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Abstract

Currently, there are no specific and efficient vaccines or drugs for COVID-19, particularly in severe cases. A wide range of
variations in the clinical symptoms of different patients attributed to genomic differences. Therefore, personalized treatments
seem to play a critical role in improving these symptoms and even similar conditions. Prompted by the uncertainties in the area of
COVID-19 therapies, we reviewed the published papers and concepts to gather and provide useful information to clinicians and
researchers interested in personalized medicine and cell-based therapy. One novel aspect of this study focuses on the potential
application of personalized medicine in treating severe cases of COVID-19. However, it is theoretical, as any real-world
examples of the use of genuinely personalized medicine have not existed yet. Nevertheless, we know that stem cells, especially
MSCs, have immune-modulatory effects and can be stored for future personalized medicine applications. This theory has been
conjugated with some evidence that we review in the present study. Besides, we discuss the importance of personalized medicine
and its possible aspects in COVID-19 treatment, then review the cell-based therapy studies for COVID-19 with a particular focus
on stem cell-based therapies as a primary personalized tool medicine. However, the idea of cell-based therapy has not been
accepted by several scientific communities due to some concerns of lack of satisfactory clinical studies; still, the MSCs and their
clinical outcomes have been revealed the safety and potency of this therapeutic approach in several diseases, especially in the
immune-mediated inflammatory diseases and some incurable diseases. Promising outcomes have resulted in that clinical studies
are going to continue.

Keywords COVID-19 - Personalized medicine - Cell-based therapy - Stem cell

This article belongs to the Topical Collection: Special Issue on COVID-
19 Pandemic and Stem Cells
Guest Editor: Mariusz Z. Ratajczak

P4 Ali Golchin > Department of Tissue engineering and Applied Cell Sciences, School
agolchin.vet10@yahoo.com; golchin.a@umsu.ac.ir of Advanced Technologies in Medicine, Shahid Beheshti University
of Medical Sciences, Tehran, Iran

Department of Biomaterials and Tissue Engineering, School of
Advanced Technologies in Medicine, Isfahan University of Medical Department of Clinical Biochemistry and Applied Cell Sciences,
Sciences, Isfahan, Iran Faculty of Medicine, Urmia University of Medical Sciences,

Regenerative Medicine Group (REMED), Universal Scientific Urmig, Iran

Education and Research Network (USERN), Tehran, Iran
Department of Nanobiotechnology, faculty of biological sciences,
Department of Genetics and Immunology, Faculty of Medicine, Tarbiat Modares University, Tehran, Iran

Urmia University of Medical Sciences, Urmia, Iran

Cellular and Molecular Research Center, Urmia University of School of Medicine, Tehran University of Medical Sciences,
Medical Sciences, Urmia, Iran Tehran, Iran

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12015-020-10110-w&domain=pdf
http://orcid.org/0000-0001-8661-5046
mailto:agolchin.vet10@yahoo.com
mailto:golchin.a@umsu.ac.ir

194

Stem Cell Rev and Rep (2021) 17:193-213

Introduction

Coronavirus disease (COVID-19) is a newly appeared disease
with severe respiratory morbidity and mortality found in
Wuhan, China, for the first time and then rapidly spread
throughout the world [1]. The illness was caused by an
enveloped RNA virus named severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) [2, 3]. Contaminated
surfaces, as well as respiratory droplets, can result in transmis-
sion among humans [4]. Despite preventive efforts, the num-
ber of new cases and mortality are continuously increasing
worldwide [2]. COVID-19 is still known as a communicable
disease with high complexity [5].

Novel coronavirus infection is a severe pulmonary disease
with some symptoms overlapping with SARS-Cov-1, HINI,
and influenza (Table 1). Individuals with age over 60 years,
underlying health conditions such as cancer, lung and heart
disease, immunocompromised and blood disorders, and im-
paired glucose tolerance or diabetes mellitus have been iden-
tified so far as being more susceptible to severe COVID-19
[14, 15]. Besides, recently have identified the 3p21.31 gene
cluster as a genetic susceptibility locus for severe COVID19
patients’ respiratory failure [16]. The symptoms of COVID-19
could be mild, including fever (82%) and cough (81%) and
severe, which are characterized by acute respiratory distress
syndrome (ARDS) and cytokine storm (14%). Finally, some
severe cases suffer from multiple organ failure involving
heart, kidney, liver, gastrointestinal system, and sometimes
mortality [17, 18]. The pathogenesis of SARS-CoV-2 is
caused by its spike protein, which recognizes the angiotensin
I converting enzyme-2 receptor (ACE2), Then, prim by the
cellular transmembrane protease, serine 2 (TMPRSS2) to en-
ter host cells and spread [5, 19-21]. The “Cytokine storm” is a

hyper-inflammatory response in ARDS. Besides, ACE2 ex-
pression in other tissues, including the heart, liver, kidney, and
gastrointestinal organs, may cause multiple organ failures
(i.e., myocardial injury, arrhythmia, acute kidney injury) lead
to shock and death of affected patients [5, 22]. Moreover, the
elevation of cardiac troponin I (CTnl)/ creatine kinase-
myocardial band (CK-MB) in cardiac damage, aspartate trans-
aminase (AST)/alanine transaminase (ALT) in liver damage,
C-reactive protein and cytokines during inflammation, stress,
or pathogen attack play vital role to predict the risk of severe
pneumonia and follow up patients in batting COVID-19 dis-
ease [23-25].

There are no specific and efficient vaccines or drugs for
COVID19, especially in severe cases [26]. However, so many
efforts in this field have been continuing. A range of antiviral
drugs for treating other diseases is utilized for COVID-19,
such as Remdesivir and Favipiravir. On October 22, 2020,
U.S. Food and Drug Administration (FDA) approved
Remdesivir as the first antiviral drug for application in adults
and pediatric patients (include in <12 years and weighing at
<40 kg) for the treatment of COVID-19 patients needing hos-
pitalization [27]. Given that very few existing antiviral drugs
have shown therapeutic effects for COVID-19, finding a suit-
able antiviral drug is uncertain.

On the other hand, criteria such as safety, efficacy,
producibility, and even cost are the main considerable points
in drug discovery. However, the main side effects of
Remdesivir in the FDA documents have been mentioned hy-
persensitivity reactions and increasing in levels of liver en-
zymes [27], but in a randomized, open-label, phase III clinical
trial including confirmed hospitalized COVID-19 patients, the
most common adverse events were reported as elevating ala-
nine aminotransferase level (7%), worsening respiratory

Table 1 * an overview of

different epidemiological Virus SARS- SARS- MERS-  HINI(Pandemic New HINI1 (Pandemic
information compared with the CoV-2 CoV CoV influenza 1918) influenza 2009)
HINI1, SARS-CoV, MERS-CoV,
and SARS-CoV-2 outbreaks RO 1-8-3-6 2:0-3-0 09 <2 12t0 1.6
CFR Unknown 9.5 344 12% 0-04%
Incubation time ~ 4-12 2-17 6 Unknown 2
Hospitalization 19 most most 2 1-2 %
Rate (%) cas- cases
es
Antiviral Remdesivir  None None - Peramivir, Zanamivir,
Therapy Oseltamivir, Baloxavir
Vaccine Ongoing**  None None - 4 Injectable Vaccines, 1

Intranasal Vaccine

RO: Basic Reproduction Number; CFR: Case Fatality Rate; Incubation time: The time elapsed between exposure
to a pathogenic virus and when symptoms and signs are first obvious

*The data obtained from [6—13]

**Since November 2020, according to the World Health Organization protocol, there are 47 and 155 candidate
vaccines in clinical and preclinical evaluation, respectively
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failure (8%), nausea (9% of patients), and constipation (7%)
[28]. The FDA recently approved chloroquine phosphate and
hydroxychloroquine sulfate for emergency use of COVID-19
treatment; however, its efficacy was unavailable, so the FDA
revoked the emergency use authorization for these
drugs which are unseemly effective in treating COVID-19
[29]. Further, it is known that a combination of several drugs
can better improve the efficiency of therapies, although they
are associated with some side effects. Other treatment options
are plasma therapies, immunotherapies, monoclonal antibod-
ies, and small molecule-based therapies [30]. Furthermore, in
the case of cell therapies, Natural killer (N.K.) cells [30] and
MSCs [1], as well as MSC-derived-conditioned media (CM)
or extracellular vesicles (E.V.s), are considered [17].
Immunomodulation and immunosuppressive treatments are
suggested to be appropriate to decrease cytokine storm symp-
toms [30].

The rate of susceptibility and progression of the coronavi-
rus is different among the population [31]. The virus’s patho-
genesis depends on the interaction between host immune ge-
netic factors, environmental and virus agents. It is urgent; we
need to anticipate who is at high risk, who has underlying
clinical treatment or who develops pneumonia complications,
and finally, what is the outcome or response to medical treat-
ments in every person. Genomic variation in angiotensin-
converting enzyme2 (ACE2) receptors in target organs be-
tween individuals in a family, region, and different popula-
tions of countries contribute to the susceptibility to COVID-19
and responsible for all medical treatments. Coronavirus has a
heterogeneous behavior, and many genes and receptors are
involved in the development of infectious in the host cell
[16, 32, 33]. Transmission of the virus from one person to
another can increase point mutations in the virus genome
and cause different symptoms and severe disease risks in af-
fected people. In this way, a social distance for avoiding virus
entry into the respiratory system is critical [32, 33].

Cell-based therapy is one of the fast-growing classes of ther-
apeutics during this pandemic. Concurrent with the spreading
of COVID-19 worldwide, USA, China, Jordan, Iran, and sev-
eral other countries began cell-based therapy clinical studies for
treating COVID-19 patients with acute respiratory distress. Few
studies have been published and reported that clinical trials
were approved for starting phase II and IIT [1, 34]. Several
cell-based therapies have steadily focused on successfully
treating of patients induced by coronavirus, such as intravenous
(IV) injection of stem cells and immune cells.

One novel aspect of this study focuses on the potential
application of personalized medicine (PM) in treating severe
cases of COVID-19. However, it is theoretical, as any real-
world examples of the use of genuinely personalized medicine
have not existed yet. By contrast, there are prestigious pieces
of evidence that demonstrate the immunomodulatory effect
and banking potency of MSCs for future application in

Personalized Medicine. This theory has been conjugated with
some evidence that we review in the present study. Besides,
we discuss the importance of PM and its possible aspects in
COVID-19 treatment; and then review the cell-based therapy
studies for COVID-19 with a particular focus on stem cell-
based therapies as a primary PM (Fig. 1).

Personalized medicine and its importance
in COVID-19 treatment

Personalized medicine is known as advanced health services
administration methods to patients live in different geograph-
ical regions with emerging data based on molecular and ge-
nomic information. During this pandemic, several new thera-
peutics and management of the disease have been developed.
However, the clinical symptoms and consequence response to
drug treatments can significantly vary from one patient to the
next [24]. The variations in response to drugs and treatment
failures are related to several factors: the health status of the
body, genetic and environmental factors, the amount of virus
in the body, and variations in the pharmacokinetics of drugs in
everybody. In this view, personalized management is crucial
to identify candidate patients with superior target reactivity
and the effective treatment for an individual patient and the
national difference. Recently, general principles of PM, in-
cluding genomics and proteomics, have provided new view-
points for treatment and prevention of disease and increased
our understanding of each patient’s best treatment in clinical
practice [23]. The main concepts of PM are the integration and
collaboration of interdisciplinary sciences, including geno-
mics, immunology, pharmacology, virology, laboratory sci-
ences, molecular pathology, molecular and cellular biology,
regenerative medicine and cell-based therapies, biotechnolo-
gy, nutrition, lifestyle and environmental factors, epidemiolo-
gy, nanotechnology, and bioinformatics that can be influenced
on the response and management of the disease for each per-
son. These multidisciplinary collaborations play a crucial role
in designing and advancing therapeutics and effective vac-
cines to inhibit COVID-19, which has spread throughout the
world [35]. This strategy can create an instant global team-
work connection to improve overall health care and better
monitor the response to medical interventions in COVID-19
patients. The multidisciplinary collaborations have been sum-
marized in Fig. 2.

Genetic alterations in COVID19 patients can increase the
risk of a virus attack, high concentration of virus in cells, and
finally, ARDS, organ damage, or death [36]. It can explain why
some patients fare worse than others with the same condition
even if they take the same drugs or clinical medication. Despite
the widespread use and proven efficacy of antiviral drugs, there
are many reasons why some affected individuals with COVID-
19 are not treated with available antivirals. Typing and genetic
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Fig. 1 The strategy of cell
therapy and personalized
medicine
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polymorphisms in the genome of an individual associated with
the response to antiviral drugs such as virus invasion inhibitors,
anti-hypoxic, anti-septic shock, anti-secondary infection, viral
toxicity and sensitizers, angiotensin-converting enzyme (ACE)
inhibitors, and angiotensin antagonists which have been identi-
fied by single-cell RNA sequencing (scRNA-seq) [36].
Cytochrome oxidase 450 (CYP450), a critical enzyme in the
genome of mitochondrial, plays a vital role in drug metabo-
lisms. Genetic variations and polymorphisms in the CYP450
can influence the amount and speed of drug metabolisms.
Individuals with point mutation and different polymorphisms
in CYP450 could have low or high levels of response to

Fig. 2 The multidisciplinary
collaborations for personalized
medicine of coronavirus infection
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antiviral drugs, which is an essential factor for the development
or suppression of infection. Data from some studies suggested
that CYP450 enzymes, especially CYP3A4 and CYP3AS5, have
a potential role in response to ribavirin, x-interferon, chloro-
quine, and lopinavir drugs [37].

Although genetic similarity is seen in the family, different
responses to medical care and drugs, or different symptoms
from asymptomatic to severe, can be observed in individuals
in the family [38]. Apart from the complexity of the virus, the
level of cytokine expression and immune response to the secre-
tion of antibodies and macrophages are different in individuals
in every disease. Also, we have introduced the role of
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polymorphism in interleukin-4, interleukin-17, and interferon-
gamma in protective effects or increasing the risk of
tuberculosis in our previous study [39]. Genetic variations in-
fluence the intensity of cytokine storms too. A cytokine storm is
a high overreaction of the immune system that can cause mas-
sive inflammation [37]. The number of infected cases and the
mortality rate of COVID-19 have been reported differently in
various countries due to genome variations in drug responses in
medical care. Although the mortality rate in adults above 65 is
high, the assessment of multiple reports has shown the high rate
of mortality in young people with ideal BMI and athletes. The
mortality rate in the USA and Europe is more than in Asia and
the African region. We have noticed in our previous study
about this [38].

Approaches of Personalized Medicine and its
Current Candidate Treatments for COVID-19

Different studies have revealed that SARS-CoV-2 can cause
various clinical manifestations among various groups of pa-
tients. Also, different people respond differently to the common
treatment of this disease [40]. In this view, some risk factors
which are associated with weaker prognosis and the higher
chance of developing the severe or critical form of coronavirus
disease of 2019 (COVID-19) are pregnancy [41], pre-existing
underlying diseases including cardiovascular disorders, diabe-
tes, and hypertension [42, 43], being old [43], belonging to
some racial groups including black, Asians or minority ethnics
[44], lacking anti A antibody in serum [45], having the Body
Mass Index (BMI) higher than 30 [46] and cigarette smoking
[47]. A case defines as severe when the patient’s respiration rate
is higher than 30 per minute, and the oxygen saturation is lower
than 93%, or the ratio of arterial oxygen partial pressure to
fractional inspired oxygen (PaO2/FiO2 ratio) is lower than
300 mmHg [48]. Similarly, a case describes as critical when
the patient develops respiratory failure, which indicates respi-
ratory intubation. The patient is in septic shock or has any other
organ failures, requiring admission in an intensive care unit
(ICU) [48].

Given that SARS-CoV-2 binds to ACE-2 existing on a
large number of cells, including alveolar and cardiac cells, to
enter them and to cause infection [49], the presence of differ-
ent variants of this receptor enzyme, like S19P, I121T/V in each
individual could be one of the reasons for various manifesta-
tions among COVID-19 patients [5S0]. Moreover, according to
studies, cytokine release syndrome (CRS), which is defined as
the release of inflammatory cytokines like interleukin 6 (IL6)
in some COVID-19 patients, is significantly associated with
the severity of this disease [51, 52]. In this regard, Wan et al.
have found that cluster of differentiation 4 (CD4+), cluster of
differentiation 8 (CDS8+) cells, IL 10, IL6, and pulmonary
inflammation index (PII) can be used as prognostic factors

in patients with COVID-19, which can justify the above-
mentioned different responses to standard therapies in these
individuals [51]. Furthermore, a study conducted by Chen
et al. has been demonstrated that severe cases of COVID-19
have higher levels of ferritin, C reactive protein, lactate dehy-
drogenase, ALT, AST, and D-dimer in addition to the cyto-
kines including IL6, IL10, tumor necrosis factor-alpha (TNF-
alpha) and IL2 receptor antagonist (IL-2RA) [53].
Additionally, the decrease in platelet count and having the
genetic profile of sickle cell trait can have very high prognos-
tic value in patients affected by SARS-CoV-2 [54].

Thus, the presence or absence of these factors, and probably
many other factors, which have not been studied so far, can
cause many common therapy results in COVID-19 patients.
In this sense, PM, which aims to make a difference among
different individuals based on their genetic profile or their other
factors, to offer the most tailored therapy with the least side
effects, could have many beneficiary results. Besides, PM could
play critical roles in treating, diagnosing, screening, and
preventing this worrying disease [55]. As an example, plasmid
DNA and mRNA-based vaccines, which have created mean-
ingful attentions and efforts because of their impressive poten-
tial as platform technologies, could be employed for a diversity
of treatments ranging from PM to global health plans [56].
Moreover, based on studies, the possible treatment candidates
of PM in COVID-19 patients may include injection of various
type of stem cells, exosomes, and natural killer (NK) cells,
using allogeneic cardiosphere-derived cells, screening of the
effects of various antiviral therapies on patient own cells, pro-
viding the individual model of lung involvement and producing
non-reject-able lung transplants. Furthermore, some of these
genomic variations and cell metabolites, biomarkers, and small
molecules have larger effects on the control of infected cells
during replication, physiological and pathological processes,
and signaling pathways of infectious with considering lifestyle
conditions and dietary factors. In this regard, genomic informa-
tion can extend PM and human genetic factors can expand the
knowledge about the impact of drug response or appropriate
drug dose for patient management according to diet habits and
race-based.

Cell-Based Therapies for COVID-19
Natural Killer Cells (N.K. Cells) Therapy

Natural killer cells are considered part of the innate immune
system, which has significant roles in targeting tumor cells
and defending the body against bacterial and viral pathogens
[57]. So far, the application of natural killer cells has indicated
promising results as a treatment in patients suffering from
cancer or patients infected with some viral pathogens [58].
From this view, it has the potential to be more invested in
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treating patients with COVID-19. These cells have a critical
function in bridging innate and adaptive immunities [59].
After viral infections, the host cells display more responsive
to N.K. cells and happen manner through (I) Upregulation of
self-encoded biofactors by infection or cellular stress; (II)
Downregulation of ligands for inhibitory receptors which sup-
press these cells activation, and (III) Direct identification of
viral components [60]. However, the exact mechanisms re-
quire to locate their proper functions during different chal-
lenges, restraining of the damage is inadequately
comprehended [61]. Recently, Novocellbio (Incheon, South
Korea) reported assuring NOVO-NK results, an autologous
N.K. cell therapy product, in laboratory and animal studies
against SARS-CoV-2 infection [62]. To date, five clinical
trials also have been registered in the United States National
Library of Medicine at the NIH (clinicaltrial.gov) to assess the
immunogenicity and safety of obtained peripheral blood
mononuclear cell (PBMCs)-derived N.K. cells from
healthful donors in the treatment of COVID-19 patients [59].

Allogeneic Cardiosphere-Derived Cells (CAP-1002)

Cardiosphere derived cells (CDCs) are cardiac progenitor
cells, which can regenerate heart tissue and be used in several
cardiac diseases [63]. Given that SARS-CoV-2 can attack
cardiac cells and lead to serious cardiovascular complications
[42], the application of CAP-1002 can be considered as a
candidate treatment in these patients. As Singh et al. have
shown in a case series that the administration of CAP-1002
in 6 critically ill patients with COVID-19 has led to consider-
able improvements in their manifestations, including weaning
from respiratory support in 4 patients, decreasing ferritin level
in 5 ones, and increasing in the absolute lymphocyte count in 3
of them; generally, it resulted in the resolution of critical man-
ifestations in 4 of these 6 patients [64]. Besides, it caused no
detected side effects in the investigated patients [64]. This
promising study was conducted in the initial phase and demon-
strated the visible safety of CAP-1002 in COVID-19; however,
further research with more efficient sample sizes is needed to
elucidate the effects of CAP-1002 on COVID-19 patients.

Exosomes

A wide range of stable molecular biomarkers such as
microRNAs (small molecules with 21-23 nucleotides),
IncRNA (large non-coding molecules with 60-210 nucleo-
tides) in whole blood, cerebrospinal fluid (CSF), plasma,
and other biofluids were identified as a potential indicator of
prognosis and early diagnosis of a disease. According to the
definition, exosomes are 40—150 nm extracellular vesicles
(E.V.), which are secreted from many cell resources such as
stem cells, and they play a critical role in communication
between cells through transferring proteins, RNAs, and

@ Springer

bioactive lipids [65]. These stem cell-derived exosomes are
the small packets containing cellular proteins and nucleic acid
materials such as mRNA and miRNA produced by different
stem cells. Some biomolecules can be accumulated into
exosomes that are regularly released from the blood. The role
of exosomes as a vesicle to secrete and store biological mol-
ecules is crucial [66]. Hence, MSC-secreted exosomes have
been increasingly recognized as a multicomplex paracrine fac-
tor that carries different biomolecules, for instance, a series of
uncoded miRNAs like miR-34a, miR-200b/c, miR-146a, and
Let-7 which are classified via their interaction with proinflam-
matory mediators. The introductory research described the
efficacy as well as safety of MSCs-derived exosomes in re-
lieving signs of COVID-19. There are research which proved
post-exosomal infusion, the related cytokine storm, and pro-
inflammatory signaling biomolecules are significantly de-
creased, which frequently are responsible for ARDS patho-
genesis [67, 68]. Different studies have demonstrated that
the exosomes could improve anti-inflammatory signaling fac-
tors which can minimize the intensity of the injuries to the
lung by developing permeability and applicational characters
of the alveolar epithelium [69-71]. Based on the results, the
exchange of air (which contains high level of oxygen) is fa-
cilitated [67]. Extra deep-diving into the same, exosomes’
capacity to transfer mitochondria to alveolar cells more im-
proved their survival, consequently improved cellular regen-
eration. Such impacts have paved the way for the therapeutic
value of this cell-free pharmaceutical approach. Apart from
their impacts on the preclinical ARDS model, MSC-derived
exosomes also contribute to direct inhibition of viral replica-
tion [67, 71].Y1in and colleagues have shown that the injection
of MSC-derived exosomes has several advantages over parent
MSCs. MSC-derived exosomes are cell-free therapy and have
a lower risk of immunogenicity, tumor formation, and pulmo-
nary embolism than the parent MSCs. Besides, they can cross
the blood-brain-barrier, a property that makes them a suitable
choice in some neurological diseases [72]. Furthermore, the
study conducted by Khatri et al. has indicated that exosomes
could inhibit the hemagglutination ability of different influen-
za viruses, including the avian, swine, and human influenza
viruses, and therefore have substantial roles in inhibiting the
replication of these viruses and their apoptotic effects on the
alveolar cells [73]. Moreover, in this study, the anti-influenza
effect of MSC-EV has been attributed to its RNAs component.
However, the pre-incubation of MSC-EV with RNase has not
led to any anti-influenza effect [73]. The BM-MSCs derived
exosomes, a complicated mix of signaling nano-vesicles, are
novel, multifunctional, and new biologic factors that can be
the primary clue to down-regulating cytokine storms and con-
vert the repression of defense system of the host which is
special to COVID-19 [74].

Furthermore, in another study, the positive impacts of
MSC-EV on pulmonary inflammation has been reported
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[75]. Recently in a nonrandomized open-label cohort clinical
research, exosomes obtained from allogeneic bone marrow
MSCs (entitled ExoFlo™) were assessed in 24 cases with
severe coronavirus infection as possible therapeutic agents
[74]. In the present research, both efficacy and safety of
ExoFlo™ were practically confirmed, but further studies are
required to find out its curative capacity, particularly random-
ized trials. However, according to the safety profile, clinical
and paraclinical criteria in severe COVID-19 patients,
ExoFlo™ may be a hopeful potential treatment for this disease
[74]. Based on the literature review and registered clinical
trials, we found three trials that have used MSCs derived-
exosome by tow route aerosols and intravenous. Some studies
support the value of MSC- derived secretome as a suitable
cell-free therapeutic option for those infected with the corona-
virus [59, 76]. Our literature review demonstrates that
exosomes can be an attractive treatment choice for COVID-
19 patients.

Treatment Using Stem Cells

Using cells to treat patients, particularly stem cells, many op-
portunities exist for clinicians to contribute to PM (Fig. 3).
Stem cells acquire from different sources and can be differen-
tiated into diverse cell types (Fig. 4). Since the beginning of
this pandemic, some stem cell researchers have offered MSC
therapy as an alternative hopeful treatment for this novel dis-
ease [77]. However, this novel treatment, compared with other

Fig. 3 The personalized cell-
based therapy strategies in
COVID-19 treatment; The figure
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Stem Cells and Personalized Medicine

Nowadays, cell therapy is one of the developing treatment
strategies for a wide range of diseases, and also infections such
as HIV and new appeared one named COVID19. Cell-based
therapeutics play a potential role in providing an immediate
promising treatment option while there are no effective drugs
and specific vaccines.

Various types of stem cells with the ability of regeneration,
differentiation capacity, and cytokine release can have poten-
tial use in the context of cell therapy. In summary, these cells
have been classified into two generations based on clinical use
[78]. The first generation includes multipotent somatic stem
cells containing three groups. The first group is hematopoietic
stem cells (HSCs) with over 60 years of clinical treatments
[79]. The second one is the mesenchymal stem/stromal cells
(MSCs) originated from various tissues (e.g. bone marrow,
adipose, umbilical cord, and others) [80] with unique features
in immunomodulation, anti-inflammation, angiogenicity, and
anti-apoptosis. They used clinically over 20 years ago for the
first time [81]. The other is fetal tissue-derived stem cells with
limitations in number and also ethical concerns [82]. Another
generation has arisen by using pluripotent stem cells (PSCs)

is made with biorender (https:/ b @ DC i
biorender.com/) H £35 < iPSC Somatic cells « !

= 238 1

=2 28 m 1

85 Ex M . - !

QO £t > |
:Lf g =23 L_, SARS-CoV-2-specific T cells :
-‘g' E 2 ‘ for supplementary vaccinations |
<
[ o >
= SARS-CoV-2 specific T cells \
k3
) < iPSC < Somatic cells ¢--- ¥ . !

> { € — - - *

&

= NK cell

2 'ﬁ u
= ‘@

< + - d

o manipulation N Y

b4 3>

= ’

=
CAR NK cells

>

§ ¥ MSC < iPSC < Somatic cells --- ® ™
7] \imi g il Adult MSCs «---
c s it . =
= [ v

7} AR N

: L o®

9 Cell bank MSC Immunomodulation
7]

@ Springer


https://biorender.com/
https://biorender.com/

200 Stem Cell Rev and Rep (2021) 17:193-213

Fig. 4 First-generation stem cell S — s
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ripotent stem cells (iPSCs), which were used in clinical trials 5 B.M. can be a source of both HSC and MSC and is utilized in
to 10 years ago [85]. There are genetic instability concernsand ~ many clinical and preclinical investigations to treat different dis-
immune rejection due to allogenicity and ethical issues for  eases [89, 90]. On the other hand, BM-MSCs have some draw-
ESCs [86]. Stem cells can utilize in PM with the aim of  backs in older donors such as decreasing numbers, proliferation
custom-tailor treatments based on individual genetic proper-  and differentiation capacity, angiogenic and wound healing fea-
ties. Stem cells are listed as autologous stem cells from the  tures, and increased apoptotic and senescent properties along
first-generation including those derived from bone marrow  with invasive acquisition process [91, 92]. Although BM-
(B.M.; HSC and MSC), adipose tissue (AT; MSCs), cord ~ MSCs have shown the potential to be differentiated into mesen-
blood (C.B.; HSC), and cord tissue (C.T.; HSC and MSC) chymal (adipocytes, osteoblasts, chondrocytes, and muscles) and
and also iPSCs from second generation [87]. The cell sources ~ non-mesenchymal(neurons) cell types [93—95], it is not an ideal
and COVID-19 related studies have been explained in the next ~ source of MSCs due to its mentioned limitations. AT-MSCs are

section. close to BM-MSCs in etiology and functionality [35];
Furthermore, they can expand efficiently and be stable in culture
Multipotent Somatic Stem Cells for a long time [96]. Also, there are easy ways to access large

volumes in any period of life. Although AT-MSCs have lower
Multipotent somatic stem cells or adult stem cells that can find ~ proliferation potential than CT-MSCs, easy accessibility along
throughout the body of everyone can renew and differentiate ~ with lots of MSC numbers make AT the most useful source of
into all the cell types of their origin organ [88]. Among these =~ MSCs for clinical applications [87]. MSCs are adult stem cells
stem cells, HSCs and MSCs are mostly used-sources intended ~ considered immune-privileged cells, mainly because of their
for cell therapy [87]. In precision medicine, the best useful ~ lower level of expression of class II major histocompatibility
stem cell sources are autologous ones. The relevant sources  complex (MHC-II) on their surface [97].
of autologous stem cells have been C.B., CT, B.M., and AT. In addition to their regenerating potential, their immune
C.B. and C.T. are waste products of accouchement and readily ~ regulatory aspects have recently attracted so much attention
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that several studies are conducted, investigating this feature as
a valuable therapeutic option in different inflammatory disor-
ders [1]. The process by which they affect immune response is
multifaceted and includes direct cell to cell interaction and
some paracrine factors such as exosomes [98]. These proper-
ties are eye-catching concerning CRS (cytokine release syn-
drome) treatment and its manifestations in COVID-19 pa-
tients. In the following section, the potential of MSCs in
treating cases infected with coronavirus is reviewed in detail.
Furthermore, MSCs frequently have been used in clinical tri-
als of some viral infections such as Influenza, Hepatitis, and
Human immunodeficiency virus (HIV).

MSCs and COVID-19 Treatment

MSC:s has a significant on modulation of inflammatory prog-
ress as well as damaged cell repair [99]. Also, stimulation of
MSCs by inflammatory cytokines (e.g. tumor necrosis factor
(TNF) and interleukin-1 (IL-1)), can modulate immunosuppres-
sion process [100]. MSCs initially respond to inflammatory
cytokines, so they release factors that regulate the immune sys-
tem, which results in adjusting inflammation process. For in-
stance, a significant amount of nitric oxide (NO) in mice, and
indoleamine 2,3-dioxygenase (IDO) in humans, and
chemokines released by MSCs present a central role in MSC-
mediated immunomodulation [101]. Moreover, MSC
secretomes such as tumor-specific glycoprotein (TSG6) and
hepatocyte growth factor (HGF) have been efficiently
employed to treat some immune diseases [102]. Several princi-
pal factors that can affect the function of MSCs are cytokines,
chemokines, growth factors, and Exosomes. MSCs can in-
crease angiogenesis and display antifibrotic, antiinflammatory,
and antioxidant outcomes [103]. MSCs immunomodulation or
immunosuppression properties increase when the host has a
hyperactive inflammatory situation. Other immunity aspects
of MSC therapy, including induction of antiinflammatory mac-
rophages, regulation of T and B cells, and dendritic cells, have
been described [103, 104] (See Fig. 5). Advantages of MSC-
based therapy are including:

* Accessibility in isolation from different tissues, such as
bone marrow (B.M., most preferred site), peripheral blood
(P.B.), adipose tissues (AT), Oral tissues, and Menstrual
blood. These cells can be separated efficiently from neo-
natal birth-associated tissues, including placenta (P.L.),
umbilical cord (U.C.: Wharton’s jelly (W.J.) and cord
blood (C.B.)), amniotic membrane (AM)/fluid (A.F.).
Also, once separated, these cells can be maintained for
further interventions;

* These cells are multipotent stem cells which can self-
renew by dividing and can differentiate into multiple spe-
cialized cells;

*  MSCs can promptly grow to large-scale volumes in a rel-
atively shorter period and can be deposited for repetitive
curative interventions;

e So far, MSC-based clinical trials of MSCs didn’t show
any intense negative body reactions to allogeneic MSC;

» Several clinical trial studies mentioned safety of MSCs [1,
105, 106].

MSCs can influence both adaptive and innate immune
cells. MSCs may influence secretion of keratinocyte growth
factor (KGF), prostaglandin E2, granulocyte-macrophage col-
ony-stimulating factor (GCSF), IL-6, and IL-13 to promote
phagocytosis and interaction of alveolar macrophage, alter
the cytokine secretion profile of dendritic cell subsets and
reduce the secretion of interferon 'y from natural killer cells.
IL-10, transforming growth factor 3 (TGFf3), and tryptophan
catabolizing enzyme indoleamine 2,3-dioxygenase secreted
from MSCs can also repress T cells’ growth exchange the
cytokine expression profile of T cell subsets [107].
Furthermore, the proliferation, differentiation, and chemotac-
tic properties of B cells were impaired by MSCs [108]. Aside
from its influences over the immune system, MSCs is capable
of increasing the rebuilding the capillary barrier [109], ceasing
bacterial growth [110], and reinstating alveolar ATP [111].

It was hypothesized that MSCs could improve acute lung
damage and control the cell-mediated inflammatory response
stimulated by coronavirus. In addition, MSCs are resistant to
infection, and they lack the ACE2 that coronavirus applies for
entering the cell [112, 113]. Hence, MSCs can enhance the
number of lymphocytes as well as regulatory D.C.s to boost
their antiviral property, that lead into a reduced C-reactive
protein and proinflammatory cytokines levels (IL-6, TNF«,
IL-8, etc.) in COVID-19 patient. These markers have a key
role in inflammation and ROS to decline the oxidative stress
and inflammation. Further, MSCs is capable of rising the IL-
10 level as an antiinflammatory protein which stimulates reg-
ulatory cells (e.g. Tregs) [1, 114]. Hence, MSCs are of crucial
importance for immune homeostasis by associating with cy-
tokines, chemokines, and cell surface molecules.
Conclusively, all these immunomodulatory characteristics
provide considerable potential for MSCs in clinical therapies.
Hence, MSCs can be shown themself positive effects in the
severe stage of COVID-19 pathology and generate several
immune interactions with released cytokines and cell-cell con-
tacts. The above factors are beneficial for COVID-19-induced
ARDS (See Fig. 5).

MSCs and Immune Activity
MSCs can influence several immune cells, live B and T cells,

dendritic cells (D.C.s), natural killer (NK) cells, neutrophils,
and macrophages [115]. These specific modulators include
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Fig. 5 Considered mechanisms of action of MSC function against
respiratory inflammation caused by COVID-19. MSCs can be shown

immune-modulatory factors, cytokines, growth factors, mod-
ulate inflammatory responses, and immune balance profiles
[116]. Particularly, soluble immune secretomes, including
prostaglandin E2 (PGE-2), indoleamine 2,3-dioxygenase
(IDO), or nitric oxide (NO), react to immune cells to
sstimulate immunoregulation by MSCs [117]. Function of
MSCs in mediating different parts of the immune system (ei-
ther innate or adaptive) provided in Fig. 6:

* Innate immune systems

D.C.s: Inhibition of D.C. movement, activation, separation,
evolve, and endocytosis, N.K. cell: Inhibition of N.K. cell
movement, growth, differentiation, maturation, and
activation.

Macrophage: Overall activation of M2 macrophage polar-
ization; stimulating proliferation of M1 macrophage in a spe-
cific micro context.

* Adaptive immune systems:

@ Springer

severe stage

their positive effects on inhibiting the severe stage of COVID-19 by
releasing cytokines and creating cell-cell interactions

T cell: Inhibition of T cell survival, proliferation, differen-
tiation, evolve, and activation, while increasing the number of
T-cells.

B cell: Inhibition of B cell proliferation, differentiation,
evolve, chemotaxis, and activation [118].

Using MSCs as a therapeutic option for cases infected with
coronavirus contains two parts. Primarily, MSCs can lodge in
the pulmonary vascular bed after injection, release
antiinflammatory mediators, and decline the cytokine storm
induced by a viral infection [119]. Next, MSCs can induce
angiopoietin-1 and KGF secretion, that are important for re-
building alveolar-capillary barriers damaged by COVID-19
[120]. Also, MSCs have antiviral properties that exert this
property in two ways: 1) the existence genes stimulate by
IFN (ISG) which is capable of targeting at several phases of
viral cycle, hence preventing viruses from trespassing cell
membrane, blocking the endocytic route, mRNA transcrip-
tion, nuclear import of mRNAs, genome integration/amplifi-
cation, translation of protein, assembly of virus, and release. 2)
By producing extracellular vesicles bearing antiviral
microRNAs to the microenvironment such as miR-145,
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Fig. 6 The strategy of MSCs in interaction with host immune cells; The figure is made with biorender (https://biorender.cony) [1]

miR-199a, miR-221, and Let-7f [121]. Further, IFNvy-
stimulated MSCs express IDO (Indoleamine 2,3-
dioxygenase), reducing intracellular Tryptophan content
which may result in decreased viral proliferation [122].

MSCs and COVID-19 Clinical Trials

Currently, at least 60 MSC-based clinical trials for treating
cases infected with coronavirus have been registered at the
United States National Library of Medicine at the NIH
(clinicaltrial.gov) (Fig. 7); however, several MSC-based clin-
ical trials have been reported as well (Table 2). Recently, MSC
therapy was reported in treating H5N1 viral infections that
positively affect lung pathophysiology [126]. Subsequently,
the preliminary case reports of clinical administering human
umbilical cord MSCs (UC-MSCs) as a therapeutic approach
for a COVID-19 positive 65-year-old woman came from
China [124]. Based on the paraclinical analysis and C.T. im-
ages, this experiment demonstrated beneficial outcomes after
three weeks of administering UC-MSCs [124]. After treat-
ment with antiviral medicine like IFN-«, lopinavir/ritonavir,
and oseltamivir and Xuebijing injection, moxifloxacin, meth-
ylprednisolone, and immunoglobulin, the patient had an 87%
increase in neutrophil and 9.8% decrease in lymphocyte. The
patient has received cord MSCs and cord MSCs with «l1 thy-
mosin by weakening vital signs. Three times, 5 x 107 cells
were treated at each injection. The study results demonstrated
that serum albumin, CRP, ALT / AST piecemeal declined
after the second injection and other vital signs cure.

Afterward, white blood cell count, such as neutrophils,
declined to standard range, and the case was separated from
mechanical ventilation device and could walk. Above all, T
cells (CD3+ T cell, CD4+ T cell, and CD8+ T cell) were
considerably enhanced, and images of lungs C.T. scan
showed that following the second and third injections of
UC-MSCs, the pneumonia was improved. In two days, the
third injection, the patient was discharged from ICU, and
many vital symptoms and laboratory variables were normal.
In the present study, data revealed that injection of umbilical
cord mesenchymal stem cells is one of the best treatments for
COVID-19, which may be used solely or with other stimula-
tors of the immune system [124]. Another study was recently
carried out jointly in China and the United States [127]. Seven
cases of COVID-19 pneumonia in YouAn Hospital (located in
the Capital of China) tolerated MSC transplantation and clin-
ical advent from January 23 to February 16., improved im-
mune functions [127]. Inflammation was evaluated two weeks
after transplantation, and the findings illustrated that two days
after MSC transplantation, all patients’ clinical symptoms im-
proved significantly [127]. One of the patients had acute con-
ditions, and two of them had a better status were discharged in
10 days after transplantation. Based on the findings, stimulat-
ed cytokine-secreting immune cells, like CXCR3+ CD4" T
cells, CXCR3™ CD8" T cells, and peripheral lymphocyte,
were enhanced as well as NK CXCR3™ cells disappeared on
day 6. Also, the number of CD14* CD11¢* CD11b mid reg-
ulatory D.C. cells enhanced significantly, and, simultaneous-
ly, TNF-« levels declined considerably. Although IL-10 in
patients treated with MSCs, in comparison to those who
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Table 2 the list of published stem

cell-based clinical studies for Stem cell Number  Result Conclusion Country  Ref
COVID-19 treatment; hUC- sources of
MSCs (Human umbilical cord- patients
MSCs), IV (intravenous), AT-
MSCs (Adipose tissue-MSCs), hUC-MSCs 12 |C-reactive IV infusion of hUC-MSCs is a safe ~ China [123]
MB-MSCs (Menstrual blood- protein and effective option for severe
MSCs), BM-MSCs (Bone LIL-6 COVID-19.
Marrow-MSCs) {Lymphocyte
|Lung
inflammation
| Time to clinical
improvement
ACE2- MSCs 7 |C-reactive IV transplantation of MSCs was China [21]
protein safe and effective for the
| TNF-t treatment of COVID-19
HL-10 pneumonia patients, particularly
for the patients in critically severe
TLymphocyte conditions.
lover activated
cytokine--
secreting cells
Tpulmonary
function
AT-MSC 13 |C-reactive AT-MSC transplantation in severe Spain [13]
protein COVID-19 pneumonia under
JIL-6 mechanical ventilation in a small
\ferritin case series did not cause
significant adverse events. It was
|LDH followed by clinical and
tLymphocyte biological improvement in most
tclinical patients.
improvement
hUC-MSCs 1 {Inflammation Results demonstrated the clinical China [124]
symptom outcome and great tolerance of
Throat swabs test allogeneic hUC-MSCs therapy.
reported
negative after
4 days.
Allogeneic 2 | Fraction of MSC transplantation may consider ~ China [125]
MB-MSCs inspired O2 as an alternative approach for
|Bilateral lung treating COVID-19, especially in
exudate lesions patients with ARDS.
Exosomes 24 1 Lymphocyte and ~ This product is a promising USA [27]
Derived neutrophil count therapeutic candidate for severe
from |C-reactive COVID-19.
BM'MSTCMS protein
(ExoFlo™) |16
ferritin

received usual treatments, was increased. Further, gene ex-
pression profiling of MSCs revealed that these cells are
ACE2 and TMPRSS2, that proved that MSCs have no in-
fection [127]. Hence, the authors argued that UC-MSCs may
be safe and efficient for patients with COVID-19, particularly
those with severe disease.

In phase I of another clinical study, a parallel assigned
controlled, nonrandomized trial was conducted to assess the
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safety of IV injection of UC-MSC in treating 18 cases with
mild to severe infection of COVID-19 [128]. In this study, the
treatment was carried out by three IV infusions of 3 x 10’ UC-
MSCs per each patient, in which, after treatment, all patients
improved and were discharged. The results of this trial have
demonstrated that IV infusions of UC-MSCs in moderate to
severe COVID-19 patients were well-tolerated and safe [128].
In another clinical trial conducted in China on 12 patients with
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Fig. 7 Graphs have been obtained from the content of https://
clinicaltrials.gov/ and https://celltrials.org/; A: The histogram shows the
total number of advanced cell therapy trials registered each year. B: Pie
chart of the number of stem cell based-clinical trials for COVID-19 ac-
cording to registered countries; the highest number of ongoing clinical
trials respectively are in USA, China, United Kingdom; C: Bar chart

serious infection, IV transplantation of hUC-MSCs was re-
ported as a secure and efficient approach that can be consid-
ered as a noninvasive treatment, helpful and preferred thera-
peutic approach for patients with severe COVID-19 [123].
PLX cell is a stem cell-based product in which an Israeli
regenerative medicine company conducted its clinical study
for treating six severely infected COVID 19 patients [129].
Pluristem Therapeutics Inc. as a prominent regenerative phar-
maceutical firm declared that the FDA has released the
Company’s Investigational New Drug (IND) application for
starting the second phase of clinical trial of PLX cells for
treating 140 adult’s infected with intense type of COVID-19
[129, 130]. These cells are allogeneic mesenchymal-like cells
that can stimulate the immune system’s natural regulatory T
cells and M2 macrophages. Hence, PLX cells can decrease
occurrence and\or severity of the coronavirus infection [131].
According to a report on May 8, 2020, a company registered a
phase 1II trial with FDA approval entitled “A Randomized,
Double-Blind, Placebo-Controlled, Multicentre, and Parallel-
Group Phase II Study to Evaluate the Efficacy and Safety of
Intramuscular (I.M.) infusion of PLXPAD for the Treatment of
severe COVID-19”. The study described the treatment of 140
adult cases with intubation and severe pulmonary problems due
to COVID-19. The study’s primary outcome is included in the

represents all cell-based therapy clinical trials for COVID-19, binned by
number per month, and color-coded by trial phase. The decline of new
trial registrations recommends that companies that were ready and able to
compete in cell-based therapy for COVID-19 have previously entered the
market; D: Pie chart of different sources of MSCs used in COVID-19
clinical trials

number of ventilator-free days during four weeks of the study
[129]. The survival rate was 87.5%, of which 75% of patients
need no mechanical ventilation with a 62.5% discharge rate.
Besides, recently, it was reported that Mesoblast’s
remestemcel-L (a stem cell-based product from regenerative
medicine company Mesoblast) received FDA IND clearance
for phase III of treating COVID-19 patients with ARDS [59].
Most clinical trials have declared the use of MSCs derived from
the allogeneic umbilical cord, Wharton’s jelly, bone marrow,
adipose tissues, dental pulp, menstrual blood, companies-
specific products, and unknown sources. Furthermore, IV and
I.M. cell transplantation routes were the commonly used
methods in clinical trials.

Induced Pluripotent Stem Cells

For the first time, Yamanaka and colleagues indicated
redesigning mouse fibroblasts into iPSCs by a package by 4
transcription factors in 2006 [132], followed by reprogramming
of human somatic cells using similar factors in the next year
[132, 133]. iPSCs with self-renewal property and pluripotency
(distinction capacity into all cell types of every three germ layers)
are similar to ESCs. At the same time, they lack ethical issues and
immunogenic problems of human ESC [134]. Developments in
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iPSC technology have shown that peripheral blood mononuclear
cells (PBMCs) are preferred over fibroblasts as a primary cell
source due to their less invasiveness, the small amount of sample
(2-6 mL), and the ability to reprogramming immediately after
sampling [135]. Therefore, PBMCs and fibroblasts have been
commonly introduced for iPSCs production [98]. Three principal
applications are considered for iPSCs, including disease model-
ing, drug screening and discovery, and regenerative therapy, all
for PM [136]. Therefore, iPSC technology can provide treatment
platforms based on individual genetic properties [136] and pro-
mote regeneration processes. Also, in organ transplantation with
current limitations about lack of donors and its immunogenic
problems, iPSCs can be offered as one of the best sources to
make patient-specific organs with fewer problems after implan-
tation [133]. Some pieces of evidence prove that the increased
expression of decorin and lumican genes by iPSCs as they dif-
ferentiate can begin to repress recruitment of endothelial cells in
hosts [137]. However, differentiating iPSCs display the lack of
pluripotency simultaneous with a concurrent rise in the expres-
sion of known tumor suppressors, particularly the ECM men-
tioned proteins [137]. Therefore, the issue forms a main consid-
erable subject in iPSC using for lung alveolar tissue regeneration.
Although, iPSCs may have teratoma formation issue like ESCs,
it can be solved by deriving mature cells or tissues from iPSCs in
order to be more practical in the clinic. However, this process
takes a lot of time (46 months) and is high cost [87].

These pluripotent stem cells’ ability to generate various patient-
specific tissues has made them a unique choice for treating many
diseases [138]. Given that in COVID-19 patients, the lung is one
of the central targeted tissues, whose damage has critical impacts
on patients’ prognosis [139], the lung transplantation using iPSCs
technology in severe and critical cases, adjunct to common thera-
py, may bring very beneficial results. Further, due to their auto-
genic sources, these transplants have not the risk of immune rejec-
tion. Furthermore, this technology could provide the lung involve-
ment model for each specific patient leading to a better perception
of the different courses of the disease and also iPSC technology
has the potential to provide a platform for screening different an-
tiviral drugs for each patient to offer the most efficient treatment
tailored to each individual [140, 141]. Novellus Inc. and
CitiusPharma intend to employ iPS-derived MSC (NovoCite-
MSC: NC-MSC) in a randomized placebo-controlled dose-induc-
ing clinical trial followed by a dose level expansion to evaluate the
safety and efficacy of this MSC-based product in those infected
with COVID-19 using ARDS [142]. Initial cell source of these iPS
cells is reprogrammed fibroblasts of a single individual. An iPSC
cell bank would provide these iPS derived-MSCs for use in this
trial [142]. Further, MultiStem is a new advanced clinical product
derived from iPS sources or MAPC® [143]. This stem cell-based
product has been provided to treat diverse diseases and indications
such as inflammatory and immune, neurological, cardiovascular
disease areas, etc. Atherys Inc., the Multistem producer, finished
Phase /I of the trial of IV infusion of this product in 26 patients
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infected with coronavirus. The results of this study have confirmed
the safety in phase I, while phase Il was performed a double-
blinded, placebo-controlled randomized experiment with a larger
dosage [144]. Based on the results, the treatment group had short
ICU times and lowered mortality without any adverse signs [144].
Hence, The Company is now leading a Phase II/III clinical trial to
evaluate the safety and efficacy of Multistem for ARDS induced
by coronavirus (NCT04367077) by enrolling 400 subjects [145].

Synthetic Nano Stem Cells-based Therapy

Leukaemia inhibitory factor (LIF) suggested as a crucial im-
pact on offsetting the cytokine storm observed in the respira-
tory system when infected with viral pneumonia [146]. In the
lungs, LIF as developed to regulate inflammation and concur-
rently repair the collateral injury to tiny blood capillaries and
the alveoli thin air sacs where oxygen transfer happens [147].
By administering nanotechnology concepts on the producing
simulated stem cells, the novel “LIFNano” revealed more po-
tency comparing to soluble LIF [148, 149]. A study on the
preclinical model of multiple sclerosis revealed that adminis-
tering LIFNano could alter paralysis. The LIF is suggested to
be critical for stimulating epithelial STAT3, which is neces-
sary for lung alveoli’s appropriate function. The treatment
using exogenous LIF or LIF over-expression could restrict
pulmonary inflammation in response to LPS or hypoxia
[149]. The LIFNano can be administered as a substitute for
cell-based therapy to refresh damaged areas and repress the
cytokine storm patients infected with coronavirus.

Next-Generation Stem Cell-Based Therapies

More recently, the possibility of precise manipulation of the
human genome using endonucleases (i.e., zinc finger nucle-
ases and TALENS) and palindromic repeats (i.e., CRISPR)
has opened a new window to the field of cell-based therapies
[150] and has raised next-generation therapies which are more
efficient and individually specific [151]. CRISPR/Cas13 sys-
tem can cleave the SARS-CoV-2 RNA genome or inactivate
the viral protein production after entering the infected cells
[152]. The entrance process might be using a selective ap-
proach named ABACAS (AntiBody and CAS fusion). The
ABACAS catch the virals protein as an antibody fragment
[153]. In addition, ORF1a/b introduce as one of the best tar-
gets for CRISPR/Cas13 activity inside the infected cells.
Therefore, CRISPR technology can represent a more sensitive
and specific treatment strategy for viral infections such as
SARS-CoV-2 [152]. Next-generation stem cell-based thera-
pies can deliver therapeutic drugs and improved therapeutic
agents by themselves. Therefore, the new generation can edit
mutations that lead to diseases or decline the allogeneic cells’
immunogenicity by recruiting gene-editing platforms [151].
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Development of Cell-Based Therapy
with Banking of Stem Cells

The banking of autologous stem cells can be played a signif-
icant role in the expansion of regenerative and PM and is a
fundamental approach to facilitate precision treatments in the
clinic. Both MSCs and iPSCs can be store in cell banks to
speed up using autologous sources in treatment strategies.
Among multipotent somatic stem cells; HSCs of C.B. and
MSCs of C.T. and AT represent the most accessible sources
for each person. The history of cord blood banking refers to
more than 20 years with more than 30,000 stem cell therapy
and many applications in regenerative medicine. In contrast,
cord tissue banking appeared over seven years ago, with more
limited clinical applications [154]. On the other hand, Adipose
tissue banking has paid great attention to clinical trials for
more than ten years. It seems that this source of MSCs can
be an appropriate alternative for BM-MSCs without their
limitations.

Recently, iPSC banking is developing throughout the
world to supply research and clinical needs. At present, sev-
eral iPSCs banks in the USA, Europe, Korea, Japan, U.K., and
Taiwan collect and store iPSCs from healthy or diseased peo-
ple to understand the cellular mechanisms and drug discovery
for personalized therapies. Some clinical trials are ongoing in
this area. Further improvements in iPSC technology can more
clarify their influence in regenerative medicine [98]. Although
the expensiveness and time-consuming of the generation are
essential barriers to achieving this aim, ongoing developments
of iPSC banking can pave this road.

Conclusion and Future Perspective

COVID-19 caused a new pandemic and recruited many re-
searchers from different biomedical fields to find solutions for
prevention or treatments for its managing. However, the gen-
eral treatment of COVID-19 depends on producing effective
vaccines or drugs; the ARDS resulting from it needs to most
powerful therapeutic management. In this view, PM and cell-
based therapy find importance for most clinical investigations
as a considerable candidate for therapeutic approaches [40].
Currently, there have been no approved cell-based therapeutic
approaches to prevent or treat COVID-19 patients while sev-
eral clinical trials are undergoing. Recently, MSCs have
attracted attentions for clinical trials because of their immuno-
modulatory and regenerative properties. They could protect
alveolar epithelial cells, repair the pulmonary microenviron-
ment, prevent the pulmonary fibrosis, and help cure injured
lungs [1]. Despite many completing and ongoing clinical tri-
als, there is no clear conclusion regarding some issues related
to MSCs limitations, including their safety, tumorigenicity,
profibrogenicity, and heterogeneity [155]. Moreover, there

are still doubting in providing the MSCs for a clinical scale,
and consuming time and cost [59].

Moreover, it was reported that several stem cell-based clin-
ical trials received approval for treating COVID-19 patients
with acute respiratory distress. Therefore, stem cells can be
played a crucial role in the management of this disease. Next-
generation cell-based therapies can be used to edit mutations
that lead to diseases or decline the allogeneic cells’ immuno-
genicity by recruiting gene-editing platforms. These cells can
be prepared based on specific features of each person to treat
their specific diseases. The banking of stem cells and their
products such as exosomes, E.V.s, and conditioned media
can play an extraordinary role in the development of regener-
ative and PM and is a fundamental approach to facilitate pre-
cision treatments in the clinic [59]. There are some stem cell
banks around the world that store somatic stem cells, iPSCs,
and next-generation stem cells. However, more expansion and
development in the banking of stem cells, especially those that
can be used for precision treatments, facilitate PM approaches
in the future. On the other hand, biomaterials can play a crit-
ical role in personalized cell therapies by mimicking individ-
ual cells’ microenvironment to cell maintenance and
immunoprotection. In summary, engineered cells using
gene-editing platforms and precision biomaterials can develop
personalized cell therapies with a broad range of clinical ap-
plications that may be usable in COVID-19 treatment, espe-
cially for ADRS.

The efficient treatment of COVID-19 needs a new attitude
according to the different range of symptoms in different pa-
tients, and in this regard, PM can be had a central role. The
clinical use of stem cells to treat COVID-19 is still some time
away, but some promising reports reach positive results. Stem
cell therapy, especially MSCs-based products, and even com-
bination therapy to treat COVID-19 patients may be ideal
therapeutic options.

As described earlier, stem cell-based therapy as a primary
PM tool has started a new strategy to treat severe viral infections
including COVID-19. This strategy can be continued by other
novel cell-based therapies included immune cell therapies and
Extracellular vesicles. However, MSCs seem a double-ended
sword in COVID-19 treatment and need more studies in detail.
Therefore, as new stem cell therapies are reported to usage in
COVID-19 patients, clinical trials must be given to confirm
their actual efficacy and possible side effects. Finally,
personalized cell-based therapies can develop for the precision
treatment of diseases such as COVID19 in the future.
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