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ARTICLE INFO ABSTRACT

Keywords: Coronavirus disease 2019 (COVID-19) infection evokes severe proinflammatory storm and pulmonary infection
COVID-19 with the number of confirmed cases (more than 200 million) and mortality (5 million) continue to surge globally.
Stem cells

A number of vaccines (e.g., Moderna, Pfizer, Johnson/Janssen and AstraZeneca vaccines) have been developed
over the past two years to restrain the rapid spread of COVID-19. However, without much of effective drug
therapies, COVID-19 continues to cause multiple irreversible organ injuries and is drawing intensive attention for
cell therapy in the management of organ damage in this devastating COVID-19 pandemic. For example,
mesenchymal stem cells (MSCs) have exhibited promising results in COVID-19 patients. Preclinical and clinical
findings have favored the utility of stem cells in the management of COVID-19-induced adverse outcomes via
inhibition of cytokine storm and hyperinflammatory syndrome with coinstantaneous tissue regeneration ca-
pacity. In this review, we will discuss the existing data with regards to application of stem cells for COVID-19.

Organ damage
Cytokine storm
MicroRNA

1. Introduction syndrome (ARDS) at the advanced stages [1,2]. Other than respiratory

symptoms, COVID-19 evokes cardiovascular symptoms such as cardiac

Novel coronavirus infectious disease (COVID-19) caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is rapidly
spreading, afflicting 200 million world populations with > 5 million
mortalities over the past two years. Compared with SARS-CoV, SARS-
CoV-2 displays a much stronger contingency. COVID-19 patients present
fever, fatigue, cough, pneumonia, and acute respiratory distress

anomalies, chest pain, palpitation, and acute cardiovascular injury,
particularly those with pre-existing cardiovascular issues [3-5]. Remi-
niscent of influenza and human immunodeficiency virus (HIV),
SARS-CoV-2 viruses carry RNAs as their genome and possess a high rate
of mutation. Newly identified SARS-CoV-2 variant has greatly chal-
lenged the development of vaccines and therapies. For instance,
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antibody-based treatment developed against one variant must be rede-
signed following viral mutation. Meanwhile, viral variants develop
resistance against antiviral drugs and mild viral variants may sponta-
neously become virulent [6]. In this context, therapeutic and preventive
measures are imminently needed to deal with viral mutations. Never-
theless, COVID-19 infected patients are currently left with only symp-
tomatic management, given limited available information for COVID-19
treatment despite intense efforts towards vaccines and therapeutics [7].
Antiviral drugs used for COVID-19 such as remdesivir, hydroxy-
chloroquine and lopinavir/ritonavir are often without high-quality
proof validating their effectiveness [8-10]. Besides, adverse side ef-
fects including diarrhea, nausea, vomiting, fatigue, hepatotoxicity, ar-
rhythmias, cognitive deficit and delirium have been reported following
these drug administrations [11,12]. Apart from direct antiviral treat-
ment for COVID-19, immunomodulatory therapeutic regimens have
been suggested to potentially retard disease progression and save life.
Many immunotherapeutic approaches were used in COVID-19 patients,
including convalescent plasma therapy, glucocorticoid therapy, and
anti-interleukin (IL-6) receptor antibody therapy [13-15]. However,
glucocorticoid can dampen the ability to fight against infection and
impose severe sequelae such as osteonecrosis of the femoral head, in
spite of alleviation in toxic symptoms associated with pulmonary
infection [16,17]. Consequently, unfavorable side effects and uncertain
treatment efficacy warrant further in-depth studies to fully elucidate the
safety and effectiveness of immunomodulatory strategies. Specific
treatment options are still lacking for severe and critical cases. At this
point, blood purification and extracorporeal membrane oxygenation
(ECMO) device are the predominant lifesaving therapies for
COVID-19-induced ARDS and refractory respiratory failure. However,
underlying compound immune damages originated from extracorporeal
circuit initiation during ECMO therapy should be considered [18]. When
classical medicine treatment, mechanical ventilation and ECMO cannot
reconcile lung function in critically ill COVID-19 patients, lung trans-
plantation is currently the only effective strategy although not a routine
for end-stage pulmonary disease [19]. Notably, cell-based therapies
utilizing stem cells, especially mesenchymal stem cells (MSCs), repre-
sent a spotlight of therapeutic research for human diseases. Due to the
feasibility, high proliferative rate, multi-linage differentiation ability
and free of ethical problems, MSCs may provide an emerging avenue for
ameliorating adverse effects of COVID-19 [20]. Here we cover recent
contemporary viewpoints with regards to the benefit and challenges of
stem cell-based COVID-19 therapy.

2. Methods
2.1. Search strategy

A comprehensive search was conducted in PubMed for relevant
published articles through February 2022. The National Institutes of
Health (NIH) guidelines were referenced for treatment recommenda-
tions. Clinicaltrials.gov and clinicaltrialsregister.eu were referenced for
registered ongoing clinical trials. The following keywords were used:
“SARS-CoV-2”, “COVID-19”, “stem cells”, “mesenchymal stem cells”,
“cell therapy”, “tissue repair”, “organ damage”, “cytokine storm”,
“microRNA”, “extracellular vesicles”, “human pluripotent stem cell”,
and “organoid” with the Boolean operators “OR” and “AND”. To ensure
capture of all relevant articles, the reference lists of selected articles
were searched.

2.2. Inclusion criteria

In vitro, pre-clinical in vivo and clinical interventional studies were
included where stem cells or MSCs-derived extracellular vesicles were
used as therapies to manage COVID-19-induced multiple irreversible
organ injuries. Journal articles, clinical trials, case reports, meta-
analyses, and systematic reviews were included only if reported data
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were pertinent to the application of stem cells for COVID-19 treatment.
2.3. Exclusion criteria

We excluded studies involving other respiratory infected diseases
such as SARS and MERS, or studies in a language other than English.
Publications prior COVID-19 were excluded except for highly regarded
and widely referenced ones.

2.4. Study quality assessment

Title and abstract screening were conducted independently by two
reviewers (YEL and AA) using pre-defined inclusion and exclusion
criteria. Publications which did not fulfill the eligibility criteria were
excluded. Subsequent full-text review was performed by the same re-
viewers. MD and JR were consulted for resolving the differences in
opinion. Study quality evaluation were based on the PRISMA checklist.

2.5. Data extraction

The following descriptive information was extracted from study
texts, tables, and figures: study characteristics (publication year, study
design, and country of study origin); clinical characteristics (symptoms,
complications, and population); characteristics of intervention (types,
dosage, and frequency), and main findings (outcomes such as adverse
reactions, prognosis, clinical laboratory and radiological parameters).

3. Results

Our systemic search of PubMed database yielded 423 studies, among
which 159 reports were excluded due to duplication or other reasons.
Following the subsequent screening of the titles and abstracts, 51 arti-
cles met the inclusion criteria and underwent for full evaluation. Of
these, 26 publications were removed according to the exclusion criteria,
resulting in inclusion of 25 studies here in this review to gain insight on
MSCs treatment for patients with COVID-19. Fig. 1 summarizes the
PRISMA flowchart of the search and selection procedure.

Despite ample undergoing clinical trials, few results have been
released regarding the clinical efficacy of MSCs in pneumonia treatment
in COVID-19 patients (Table 1). In a case of an elderly female COVID-19
patient, intravenous delivery of human umbilical cord-MSCs (three
doses every 3 days) were found to safely and sufficiently modulate im-
mune responses favoring tissue repair [21]. Clinical improvement was
evident after the second administration. Moreover, inflammatory
cells/neutrophils declined, whereas, lymphocyte count was elevated
[21]. Besides, a single-center open-labeled study including 7 COVID-19
patients with distinct severity reveals benefit of MSCs infusion. In
particular, MSCs treatment elevated peripheral lymphocyte counts,
reduced C-reactive protein (CRP) and diminished hyperactivated cyto-
kine producing immune cells (e.g., CXCR3 + natural killer cells,
CXCR3 +CD4 + and CXCR3 +CD8 + T cells), leading to suppression of
inflammation. Furthermore, TNF-a levels declined simultaneously with
an increase in IL-10 following MSCs treatment. Moreover, MSCs
conferred protection and rejuvenation of alveolar epithelial cells, and
modulated lung milieu to improve pulmonary function and retard pul-
monary fibrosis. Besides, RNA-Seq analysis revealed that transplanted
MSCs were immune against COVID-19 infection due to suppression of
TMPRSS2 and ACE2, and release of paracrine and anti-inflammatory
factors including brain derived neurotrophic factor (BDNF), nerve
growth factor (NGF), VEGF, nitric oxide associated 1 (NOA1), leukemia
inhibitory factor (LIF), galanin and gmap prepropeptide, a neuroendo-
crine peptide (GAL), TGF-p, epidermal growth factor (EGF), fibroblast
growth factor (FGF), and HGF. All patients receiving stem cells survived.
These results have pinpointed potential safety and efficacy of stem cell
administration in COVID-19 patients [22]. Moreover, multiple clinical
trials found similar outcomes with suppressed pro-inflammatory
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Fig. 1. PRISMA diagram showing the flow chart of report search and screening.

cytokines, solid lung lesion and improved reserve capacity following
umbilical cord MSCs treatment in COVID-19 patients, along with pro-
longed survival time and shortened recovery duration [23-27]. In
another clinical study, allogeneic adipose tissue-MSCs were delivered in
13 mechanical ventilated COVID-19 patients. Injection of two intrave-
nous doses of adipose tissue-MSCs was found to abate inflammatory
factors including IL-6, lactate dehydrogenase (LDH), ferritin, and CRP,
as well as enhancement of CD4 + /CD8 + T cells and B-lymphocytes
[28]. Furthermore, fibrinogen and D-dimer protein (a product of fibrin
degradation) were remarkably declined 5 days following the first dose,
thus, preventing thromboembolism in these COVID-19 patients [28].
Overall, outcomes from registered clinical trials are largely in favor of
the efficacy and safety of stem cells in COVID-19 therapy.

4. Discussion
4.1. Pathogenic characteristics of COVID-19

SARS-CoV-2 belongs to a single-strand RNA Coronaviridae family.
Genomic analysis of SARS-CoV-2 revealed that spike protein (S-protein)
in viral structure binds to angiotensin converting enzyme 2 (ACE2) in
host cells [29]. Host proteases including transmembrane protease serine
protease 2 (TMPRSS2), cathepsin L, and furin then cleave S-protein to
facilitate endocytosis of SARS-CoV-2. Single-cell RNA sequencing
revealed that TMPRSS2 is co-expressed with ACE2 in lungs, bronchial
branches and nasal epithelial cells, indicating tropism of SARS-CoV-2
infection [30-32]. Besides, the cluster of differentiation 147 (CD147)
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Table 1

Clinical studies of MSCs treatment for patients with COVID-19.
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Clinical trial ID Study design Phase MSCs’ source Indications Dose and route of N General outcomes

administration

ChiCTR2000029990[22] Open label, single Phase MSCs Moderate/ 1 round of 1 x 106 7  Markedly ameliorated symptoms
center, case-control 1 Severe/Critical ~ cells/kg, IV and pulmonary dysfunction.

NCT04355728(23] Double-blind, Phase Umbilical cord ARDS 2 rounds of 10 24  Safety for UC-MSCs, significantly
randomized trial 1/2a + 2 x 107 cells/ reduced proinflammatory

round on days 0 and cytokines and improved patient
3,1V prognosis.

NCT04288102[24] Randomized, double- Phase Umbilical cord Severe 3 rounds of 4 x 107 100 Safety for UC-MSCs, improved
blind, placebo- 2 cells/dose on days 0, overall lung lesion volume, solid-
controlled trial 3and 6, IV component lesion.

ChiCTR2000031494[25] Open-label, Phase Umbilical cord Severe/Critical 1 round of 2 x 106 41 Clinical improvement following
randomized, standard 1 cells/kg, IV MSCs delivery
treatment-controlled
trial

NCT04252118[26] Open label, single Phase Umbilical cord Moderate/ 3 rounds of 3 x 107 18 Safe and well-tolerated
center, case-control 1 Severe cells/dose on days 0, intravenous administration of UC-

3and 6, IV MSCs to patients with moderate
and severe COVID-19.

IRCT20200217046526N2 Phase Placental and ARDS 3 rounds of 2 x 108 11  Relieved respiratory distress and

[27] 1 umbilical cord cells/round on days decreased inflammatory
0, 2 and 4, IV biomarkers by MSCs.

NCT04348461[28] Prospective Phase Adipose- Severe/Critical 1, 2 or 3 rounds of 13 No adverse events, amelioration
nonrandomized open- 1 derived 1 x 106 cells/kg, IV of biological, radiological and
label cohort ventilatory parameters correlated

to clinical response.

National Medical Products Case report Allogenic, Critical 3 rounds of 5 x 107 1 Remission of inflammation

Administration of China[90] UC-MSCs cells/dose, IV symptom, good tolerance,
improved patient prognosis.

ChiCTR2000029606[91] Case report Allogeneic, ARDS 3 rounds of 1 x 106 2 Improved and well-tolerated

menstrual cells/kg on days 0, 1 partial pressure of oxygen (PO2)
blood-derived and 3, IV and fraction of inspired 02 (Fi02).

National Medical Products Prospective Phase hESC-IMRCs COVID-19 1-3 rounds of 27  Reduced pulmonary fibrotic

Administration of China[92] nonrandomized open- 1 patients with 3 x 106 cells/kg, IV lesions.

label cohort

lung fibrosis

ARDS acute respiratory distress syndrome; hESC-IMRCs human embryonic stem cell-derived immunity and matrix-regulatory cells; IV intravenous injection; MSC
mesenchymal stem cell; UC-MSCs umbilical cord mesenchymal stem cells; 6MWD 6-minute walking distance

transmembrane protein provides a novel route for SARS-CoV-2 invasion,
albeit with low affinity for S-protein compared with ACE2. This receptor
provides a reasonable explication for lower risk of COVID-19 infection in
females, higher susceptibility in the elderly and patients with
co-morbidities such as diabetes mellitus, obesity and asthma [5,33].
Following cell entrance, virus replicates to elicit a series of cell
damaging effects, triggering immune response for clearance of the virus
[34]. COVID-19 patients often display high levels of pro-inflammatory
cytokines including IL-1p, IL-6, interferon-y (IFN-y) and chemokines
(CCL2 and CXCL10), associated with massive lung involvement [3].
Postmortem examination revealed bilateral diffuse injury of alveolus,
accompanied by fibrous mucinous exudation and interstitial mono-
nuclear inflammatory infiltration in COVID-19 patients (Figs. 2, 3) [35].
Therefore, it is vital to manage infection timely to avoid development of
critical conditions.

Despite major advances in the understanding of SARS-CoV2 and
COVID-19 since late 2019, the pathobiology of COVID-19 remains
poorly elucidated. Different cell types are infected at various stages of
disease progression [36]. Upon inhalation, the nasal cavity hosts
SARS-CoV-2, where it binds epithelial cells through ACE2, initiating
viral replication [37]. Besides, in vitro evidence suggested that
SARS-CoV mainly infects ciliated cells in airways, although low
expression of ACE2 in airway conducting cells makes this doubtful [38].
Hence, it is perceived that virus is locally propagated while the response
level of innate immune system might be limited. At this low burden
stage of CoV-2 infection, nasal swabs help to identify viral infection
[39]. Later on, SARS-CoV descends the respiratory tract, resulting in
ignition of more immune responses. For advanced stages, CXCL10 levels
are indicative of clinical outcomes [40]. Of note, virus-harboring
epithelial cells produce interferon-A (IFN-A) and interferon-f (IFN-p)
[41]. In addition, CXCL10 could be utilized as a possible SARS-CoV

marker. Eighty percent of COVID-19 patients exhibit mild symptoms
with infection mainly within the upper airways. Eventually, 20% of
these patients manifest pulmonary infiltrates, which subsequently de-
velops into severe anomaly [36]. In more advanced stage, SARS-CoV
infects pulmonary gas exchange compartments and granular pneumo-
cytes (type II cells), particularly, subpleural and peripheral cells [42].
Consequently, SARS-CoV disseminate within type II cells, and ample
viral particles are liberated, causing apoptosis [43]. The endpoints
would be manifestations of dispersed alveolar impairment, pulmonary
fibrosis, and elimination of majority of alveolar type II cells, culminating
in abnormal wound healing and severe fibrosis and scaring.

4.2. MSCs: A promising treatment

Cell-induced and particularly stem cell treatment has become a po-
tential therapeutic method for incurable diseases. For stem cell-based
therapy, MSCs have attracted much attention [44,45]. MSCs are
pluripotent stem cells originating from placenta, umbilical blood and
bone marrows in autologous and allogenic sources, widely used for viral
diseases including acute lung injury (ALI) in influenza, chronic hepatitis
in hepatitis B virus (HBV) and HIV [46,47]. MSCs inhibit cytokine storm
and hyperinflammatory syndrome in COVID-19 patients with coin-
stantaneous innate immunity strengthening, in addition to preservation
of lung alveolar endothelial and epithelial cells and facilitation of
clearance ability [48,49]. This is consistent with the property of MSCs in
migrating to the site of injury to secrete paracrine factors and modulate
epi- and endo-thelial cell permeability and inflammation. In addition to
inflammation and infection, MSCs are capable of repairing and regen-
erating epithelial and endothelial tissues within pulmonary alveoli
through restoration of cellular element in the niche. After receiving
diverse signals from lung damage, MSCs secrete various growth factors
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Fig. 2. Proposed mechanisms for MSCs function in severe COVID-19 patients. Firstly, SARS-CoV-2 infects respiratory tract; infiltration of immune cells (monocytes/
macrophages, neutrophils, natural killer cells, T cells and B cells) increases; then cytokine storm (such as TNF-a, IL-2, IL-6, MCP1 and IP10) occurs. Hyaline
membrane formation, cellular fibrous mucinous exudation and diffuse alveolar damage develop. After stem cells administration, the number of infiltrated immune
cells significantly reduces, and damaged lung tissue is repaired. MSCs have properties of anti-inflammation, immunoregulation and tissue regeneration, although
detailed mechanisms underlying these roles remain to be further elucidated. MCP3, monocyte-chemotactic protein 3; MCP1, monocyte-chemotactic protein 1; MIG,
monokine induced by gamma; MIP1a, macrophage inflammatory protein 1a; IP-10, interferon gamma-induced protein 10; CCL3, C-C motif chemokine ligand 3;
CXCL8/9/10, C-X-C motif chemokine ligand 8/9/10; G-CSF, granulocyte colony-stimulating factor; CCL2, C-C motif chemokine ligand 2; IL-1p, IL-1 beta protein; IFN-
y, interferon gamma; NK cells, natural killer cells; DCs, dendritic cells; Th17, T helper 17 cells; Tregs, T regulatory cells; Bregs, B regulatory cells.
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Fig. 3. MSCs-mediated lung repair. During invasion of SARS-CoV-2 to lung alveolar capillary, both endothelial cells and epithelial cells are damaged. Cell death and
disruption of cell junctions are vividly observed during the infection. However, application of MSCs leads to reformation of tight junctions and suppression of cell

death in both endothelial cells and epithelial cells.

[e.g., transforming growth factor p1 (TGF-p1), platelet-derived growth
factor (PDGF) and neurotrophin] in extracellular matrix (ECM). MSCs
also release ECM components (such as laminin 5 and decorin) to mimic
the effect of growth factor [50,51]. Apart from paracrine factors, MSCs
also mediate tissue regeneration by transporting organelles such as
mitochondria through tunnel nanotube or vesicular transfer. Mito-
chondrial transfer from damaged cells promotes recipients to restore
functionality and avoid the emergence of excessive inflammation [52].
MSCs also serves as precursors for specialized compositions to replenish
niche cells. Based on engrafted microenvironment, MSCs will change
their immune phenotypes. For example, toll-like receptors 4 (TLR4)
activation switches MSCs to the pro-inflammatory phenotype MSC1,
whereas an anti-inflammatory phenotype of MSC2 will be endowed via
Poly(I:C) activation of TLR3 [50,53]. In immunoregulation of host cells,
MSC2 will differentiate into new lung epithelial tissues to repair lung
scarring in COVID-19 patients, thus attenuating response elicited by
viral injury, and fostering macrophages pro-angiogenic phenotype to
stimulate lung tissue regeneration in COVID-19 patients (Figs. 2, 3) [54].

Notably, MSCs offer protection against idiopathic pulmonary fibrosis
and ALL indicating the promises of MSCs in COVID-19 pulmonary
fibrosis [55]. MSCs are expected to benefit cardiovascular damage in
COVID-19. MSCs promote angiogenesis in a paracrine manner, for
example, secretion of angiogenic factors [56]. Besides, MSCs may pro-
mote cardiac injury recovery through facilitation of resident myocardial
cell proliferation, related to enhanced DNA synthesis and signal gene [e.
g., vascular endothelial growth factor (VEGF) and cyclin A2] in

cardiomyocytes, while suppressing apoptosis [57]. Application of MSCs
in complications evoke by COVID-19 is supported by the FDA approval
of Emergency Use Authorization (EUA). A number of clinical trials are
underway using MSCs (Table 1) thus it is pertinent to examine the
number, source and patient groups for therapy. Here we cover recent
contemporary viewpoints with regards to the benefit and challenges of
stem cell-based therapy.

4.3. MSCs-derived extracellular vesicles in COVID-19 therapy

Although MSCs treatment has become a potential therapeutic mo-
dality for COVID-19 patients, limitation and challenge exist for its
application such as variations in safety and cell viability. Intriguingly,
MSCs-originated extracellular vesicles (EVs) may dodge or minimize
these shortcomings to fully elaborate immunoregulatory, anti-
inflammatory and anti-fibrotic properties of MSCs. EVs usually refer to
microvesicles (MVs) and exosomes. Exosomes are membraned com-
partments around 200 nm in diameter or less generated by the majority
of eukaryotic cells. However, MVs ranges around 1000 nm in diameter
[58]. There is a growing notion that MSCs-derived EVs may be imple-
mented for cell-free therapeutic purposes owing to their endo-
crine/paracrine effects and safety compared to cell-based therapies such
as low excessive cell proliferation and contamination with malignant
cells [59,60]. Characteristics of EVs encompass reduced risk of immune
responses, less proliferative thus low risk of tumorigenesis, and small
size to easily pass through capillaries [61]. Mechanistically, EVs bind
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targeted membrane receptors and transfer their contents to cytosol via
endocytosis [62]. MSCs-derived EVs carry inside their lipid bilayer,
immune regulators, cytokines, messenger RNAs (mRNAs) and small
non-coding RNAs (ncRNAs) from parental cells which can modulate
behavior of target cells [63-65]. EVs are suggested to exhibit great
clinical potential for the delivery of microRNAs (miRNAs), as negative
regulators of mRNA [66]. miRNAs are endogenous small ncRNAs of
18-25 nucleotides which can be found in MSCs-originated EVs, and are
linked to post-transcriptional gene degradation or repression [67]. They
are unstable and small in structures and have a short half-life in the
circulation, thus techniques capable of ameliorating the delivery to
specific sites and prolonging the half-life are essential. As such, EVs may
be advantageous in serving as transfer cargo carriers. After internalizing
of EVs by target cells, miRNAs are released into cytoplastic matrix and
with the help of enzyme complexes, they bind to target mRNA via
base-pairing in the 3’ untranslated region (UTR) or 5° UTR gene regions.
Given that complementary miRNAs potentially target virus and play an
antiviral role by binding to conserved 3’ UTR, targeting 3’ UTR within
viral genome might be a critical strategy for antiviral efficacy [68].
Indeed, Chauhan and colleagues demonstrated that miRNAs function in
host cells through decreasing receptors expression, avoiding viral in-
vasion and replication, and minimizing the spread of infection [69].
Ample evidence has revealed that the MSCs-EVs-miRNAs combina-
tion mainly pinpoints proteins such as BCL2 apoptosis regulator (BCL2),
NLR family pyrin domain containing 3 (NLRP3), prolyl 4-hydroxylase
subunit alpha 1(P4HA1), insulin like growth factor 1 receptor
(IGF1R), Cyclin G1 (CCNG1), signal transducer and activator of tran-
scription 3 (STAT3), semaphorin 3 A (SEMA3A), phosphatase and tensin
homolog (PTEN), methyl-CpG binding protein 2 (MECP2), dynamin-
related protein 1 (DRP1), and transforming growth factor beta recep-
tor I (TGFBR1) [70,71]. Besides, bioinformatic analysis predicted that
miRNA carried by MSCs-originated EVs suppresses proinflammatory
cytokines, relieves coagulation and cell death [28]. Specifically,
miR-125a-3p attaches to 3° UTR of IFN, tumor necrosis factor (TNF) and
Factor XIII genes. This multi-targeted method helps to greatly reduce
cell death, coagulation disorder and systemic inflammation in patients
with severe COVID-19, resulting in improved clinical prognosis. Two
other miRNAs, miR-202-3p and miR-769-3p might mitigate cell death
preventing tissue injury via synergistically binding to the 3° UTR of IFN
and TNF genes inhibiting their protein translation. Moreover, let-7e-5p
targets the 3° UTR of CASP8, RIPK1 and TNF genes involved in cell death
signaling pathway, it also attaches to the 3’ UTR of Factor VIII gene of
the coagulation cascade [6,72]. Based on this analysis, multi-target
feature of MSCs-originated EVs miRNAs might be advantageous in
comparison with strategies gearing towards a single pathway, for
example, Anakira or Tocilizumab. On the other hand, a prospective
nonrandomized open-label cohort study examined exosomes (ExoFlo™)
originated from allogeneic bone marrow MSCs in the treatment for
COVID-19. ExoFlo™ was found to effectively restore oxygenation ca-
pacity, downregulate cytokine storm, reconstitute immunity and
improve prognosis in COVID-19 patients [73]. Overall, MSCs-derived
EVs seem to be a promising tool to be implemented in clinical settings.
For ALI and ARDS in COVID-19, MSCs are believed to execute their
efficacy by targeting endothelial, inflammatory and infectious factors.
For instance, MSCs release IL-13, IL-6, granulocyte macrophage-colony
stimulating factor (GM-CSF), prostaglandin E2 (PGE2), and keratinocyte
growth factor-2 (KGF2), which boost phagocytosis and confer anti-
fibrotic, anti-apoptotic, and anti-inflammatory effects [74-76] (Figs. 2,
3). As a result of PGE2 secretion, pro-inflammatory M1 macrophages are
polarized to the anti-inflammatory M2 macrophages [77]. Also, released
growth factors including hepatocyte growth factor (HGF), VEGF, and
KGF2 confer protection of alveolar cells by restoring ATP and capillary
barrier [78,79]. Moreover, MSCs suppress chemotactic characteristics,
differentiation, and propagation of B cells [80] (Fig. 3). Besides, multi-
ple preclinical examinations demonstrated the therapeutic potential of
MSCs-EVs in ARDS, ALIL, and other pulmonary conditions mainly
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through reduction of inflammation and epithelial damage and increased
clearance of edema [81,82]. Intratracheal MSCs administration was
evinced to enhance MSCs accessibility in pulmonary endothelium and
alveolar epithelium [83].

MSCs-derived exosomes suppress cytokine secretion and reinitiate
anti-viral defenses of the host [84]. EVs obtained from bone
marrow-MSCs have been applied in the treatment of ARDS. EVs were
found to suppress edema and inflammation in the lung reminiscent of
MSCs [85]. It was revealed that MSCs-induced manipulation of macro-
phages in a murine model of ARDS was mainly attributed to EVs [86]. In
addition, MSC-EVs exerted protective impacts on
lipopolysaccharide-mediated lung injury via modulation of alveolar
macrophages in murine models [86]. Also, EVs-mediated transfer of
healthy mitochondria culminated in macrophage polarization from M1
to M2 owing to the higher oxidative phosphorylation [86]. Furthermore,
MSC-EVs-transferred mitochondria boosted lung injury repair due to
increased mitochondrial activity in human alveolar cells [87].

4.4. Ideal COVID-19 patient candidates for stem cell therapy

Most patients do not display noticeable symptoms in early stage of
COVID-19 infection. Only a small fraction (2%) of patients experienced
sore throat, cough, fever and muscle pain. As the disease progresses,
patients suffer shortness of breath, leading to suddenly deteriorated
health. Severe immune deficiency appears to be the primary mortality
cause, as attested by excessive storm of cytokines such as TNF, IL-2, IL-6,
MCP1 and IP10 [3]. In advanced COVID-19 infection, immune system is
overactivated and produces excess cytokines, creating an unpleasant
environment. As such, cytokine storm prompts respiratory dysfunction,
secondary infection, organ (including cardiac) damage and ARDS,
leaving patients with difficulty of breath and ultimately death [88]. It is
advised that stem cells be given to critically ill COVID-19 patients
needing ventilation (respiration rate > 30 times/min, resting pulse ox-
ygen saturation < 93%, partial pressure of PaOy/FuOy < 300 mmHg) as
choices for better prognosis [89]. Stem cells promote respiratory func-
tion and ameliorate self-defensive machinery including antibody pro-
duction. Besides, elderly COVID-19 patients with comorbidities
including asthma, diabetes and cardiovascular diseases are least likely to
recovery from COVID-19 infection. With disease progression, the
regenerative ability and immune system of these populations are further
compromised, making them severely prone to SARS-CoV-2. Given the
impaired immune system, it takes much longer to produce antibody
against the virus, resulting in development of severe pneumonia and
ARDS in these patients. Stem cell treatment seems to impose hope for
these individuals not only for COVID-19 infection but also for comor-
bidities [22, 90-92].

4.5. Future modalities to enhance MSCs efficacy in COVID-19 therapy

Although MSCs are capable of migrating to sites of injury, the
number of implantations is relatively small. In order for MSCs to migrate
to injured tissues, the tissue must chemoattract MSCs from bloodstream
first, which relies on markers on MSC surface [such as vascular cell
adhesion molecule (VCAM)— 1, CD18, CD24, CD44], as well as their
interaction with particular markers in target tissues [93]. Modification
of MSCs coating has revealed promises for strengthening MSCs treat-
ment potency in COVID-19 in preclinical models [94]. Coating MSCs
with sialyl Lewis X (SLeX), an important mediator identified on white
blood cell surface, participates in migration of leucocyte to inflamma-
tory tissues, the first step in migration process. Interestingly, migration
of SLeX-modified MSCs to the inflammatory endothelium is reinforced
in vivo compared to original MSCs [95]. Another approach of MSCs
engineering is to target antigens expressed in diseased sites using anti-
bodies. For example, an in vivo study employed anti-VCAM-1 to modify
MSCs prior to infusion into an experimental colitis model. Increased
migration of anti-VCAM-1-modified MSCs to damaged sited was
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observed [96]. Moreover, biocompatible/biodegradable MSC coating is
advantageous in MSC retention in cardiac tissues and can be engineered
to reinforce retention in lung tissues after intravenous administration
[97,98].

Similarly, nanotechnology is explored to reinforce MSCs delivery and
increase treatment potency in COVID-19. Nanocarriers act as a delivery
platform for cells, drugs and vaccines due to their specificity, selectivity
and continued release. Chitosan is a safe, biocompatible and biode-
gradable polymer for drug deliver to lungs in infectious diseases. Due to
its permeability and mucoadhesive capacity, as well as its ability to
attach to specific site, it serves as a particulate conveyor for drugs in the
lung [99]. Thus, integrating MSCs with chitosan hydrogel can improve
their treatment potency by enhancing targeting, adhesion and perme-
ation. Mehta and colleagues inferred favorable outcomes of
nano-carriers including nanotheranostics, polysaccharide nanoparticles
and mesoporous silica nanoparticles in COVID-19 treatment. Hence,
integration with MSCs represents a novel COVID-19 therapy [100].
Besides, several nanomaterials were shown to exhibit anti-viral poten-
tial (e.g., heparan sulfate proteoglycan, gold nanoparticles), and their
integration with MSCs may duplicate their treatment efficacy [101]. It is
noteworthy that nano-synthetic stem cells (LIFNano) can inhibit cyto-
kine storm in COVID-19 patients [102]. LIFNano carries LIF approxi-
mately 1000 times more efficiently compared with the MSCs-releasing
soluble LIF, thus offering protection against ALI [103]. Therefore, LIF-
Nano can be regarded as an substitute for MSC treatment due to its high
volume and capacity to suppress cytokine storm as well as repair injured
lung tissue [102].

Furthermore, MSCs can be preconditioned with other compounds in
order to synergize their effect and improve prognosis in COVID-19 pa-
tients. For example, MSCs can be pretreated with vitamin D that serves
as a valid immunoregulator [104]. Because MSCs may undergo through
apoptosis following infusion, a process that can be alleviated by pre-
conditioning with antioxidants. Astaxanthin, a strong antioxidant, has a
protective effect for MSCs via surmounting oxidative stress; reducing
hydrogen peroxide which can evoke apoptosis; and increasing the pro-
duction of natural cell antioxidants, for example, heme oxygenase-1
(HO-1). Such procedures can help protect MSCs and improve their sur-
vival under hostile circumstances, thereby improving their treatment
potency in COVID-19 patients [105]. Intriguingly, selenium is regarded
as a low-toxic antioxidant with antiviral characteristic. It can be applied
in the original form or rather in nanoform (nanoSe), integrating with
MSCs to relive COVID-19 symptoms [106].

4.6. Novel stem cell- and organoid-based modeling for SARS-CoV-2
research

As a substitute for immortalized cell lines or model organisms,
human pluripotent stem cells (hPSCs) can be leveraged as versatile
extracorporal models providing human-based data for COVID-19 study.
hPSCs comprise human embryonic stem cells (hESCs) and human
induced PSCs (hiPSCs) produced by somatic cell reprogramming [107].
Given the short life of SARS-CoV-2, its multi-organ targeting/damage,
difficulty of acquisition of target organs, classical models cannot fully
satisfy the research purpose. Nonetheless, hPSC-derived models can
expedite evaluation of preclinical toxicity and safety as well as the
effective planning of clinical trials compared with regular modeling
systems. Specifically, organoids are stem cell-originated self-structured
three-dimensional cultures in vitro and imitate the physiological envi-
ronment of natural organs [108-110]. Lung organoid constructed by
pneumocytes expressing ACE2 mimicked interferon-mediated inflam-
matory response in SARS-CoV-2 infection with less surface surfactants
and apoptosis in alveolar cells [111]. Moreover, Pei and coworker
employed hESCs to establish lung organoids including alveolar and
airway organoids and identified that club, ciliated, and alveolar type 2
cells (AT2s) were mostly prone to SARS-CoV-2 infection. RNA
sequencing disclosed early cellular responses to virus infection including
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an unanticipated downregulation of metabolism, particularly lipid
metabolism, as well as the well-known upregulation of immune response
[112]. Besides, hiPSCs-derived AT2s adapted to air-liquid interface
culture exhibited upregulation of proinflammation signaling cascade
including NF-xB following COVID-19 infection in conjunction with
abnormal alveolar structure [113]. With regards to the orientation of
SARS-CoV-2 infection, human pancreatic p cells and hepatic organoids
were deemed highly susceptible to SARS-CoV-2 infection, consolidating
the potential utility of adult primary islets and cholangiocyte and he-
patocyte organoids [114]. Indeed, hPSC-derived cells/organoids pro-
vide valued models for comprehending cellular/organ responses to
SARS-CoV-2 infection.

Regarding to cardiotoxicity of SARS-CoV-2, several studies have
employed myocardial cells originated from hiPSCs and noted elevated
levels of viral RNA in the culture medium, along with compromised
contractility and beating rhythm as well as apparent apoptosis. Molec-
ular analysis revealed that SARS-CoV-2 of hPSC-derived cardiomyocytes
(hPSC-CMs) was relied on cathepsin-dependent endosomal pathway for
viral entry. Furthermore, viral infection elicited innate immunoreaction
in the hPSC-CM model via upregulating interleukin immunomodulator
and anti-viral pathway genes [115,116]. Moreover, hPSC-CMs also
displayed great potentiality as model for investigating cardiac safety of
novel anti-SARS-CoV-2 drugs from clinical perspectives. In order to
evaluate the anti-viral effects of a group of protein kinase inhibitors,
Garcia and colleagues analyzed these compounds and noted that ber-
zosertib, an ataxia telangiectasia and Rad3-related (ATR) kinase inhib-
itor, exhibited a profound effect on SARS-CoV-2 infection of hPSC-CMs
[117]. Similarly, Mills and associates utilized hPSC-originated cardiac
organoids to examine the impact of bromodomain protein (BRD) in-
hibitors on BRD4, an epigenetic regulator of cardiac malfunction evoked
by SARS-CoV-2 infection. These authors found that the inhibitor
INCB054329 was able to prevent cardiac cytokine storm-evoked dia-
stolic dysfunction [118]. Future work utilizing hPSC-derived cardio-
vascular cells should be advantageous to pave the way for the
management of cardiovascular complications in COVID-19 patients.

5. Limitations

The present study suffers from several limitations. First, due to the
methodology employed, the sample size was modest, and information
discussed is primarily for critically ill COVID-19 patients. Nonetheless,
MSCs seem to be useful for COVID-19 treatment without severe adverse
effects. Besides, majority of studies included here lacked the proper
control group, and might have a moderate to high risk of bias due to
short follow-up period, inappropriate study designs, therapeutic regi-
mens and dosage of drugs. It would be difficult to draw confirmative
conclusion on cell-based therapy due to the absence of reliable data from
controlled, randomized, multicenter trials.

6. Perspectives and conclusions

With the escalating COVID-19 pandemic, effective interventions are
pertinent to alleviate the burden on health system. Stem cell-based cell
therapy has shown promises in COVID-19 management. In particular,
MSCs might probably be a good choice for COVID-19 patients, given
their accessibility from various tissues, MSCs can be cryopreserved until
utilized, with their feature and potency characterized in pre-clinical and
clinical research. Nevertheless, some apprehensions must be considered
with regards to the use of stem cells for COVID-19 infection. For
example, yielding for sufficient stem cells in a short time period is a
challenge for emergency care in critical COVID-19 cases. In vitro,
amplification of MSCs can be time-consuming and might decrease the
potency of amplified cells. Therefore, a better understanding of stem cell
treatment is necessary to satisfy the clinical application of COVID-19.
Further work should focus on issues involving generation of geneti-
cally modified MSCs and large abundance of EVs capable of safely
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transporting therapeutic components or factors. Ultimately, optimizing
clinical-grade MSCs and consensus on registered clinical trials depen-
dent on cellular product characteristics and delivery mode will facilitate
laying foundation for safe and efficacious MSCs treatment of COVID-19.
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