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Abstract

Mesenchymal stromal cells (MSCs), also known as mesenchymal stem cells, have been intensely investigated for
clinical applications within the last decades. However, the majority of registered clinical trials applying MSC therapy
for diverse human diseases have fallen short of expectations, despite the encouraging pre-clinical outcomes in varied
animal disease models. This can be attributable to inconsistent criteria for MSCs identity across studies and their inher-
ited heterogeneity. Nowadays, with the emergence of advanced biological techniques and substantial improvements
in bio-engineered materials, strategies have been developed to overcome clinical challenges in MSC application. Here
in this review, we will discuss the major challenges of MSC therapies in clinical application, the factors impacting the
diversity of MSCs, the potential approaches that modify MSC products with the highest therapeutic potential, and
finally the usage of MSCs for COVID-19 pandemic disease.
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Background

Mesenchymal stromal cells (MSCs) are pluripotent non-
hematopoietic stem cells with self-renewal capability [1]
and being intensively investigated in clinical trials. Since
the discovery of MSCs from bone marrow by Frieden-
stein in 1970s, MSCs have been isolated from various
sources including muscle, umbilical cord, liver, placenta,
skin, amniotic fluid, synovial membrane, and tooth root
[2, 3], and tested in amounts of preclinical and clinical
studies (Fig. 1). It is now understood that MSCs have
wide-ranging physiological effects including the main-
tenance of tissue homeostasis and regeneration [4, 5],
as well as the immunomodulatory activities suitable for
therapeutic application [6]. So their indications have been
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expanded to graft-versus-host disease (GVHD), multiple
sclerosis (MS), Crohn’s disease (CD), amyotrophic lateral
sclerosis (ALS), myocardial infarction (MI), and acute
respiratory distress syndrome (ARDS) [7-9].

Over 300 clinical trials of MSC therapies have been
completed in patients including but not limited to degen-
erative or autoimmune diseases (Table 1 lists some of the
representative completed studies). Overall, MSCs have
exhibited tolerable safety profile and demonstrated prom-
ising therapeutic benefits in some clinical settings, which
led to regulatory approvals of MSCs in a few countries.
In 2011, the Ministry of Food and Drug Safety (Korea
FDA) approved Cartistem® a MSC product derived
from umbilical cord blood and developed by Medipost
for the treatment of traumatic or degenerative osteoar-
thritis [10]. Thereafter, more MSC products including
HeartiCellgram®, Mesoblast, TiGenix, and Stempeutics,
were approved by regulatory authorities worldwide for
the treatment of a variety of diseases. In the USA, Ryon-
cil (remestemcel-L) is promising to be the first FDA-
approved GVHD treatment for children younger than 12,
but is still in the stage of safety verification. The amount
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Fig.1 Various sources of MSCs used in the registered clinical trials.
MSCs isolated from bone marrow are most widely applied in clinical
trials, followed by those from umbilical cord and adipose. MSCs from
muscles, tooth are also used

of clinics offering exogenous stem cell therapies has dou-
bled from 2009 to 2014 in the USA. This boom in stem
cell clinics with 351 companies putting stem cells for sale
in 570 clinics in 2016 indicated the mal-practice of the
MSC therapies [11]. Considering the fact that many of
the applied exogenous stem cell therapies lack confirma-
tion on safety and effectiveness from large-scale clinical
trials and are even illegal, these medical mal-practices do
threaten the development of MSC therapies [12].

In this review, we will focus on the major challenges of
MSC therapies and the underlying factors leading to the
failure of clinical trials. Recent advances and prospects
concerning the translation of MSC techniques into clini-
cal practices will also be discussed.

Challenges in technology transfer of MSCs

from bench to bedside

Although transferring MSCs from bench to bedside is
theoretically achievable, substantial failures have been
reported in many early- or late-stage clinical trials, which
account for the disapproval of many products by FDA
[13]. Factors contributing to the failure of MSC clinical
development include but not limited to the poor-quality
control and inconsistent characteristics of MSCs in terms
of immunocompatibility, stability, heterogeneity, differ-
entiation, and migratory capacity [14, 15] (Fig. 2).

Immunocompatibility of MSCs

MSCs were immune privileged due to the low expres-
sion of MHC-I and HLA-I, and no expression of HLA-
II or costimulatory factors such as CD40, CD80 and
CD86. MSCs can be transplanted as allogeneic cells with
a low risk of rejection. Generally, the original MSCs are
believed to have low immunogenicity [16]. Most MSC
products are manufactured by amplifying a small num-
ber of cells obtained from donors, which can increase
MSC immunogenicity caused by inappropriate processes
and culture conditions. After MSCs infusion, the in vivo
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inflammatory molecules in turn increase MSC immu-
nogenicity and further decrease MSCs viability and dif-
ferentiation capacity, particularly when administrating
xenogenic MSCs including human MSCs in animal mod-
els [17]. Although the primary immunogenicity of MSCs
derived from in vitro experiments might be minimal, the
secondary immunogenicity induced by in vivo positive
feedback loops can cause the absence of efficacy reported
in most clinical trials.

Studies have shown that inflammatory molecules
(such as interferon-y), increased cell density, and/or
serum deprivation can induce high expression of MHC-
II in MSCs, while TGF-p suppresses MHC-II expression
[18]. The immune compatibility between donors and
recipients is the key to reduce the risk of rejection in the
event of long-term treatments with repeated infusions,
in conditions requiring promotion of transplanted bone
marrow integration, or post-renal transplantation rejec-
tion treatments [19]. It has been reported that repeated
intra-articular injection of allogeneic MSCs is more likely
to cause an adverse reaction than autologous cells when
administered in the same manner [20]. The same obser-
vations were reported in horses treated with intracellular
xenogen-contaminated autologous MSCs (such as FBS)
or non-xenogen-contaminated allogeneic MSCs [21].

MSCs of high quality is the first step to ensure the
safety and efficacy in clinical trials. Understanding the
molecular and cellular mechanisms underlying the
immune incompatibility of MSCs will help to improve
the manufacture of MSC products.

Stemness stability and differentiation of MSCs

MSCs have mesodermal lineage differentiation potential
and the potential to regulate tissue regeneration by medi-
ating tissue and organ repair, as well as replacing dam-
aged cells [22]. Different tissue-derived MSCs exhibit
tendencies to differentiate into different end-stage line-
age cells [23, 24], and such regeneration and differentia-
tion contribute to distinctive clinical efficacy.

Several laboratories have analyzed the proteome
modifications associated with MSCs differentiation [25,
26]. They indicated that “stemness” genes were highly
expressed in undifferentiated and de-differentiated MSCs
[27, 28]. These highly stemness-related gene clusters
in MSCs have been found to be mainly involved in the
proliferation, differentiation, and migration [29]. When
MSCs differentiated into osteoblasts, chondrocytes,
and adipocytes, expressions of these genes significantly
decreased, underlining their unique characteristics.
Table 2 lists typical stemness genes of MSCs.

Serial passaging in long-term culture could negatively
affect the expression of stemness genes [48, 49]. A pre-
vious study indicated that CD13, CD29, CD44, CD73,
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Table 1 Some representative registered clinical trials of MSC therapies
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NCT Number Title Phase Sponsor/Collaborators
NCT02097641 Human Mesenchymal Stromal Cells For Acute Respiratory Distress Phase 2 National Heart, Lung, and Blood Institute (NHLBI)
Syndrome (START) Massachusetts General Hospital
Stanford University
University of Pittsburgh
University of Minnesota
Ohio State University
University of California, San Francisco
NCT00957931 Allo-HCT MUD for Non-malignant Red Blood Cell (RBC) Disorders: Phase 2 Stanford University
Sickle Cell, Thal, and DBA: Reduced Intensity Conditioning, Co-tx University of Minnesota
MSCs University of Alabama at Birmingham
NCT01771913 Immunophenotyping of Fresh Stromal Vascular Fraction From Phase 2 University of Sao Paulo
Adipose-Derived Stem Cells (ADSC) Enriched Fat Grafts
NCT01909154 Safety Study of Local Administration of Autologous Bone Marrow Phase 1 Puerta de Hierro University Hospital
Stromal Cells in Chronic Paraplegia (CME-LEM1)
NCT03102879 Encapsulated Mesenchymal Stem Cells for Dental Pulp Regeneration  Phase 1 Universidad de los Andes, Chile
Phase 2 Cells for Cells, Chile
NCT02467387 A Study to Assess the Effect of Intravenous Dose of (aMBMC) to N/A CardioCell LLC
Subjects With Non-ischemic Heart Failure Stemedica Cell Technologies, Inc
NCT02387749 Effect Of Mesenchymal Stem Cells Transfusion on the Diabetic Periph-  N/A Cairo University
eral Neuropathy Patients
NCT01932164 Use of Mesenchymal Stem Cells for Alveolar Bone Tissue Engineering ~ N/A Hospital Sirio-Libanes
for Cleft Lip and Palate Patients
NCT02481440 Repeated Subarachnoid Administrations of hUC-MSCs in Treating SCI Phase 1 Third Affiliated Hospital, Sun Yat-Sen University, China
Phase 2
NCT02165904 Subarachnoid Administrations of Adults Autologous Mesenchymal Phase 1 Emory University
Stromal Cells in SCI
NCT02330978 Intravitreal Mesenchymal Stem Cell Transplantation in Advanced Phase 1 University of Sao Paulo
Glaucoma
NCT01183728 Treatment of Knee Osteoarthritis With Autologous/ Allogenic Mesen- ~ Phase 1 Red de Terapia Celular
NCT01586312 chymal Stem Cells Phase 2 Fundacion Teknon, Centro Medico Teknon, Barcelona
University of Valladolid
NCT02037204 IMPACT: Safety and Feasibility of a Single-stage Procedure for Focal Phase 1 UMC Utrecht
Cartilage Lesions of the Knee Phase 2
NCT02958267 Investigation of Mesenchymal Stem Cell Therapy for the Treatment of ~ Phase 2 OhioHealth
Osteoarthritis of the Knee
NCT00587990 Prospective Randomized Study of Mesenchymal Stem Cell Therapy in -~ Phase 1 National Heart, Lung, and Blood Institute (NHLBI)
Patients Undergoing Cardiac Surgery (PROMETHEUS) Phase 2 Johns Hopkins University Specialized Center for Cell Based Therapy
The Emmes Company, LLC
University of Miami
NCT01385644 A Study to Evaluate the Potential Role of Mesenchymal Stem Cellsin ~ Phase 1 The Prince Charles Hospital
the Treatment of Idiopathic Pulmonary Fibrosis Mater Medical Research Institute
NCT02509156 Stem Cell Injection in Cancer Survivors Phase 1 The University of Texas Health Science Center, Houston
National Heart, Lung, and Blood Institute (NHLBI)
NCT02379442 Early Treatment of Acute Graft Versus Host Disease With Bone Marrow-  Phase 1 National Heart, Lung, and Blood Institute (NHLBI)
Derived Mesenchymal Stem Cells and Corticosteroids Phase 2 National Institutes of Health Clinical Center (CC)
NCT01087996 The Percutaneous Stem Cell Injection Delivery Effects on Neomyogen- Phase 1 University of Miami
esis Pilot Study (The POSEIDON-Pilot Study) Phase 2 National Heart, Lung, and Blood Institute (NHLBI)
The Emmes Company, LLC
NCT02013674 The TRansendocardial Stem Cell Injection Delivery Effects on Neomyo-  Phase 2 The Emmes Company, LLC
genesis Study (The TRIDENT Study) University of Miami
NCT01392625 PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis ~ Phase 1 National Heart, Lung, and Blood Institute (NHLBI)
in Dilated CardioMyopathy (The POSEIDON-DCM Study) Phase 2 University of Miami
NCT00768066 The Transendocardial Autologous Cells (nMSC or hBMC) in Ischemic Phase 1 University of Miami
Heart Failure Trial (TAC-HFT) Phase 2 The Emmes Company, LLC
NCT00629018 Safety and Efficacy Study of Stem Cell Transplantation to Treat Dilated ~ Phase 2 University Medical Centre Ljubljana
Cardiomyopathy Blood Transfusion Centre of Slovenia
Stanford University
NCT00927784 Effect of Intramyocardial Injection of Mesenchymal Precursor Cellson  Phase 2 Icahn School of Medicine at Mount Sinai

Heart Function in People Receiving an LVAD

National Heart, Lung, and Blood Institute (NHLBI)
Angioblast Systems

N/A, not applicable
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CD90, CD105, and CD106 in MSCs are down-regulated
during culture expansion compared to MSCs in the stro-
mal fraction [50]. The senescence-related proteins p53,
p21, and pl6 expressed under different conditions [51].
Rene et al. reported that after short-term in vitro cul-
ture, wild-type MSCs became senescent, and p21(—/—)
p53(+/+) MSCs showed an elevated spontaneous apop-
tosis rate but no sign of tumoral transformation [52].
On the other hand, Mclean et al. discovered cancer-
associated MSCs (CA-MSCs), which are determined by
the expression of CD44, CD73, and CD90, exhibited the
upregulation of the TGF-f superfamily/bone morphoge-
netic protein (BMP) family [53], and MSCs harbored the
potential to differentiate into cancer-associated fibro-
blasts (CAFs) at latter passages [54—57]. The malignant
phenotypes of MSCs associated with CAFs could express
Meflin, which is also a marker of MSCs maintaining their
undifferentiated state [57-59].

To provide sufficient MSCs for clinical trials, MSCs
need to be amplified in a large scale, which will inevita-
bly face the issue of MSCs senescence and subsequent
modifications of gene expressions [60]. Therefore, the
long-term culture of MSCs often results in decreased
proliferation and differentiation capacities and shortened

life expectancy [61]. A standardized manufacturing pro-
cess is essential for the success of clinical trials. Though
the above molecules have been found to mediate the
stemness of MSCs and regulate their differentiation,
it remains challenging to control the fate of MSCs in a
complex in vivo environment.

Heterogeneity of MSCs

Heterogeneity of MSCs is determined by multiple factors
including but not limited to donors and tissue sources,
cell populations, culture conditions, cell isolation tech-
niques, cryoprotective and thawing protocols [62—-64]
(Fig. 3).

MSCs were defined as adherent cells with a spindle-
shaped morphology in standard culture conditions
according to the minimal criteria developed by the Inter-
national Society of Cell Therapy in 2006 [65]. They were
characterized by the following features: (1) expression of
CD105, CD73, and CD90, but no expression of CD45,
CD34, CD14 or CD11b, CD79a, CD19, or HLA-DR; (2)
capacity to differentiate into osteoblasts, adipocytes,
and chondroblasts in vitro. However, these criteria were
insufficient to define MSCs as variations exist at multi-
ple levels. First, MSCs from different donors have distinct
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Table 2 Some typical stemness genes of MSCs

Abbreviation Names Functional description References

HMGB1 High Mobility Group Box 1 Interacts with SDF-1 and CXCR4; required for tissue repairment [30]

KLF2 Kruppel-like Factor 2 Enhances MSC proliferation; required for the maintenance of [31]
stemness

MCM?2 Minichromosome maintenance marker 2 Required for cell division and DNA replication [32]

CCNA2 Cyclin A2 Regulates cell cycle (33]

PCNA Proliferating cell nuclear antigen Recruits and retains many enzymes required for DNA replication [34]
and repairment

POLA1 DNA Polymerase Alpha 1 Required for DNA replication [35]

POLD1 DNA Polymerase Delta 1 Required for DNA replication [36]

RFC4 replication factor C subunit 4 Required for DNA replication [37]

MAD2L1 mitotic arrest-deficient 2 like 1 Executes mitotic checkpoint [38]

CDK1 Cyclin-Dependent Kinase 1 A catalytic subunit of a protein kinase complex that induces cell [39]
entry into mitosis

CCNB1 Cyclin B1 Predominantly expressed in the G2/M phase of cell division [40]

CDC45 Cell Division Cycle 45 An important component of the replication fork, in DNA unwind-  [41]
ing

TUBATB Tubulin Alpha 1b Mitosis, cell movement, intracellular movement, and other biologi- [42]
cal processes

E2F1 E2F Transcription Factor 1 Promotes proliferation or apoptosis in response to DNA damage [43]

BIRC5 Baculoviral IAP Repeat Containing 5 Regulates apoptosis [44]

BLM Bloom syndrome, RecQ helicase-like Maintains genome integrity [45]

[TGAV Integrin Subunit Alpha V Belongs to a-V integrin family, required for cell surface adhesion [46]

MAD2L1 Mitotic spindle assembly checkpoint protein MAD2A  Required for chromosomes alignment at metaphase plate [47]
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Fig. 3 MSCs exhibit heterogeneity at multiple levels. Heterogeneity
of MSCs is determined by factors at multiple levels. (1) Donors

at different health status, genetics, gender, and age may result

in variations. (2) Tissue from different sources exhibits distinct
characteristics, therefore leading to heterogeneity. (3) Cell isolation
techniques may lead to distinct purity and sub-populations. (4)

Cell culture environment and preservation conditions could affect
the expansion and states of MSCs, therefore also affecting the
heterogeneity

functions due to differences in age, health condition, and
other individual characteristics. Second, MSCs from dif-
ferent tissues ranging from adipose tissue to bone mar-
row could be distinct in terms of surface markers and
differentiation capacities. This variation probably results
from different biological, chemical, and mechanical
stresses in stem cell niches, though the culture condi-
tions are similar in vitro. Moreover, MSCs form clones,
and cell heterogeneity exists both inter-clonally and
intra-clonally. Extracellular matrix genes and osteo-
genic transcription factor-related genes show increased
expression in highly osteogenic clones compared to poor
osteogenic clones. Cell morphology and differentiation
ability within one clone can also be remarkably different.
For instance, cells located at the outer periphery express
higher levels of genes related to cell proliferation (MKI67
and PODXL), while extracellular matrix genes (VCAM]1)
tend to be expressed in interior MSCs [66].

To identify specific cell subsets in heterogeneous MSCs,
researchers have been continuously exploring character-
istic cell surface markers and molecular signatures. Sin-
gle cell-derived colony with rapidly dividing cells shows
high colony-forming efficiency. STRO-1, CD146, and
CD271 have been identified as cell surface markers for
this subset [67]. However, cell subsets sharing similar
surface markers would exhibit different chondrogenic
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differentiation capacities even under the same culture
conditions [68]. RNA sequencing and microarray analy-
sis have showed transcriptional signals predicting differ-
entiation potential. Osterix and distal-less homeobox5
are the main transcription factors involved in osteoblast
differentiation, while peroxisome proliferator-activated
receptor gamma (PPAR-y) and CCAAT/enhancer-bind-
ing protein alpha are associated with adipogenic poten-
tial [69]. In addition, MSCs with specific surface markers
of differentiation potential may present various physi-
ological functions [70]. For example, CD105+ MSCs
exhibited myogenic potential assisting the repairment
of the infarcted myocardium [71], while CD106 4+ MSCs
showed enhanced multipotency and immunosuppres-
sive ability [72]. Increasing evidence shows that MSCs
comprise multiple subsets with specific surface mark-
ers. More work is needed to define these subpopulations
based on biomarkers and biological functions.

Directed migratory capacity of MSCs

The therapeutic efficacy of MSCs is highly dependent
on their in vivo migration and homing capacities. The
migrating direction is determined by chemokine recep-
tors expressed on MSCs and chemokines in tissues
[73]. Freshly isolated MSCs have a good homing effect,
which is decreased after somatic expansion. For exam-
ple, the chemokine receptor CXCR4 is highly expressed
on primary bone marrow MSCs, but gradually lost with
passages, resulting in the less recognition of its ligand
CXCL12 (also known as SDF-1a) [74, 75]. Together, the
primary MSCs are expected to have a better therapeutic
efficacy due to more potent migration capacity.

However, the expression profile of chemokines in dam-
aged tissues is often not compatible with that of recep-
tors on MSCs. For instance, CXCL1, CXCL2 and CCL7
increased in infarcted myocardium, while expression of
corresponding receptors (CCR1 and CXCR2) on MSCs
was very low, resulting in low efficiency in the migration
of MSCs to infarct sites [76]. To improve the migration
rate, MSCs are genetically modified to express specific
chemokine receptors [73]. For example, CCR7-modified
MSC:s efficiently migrated to secondary lymphoid organs
and demonstrated significant clinical efficacy in the
GVHD mouse model [77, 78]. CXCR5-modified MSCs
migrated to the damaged sites by binding to CXCL13,
which was highly expressed in damaged tissues [79].
Taken together, genetically modified MSCs are an inde-
pendent treatment entity and could be used as targeted
therapy.

The delivery of MSCs emerges as a prerequisite to the
unfoldment of their full therapeutic potential. Differ-
ent delivery routes could affect cell homing, survival,
and paracrine function. Systemic delivery is considered
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a reasonable approach. However, the reported effect in
terms of homing rate, survival rate, and maintenance of
cellular function was modest and transient [80] for rea-
sons including poor migration rate from vessels to tissues
and high retention rate in the liver, lungs, and spleen [81].
In contrast to intravenous delivery, intra-tissue or intra-
organ delivery showed higher delivery retention and
efficiency, as evidenced by a large body of studies [82].
However, clustering of MSCs and occlusions in microvas-
culature has been reported in some disease models such
as myocardial infarction [83]. Walczak et al. reported that
only cells with a diameter between 20 and 50 pm could
avoid intracerebral entrapment [84]. Therefore, to maxi-
mize therapeutic efficacy, both the migratory capacity
of MSCs and appropriate delivery methods should be
considered.

Limited expansion of MSCs

Theoretically, MSCs can be expanded in vitro in tradi-
tional culture plates and flasks to any amount that meets
experimental purpose. However, with prolonged culture
duration and increased passage numbers, MSCs reach
the Hayflick limit, exhibiting a marked decrease in prolif-
eration with a transformation in morphology from a thin
spindle shape to a flattened square shape. The cell density
seeded in the culture containers also plays a role in the
senescence of MSCs. Neuhuber et al. found the optimal
cell growth of rat MSCs at 200 cells per cm? compared
with 20 cells or 2000 cells per cm? [85]. In other studies,
a relatively low density (~ 1.5-200 cells per cm?) was sug-
gested to support better proliferation [86]. Alterations in
autocrine secretion and contact inhibition may contrib-
ute to the slow growth at high density.

Large-scale expansion in 2D plates over long term also
impacts stem cell characteristics of MSCs. According to
Zhao et al., hUC-MSC:s at various passages have multiple
mutation spectra on signatures and functions, and cells
at high passage showed declined therapeutic effect in
aGVHD mouse model [87]. It has been shown that chon-
drogenic differentiation of MSCs in 2D culture is less effi-
cient than that of MSCs in 3D culture [88]. Therefore, 3D
expansion of MSCs was developed to prevent phenotypic
changes caused by monolayers, where a broad and flat-
tened morphology upon passaging was well preserved.

Moreover, MSCs have shown the capacity to differenti-
ate into numerous cell types such as neural cells, hepat-
ocyte-like cells, and pancreatic islet-like cells [89, 90].
The transient differentiation of MSCs into neural pre-
cursor-like cells may experience de-differentiation dur-
ing extended culture [91]. Therefore, in vitro induction
is often insufficient to yield pure functionally competent
cells.
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Taken together, developing the technique that can pro-
duce a huge number of cells rapidly and cost-effectively
with guaranteed cell quality is paramount for the clinical
progress of MSCs.

Effective components of MSC treatments

The secretion of cytoprotective factors by MSCs was
first reported by Gnecchi and colleagues. They observed
that Akt-MSCs (MSCs overexpressing Akt) prevented
ventricular remodeling and improved the heart func-
tion following surgical myocardial infarction (MI). Since
cell transplantation and myogenic pathways would be
ineffective over such a brief interval, a new mechanism
was proposed that the injected MSCs might act through
releasing trophic factors that contribute to myocardial
protection following an ischemic insult. This hypothesis
was then confirmed by evident improvements in cardiac
performance following injection of conditioned medium
(CM) collected from hypoxic Akt-MSCs into an induced
MI model, which protected ventricular cardiomyocytes
with less apoptosis when subjected to a hypoxic condi-
tion [92].

In 2007, Dai et al. observed that MSCs-CM had a
similar, albeit less intense, effect of MSCs in myocar-
dial infarction, indicating that at least part of the effect
observed following MSCs injection could be attributed to
soluble factors [93]. In the context of neuronal damage, it
has been established that the presence of BDNF, GDNF,
NGE, and IGF in the MSCs secretome is necessary for
the neuronal survival in vitro and in vivo [94, 95]. MSCs-
CM has demonstrated therapeutic efficacy in some other
disease models including chronic kidney disease, certain
lung, and liver diseases [96, 97].

The paracrine effects of MSCs as an initial mechanism
of action inspired further biological analysis of MSCs
secretome [98]. Subsequent studies found more parac-
rine effectors, including soluble cytokines, growth fac-
tors, hormones, miRNAs, or IncRNAs that targeting a
variety of cells such as immune cells and injured tissue
cells [99]. In addition, the paracrine effectors could be
loaded in extracellular vesicles (EVs) and exerted long-
term effects [100]. In accordance, many studies have
shown that MSC-derived EVs retain the biological activ-
ity of parental MSCs. It has been demonstrated that EVs
showed a similar therapeutic effect as MSCs in selected
animal models [101]. However, different studies found
various effective components of MSCs in specific animal
models and human diseases, and the interactions and
functional differences between effectors remain elusive.
Therefore, novel in-depth analytical techniques and plat-
forms are warranted to investigate the MSCs secretome
in the future.
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Attempts to improve the therapeutic outcomes

of MSCs

Although there were no attributable serious adverse
events after MSC therapy, fever within 24 h and tempo-
rary pain at the injection sites are commonly occurred.
Here we summarize four strategies to limit adverse events
related to MSC treatments and improve the therapeutic
outcomes, including genetic modifications or priming
strategies to change the inherent characteristics of MSCs,
and biomaterial strategies to modify the outside circum-
stances, and the usage of MSCs secretome (Fig. 4).

Biomaterial strategies to maintain more homogeneous
MSCs

Biomaterials for delivering MSCs have been extensively
investigated. These materials showed advantages in offer-
ing a scaffold for the adherence and survival of MSCs,
as well as preserving the functional components MSCs
secreted, thus elongating the effective durations in clini-
cal treatment. However, the implantation of biomateri-
als could induce the foreign-body responses (FBR) in
the host immune system, which can potentially result in
fibrosis and failure of the implantation. Therefore, bioma-
terials suitable for MSCs were constructed to ameliorate
the FBR and subsequent fibrotic encapsulation [102]. For
example, loading MSCs with small-molecule encapsulat-
ing microparticles (MPs) can boost the duration of the
products. MPs are composed of biocompatible materials
that can be therapeutically tuned according to their com-
position, polymer molecular weight, drug loading, and
release capacities [103]. MSCs loaded with degradable
budesonide-containing MPs exhibited fourfold increase
in IDO activity in vitro compared to MSCs without being
pre-treated with budesonide [104]. This led to a twofold
improvement in the suppression of peripheral blood
mononuclear cells (PBMCs) activation following IFN-y
stimulation [105].

MSCs are typically delivered to a graft site using a
decellularized extracellular matrix (ECM) scaffold. The
advent of synthetic polymers has revolutionized tissue
engineering. These polymers are highly tunable, homog-
enous, and cell-free materials and have a high batch-to-
batch consistency taking the form of porous hydrogels,
sponges, plates, or membranes [106, 107]. However,
their unique properties could exert different influences
on MSCs function. Table 3 summarizes the influence of
biomaterials properties on the function of MSCs, includ-
ing dimensionality, stiffness, topographical cues, surface
chemistry, and microstructure of biomaterials.
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Biochemistry
Microstructure

Biomaterial strategies

Small molecules
Hypoxia
Biomaterials

Priming MSCs

Utilize the MSCs
secretome as drug
delivery platform

Fig. 4 Current attempts to improve MSC treatment. To improve the therapeutic efficiency of MSCs treatment, modification was made mainly in
the following aspects: (1) genetic modification of MSCs by viral transduction or CRISPR/Cas9 techniques to engineer MSCs with enhanced homing,
potency, or expansion capacities; (2) priming MSCs with small molecules, hypoxia, or structural stimulations by biomaterials to improve MSC
function, survival, and therapeutic efficacy, thus boosting their therapeutic efficacy; (3) biomaterial strategies to improve the survival and function
of MSCs by offering a scaffold for MSCs adherence, including modifications on dimensionality, stiffness, topographical cues, surface chemistry, and
microstructure of biomaterials. (4) Utilize the MSCs secretome as a drug delivery platform for treatment

Genetic modification to produce MSCs with desired
biologic function
Viral DNA transduction and mRNA/DNA transfection
To further optimize the therapeutic efficacy of MSCs,
MSCs have been genetically engineered to produce
trophic cytokines or other beneficial gene products
in numerous preclinical models by transfecting MSCs
with viral or non-viral vectors. Over the last few dec-
ades, these MSCs have successfully been engineered
to express therapeutic peptides and proteins in animal
models [119]. For instance, MSCs expressing thiore-
doxin-1 (Trx1, a powerful antioxidant, transcription
factor and growth factor regulator) improved cardiac
function in post-myocardial infarction rat models
[120]. MSCs expressing IL-12 showed potent anticancer
activity against melanoma, breast cancer, and hepatoma
[121, 122]. And MSCs expressing interferon-y inhibited
tumor growth in mouse neuroblastoma and lung car-
cinoma models [123, 124]. In line with these advances
achieved in animal models, several MSCs-based thera-
pies are under clinical development (Table 4).

However, both viral and non-viral vectors have some
limitations. Non-viral vectors present transient gene
expression and low-transfection efficiency, while viral

transduction is associated with a higher risk of chro-
mosomal instability, insertional mutagenesis, and
proto-oncogene activation despite the inherent high
transfection efficiency [125]. The adverse immune reac-
tions induced by viral transduction were reported to
impair the stability of transgenes [126, 127]. Therefore,
the limitations and adverse responses should be valued
when modifying MSCs by transfection.

Some studies made attempts on human-induced
pluripotent stem cell (iPSC)-derived MSCs to
obtain improved expandability. Actually, therapeutic
transgenes could be inserted into iPSC-derived MSCs
before MSCs derivation. This strategy could eliminate
insertional mutation as well as guarantee stable expres-
sion of transgenes during prolonged expansion [128].
So iPSC-derived MSCs may be a candidate of MSCs for
usage.
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Table 4 Engineered MSCs for treatment reaching the clinical stage
Delivery system Administration Sponsor Indication Development Status NCT number
route phase
MSCs secreting Intraperitoneal M.D. Anderson Ovarian cancer Phase 1 Active, not recruit-  NCT02530047
IFN-8 Cancer Center, ing
Dallas TX
MV-NIS infected Intraperitoneal Mayo Clinic, Roches-  Recurrent ovarian Phase 1/2 Recruiting NCT02068794
adipose tissue— ter MN cancer
derived MSCs
Bone marrow- Intravenous Hospital Infantil Metastatic and Phase 1/2 Completed NCT01844661
derived autolo- Universitario Nifio refractory solid
gous MSCs Jesus, Madrid, tumors
infected with Spain
ICOVIRS5, an onco-
lytic adenovirus
(CELYVIR)
MSCs genetically Intravenous University College, ~ Lung adenocarci- Phase 1/2 Recruiting NCT03298763
modified to London noma
express TRAIL
Autologous human  Intravenous Apceth GmbH & Co.  Advanced gastroin-  Phase 1/2 Completed 2012-003,741-
MSCs geneti- KG, Germany testinal cancer 15 (EudraCT
cally modified to number)

express HSV-TK

CRISPR-Cas9 technology to obtain highly homogeneous
MSCs
With CRISPR/Cas9 technology, genetic modification of
MSCs can be done with higher efficiency and specificity
[129]. Compared to transcription activator like effector
nuclease (TALEN) and the zinc-finger nucleases (ZFNs),
CRISPR/Cas9 technology is faster, more economically
efficient, and user-friendly [130]. CRISPR/Cas9-based
gene manipulation has been widely employed in stem cell
field particularly MSCs research, including gene knock-
in, knock-out, activation or silence, etc.

CRISPR/Cas9-mediated gene knockdown in MSCs has
been proved effective in treating diseases such as myocar-
dial infarction [131]. Targeted gene knock-in promoted
the differentiation capacity of MSCs and, in turn, ame-
liorated the insufficiency of functional cells in local sites
[132]. Genetically modified MSCs have been evaluated
in clinical trials. The TREAT-ME-1 study, an open-label,
multicenter, and first-in-human Phase 1/2 trial, evaluated
the safety, tolerability, and efficacy of genetically modified
autologous MSC-apceth-101 treatment in patients with
advanced gastrointestinal adenocarcinoma [133]. Further
investigations are still needed to obtain unequivocal evi-
dence on the differentiation and regeneration potentials
of MSCs in vivo. Moreover, next-generation sequencing
and genotypic techniques might serve as a new paradigm
to improve the efficacy on targeting specific cell types for
personalized medicine. CRISPR gene-engineered MSCs
studies are illustrated in Table 5.

Despite the specificity of CRISPR/Cas technol-
ogy in gene delivery [143], only one clinical trial of

MSCs modified with CRISPR/Cas9 has been registered
(NCTO03855631).

“Priming” MSCs with small molecules to exogenously boost
their therapeutic function

Given current manufacture of MSCs cannot meet the
requirement for clinical trials in terms of production
scale, the alternative is to boost the function of limited
cells through priming MSCs. Priming has also been
referred to as licensing or preconditioning, which is a
concept commonly used in the field of immunology, and
it has been adapted to the scope of stem cells [144, 145].
One of the commonly used strategies is priming MSCs
with pro-inflammatory mediators, including IFN-y, TNF-
a, IL-1a, and IL-1f, and more priming approaches are
being proposed to improve the function, survival, and
therapeutic efficacy of MSCs [146, 147]. The priming
approaches could be divided into three categories based
on the stimulations: (a) MSCs priming with small mole-
cules, (b) MSCs priming with hypoxia, (c) MSCs priming
with biomaterials. Table 6 summarizes some representa-
tive priming MSCs.

“Priming” MSCs resulted in exogenously boosted
therapeutic function in comparison with original state.
Several “primed” MSC products have been applied clin-
ically, with the most notable being NurOwn from Brain-
storm Cell Therapeutics Company. NurOwn boosted
the expression of multiple neurotrophic factors (NTFs)
including GDNF, BDNF, VEGF, and HGF [173]. When
administered to patients with neurodegenerative dis-
eases, NurOwn delivered multiple NTFs as well as the
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Table 5 The tests of modified MSCs using CRISPR-Cas9 technology

Source of MSCs Gene

Outcome References

Human umbilical cord-derived MSCs  MCP-1/CCL2

Human pancreatic ductal tissue MSCs

PTEN gene

Mouse bone marrow MSCs

Human bone marrow MSCs

Promotor of ectodysplasin (EDA)

Mouse bone marrow-derived MSCs IL-10

Rat bone marrow MSCs Smad7

Human mesenchymal stem cells First intron of the PPP1R12C gene

Immortalized human bone marrow
MSC cell line (ATCC PCS-500-041)

PUMILIO2 (PUM2)

Human bone marrow-MSCs

SVA4QT into a safe harboring site at Rosa26 locus

Platelet-derived growth factor B (PDGF-B)

CCL2-overexpressing hUC-MSCs showed better
functional recovery relative to naive hUC-
MSCs, promoting subsequent endogenous
brain repair

[134]

PTEN mRNA synthesized in vitro is capable of
being applied to a MSC-mediated anticancer
strategy for the treatment of glioblastoma
patients

CRISPR/Cas9 HDR-mediated immortalization of
BMSCs can be more effectively reversed than
that of retrovirus-mediated random integra-
tions

After transfection with sgRNA-guided dCas9-E,
the BM-MSCs acquired significantly higher
transcription and expression of EDA by doxy-
cycline (Dox) induction

[135]

[136]

[137]

Transplantation of CRISPR system engineered
IL10-overexpressing bone marrow-derived
MSCs for the treatment of myocardial infarc-
tion in diabetic mice

[138]

Smad7-MSCs is effective in treating liver fibrosis
in the CCl4-induced liver cirrhosis model via
inhibition of TGF-31 signaling pathway

[139]

exogenous gene hFIX was effectively expressed
following site-specific targeting into the
AAVST locus in MSCs; MSCs may be used
as potential cell carriers for gene therapy of
hemophilia B

Depletion of PUM2 blocks MSC adipogenesis
and enhances osteogenesis. PUM2 works as a
negative regulator on the 3’ UTRs of JAK2 and
RUNX2 via direct binding. CRISPR/CAS9-medi-
ated gene silencing of Pum?2 inhibited lipid
accumulation and excessive bone formation

[140]

PDGFB-MSCs increased anti-apoptotic signal-
ing and exhibited enhanced survival and
expansion after transplantation, resulting in an
enlarged humanized niche cell pool that pro-
vide a better humanized microenvironment to
facilitate superior engraftment and prolifera-
tion of human hematopoietic cells

[142]

immunomodulatory components secreted by MSCs.
This combination demonstrated impressive therapeu-
tic efficacy in a phase 2 clinical trial (NCT02017912),
in which ALS patients got reduced ALS progression
24 months after NurOwn infusion compared to the
controls [174]. So the indication of NurOwn has been
expanded to include multiple sclerosis.

However, priming approaches of MSCs still have
many limitations in clinical translation, such as induc-
tion of immunogenicity, high costs, variable effects, and
lack of good manufacturing practices (GMP) suitable
for clinical application [175]. Moreover, the long-term
effect of priming MSCs has not been evaluated yet.
Further studies are needed to evaluate (1) the effects

of different priming approaches in clinic; (2) the best
sources for MSCs isolation; (3) the epigenetic modifi-
cations, immunogenicity, and tumorigenicity of primed
and non-primed MSCs; and (4) the appropriate GMP
standards for quality control of MSC products, includ-
ing quality of cryopreserved primed-MSCs at different
passages.

Utilize the MSCs secretome as a drug delivery platform

for treatment

The “secretome” of MSCs, including secretory proteins
such as growth factors, cytokines, and chemokines and
EVs such as microvesicles (MVs; 100—1000 nm diameter)
and exosomes (40—-150 nm diameter), has been shown to



Page 12 of 24

(2021) 14:24

Zhou et al. ] Hematol Oncol

[£S1]

951l

[ssL]

[#S1]

(€St

[est

f1stl

[ost]

[6¥1]

(811

Orl]

Ainfur bun| paonpul

-UONBIPEJ JO JUSWI1LSJ1 SY1 Ul ADUSIDYS

paseaidul ‘Alljige Juepixonue ayl pue
[BAIAINS P3SeaIUl ‘D | -4|H pateinbaidn

Abeydoine

uoniqiyul Joud Aq pasnpai Ajjeinied

‘0J3A Ul UOIIRULIO) 3gN3 PUB UOI}
-eJBIW PaseaIDUul WNIPSW-PaUoIPUOD)

sbal|l

Pa2NPUl PUP ‘UOISS3IAXD SSUIN0IAD

LYL pue 5zad 92epns paugiyul ‘o-|

paseaidul YIM pale|allod uonelayljoid
|92 1 JO [enualod aalssaiddns paseaidu|

uolezijelaulu SUoq
pue Ajiaioe a1eydsoyd auljeyje paseanu|

uon

-e|nbaidn $4IXD Aq sauis Alojewiwejjul

01 [elrua10d uoleIBIW pasealdu] ‘sijod
auNW JO JUsWAO[ASP By} Patenually

K1DIX0101AD paleIpaw-YN pPasnpal
pue s[|92 YN Jo uoissauddns pasealnu|

|ernualod

uONeIBIU PISEIIDUI PUB UOJOD Ul S[9AS)

2U01AD A101eWWelul-01d padnpal
'S11|02 JO ULWdO[SASP PalenuaY

uolelsusbal suoq
|BLIBAJED 9SNOW S2NPUI SOSIN UBwNy
pareantald-A-N| Jo uoneiue|dsuesiousx

SOUP0IAD
JO 92U3SCR dY3 Ul USAS UOISsaidxa
LOQ] 404 pasiod aie sHSA ‘pawind
9DU0 ‘1Y) pue 3N [BDIUID 10) SDSA
aledald 01 pasn Ajuouwwod Buissadoid
Bupnp pauleiulew s uoiesae syl
1ey3 1910woud |Od| ay3 1e buljpoual
upewoIyd sasned bujwid sHS

uonsnpoid

SOUPOIAD LY] puUe L Qd 10) Spuebil| ay1
ybno.y1 uoNdUNY JOIDYS (|90 | PaUGIYU|

921w pasnjul

-DSW SAIBU YUM paledlod udaym

1.l [BAIAINS BuIsealdul Agaiayl ‘901U

dIDS-AON Ul GHAD JO swoldwAs ay1
pasnpal Apuedyiubis sOSIA pawid A-N4|

(21W) OAIA Ul /OIYIA UJ

ONIA U|

oAU

OJ1IA U

(321W) OAIA U /OIYIA UJ

ONIA U|

(21W) OAIA U /OJYIA U|

1A U

oNIA U

oAU

OAIA U

[9pow Ainfur bun| pasnpul-uonelpey

[9POW S110d PRINPUI-SSA

[9POW S11j0> PRINPUI-SSA

S||92 | pajeAnde
Jo uonessyijoid 1ioddns 03 Aiessadau
ueydoydAiy saisidap yoiym ‘Lod|

(@HAD) 25835IP 3S0Y-SNsIan-1elb

MOJJeWd suog

AJ|af suomeymn

MOJJeW auog

MOJIeW sauoyg

pI03 [eDIjIqUIN

pI0d [eDIjIGUIN

MOJleW auoyg

MOlJew auog

MOLIBW BUOY

MOLIRW DUOY

MOJleW auoyg

O %S¢

0 %S

VLT

Sd1PueB-4NL

A-N4I

A-N4I

A-N4I

A-N4|

A-N4I

S9OU319j)9Y

s}jnsay

OJ}A UI/OAIA U]

aseasip/|spo

SIS 924n0S

lInwns

salpn3s |es1ul)d pue jestulpaad ul sHSI buiwiad aanejussaiday 9 3jqel



Page 13 of 24

(2021) 14:24

Zhou et al. ] Hematol Oncol

[991]

[so1l

oLl

[eotl

[eoll

[091]

lest]

[8s1]

(951

1eay dl1agelp e uj uonduny aaoidwi 0y
Aljige ay3 paseainul ‘Aljige diusboibue
pue uonesayijoid ‘|eAlnIns padueyu]

Aipeded djuaboipuoyd paseasds
uonezjelayyda
-3] puUe ‘UOI12BIIUOD PUNOM ‘UOIIBIDS
XL1eW Jejn||9oeixa ‘sissusbolbue
‘UoI1PWIO} 3NSSI} UOIe|NURID PRIOWOI]

UOI1eULIO} Je|NdSeAORU paroidull

puUE S|SOIQY [BIHISIDIUI PIINPII YIIM

24N15NJIS PUB UOIdUN DRIPIeD JO

A1an0231 a1 parowloid sjpbolpAy XOd
PapPROI-DSIA JO uswadeld [eipiedids ay |

Aljige uonen

-Ualayip dlusboipuoyd paroidul pue
‘uonoNpPoId X1U1BW ‘|BAIAINS |92 Pasealou|

|| 2dA1

uabe||0d Jo uondnpoid paseasdul Aq
UOIIBIIUSIRYIP SISSUSHOIPUOYD padnpu|

SJWOD ‘uedaibbe

| uabe| |02 Jo suolssaidxa buiseanur Aq
UOIIRIIUIRHIP SISOUSD0IPUOYD PIdNpU|

OAIA U [BAJAINS PRDUBYUD

'S|9A3] L-OH PUE D SWO0IYD0IAD

Pase2129p ‘SUOIIPUOD UopeAldap
-UWINJ3S J9PpUN Y1eap ||92 pasnpay

uo2103s
4DH3IA PIsealdul pue ‘swisiueydaul
ojjoydode-j3ue padNpUl JUSWUOIIAUS
I|-eruayds! Ul Ayoeded djuabolbue
-0id pue [AIAINS 94} pasealdu|

OAIA Ul S10YeIpaU
510IqY pue AJo1ewuleul padnpal
pue suonduny Aleuowl|nd paroidul|

OAIA Ul UOI321035 aU 014D djusbolbue
pue ‘[eAIAINS ‘UolieIS)l0Id paduRYUT

|ernuaiod sjusbolbue
pasealdU] PUe S3INI3|OW UoIsaype
‘s19p10dsuely 9500n|6 pareinbaidn

(921W) OAIA U] /OJNIA U]

oA U

(S1e4) OAIA Ul /OJUIA U|

OAIA Ul /OIUIA U]

ONIA U|

oA U

ONIA U|

(21W) OAIA Ul OIYIA U]

oNIA U

(9D1U) OAIA Ul /OIIA U]

(9D1U) OAIA Ul /OIYIA U]

ONIA U|

|opow
U12030z01da11s Yiim padnpul sa1qgeld

|opow s1a2|n d132qeIg

[9pOW UONDIRUI [BIPIEIOA 1Y

201w UDYsp
-aUNWIWI OIU] UORD3(U] JejndsnuweU|

|opow
s1s0lqy Areuow|nd pasnpul-udALIOa|g

|9POW BIWAYDS quIjpuly auLNiy

(3SNow D39geIp) MOLIeW U0y

MOJJeW BU0g

(1e4) moulew auog

(UBWINH) MO1IBW SUO(]

(3e1) MOIRW 3UOg

(3eJ) mollew auog

MOJIeW au0yg

poo|q PO UBWNKH

MOJlIeW suog

anssi asodipy

ejusoe|d

9500N|6 ybIY pue 59115 9A11BPIXO 01
pasodxa $31A20AWOIPIeD WO} WNIP3A

wnipaw a4nyjnd
9Y3 Ul Uole1usou0d 950on|6 ybiH

[9601pAY Ul uonejnsdedul

[9601pAY Ul 21N} Nd || g€

|960.IpAY
pue (/3) @dusanbas spndad Ayuyje ue
Bujuiquiod asodwod Jo 313N 123 g€

P|OJ4eIS UBSOIYD Ul I3 N2 [|9D €

p|oygeds
|9601pAY-USHE||0D Ul 3INYND ||92 g€

O %L

O %l

O %S'L

O %C

O %S'C-C

S9dUD49j9Y

synsay

OJ}A UI/OAIA U]

aseasIp/|9po

SIS @24n0S

nwis

(panunuod) 9 3qey



Page 14 of 24

(2021) 14:24

Zhou et al. ] Hematol Oncol

les1]

[Ls1]

(011

(691]

$|9SSIA dAINISOd-UI12e-D JPSNWU
YIOOWS PUB §|9SSIA0IIIU JO JagUINU
9Y3 pasealdul quawijesbus panoiduw|

uopeauabap QA JO JusWiIeal}

3U1 10J SDSIAl JO 3SN Y3 UM paieidosse

S2bUI||eYD Y1 SWODISA0 03 ADa1elIS

D109} UB 9q P|NOD UOIIeULIO) PIOI
-ayds pue g-ujjrew Yum sHSK buiwig

OAIA Ul

uonewweyul passaiddns ‘2unynd> gz

01 paredwlod sajndajow diusbuowny

-ue pue (1-31§ pue 9-o5] ) A10}
-euwURUI-IIUR JO S|aA3] YBIY passaidx]

(so1ed Juswi

-UDB11P MOJ) UOIRIUIBYIP D1USH03S0

paAoidull pue Uoeuwlloy) sarebalbbe
1e|n||92 snousbowoy padueyuy

(221W) OAIA Ul /O1IA U]

(119Ged) OAIA UL /O1IA U

(9D1U) OAIA Ul /OIYIA U]

oNIA U

[9POUI BILIBLIS! GUII|PUIH

uoneIauabap (JAI) JSIP [PIGRMISAISIUL

[9pow siiuouad padnpul-uesowAz

poojq piod

anss)y asodipy

MOJlIeW suoyg

MOJlew suog

(doup Buibuey) uonewoy sprosayds

uolelauasb prosayds paswid-¢-uljiew

(doup-buibuey) uonewloy spiosayds

(sanbiu
-U23} JUalayIp) uonewloy piolayds

S90U949j)9Y

syjnsay

0J}IA UI/OAIA U]

aseasip/|spo

SIS 924n0S

lInwns

(panunuod) 93jqey



Zhou et al. J Hematol Oncol (2021) 14:24

exhibit many of the therapeutic properties of MSCs. For
example, MSC-derived EVs have demonstrated similar or
even superior therapeutic capacity for autoimmune dis-
eases and neurodegenerative disorders compared with
their parental MSCs [176, 177]. They also have better
safety profiles due to their better immunocompatibility.
In addition, they can bypass the endothelial layers in the
blood-brain barrier or blood-retinal barrier, providing
an ideal cargo to deliver biomolecules to the central nerv-
ous system [178].

Several studies have demonstrated the clinical effec-
tiveness of MSC-EVs. For example, hBMMSC-EVs
revealed significant improvements in patients suffer-
ing from refractory graft-versus-host disease [179]. In
another study, administration of hUCMSC-EVs resulted
in overall improvement in patients with grade III-IV
chronic kidney disease [180]. Nassar et al. conducted
a clinical trial to assess the effects of hUCMSC-EVs on
pancreatic islet beta cell mass in Type-1 diabetic patients
(NCT02138331). And there are other ongoing trials con-
ducted to determine the safety and efficacy of human
MSC-EVs in ocular diseases such as promoting the heal-
ing of large and refractory macular holes (NCT03437759)
and relieving dry eye symptoms in oGVHD patients
(NCT04213248). Moreover, MSC-EVs have been modi-
fied to load small molecules. For example, miR-124 was
loaded in exosomes to treat patients with acute ischemic
stroke (NCT03384433).

Advances and perspectives to overcome
challenges in MSC clinical application

Artificial intelligence (Al) in MSC treatment

Digital technology and Al are driving the revolution of
healthcare industry [181]. The drug research and devel-
opment became an important application field of Al
technology [182]. Al in de novo design has successfully
produced biologically active molecules with desired
properties [183]. The discovery of drug molecules by Al
has been selected as one of the "top ten global break-
through technologies” by MIT Technology Review in
2020. The advances of Al are likewise expected to boost
the understanding of MSCs therapies and help identify-
ing the essential elements of MSCs.

Al can find new molecular compounds and emerging
drug targets much faster than traditional methods, thus
speeding up the progress of drug development [184,
185]. At the same time, Al can more accurately predict
the follow-up experimental results of new drugs, so as to
improve the accuracy at each stage of drug development
[186]. Computer-aided drug design techniques are thus
revolutionizing MSCs therapies.
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To understand the essential elements in MSCs treat-
ment, Al may recognize the dynamic molecular char-
acteristics of essential elements, which include different
protein sequences, molecular structures, as well as the
binding forces and stabilities between targeted molecules
and cell receptors. These data could be used to train a
predictive model to the utmost accuracy [187]. Predicted
elements may also be produced under Al guidance. Pow-
ered by a robotic platform, a system developed by MIT
researchers partially automates the production of small
molecules that could be used in medicine, solar energy,
and polymer chemistry. Reportedly, the new system com-
bines three main steps. First, software guided by Al pro-
poses a route for synthesizing a molecule, then chemical
experts review this route and refine it into a chemical
"recipe,” and lastly, the recipe is sent to a robotic platform
that automatically assembles the hardware and performs
the reactions that build the molecule [188].

At present, the pharmaceutical world is increasingly
engaged in technologies to shorten the time required to
identify new drugs and repurpose current drugs. Since
MSC therapies showed beneficial effects with complex
undetermined components, AI may be well-suited to
analyzing and revealing essential elements. Companies
such as Merck, GSK, and Roche have developed partner-
ships with Al companies to construct suitable platforms
[189, 190]. However, the drug discovery process with Al
is a long shot, which need to be verified in clinical trials.

Engineered MSC-EVs for treatment

Paracrine effect was discovered to mediate MSCs thera-
peutic efficacy in previous studies [191-193]. EVs are
one of the major paracrine effectors, which are bilayer
membrane structures transferring bioactive compo-
nents [194]. The best-studied EVs can be classified into
exosomes and microvesicles according to their sizes,
shapes, biogenesis, origins, and compositions [195, 196].
Due to their liposome-like structures reflecting biophysi-
cal characteristics of the parental cells, EVs are stable
in vivo compared to other foreign particles [197]. Moreo-
ver, it is relatively easy to modify and/or improve the con-
tents of EVs and their surface properties to enhance the
therapeutic potential or to act as a drug delivery system
[198]. These advantages make EVs promising for clini-
cal treatment. Currently, there are 15 clinical trials reg-
istered in ClinicalTrial.gov (Table 7). However, none has
been completed and challenges remained for the practi-
cal application of EVs.

First of all, the manufacture of large scales of MSC-
EVs with high purity is difficult. MSC-EVs are isolated
from MSC culture media, of which conditions includ-
ing the seeding cell number, media volume, and isolation
method and time of EVs can influence both the quantity
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Table 7 The registered clinical trials of treatment using EVs or exosomes derived from MSCs

NCT number Title Status Condition Phase Start date

NCT04173650 MSC EVs in Dystrophic Epidermolysis Not yet recruiting Dystrophic Epidermolysis Bullosa Phase 1 Sep-2020
Bullosa Phase 2

NCT04276987 A Pilot Clinical Study on Inhalation of Completed Coronavirus Phase 1 Feb-2020
Mesenchymal Stem Cells Exosomes
Treating Severe Novel Coronavirus
Pneumonia

NCT02138331 Effect of Microvesicles and Exosomes Unknown status Diabetes Mellitus Type 1 Phase 2 Apr-2014
Therapy on cell Mass in Type | Diabe- Phase 3
tes Mellitus (T1DM)

NCT04313647 A Tolerance Clinical Study on Aerosol Recruiting Healthy Phase 1 Mar-2020
Inhalation of Mesenchymal Stem Cells
Exosomes In Healthy Volunteers

NCT03384433 Allogenic Mesenchymal Stem Cell- Recruiting Cerebrovascular Disorders Phase 1 Apr-2019
Derived Exosome in Patients With Phase 2
Acute Ischemic Stroke

NCT04223622 Effects of ASC Secretome on Human Not yet recruiting Osteoarthritis - Feb-2020
Osteochondral Explants

NCT04213248 Effect of UMSCs-Derived Exosomes on  Recruiting Dry Eye Phase 1 Feb-2020
Dry Eye in Patients With cGVHD Phase 2

NCT03437759 MSC-Exos Promote Healing of MHs Recruiting Macular Holes Early Phase 1 Mar-2017

NCT04356300 Exosome of Mesenchymal Stem Cells Not yet recruiting Multiple Organ Failure Not Applicable Sep-2020
for Multiple Organ Dysfunction Syn-
drome After Surgical Repair of Acute
Type A Aortic Dissection

NCT04388982 The Safety and the Efficacy Evaluation  Recruiting Alzheimer Disease Phase 1 Jul-2020
of Allogenic Adipose MSC-Exos in Phase 2
Patients With Alzheimer’s Disease

NCT03608631 Exosomes in Treating Participants with ~ Not yet recruiting Metastatic Pancreatic Phase 1 Mar-2020
Metastatic Pancreas Cancer with AdenocarcinomalPancreatic Ductal
KrasG12D Mutation Adenocarcinoma|Stage IV Pancreatic

Cancer

NCT04602442 Safety and Efficiency of Method of Enrolling by invitation  Covid19 Phase 2 Oct-2020
Exosome Inhalation in COVID-19
Associated Pneumonia

NCT04491240 Evaluation of Safety and Efficiency of Completed Covid19 Phase 1 July 2020
Method of Exosome Inhalation in Phase 2
SARS-CoV-2 Associated Pneumonia

NCT04602104 A Clinical Study of Mesenchymal Stem  Not yet recruiting Acute Respiratory Distress Syndrome Phase 1 Oct-2020
Cell Exosomes Nebulizer for the Treat- Phase 2
ment of ARDS

NCT03857841 A Safety Study of IV Stem Cell-derived  Recruiting Bronchopulmonary Dysplasia Phase 1 June-2019

Extracellular Vesicles (UNEX-42) in Pre-
term Neonates at High Risk for BPD

and quality of EVs [199]. Therefore, optimization of cul-
ture methods (e.g., hypoxia, sheer stress, and bioreactor)
combining with intensive evaluation of the pros and cons
of the different EVs isolation methods is prerequisites
for MSC-EVs to yield improvements. These procedures
should be regulated and controlled to ensure the clini-
cal-grade EVs production [200]. Recently, Mendt et al.
reported using a bioreactor system in the GMP facility to
obtain sterile, clinical-grade EVs from BM-MSCs. In that
instance, the therapeutic effects of BM-MSCs on pancre-
atic cancer xenograft mouse models were evaluated, and

feasible directions for clinical application of MSC-EVs
were provided [201].

Safety and efficacy of MSC-EVs in various disease
conditions need to be ensured in further preclinical and
clinical evaluation. In vivo distribution analysis of flu-
orescence-labeled EVs has shown that MSC-EVs might
have homing capacity for injured or tumor-bearing sites
comparable as MSCs [202]. Long-term toxicity and
immunogenicity of repetitive EVs administration using
hematological examination, histopathological analysis,
and immunotyping test should also be performed to find
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whether MSC-EVs might trigger immune responses or
toxic reactions [203].

After the disclosure of precise mechanisms of action
or key therapeutic factors in MSC-EVs therapy, targeted-
EVs could be expanded in uniform proliferative cells such
as fibroblasts via gene modification technology. There-
fore, with big data-based analysis of transcriptome and
proteome, engineered EVs may be manufactured with
desired elements. For instance, Thomas C. Roberts et al.
engineered EVs to express IL6 signal transducer (IL6ST)
decoy receptors to selectively inhibit the IL6 trans-sign-
aling pathway. Treatment in the Duchenne muscular
dystrophy mouse model with these IL6ST decoy recep-
tor EVs resulted in a reduced phosphorylation of STAT3
in muscles; further functional studies verified the in vivo
activity of the decoy receptor EVs as a potential therapy
[204]. Similarly, CXCR4/TRAIL-enriched exosomes were
successfully obtained from MSCs overexpressing both
CXCR4 and TRAIL. These exosomes exerted activity as
a cooperative agent with carboplatin against brain metas-
tasis of breast cancer in vivo, improving the efficacy of
chemotherapy and highlighting a novel synergistic pro-
tocol with anticancer agents to treat brain diseases [205,
206]. Moreover, in a Phase 1 clinical trial, IL-12 was engi-
neered to express on the exosome surface using Codiak’s
proprietary engEx Platform. This product could enhance
the dose control of IL-12 and limit systemic exposure
and associated toxicity. EVs can overcome the reported
limitations of parental cells on various aspects, including
safety, reproducibility, and cost-effectiveness related to
storage and maintenance. Engineered EVs might be novel
promising therapeutics for clinical application. Further-
more, to resolve current hurdles in EVs-based therapeu-
tics, the production of EVs should be standardized and
optimized, and its underlying mechanisms need further
investigation.

MSC usage for pandemic diseases such as COVID-19

Pandemic diseases like 2019 novel coronavirus disease
(COVID-19) have dramatically increased the number
of sickness and death worldwide. Though vaccines have
been developed recently, the viruses are still rapidly
mutating and expanding, and the available specific and
effective treatment options are currently very limited
[207]. For severe or critical COVID-19 patients requiring
hospitalization, acute lung injures (ALI)/acute respira-
tory distress syndrome (ARDS) was the main pathologic
features, characterized by immunopathological com-
plications with cellular fibromyxoid exudates, extensive
pulmonary inflammation, pulmonary edema, and hyaline
membrane formation [208]. Besides, inflammation and
sepsis are also the leading causes of mortality in COVID-
19 patients [209]. In all these cases, any treatment that
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could hasten recovery would be in substantial demand.
MSC therapy may be one such treatment.

MSC therapeutics may be the ideal candidates for han-
dling the broad spectrum of COVID-19 symptoms due
to their multifactorial mode-of-action [210]. They can
release various factors including keratinocyte growth
factor, prostaglandin E2, granulocyte—macrophage col-
ony-stimulating factor (GM-CSEF), IL-6, and IL-13 to
facilitate the phagocytosis and alternative activation of
alveolar macrophages, alter the cytokine secretion pro-
file of dendritic cell subsets, and decrease the release of
interferon y from natural killer cells [211]. For exam-
ple, IL-10, TGF-B, and tryptophan catabolizing enzyme
indoleamine 2,3-dioxygenase secreted from them were
reported to suppress the proliferation of T cells and
change the cytokine secretion profile of T cell subsets
[212]. Moreover, the proliferation, differentiation, and
chemotactic properties of B cells were impaired by MSCs
as well. Except for the immune regulatory effects, MSCs
can enhance the restoration of capillary barriers, inhibit
bacterial growth, and restore alveolar ATP. All these
functions mentioned above might also be effective in
COVID-19 infection.

COVID-19 has been the top priority of global health-
care systems since its emergence. There have been more
than 160 vaccines in development and more than 60
clinical trials are ongoing, and now, only a few vaccines
have been approved [213]. The representative clinical
trials of MSC therapy in COVID-19 disease were listed
in Table 8. But the rapid mutation of SARS-CoV-2 virus
leads to challenges on the effect of the available vaccine.
It is an urgent need to develop more universal and stable
therapy to reverse or combat. Though no evidence has
showed that coronavirus was eliminated completely after
stem cell treatments, preliminary results were promising.
Diseased patients were more likely to survive the infec-
tion after the treatment. The specific primed MSCs were
also investigated for COVID-19 treatment [212, 214]. The
results will provide a strong foundation for future sci-
entific research and clinical applications for a variety of
diseases including pandemic crisis and pulmonary com-
plications. Hopefully, the approaches utilizing MSCs par-
ticularly the primed MSCs could be vital for the success
of cell therapy in treating COVID-19.

Conclusions

Although MSCs therapies have achieved tremendous
advancements over the past decades, substantial chal-
lenges remain to be overcome. The main challenges
include the immunocompatibility, stability, heterogene-
ity, differentiation, and migratory capacity. More and
more studies are focusing on the attempts to overcome
these shortcomings. Although the detailed mechanism of
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Table 8 MSCs therapies for COVID-19 in clinical trials
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Study name NCT number Starting date Phase Key findings/study status

Mesenchymal Stem Cell Therapy for SARS-CoV-2-related Acute Respira- ~ NCT04366063  April 2020 2-3 Recruiting
tory Distress Syndrome

UC-MSCs in the treatment of novel coronavirus severe pneumonia NCT04273646 February 2020 Not applicable Not yet recruiting

A pilot clinical study on inhalation of MSCs exosomes treating severe NCT04276987 February 2020 1 Not yet recruiting
novel coronavirus pneumonia

UC-MSCs treatment for the 2019-novel coronavirus pneumonia NCT04269525 February 2020 2 Recruiting

Treatment with MSCs for severe corona virus disease 2019 NCT04288102 February 2020 1-2 Not yet recruiting

MSCs treatment for pneumonia patients infected with 2019 novel NCT04252118 January 2020 1 Recruiting
coronavirus

Nest Cell ®Mesenchymal Stem Cell to Treat Patients with Severe COVID19  NCT04315987  April 2020 1 Not yet recruiting
Pneumonia

Treatment of COVID19 Patients Using Wharton's Jelly Mesenchymal Stem  NCT04313322 March 2020 1 Recruiting
Cells

Novel Coronavirus Induced Severe Pneumonia Treated by Dental Pulp NCT04302519 March 2020 Early phase 1 Not yet recruiting
Mesenchymal Stem Cells

Safety and Efficacy Study of Allogeneic Human Dental Pulp Mesenchy- NCT04336254  April 2020 Tand?2 Recruiting
mal Stem Cells to Treat Severe COVID19 Patients

Clinical Research of Human Mesenchymal Stem Cells in the Treatment of  NCT04339660 February 2020 1and 2 Recruiting
COVID19 Pneumonia

Bone Marrow-Derived Mesenchymal Stem Cell Treatment for Severe NCT04346368 April 2020 Tand?2 Not yet recruiting
Patients With Coronavirus Disease 2019 (COVID19)

Adipose Mesenchymal Cells for Abatement of SARS CoV-2 Respiratory NCT04352803 April 2020 1 Not yet recruiting
Compromise in COVID-19 Disease

A Clinical Trial to Determine the Safety and Efficacy of Hope Biosciences ~ NCT04349631 May 2020 2 Enrolling by invitation
Autologous Mesenchymal Stem Cell Therapy (HBadMSCs) to Provide
Protection Against COVID19

Repair of Acute Respiratory Distress Syndrome by Stromal Cell Adminis- ~ NCT03042143 January 2019 1and 2 Recruiting
tration (REALIST) (COVID19) (REALIST)

Safety and Efficacy of Intravenous Wharton's Jelly-Derived Mesenchymal ~ NCT04390152 June 2020 Tand2 Not yet recruiting
Stem Cells in Acute Respiratory Distress Syndrome due to COVID19

Treatment of COVID19 Associated Pneumonia with Allogenic Pooled NCT04382547 May 2020 Tand?2 Not yet recruiting
Olfactory Mucosa-derived Mesenchymal Stem Cells

Clinical Trial to Assess the Safety and Efficacy of Intravenous Administra- ~ NCT04366323  April 2020 1and?2 Not yet recruiting
tion of Allogeneic Adult Mesenchymal Stem Cells of Expanded Adipose
Tissue in Patients with Severe Pneumonia due to COVID19

Study of the Safety of Therapeutic Tx with Immunomodulatory MSC in NCT04397796 June 2020 1 Not yet recruiting
Adults with COVID19 Infection Requiring Mechanical Ventilation

Efficacy and Safety Evaluation of Mesenchymal Stem Cells for the Treat- ~ NCT04390139 May 2020 1and?2 Recruiting
ment of Patients with Respiratory Distress to COVID19

Mesenchymal Stem Cells (MSCs) in Inflammation-Resolution Programs NCT04377334 May 2020 2 Not yet Recruiting
of Coronavirus Disease 2019 (COVID19) Induced Acute Respiratory
Distress Syndrome

Efficacy and Safety Study of Allogeneic HB-adMSCs for the Treatment of ~ NCT04362189 May 2020 3 Not yet Recruiting
CovID19

Clinical Trial of Allogeneic Mesenchymal Cells from Umbilical Cord Tissue  NCT04366271 May 2020 2 Recruiting
in Patients with COVID19

A Randomized, Double-Blind, Placebo-Controlled Clinical Trial to NCT04348435 April 2020 2 Enrolling by invitation
Determine the Safety and Efficacy of Hope Biosciences Allogeneic
Mesenchymal Stem Cell Therapy (HBadMSCs) to Provide Protection
Against COVID19

Safety and Effectiveness of Mesenchymal Stem Cells in the Treatment of ~ NCT04371601 March 2020 2 Active not Recruiting
Pneumonia of Coronavirus Disease 2019

Use of UC-MSCs for COVID19 Patients NCT04355728 April 2020 Early Phase 1 Recruiting

Clinical Use of Stem Cells for the Treatment of COVID19 NCT04392778 April 2020 1and 2 Recruiting

Study of the Safety of Therapeutic Tx with Immunomodulatory MSC in NCT04397796 June 2020 1and2 Not yet Recruiting

Adults with COVID19 Infection Requiring Mechanical Ventilation
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Table 8 (continued)
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Study name

NCT number

Starting date Phase Key findings/study status

Efficacy and Safety Evaluation of Mesenchymal Stem Cells for the Treat-
ment of Patients with Respiratory Distress to COVID19

NCT04390139 May 2020 1

Recruiting

MSCs immunomodulatory effects is still elusive and any
attempts to improve MSCs efficacy are still lack of evi-
dence, the preclinical studies are developing rapidly and
more standardized clinical trials are wildly carried out.
It might be expected that the conversion to canonically
registered MSC therapies will flourish with time. The
lessons from the current MSCs investigations may pro-
vide critical guidance for investigators pursuing further
translational processes. With the clarification of MSCs
effectors and the emergences of new technologies assist-
ing in-depth studies, MSCs are promising to be proved
as effective treatment options for a variety of devastating
conditions.
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