inspect the safety and efficiency of mesenchymal
stem cells (MSCs) therapy. The preliminary data of
parallel assignment study (NCT04252118) has shown
that three doses of MSCs were safe in patients with
COVID-19. 4.0 x 10" of MSCs per time will be
administered intravenously to 60 of the patients every
3rd day, as well as the conventional treatment. The
remaining 30 patients in the control group and will
receive placebo, and conventional treatment. 90 days
of follow up will be in progress and patients will be
monitored for size of lesion area and severity of
pulmonary fibrosis by chest CT, mMRC, dyspnea
scale, 6-min walk test, VCmax, DLCO, oxygen
saturation, oxygenation index, duration of oxygen
therapy, side effects, and immunological characteris-
tics (immune cells, inflammatory factors, etc.)

Before the conduction of the previous study, a
phase I intervention was conducted in Fu-Sheng
Wang, Beijing 302 Hospital to investigate the safety
and efficiency of MSCs in treating patients infected
with 2019-nCoV. 10 out of 20 of the involved patients
were allocated in the treatment group and were given
three 3.0 x 10’ doses of MSCs intravenously every
3rd day, as well as the conventional treatment. The
remaining 10 patients were in control group. During
the 180 days’ time long follow up, the patients were
assessed for clinical symptoms, pulmonary imaging,
side effects, and immunological characteristics (im-
mune cells, inflammatory factors, etc.)

In another study to treat severe pneumonia of
COVID-19, utilizing allogeneic human dental pulp
mesenchymal stem cells has been registered on March
28,2020, by Ye Qingsong, Renmin Hospital of Wuhan
University. This phase I/II study aims to evaluate the
safety and efficacy of allogeneic human dental pulp
mesenchymal stem cells in the treatment of patients of
severe type and explores the effects of these cells
regarding the mortality rate, as well as the disease

@ Springer
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progression course. 20 patients with severe stages of
COVID-19 aged 18-65 years will be enrolled and
3.0 x 107 of human dental pulp stem cells solution
(30 mL) will be infused intravenously, along with the
routine treatment. Control group however, will be
administered with 3 mL of 0.9% saline as placebo
every 3rd day and will also receive the routine
treatment. In 28 days’ time follow up, patients will
be monitored for lung lesions according to CT
findings, C-reactive protein levels, Thl cytokines,
Th2 cytokines, immunoglobulins, lymphocyte counts,
etc.

A similar early phase I study to treat patients
suffering from the severe COVID-19 pneumonia
utilizing dental pulp mesenchymal stem cells has been
registered on February 27, 2020, by CAR-T (Shang-
hai) Biotechnology Co., Ltd., involving 24 partici-
pants with age limit of 18 to 75 years old. Subjects will
receive conventional treatment with administration of
dental pulp mesenchymal stem cells. On days 1, 3, and
7, 50 mL of saline gradually will be given to the
patients, during 60 min, then 1.0 x 10° of dental pulp
mesenchymal stem cells/kg will be infused, and finally
another 50 mL of saline will be administered. Kaplan—
meier method will be used to calculate the median
glassy shadow time in all subjects during the 14 days’
time frame.

A phase I study to assess the efficacy of NestCell®
mesenchymal stem cell to treat patients with severe
COVID-19 pneumonia has been registered as of
March 18, 2020, by Azidus Brasil. The experiment
will be conducted in 2 phases, as in phase I, 6 patients
with a minimum age of 18 will be involved with
positive report of RT-PCR. The patients will receive
conventional therapy, as well as 1 x 10° of NestCell®
mesenchymal stem cells/kg weight on days 1, 3 and 7.
In the follow up period, the monitoring board will see
if the study needs any change regarding the dose or
posology before moving to the next phase. In phase II,
more than 60 patients will be involved and study will
be conducted under the recommendation of the
monitoring board. In the 28 days’ time frame,
Kaplan—-meier method will be used to calculate the
median glassy shadow time in all subjects for evalu-
ating pneumonia change. Also factors like rate of
mortality, course of changes in clinical symptoms,
CD4* and CD8™ T cell count, blood oxygen level, as
well as the side effects in the treatment group will be
observed during the 28 days of time frame.

@ Springer

A phase I, single-arm design, open label, combined
interventional clinical trial is also being conducted by
Ruijin Hospital, Medical School of Shanghai Jiaotong
University Shanghai, China, registered as of February
16, 2020, to treat patients of sever type via aerosol
inhalation of the allogeneic adipose mesenchymal
stem cells-derived exosomes (MSCs-Exo), as well as
to explore the safety and efficiency of the study. 30
patients will be included, administered with conven-
tional therapy, in addition to 2.0 x 10® of nano
vesicles/3 mL in 5 consecutive days. During the
28 days of time frame, subject will be taken under
control regarding the AE, SAE, and clinical
improvement.

A pilot study was conducted from January 23, 2020,
to February 16, 2020 to transplant MSCs to COVID-
19 patients. 10 participants were received the routine
treatment but the therapies were ineffective. 1 x 10°
of MSCs/Kg were transplanted intravenously into 7
patients including 1 critically sever type, 4 severe type,
and 2 common types during 40 min long. The other
patients as control received placebo and were be
observed during 14 days of follow up. Patients
recovered with improvement in primary and sec-
ondary outcomes, after 2—4 days of transplantation.
Additionally, no secondary infection or delayed
hypersensitivity was reported after the treatment.
According to the CyTOF findings, Treg cells and
DCs increased in the treatment group, except the
common type patients. In addition, high levels of
overactivated T cells and NK cells was back to normal,
following 6 days of transplantation. Furthermore,
ratio of serum TNFa decreased, despite the ratio of
IL-10 (Leng et al. 2020).

A phase 1/2 randomized controlled trial to look into
the safety and efficacy of intravenous infusion of
mesenchymal stem cells COVID-19 patients of severe
type is being conducted by Guangzhou Institute of
Respiratory Health, Guangdong, China. 20 patients
are estimated to enroll, varying from 18 to 75 years.
The treatment group will be given 1 x 10%kg body
weight of BM-MSCs intravenously for once, as well as
the conventional treatments, whereas the control
group will receive conventional treatment and pla-
cebo. The patients of treatment group will then be
monitored for changes of oxygenation index and side
effects as the current primary outcome measures.
Patients suffering from other types of pneumonia, and
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patients of mild, moderate or critical will be excluded
from the study.

An early phase I, single-arm, pilot study, conducted
by the Baylor College of Medicine, Houston, Texas.
30 patients of sever type of COVID-19 pneumonia,
over 18 years old are to be involved in this study.
1 x 10® of MSCs will be infused to the subjects
intravenously, and then will be checked for any
adverse effects during the 28 days of follow up, as
well as the oxygen saturations in 7 days’ time after cell
infusion. The study aims to look into the efficacy of
MSC:s in treating COVID-19 pneumonia.

Red de Terapia Celular, Spain is to conduct a
double blind, placebo-controlled, phase II trial, with
24 subjects in experimental and control groups.
Experimental group intravenous injection of 1 x 10°
of MSV cells/Kg in 100 mL of saline, whereas the
control group will be infused with 100 mL of saline
containing no cells intravenously. The study aims to
investigate the safety and efficacy of allogeneic
mesenchymal stromal cells MSV. The subjects will
then be monitored for withdrawal of invasive mechan-
ical ventilation following 7 days of infusion, and rate
of mortality within the 28 days of follow up.

@ Springer

promotion

suppression

10-Application of MSCs showed their potential
therapeutic effects on COVID-19 patients

As it was described earlier, the cytokines storm and
disturbance of immune system are the main patho-
genesis of the COVID-19. It has been revealed that
MSCs modulate immume system and improve the
patients conditions in several diseases including
autoimmune diseases (Rad et al. 2019). Therefore,
following the current epidemiologic pandemic, MSCs
therapy was prioritized in some hospitals. The many
clinical trials were performed worldwide but the
results of some of them were released. It is noted that
the main sources of these cells are BM-MSCs, ASC,
UC-MSCs, Wharton Gelly and oral cavity derived
stem cells such pulp derived MSCs. The details of
some clinical trials that their results have been
released, have been summarized in Table 2. As it
was mentioned in Table 2, all of these studies revealed
the safety of application of MSCs in these patients. It is
a good news and reduce the worries about using this
strategy. In all of the studies, the cells were infused
intravenously, therefore many number of cells were
used. The cells number that used in these studies varies
from 10° to 150 x 10°/Kg that infused through one or
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«Fig. 3 The immunomodulating potential of MSCs in lung. HGFs are involved in inflammatory damage reduction, autophagy
promotion, fibrosis attenuation, enhance alveolar epithelium repair, as well as the modulation of IL-10 production in monocytes via the
ERK1/2 pathway. TNF-a is involved in further activation of MSCs by IL-10, which is responsible for decreasing the neutrophil inflow
and aggregation into the lungs, and reduce the production of TNF-a. Also, HLA-GS5 secretion of which is dependent on IL-10, which
functions as T cell and NK cell suppressor, as well as Treg activator. In fact, a shift from Th1 to Th2 phenotype is accomplished through
secretion of IL-10 and TGF-f, growth factors, soluble factors like and the inhibition of pro-inflammatory cytokines. In addition, T cell
suppression may be accomplished by the secretion of Gal-1 and Sema-3A by MSCs. Gal-1 is involved in regulating the release of TNF-
o, IFN-v, IL-2, and IL-10. PGE2 inhibits the antigen presentation by DCs and proliferations of T-effector cells and together with TGF-f3
functions to repolarize the macrophages from the proinflammatory M1-phenotype towards the anti-inflammatory M2-phenotype in an
LPS-dependent manner, which is further accompanied by decrease inflammatory reactions, enhance phagocytic activity through the
Akt/FoxOl pathway, and progress tissue repair. TGF-J3 also triggers the proliferation of Tregs, induces IL-6, and stimulates PGE2. IL-6
is also recognized as an inhibitor of neutrophil proliferation. MSCs-secreted IDO is involved in the enhancement of pulmonary
antimicrobial activity, differentiation of CD14%/CD206™ monocytes into IL-10-secreting immunosuppressive M2 macrophages, as
well as the inhibition of IFN-secreting Th1 cells expansion, along with PGE2, to stop NK cell activity. To increase the exposure of
MSCs to immunosuppressive effect inducing IL-1p, TNF-o, and IFN-y, MSCs secrete IL-1Ra and PDL1, which are involved in
inhibiting Th17 polarization and supporting the cell—cell contact through MSC-mediated inhibition of Th17, respectively. Induction of
MSCs by IL-1f3, TNF-a, and NO in the alveolar endothelial cells further leads to enhanced paracrine potential and increased secretion of
regenerative, immunomodulatory, and trafficking molecules, including the IGF-1, HO-1, FGF-10, and KGF-2. HO-1 is a stress-
response protein overexpression which further leads to increase production of trophic molecules, such as FGF2, IGF-1, and VEGF, as
well as promote anti-inflammatory, anti-apoptotic, anti-oxidative, and vascular remodeling properties. Regulation of the epithelial-
mesenchyme interactions and lung development is accomplished by FGF-10 and KGF-2, as FGF-10 inhibits viral replication and exerts
a role in lung resident MSC propagation, mobilization, and the protective effects against acute lung injury, whereas KGF2 promotes
AFC, restores sodium dependent alveolar fluid transport, reduces injury, promotes proliferation and repair of alveolar epithelial cells by
increasing surface-active substances, such as matrix metalloprotein MMP-9, IL-1Ra, and GM-CSF, facilitates phagocytosis together
with PGE2, GM-CSF, IL-6, and IL-13, protects the alveolar cells along with VEGF and HGF, and reduces apoptosis of the alveolar
epithelial cells and endothelial cell in collaboration with Ang-1 and HGF. FGF-7 is thought to regulate the function of membrane
channels and transporters to improve the AFC. Of note, VEGF, IGF, HGF, neurotrophin-3, and nerve growth factor are the MSCs-
secreted bioactive factors to exert an anti-apoptotic effect. In addition, VEGF together with HGF restores pulmonary capillary
permeability to stabilize the endothelial barrier function, and together with PDGF induce proliferation of vascular endothelial cells and
angiogenesis. Overexpression of anti-inflammatory and anti-oxidative molecules, including sST2, Del-1, and manganese superoxide
dismutase, enhances the regenerative ability of lung injury. AFC alveolar fluid clearance, Ang-1 angiopoietin-1, DC dendritic cell, Del-1
developmental endothelial locus-1, FGF fibroblast growth factor, Gal-1 Galectin-1, GM-CSF granulocyte—-macrophage colony-
stimulating factor, HGF hepatocyte growth factor, HLA-G5 human leukocyte antigen class I molecule G5, HO-1 haem oxygenase 1,
IDO indoleamine 2,3-dioxygenase, I[FN-y interferon gamma, /GF insulin-like growth factor 1, /L-10 interleukin 10, /L-13 interleukin
13, IL-1Ra interleukin-1 receptor antagonist, IL-1f interleukin 1 beta, IL-2 interleukin 2, IL-6 interleukin 6, KGF2 keratinocyte growth
factor 2, LPS lipopolysaccharide, MMP-9 metalloprotein, MSC mesenchymal stem cell, NK natural killer, NO nitric oxide, PDGF
platelet-derived growth factor, PDLI programmed cell death ligands 1, PGE2 prostaglandin E2, Sema-3A Semaphorin-3A, sST2
soluble IL-1 receptor-like-1, TGF-f transforming growth factor-beta, Thi T helper type 1, TNF-o. tumor necrosis factor alpha, Treg
regulatory T cell, VEGF vascular endothelial growth factor

three injections. It seems that in this situation, the
allograft transplantation is inevitable. Autologous
transplantation needs more times for preparation and
expansion of the cells, so it is not possible to use it for
COVID-19 patients. As it has been represented in
Table 2, the time of hospitalization were decreased
after infusion of the cells. In addition, the need for
ventilator decreased as reported in these studies. More
importantly, the rate of mortality decreased in most of
them that highlights the efficiency of MSCs therapy.
As it has been represented in Table 2, the symptoms of
patients including fever, weakness and fatigue, short-
ness of breath, abnormal lung CT score, and low
oxygen saturation improved as the most of the patients
left the hospitals earlier. The level of CRP, IL-6 and

TNF-o as inflammatory factors and neutrophils
decreased, however, the number of lymphocytes
increased after the cells infusion.

It is noteworthy that stem cells products such as
exosomes, microvesicle and extracellular vesicles
have therapeutic potential on several disaeses (Ab-
basi-Malati et al. 2018; Gentile et al. 2020d). In a study
conducted by Vikram Sengupta, the (ExoFlo) an
exosomes derived from allogeneic bone marrow
mesenchymal stem cells was infused for COVID-19
patients. The results were promising and the survival
rate was 83%. Laboratory values revealed significant
improvements in absolute neutrophil count [mean
reduction 32% (P value < 0.001)] and lymphopenia
with average CD3%, CD4", and CD8" lymphocyte

@ Springer



290

Cytotechnology (2021) 73:253-298

counts increasing by 46% (P <0.05), 45%
(P < 0.05), and 46% (P < 0.001), respectively. In
addition, the early inflammation molecules such as
CRP, ferritin, and D-dimer decreased. Overall, appli-
cation of exosome showed beneficial effects on
cytokine storm inhibition and improved the patient’s
condition. It seems that it could be consider as a
valuable candidate for COVID-19 treatment in future.

The early outcomes of application of MSCs on
COVID-19 patients are promising; however, it had
several limitations and challenges including absence
of randomization, blinding, and the limited sample
size. Therefore, it is difficult to conclude with certainly
its efficacy. In addition, relevant mechanisms by
which MSCs therapy exerts its therapeutic properties
should be investigated in future. However, some
aspects and pathways in which MSCs represent their
immunomodulatory effects on lung tissue after covid-
19 has been shown in Fig. 3.

Conclusion

To prevent and better control the spread of these
diseases in the future, preventing the transmission of
zoonotic diseases should be a research priority (Li
et al. 2020b). The first step of the HCoV-19 patho-
genesis is the virus to recognize the ACE2 using its
spike. Studies on human and animals show that once
the coronavirus infects the cell, an inflammatory
response will be performed, followed by the rapid
replication of the virus, resulting in damage to the
alveolar epithelial cells and capillary endothelial cells,
as well as interstitial and alveolar edema, and impaired
lungs, leading to acute hypoxic respiratory insuffi-
ciency. Although the cure of COVID-19 is essentially
dependent on the patient’s own immune system, it’s
speculated that the inhibition of the inflammatory
immune response-related cytokine storms is the key to
treating the patients of severe type, as the virus-
induced cytokine storms can be the primary reason for
the organ damage. Administration of MSCs is recom-
mended, as MSCs feature special properties, such as
high proliferation potential, migration to the site of
inflammation, anti-inflammatory, pro-inflammatory,
immunoregulatory, immunomodulatory, and tissue-
regenerating capabilities. Thus, the damage of alveo-
lar epithelial cells and capillary endothelial cells
would be recovered. In other words, following
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activation of TLR receptor in MSCs, these cells
secrete cytokines through paracrine secretion, as well
as direct interactions, may lead to modulating the
immune response and attenuating the cytokine storms.
Moreover, MSCs are negative for ACE2 or
TMPRSS2, which means the SARS-CoV-2, would
fail in infecting these cells.

Despite the fact that stem cell therapy is not a
method to eradicate or cure SARS-CoV-2, it is
recommended that MSCs be used in developing
regenerative medicine and diseases associated with
autoimmune disorders, as these cells can be easily
isolated, own self-renewal abilities, and are charac-
terized by multi-potent differentiation. Also, accord-
ing to studies, these cells can be used for tissue
regeneration, including liver (Cho et al. 2009), kidney
(Qian et al. 2008), and pancreas (Han et al. 2012),
which will probably be affected during the viral
infection. The primary mechanisms of these cells, as
well as application in treatment in pre-clinical and
clinical studies, are made through a paracrine mech-
anism. Immune system components, including
immune molecules and immune cells, protect the host
against exogenous pathogens and also, progression of
endogenous cancer, so the understimulated immune
system will fail to defend the host. At the same time,
overstimulation leads the immune system to attack
healthy cells and tissues, resulting in autoimmune
diseases. Accordingly, regulation of the immune
system with different mechanisms is inevitable.
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