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Neurological disorders are recognized as major causes of death and disability
worldwide. Because of this, they represent one of the largest public health
challenges. With awareness of the massive burden associated with these
disorders, came the recognition that treatment options were disproportionately
scarce and, oftentimes, ineffective. To address these problems, modern research
is increasingly looking into novel, more effective methods to treat neurological
patients; one of which is cell-based therapies. In this review, we present a critical
analysis of the features, challenges, and prospects of one of the stem cell types
that can be employed to treat numerous neurological disorders—mesenchymal
stem cells (MSCs). Despite the fact that several studies have already established the
safety of MSC-based treatment approaches, there are still some reservations
within the field regarding their immunocompatibility, heterogeneity, stemness
stability, and a range of adverse effects—one of which is their tumor-promoting
ability. We additionally examine MSCs’ mechanisms of action with respect to
in vitro and in vivo research as well as detail the findings of past and ongoing
clinical trials for Parkinson’s and Alzheimer’s disease, ischemic stroke,
glioblastoma multiforme, and multiple sclerosis. Finally, this review discusses
prospects for MSC-based therapeutics in the form of biomaterials, as well as
the use of electromagnetic fields to enhance MSCs’ proliferation and
differentiation into neuronal cells.
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1 Introduction

1.1 Neurological diseases and disorders

Neurological disorders are disorders which affect the central and/or peripheral nervous
system. Based on the pathophysiological mechanisms underlying their development, they
can be classified into three major categories: 1) diseases where the symptoms can primarily
be attributed to the loss of specific neurons or neuroglia, 2) diseases where cells are lost in
non-specific ways as a consequence of acute damage, i.e., following the loss of circulation
(stroke) or mechanical damage, and 3) diseases characterized by impaired function of
neuronal cells, including the neuromuscular junction (NMJ).
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The first category includes diseases like Parkinson’s and
Alzheimer’s disease. While Parkinson’s is distinguished by the
loss of a very specific cell subpopulation in a limited region of
the brain, Alzheimer’s disease includes the loss of neurons in much
wider anatomic regions, and at a rate which does not correlate to
symptoms in a linear way. The chain of pathophysiological events
that leads to cell loss in these cases is very complex and includes
many types of molecules, particularly those that build up the cell
projections, like tau (Vacchi et al., 2020). In addition, the pathology
of many neurological disorders often includes some form of a
specific immune or autoimmune reaction (e.g., in multiple
sclerosis) prior to, or accompanying, the loss of neurons and
neuroglia (Ibañez-Vega et al., 2021).

The second category of neurological disorders encompasses
those accompanied by inflammation that develops following cell
damage. These include stroke, traumatic brain injury (TBI) and
traumatic spinal cord injury (SCI), among others. It is important to
note that inflammation can, in these cases, bring both positive and
negative effects (Peng et al., 2022). Finally, the third category
includes diseases that are characterized by an impaired function
of neuronal cells, including various epilepsies and disorders
impacting the neuromuscular junction (e.g., myasthenia gravis)
(San-Juan and Rodríguez-Méndez, 2022).

From a therapeutic point of view, our treatment approaches
have always been only as successful as our characterization of the
disease (e.g., myasthenia gravis or Parkinson’s disease). As a result,
very specific drugs that boast higher efficiency rates have been
developed for these. For example, pyridostigmine inhibits an
enzyme that breaks down acetylcholine which, in turn, improves
the propagation of signal to muscles in patients with myasthenia
gravis (Lorenzoni et al., 2020). Similar successes have also been
recorded with levodopa in patients with Parkinson’s disease,
wherein the treatment directly increases the amount of the
corresponding neurotransmitter whose quantities are often
insufficient due to loss of neurons (Hauser, 2009). It is also
worth mentioning that recent years have seen a rise in
registration of completely new categories of drugs that improve
the condition of diseases which have, thus far, been untreated
(Zolgensma - gene therapy, and Spinraza—antisense
oligonucleotide; both for treatment of spinal muscular atrophy)
(Day et al., 2022). Despite these successes, we remain in a desperate
need of drugs or other treatment modalities that would help address
some of the more common neurological disorders, including stroke
and Alzheimer’s disease. This is the case since their anatomical and
pathophysiological complexity still represents obstacles which slow
down the successful design of new drugs.

1.2 Mesenchymal stem cells (MSCs)

1.2.1 Developmental origins
Mesenchymal stem cells (MSCs), or mesenchymal stromal cells,

are a non-hematopoietic group of cell precursors that originate from
mesoderm and ectoderm, the middle and outer embryonic germ
layers, respectively. On top of being present in the developing
embryo, where they migrate throughout the body during the
process of maturation, MSCs can also be found, be it in small
numbers, in some adult tissues. MSCs are viewed as prospective

sources of allogenic cell therapy due to their multipotency, or the
capacity to self-renew by dividing and differentiating into a wide
variety of specialized cell types (Liu et al., 2022a).

The origin of the term “mesenchymal” refers to the
mesenchymal tissue or embryonic connective tissue. These
cells give rise to bones, cartilage, tendons, ligaments, muscles,
and bone marrow, as well as express a variety of surface markers
(vimentin, laminin B1, fibronectin, and osteopontin) (Caplan,
1991). Hence, MSCs’ ability to differentiate into a new cell
lineage, or their “plasticity,” is one of their most intriguing
characteristics (Dennis and Charbord, 2002). Interestingly,
some studies also indicate that MSCs are genetically linked to
a subset of ectoderm-derived cells called Sox-1 cells (Takashima
et al., 2007). As such, current research suggests multiple
developmental origins for the MSCs population. One
potential pathway includes neural crest cells from the
ectoderm. These cells express nestin and remain passive until
the adult stage. The other pathway arrives from mesoderm, with
a clear lack of nestin expression, and participates in creating the
embryo skeleton. As a result, both the function and role of MSCs
in adults are determined by their initial source (Isern et al.,
2014).

The MSCs categorization standards for nomenclature, degree of
stemness, and cell properties were released by The International
Society for Cellular Therapy (ISCT) in 2006 (Andrzejewska et al.,
2019). The name “multipotent mesenchymal stromal cells” was
suggested as the most appropriate for the fibroblast-like plastic-
adherent cells. Therein, MSCs are described as a population of cells
that: 1) boast CD73, CD90 and CD105 surface antigen expression
(coupled with a lack of CD45, CD34, CD14, CD11b, CD79a and
CD19 expression), 2) adhere to plastic during cultivation, and 3) can
differentiate into osteoblasts, adipocytes, and chondroblasts
(Horwitz et al., 2005; Dominici et al., 2006; Andrzejewska et al.,
2019).

Despite numerous decades of research into the MSC niche, our
understanding of it remains quite limited. The term “niche” denotes
a place in the body wherein stem cells are located, together with an
environment around them that keeps these cells in an
undifferentiated state. This definition is based on the hypothesis
that the stem cells are undergoing constant interaction with other
cells surrounding it that determine their behavior (Schofield, 1978).
Analyzing all sites from which MSCs may be extracted, researchers
proposed a notion that the MSC niche is found in blood vessels,
which are present in all tissues appropriate for stem cell isolation
(Putnam, 2014; Andrzejewska et al., 2019). This is supported by
other studies revealing that some cells from the perivascular space
(PVS) of blood vessels carry the markers CD146+, NG2+, PDGF-
Rb+ and ALP+. After in vitro cultivation, these cells satisfy the
requirements to be classified as MSCs (Crisan et al., 2008;
Andrzejewska et al., 2019).

1.2.2 Isolation and cultivation
One of the most common hematopoietic stem cell sources in

the human body, containing ample amounts of MSCs, is bone
marrow (BM). Still, since the procedure used for collecting these
cells is invasive, and brings discomfort to the patient, it is rarely
used (Mushahary et al., 2018). Some other sources include: 1)
umbilical cord (UC) (Salehinejad et al., 2012), 2) umbilical cord
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blood (UCB) (Lotfinejad et al., 2021), 3) adipose tissue (AT)
(Pendleton et al., 2013), 4) amniotic fluid (AF) (’t Anker et al.,
2003), 5) dental tissue (DT) (Huang et al., 2009), 6) skin (Riekstina
et al., 2008), 7) placenta (P) (Miao et al., 2006; Raynaud et al.,
2012), 8) salivary gland (Rotter et al., 2008), 9) synovial fluid
(Hatakeyama et al., 2017), 10) oral mucosa (OM) (Alajbeg et al.,

2018), menstrual blood (MB) (Nikoo et al., 2014; Zhao et al., 2018)
and peripheral blood (PB) (Fu et al., 2012; Jain et al., 2020)
(Figure 1). Due to the fact that they house large numbers of
these cells, and present with a rather non-invasive collection
method, UC and AT are highlighted as extremely significant
sources of hMSCs (Mushahary et al., 2018).

FIGURE 1
The sources of mesenchymal stem cells (MSCs) and the benefits of MSC-based therapy for neurological diseases and disorders. MSCs can be
isolated from both adult and perinatal tissue, umbilical cord, umbilical cord blood, amniotic fluid, placenta, adipose tissue, skin, bone marrow, salivary
glands, synovial fluid, oral mucosa, and dental tissue as well as menstrual and peripheral blood. Their effects on neural tissue range from differentiation
into neuron-like cells and neuroglia to immunomodulation and neovascularization. Additionally, they have also been shown to exert
neuroprotective and antiapoptotic effects (Created with BioRender.com).
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Adipose-derived MSCs (AT-MSCs) can be easily isolated from
adipose tissue, which is a regular surgical byproduct (Zuk et al.,
2001), containing up to “3% stem and progenitor cells in its
stroma-vascular fraction” (Mushahary et al., 2018). Since the
frequency and yield of MSCs in AT is 2,500 times higher than
that in BM (5 × 104 to 2 × 105 from 1 g vs 6–60 ×103 from 1 ml,
respectively) (Fraser et al., 2008), adipose tissue has been identified
as a distinctly rich source of MSCs (Baer and Geiger, 2012).
Nevertheless, MSCs are still more frequently isolated from the
umbilical cord tissue (Wharton’s Jelly) and umbilical cord blood
(Baer and Geiger, 2012), wherein the UC tissue represents the
more abundant source of MSCs of the two (la Rocca et al., 2009). In
addition, UC-MSCs are also significantly more multipotent than
BM-MSCs or AT-MSCs (Kern et al., 2006).

On top of isolation of MSCs from AT and UC, one of the least
invasive approaches towards autologous cells transplantation
pertains to isolation of multipotent stem cells from the peripheral
blood. While some studies have demonstrated that MSCs get
mobilized into the peripheral blood in response to tissue damage
in polytraumatized patients (Wiegner et al., 2018), others also
detected their presence in patients with acute ST-elevation
myocardial infarction (STEMI) (Pieper et al., 2017). Similarly, a
2020. study by Jain et al. has demonstrated that 42% of patients with
multiple myeloma (MM) and lymphoma, together with healthy
controls, boasted detectable concentrations of PB-MSCs (Jain et al.,
2020). Since the authors reported no significant difference between
the mean circulating MSCs and PB-MSCs on days 5 (p = 0.737) or 6
(p = 0.237), this suggests that peripheral blood appears to be a viable
source for MSCs (Jain et al., 2020). Since PB-MSCs exhibit similar
trilineage differentiation potential to that of BM-MSCs, as well as
express lineage-specific genes, Fu et al. postulated that isolation of
MSCs from the peripheral blood represents a feasible alternative to
that from the bone marrow (Fu et al., 2012). Nevertheless, as these
PB-MSCs are present in small numbers, their clinical use appears to
only be feasible following ex vivo expansion (Jain et al., 2020).

MSCs are often extracted and cultured as a plastic-adherent cell
population following a simple three-step procedure: 1) mincing of
the tissue, 2) enzymatic digestion (optional), and 3) seeding and
growth of cells on a plastic surface (Mushahary et al., 2018). Instead
of the enzymatic procedure, researchers can also choose to follow an
explant protocol. While the former involves enzymatic digestion and
centrifugation of the tissue to achieve a single-cell suspension, the
latter employs no enzyme but rather contains original tissue excised
into smaller pieces (Hendijani, 2017). Although several groups
utilize the enzymatic method for isolation of AT-MSCs, the use
of the explant protocol provides less heterogeneous cell populations
boasting higher viability and proliferation rates (Salehinejad et al.,
2012). Since explant culture contains intact tissue pieces and
undissociated extracellular matrix, this means that cells largely
remain protected from proteolytic dissociation and mechanical
stress (Hynes, 2009a; Jing et al., 2011a; Hendijani, 2017). On top
of the beneficial environment explant culture creates for growing
MSCs (Mushahary et al., 2018), it also facilitates: 1) enrichment of
the cell medium through release of cytokines and growth factors
(Hynes, 2009b), 2) higher cell yield (Jing et al., 2011b), 3) faster
proliferation (Jing et al., 2011b; Shah et al., 2013), and 4) concurrent
expression of surface markers like CD73, CD90, and CD105 (Priya
et al., 2014).

2 Therapeutic potential and properties
of MSCs

2.1 Differentiation into neuron-like cells and
neuroglia

Not only do MSCs have the potential to differentiate into cells of
the connective and muscle tissue, but also into non-mesodermal
cells, particularly cells of neural lineage such as neurons and glia
(George et al., 2019). Some studies also demonstrate that, when
cultured in neural stem cell (NSC) culture conditions, MSCs can also
form clusters called neurospheres, or even full functional units called
organoids (Hernández et al., 2020). However, a challenge in the form
of establishing communication between these cells and their
subsequent production of neurotransmitters remains.

Due to their neuroprotective potential, and the important part
they play during neurogenesis, MSCs can be utilized to treat many of
neurological disorders. This especially holds true for MSCs that have
been isolated from adipose tissue (AT-MSCs) (Bai et al., 2020) since
they may develop into neuron-like cells and express distinct
progenitor/mature neural markers (Urrutia et al., 2019).
Therefore, the diseases for which MSCs present themselves as a
potential treatment approach include various neurological injuries
and diseases with an inflammatory etiology (Qu and Zhang, 2017).

Several studies have shown a significant benefit of MSCs in
animal models of nervous system diseases as well as patients with
neurological damage (Identifiers: NCT01771640, NCT01777646,
NCT01895439, NCT01325103, NCT01325103, NCT02165904,
and NCT02290886). One study pointed out the influence of
bFGF and EGF in the differentiation of neural progenitor cells
(NPCs) from MSCs (Khan et al., 2020). NPCs have the potential for
terminal differentiation into neurons, boasting beta-III-tubulin
expression, as well as the ability to initiate and conduct action
potential. During the process of NPC differentiation, 1771 of the
3,252 genes shared by MSCs and NPCs were elevated, whereas
1,481 were downregulated (Khan et al., 2020). The most involved
transcription factors noted in this study were Foxs1 and HEYL. This
observation is consistent with the notion of “gap-junction-
dependent cell to cell communication” which permits MSCs to
differentiate into immature, neuron-like cells (Dilger et al., 2020).
More details were clarified in study by Mareschi et al. who
demonstrated that MSCs grown in a favorable medium began to
express two K+ channels with two delayed rectifier K+ currents that
are necessary for neuronal survival and basal cell activity (Mareschi
et al., 2006). Additionally, Alizadeh et al. have shown that olfactory
mucosa and Wharton’s Jelly can be used as sources of MSCs,
specifically for differentiation into dopaminergic neurons and,
therefore, as a viable treatment for Parkinson’s disease (Alizadeh
et al., 2019). Similarly, other studies have demonstrated that both
hDT-MSCs and hOM-MSCs can differentiate into dopaminergic-
like neurons and, thereby, improve behavioral deficits and motor
function in hemi-Parkinsonian rats (Ganz et al., 2014; Zhang et al.,
2018a).

On the other hand, some researchers are also advocating for the
use of MSCs isolated from the peripheral blood. Boasting a high
neurogenic potential, coupled with a non-invasive isolation
procedure, PB-MSCs have been proposed as an alternative MSC-
based approach towards regeneration of neural tissue in both animal
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models (Fu et al., 2012) and humans (Ratajczak et al., 2011; Scapin
et al., 2016; Barbon et al., 2021). These cells exhibit a high potential
for neuronal differentiation (Ratajczak et al., 2011) as well as express
several antigens that are characteristic for MSCs (Cesselli et al.,
2009). Following neurogenic induction, they also boast dendrite-like
morphology and exhibit distinct neuronal marker expression at
levels of both mRNA and proteins (Barbon et al., 2021).

2.2 Immunomodulation

MSCs have wide range of immunomodulatory properties via the
direct contact with immune cells and local environmental factors
through their paracrine activity (Müller et al., 2021). Studies have
shown that this effect occurs mainly due to MSC-secreted cytokines,
chemokines, extracellular vesicles, and inflammatory stimuli.
Herein, they seem to exert the main influence directly onto
regulatory T-cell (Tregs) and monocytes (Song et al., 2020).
Interestingly, even the apoptotic, metabolically inactivated, and

fragmented MSCs have an immunomodulatory potential (Song
et al., 2020).

MSC-mediated immunomodulation is governed by various
distinct cellular and molecular mechanisms (Weiss and Dahlke,
2019) (Figure 2). Through regulation of time-dependent release of
NO, TGF-β, HGF, PGE2, IL-10 and PD-1/PDL-1, MSCs can inhibit
CD4+ Th1 and Th17 cell activity as well as promote proliferation of
Tregs, thereby enhancing their inhibitory capabilities (Wang et al.,
2008; Ge et al., 2010; Luz-Crawford et al., 2019; Chen et al., 2020).
The attenuation of Th1 and Th17 cell activity results in a decreased
iFNγ and IL-17A release, slowing the immune response. Since IL-17
not only plays a role in clearance of extracellular but also
intracellular pathogens, it is implied in pathogenesis of various
autoimmune disorders (Kuwabara et al., 2017). Contrastingly,
overactivation of Th2 and Tregs causes subsequent release of IL-
4 and TGF-β, combination of which can induce microglial
polarization towards their alternative (M2) phenotype (Zhou
et al., 2012). Even though the specific function of this phenotype
is still under debate, most research suggests that M2microglia play a

FIGURE 2
Immunomodulatory properties of MSCs. MSCs can suppress the production of CD4+ Th1 and Th17 while promoting proliferation of Tregs.
Additionally, MSCs can impair the cytotoxic activity of proinflammatory CD8+ T-cell and B-cell. Depending on the iNOS concentration, MSCs can also
enhance or inhibit T-cell activation and proliferation (Created with BioRender.com).
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role in downregulation of the inflammatory response and assist in
tissue repair (Cherry et al., 2014).

Similarly, MSCs can also suppress the cytotoxic activity of
proinflammatory CD8+ T-cell, also known as cytotoxic T-cell
(Tc17) through release of IL-2 and NO. This leads to a decrease
in IL-17A and attenuates the immune response. Furthermore,
depending on the iNOS concentration—be it high or low, MSCs
can also inhibit T-cell proliferation or increase T-cell activation,
respectively. Additionally, through release of PD-1 and PDL-1,
MSCs limit B-cell differentiation, proliferation, and antibody
release, all while promoting the development of IL-10-producing
regulatory B-cell (Bregs) (Wehner et al., 2009; Deng et al., 2016; de
Witte et al., 2018; Müller et al., 2021).

Like other properties of MSCs, their immunomodulatory
capability depends on their origin. For example, even though
some studies suggested that AT-MSC application in
immunomodulatory therapy would yield better results than BM-
MSCs, these findings are conflicting with other research within the
field and, as such, remain inconclusive (El-Badawy et al., 2016; Li
et al., 2019a; Adolfsson et al., 2020). On the other hand, since UC-
MSCs have been shown to possess a low risk for invoking an
allogeneic immune response they have entered the spotlight in
recent years (Kim et al., 2018a; Song et al., 2020; Chen et al., 2021a).

2.3 Neuroprotective and anti-apoptotic
effects

Human umbilical cord mesenchymal stem cells (hUC-MSCs)
can generate a range of cytokines and neurotrophic factors, thereby
promoting neuroregeneration (Xu et al., 2019a). In their study, Xu
et al. found that transplantation of hUC-MSCs into neonatal rats
resulted in decreased tissue damage and infarct volume due to cell
migration into the periventricular tissue space (Xu et al., 2019a).
Subsequently, this treatment resulted in improved motor function in
neonatal rats. Moreover, hUC-MSCs have been shown to drastically
lower apoptosis and the expression of Beclin-2 and caspase-3 (Xu
et al., 2019a), the most critical apoptosis executors of the caspase
cascade (Chang et al., 2005).

Additionally, Zhang et al. demonstrated that hMSCs’ anti-
apoptotic effects are mediated by the apoptosis-regulating
pathways involving Bcl-2 which, in low doses, provides
neuroprotection against ischemic stroke (Zhang et al., 2019). On
the other hand, application of hMSCs in medium to high doses has
been shown to diminish their neuroprotective abilities. During this
experiment, cocultures of primary rat neurons and astrocytes were
placed in oxygen-glucose distress (OGD), followed by a 2-h period
of reperfusion (Zhang et al., 2019). The cells were then treated with
hBM-MSCs and/or a Bcl-2 antibody. The results have shown that
implanted cells exhibit neuroprotective effects against stroke in vitro
via an anti-apoptotic mechanism, which was blocked by the Bcl-2
antibody. Interestingly, administration of the Bcl-2 antibody alone
had no effect on the viability of rat cells. Supporting this finding is a
study by Calio et al. which shows that anti-apoptotic effects of MSCs
can be impeded through inhibition of the Bcl-2 gene (Calió et al.,
2014).

Many other studies have also shown that MSC-based therapies
appear to promote the restoration of function in cases of

hypoxic–ischemic brain damage (HIBD) by exerting
immunomodulatory effects (Gu et al., 2015). Research by Gu
et al. focused on explaining the mechanisms underlying MSC-
mediated immunomodulation through Toll-like receptor 2
(TLR2) and interleukin-10 (IL-10) (Gu et al., 2015). Since TLRs
mediate the tissue response to pathogenic processes and injury, they
get activated in neurons under ischemia (Kawai and Akira, 2006;
Lehnardt et al., 2007). IL-10, on the other hand, limits the
production of pro-inflammatory cytokines and chemokines,
thereby suppressing the immune response (Moore et al., 2001).
With that, the findings presented by Gu et al. point to TLR2’s
involvement in the pathogenesis of HIBD, with application of MSCs
decreasing apoptosis and improving cognitive functions in HIBD
rats (Gu et al., 2015). This is accomplished through suppression of
the TLR2/NFκB signaling pathway, with the help of a feedback
mechanism that diminishes subsequent IL-10 release. Additionally,
our group has also demonstrated that hOM-MSCs exert
neuroprotective effects on cells cultured in anoxic conditions and
mice with middle cerebral artery occlusion (MCAO) through time-
limited secretion of miR-514A-3p (Stančin et al., 2022).

2.4 Neovascularisation capacity

Stroke is one of the leading causes of mortality worldwide
(Mathers et al., 2009)—with ischemic stroke (IS) accounting for
87% of those cases (Towfighi and Saver, 2011). Nevertheless,
therapeutic options remain limited and include: 1) intravenous
injection of tissue plasminogen activator (t-PA) (Del Zoppo
et al., 2009), and 2) mechanical thrombectomy (MT) (Nogueira
et al., 2018). Interestingly, the vast majority of research throughout
the years has demonstrated that MSCs may minimize the extent of
cerebral infarction following ischemia and, subsequently, induce
some restoration of function (Onda et al., 2008; Nakajima et al.,
2017; Huang et al., 2018; Zhou et al., 2019; Huang et al., 2021). As
such, the specific therapeutic mechanism ofMSCs in ischemic stroke
may be related to their ability to promote neurogenesis,
angiogenesis, and exert anti-inflammatory effects (Li et al., 2021a;
Chen and Zhou, 2022; Zhou et al., 2022).

Ischemic stroke leads to destruction of capillaries and causes an
increase in blood-brain barrier (BBB) permeability. This further
amplifies the inflammatory response, necrosis of neurons, and brain
edema (Guo et al., 2021). Following stroke, neovascularization aids
in reestablishing the blood and oxygen supply, thereby facilitating
nerve regeneration (Guo et al., 2021). For example, Krupinski et al.
discovered that microvessel density in the ischemic area is positively
corelated with the patients’ survival (Krupinski et al., 1994). Similar
results have been obtained in a rat model by Kan et al. wherein they
observed that microvascular remodeling corresponded to tissue
edema status (Kang et al., 2020). Combined, these studies
demonstrate that poststroke revascularization is critical for
establishing a positive clinical outcome (Talwar and Srivastava,
2014; Rust, 2020; Ma et al., 2021a).

It is believed that poststroke transplantation of MSCs enhances
angiogenesis by producing or boosting endogenous nutrients
(Krupinski et al., 1994)—including vascular endothelial growth
factor (VEGF) (Huang et al., 2014), angiopoietin-1 (Ang-1) (Onda
et al., 2008), placental growth factor (PlGF) (Liu et al., 2006), and
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basic fibroblast growth factor (bFGF) (Ghazavi et al., 2017). In
turn, the presence of these nutrients can aid the development of the
immature vascular trunk (Carmeliet and Collen, 1997) or assist in
vessel maturation (Carmeliet and Collen, 1997; Suri et al., 1998),
thereby reducing the infarct size. Moreover, MSCs have been
shown to aid in angiogenesis by engaging the Notch signaling
cascade in the endothelial cells (Guo et al., 2012). This could be
associated with endothelial cell production of VEGF-A (Zhu et al.,
2015). Admittedly, the application of dual antiplatelet therapy
(DAPT), which inhibits the Notch pathway, led to a decrease in
VEGF-A and the inhibition of angiogenesis following
transplantation of MSCs (Zhu et al., 2015). Furthermore, Hong
et al. found that coculturing of MSC culture supernatant with
human aortic endothelial cells results in inhibition of the hypoxia-
induced apoptosis and promotion of angiogenesis through
activation of the PI3K Akt signaling pathway (Shih-Chieh Hung
et al., 2007).

On the other hand, the functional stability of brain
microvascular endothelial cells (BMVECs) is also important for
ensuring the BBB consistency (Yang and Rosenberg, 2011). A
study by Chung et al. has shown that intravenous administration of
hAT-MSCs reduces BBB leakage in stroke rats by preventing
disruptions in its structure and diminishing the damage of the
endothelial vasculature (Chung et al., 2015). On top of exerting
direct action, transplantation of MSCs can also mediate
intracellular communication through release of extracellular
vesicles. These EVs contain annexin A1 (ANXA 1), an anti-
inflammatory agent that is expressed in BMVECs and microglia
(McArthur et al., 2016; Chen et al., 2017; He and Ye, 2017; Maia
et al., 2017). Not only does ANXA1 protect neurons from injury
(Luo et al., 2014), but it also plays a role in BBB integrity, as
demonstrated by Gussenhoven et al. (Gussenhoven et al., 2019).
Finally, MSCs have also been implicated in suppression of VEGF-
induced BBB leakage through uptake of glucose from endothelial
cells, all while inhibiting VEGF absorption (Do et al., 2021;
Kikuchi-Taura et al., 2021).

2.5 MSCs as therapeutic carriers

Some research performed throughout the past decade has also
investigated stem cells’ ability to act as therapeutic carriers, meant to
facilitate targeted delivery of a variety of pharmacological agents.
Due to their intrinsic property, wherein stem cells are attracted to
tumor sites, this approach is promising in delivery of oncolytic
viruses as potential anticancer therapeutics (Litvinova et al., 2022),
or a variety of other application relating to cancer (Hmadcha et al.,
2020a). Additionally, these MSCs could also be used for designing
targeted treatments for glioblastoma, astrocytoma and
oligodendrocytoma as well as Parkinson’s and Alzheimer’s disease.

One of the more novel approaches to cancer treatment includes
loading of MSCs with oncolytic viruses (Hmadcha et al., 2020b). For
example, the loading of MSCs with the oncolytic herpes simplex
virus provided them with the ability to detect metastases, increasing
the lifespan of mice with brain metastatic melanomas (Du et al.,
2017). Additionally, other studies performed loading of MSCs with
anticancer drugs, resulting in antitumor effects in glioma-bearing
rats (Pacioni et al., 2015).

Since there exist many methods for encapsulating the
biomolecules containing bioactive materials or anti-cancer drugs,
recent studies have been centered around the discovery of strategies
for optimization of the payload and delivery capacity of MSCs
(Hmadcha et al., 2020b). While some utilized nanoparticles to
increase the anti-tumor efficacy of MSCs (Layek et al., 2018;
Wang et al., 2018; Moku et al., 2019; Cheng et al., 2021;
Ebrahimian et al., 2022), others performed microcapsule loading
of MSCs for the purpose of testing their ability to serve as a delivery
vehicle across a variety of tissue-blood or tumor-blood barriers
(Litvinova et al., 2022). For example, a study by Litvinova et al. has
shown that loading of hMSCs with synthesized microcapsules causes
no damage to the cell’s structural integrity (Litvinova et al., 2022).
Furthermore, this method also yielded cells with preserved motility
and the capacity to migrate through 8 μ m pores.

2.6 Application of extracellular vesicles
derived from MSCs

Exosomes are membrane-bound, nano-sized extracellular
vesicles (EVs) generated in many eukaryotic cells’ endosomal
compartments. Since they carry nucleic acids, proteins, lipids,
and a variety of metabolites, they are mediators of both near and
long-distance intracellular communication. Exosomes aid this
intracellular communication by transporting lipids, proteins,
RNA, miRNA, and membrane receptors (Raposo and Stoorvogel,
2013). This mechanism represents a viable therapeutic strategy for a
variety of neurological diseases and disorders (Gorabi et al., 2019a).
With that, MSC-derived exosomes have been shown to play
important roles in immunomodulation and tissue repair (Gorabi
et al., 2019b). Specifically, WJ-MSC-derived exosomes may rescue
the process of myelination, inhibit oligodendrocyte and neuron cell
death, and reduce microglia-mediated neuroinflammation (Thomi
et al., 2019a; Thomi et al., 2019b).

Even though the mechanism behind this occurrence is yet to be
elucidated, there is a plethora of reports demonstrating that exosomes
can cross the BBB (Banks et al., 2020). This addresses one of the most
prominent challenges in treatment of neurological disorders—the
inability to facilitate direct delivery of therapeutic agents through the
BBB. While immune cells and viruses are often transported over the
BBB via several neuroimmune mechanisms (Banks et al., 2001;
Turowski et al., 2005; Wolburg et al., 2005), recent research
indicates that some of these mechanisms are also involved in the
transport of the exosomes across the BBB (Wurdinger et al., 2012),
including endocytic (vesicular) processes (Chen et al., 2016).

On top of directly utilizing EVs derived from MSCs, there also
exist attempts to manipulate the EVs ex vivo in order to facilitate a
more optimal therapeutic approach. One of the most used methods
for manipulation of EVs includes the modulation of their miRNA
content (Yoo et al., 2018; Abreu et al., 2021; Zeng et al., 2022). This is
performed by a procedure termed exo-miRNA loading, which is
done in one of two ways: 1) producing a cell line over-expressing the
desired miRNA or 2) loading EVs with miRNA using chemical or
physical methods (Munir et al., 2020). While the first approach
includes the secretion of miRNA-loaded EVs by an over-expressing
cell line that is exhibiting high miRNA concentrations in its cytosol,
the second approach takes advantage of the electrochemical
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properties of miRNAs and loads them into the exosomes via
sonication or electroporation (Weaver, 1993). The latter process
is associated with alterations in the structure’s innate thermal energy
and transient elevation of the transmembrane potential. This leads
to rapid, but localized, rearrangement of the molecular structure of
the membrane and creation of hydrophilic pores (Weaver, 1993;
Chen et al., 2006). These miRNA-enriched EVs can then be used to
selectively target a variety of cell types.

Correspondingly, exosomes could also be adapted for therapeutic
use through modification of their surface and membrane proteins
(Munir et al., 2020). This facilitates enhanced cell-selectivity and
decreased clearance rate within the target tissue. Modification of the
exosome’s surface andmembrane proteins can be performed either by
direct methods or genetic alterations. While the direct method
involves the mixing of the protein with the exosomes (non-
covalent method) or attaching of the peptide with covalent linkage
(covalent method), genetic alteration includes the modulation of the
cells to produce a particular protein on the exosome surface (Munir

et al., 2020). As opposed to electroporation, both direct methods and
genetic alterations of the exosomes have a few prominent
disadvantages, namely, chemical contamination and variable
efficiency (Hu et al., 2020) or safety concerns owing to potential
immune responses (Ohno et al., 2013), respectively.

Nevertheless, a great deal of advancement has been achieved
throughout the past decade with respect to application of MSC-
derived EVs and exosomal miRNAs in treatment of a variety of
neurological disorders (Xin et al., 2012; Nakano and Fujimiya,
2021; Soni et al., 2022a; Yang et al., 2022). For example,
following the purification of exosomes stemming from hBM-,
hAD- and hWJ-MSCs, Soni et al. have shown that exosomes
possess the ability to induce neurogenesis and angiogenesis
(Soni et al., 2022b). Similar results have also been observed
in animal models of Alzheimer’s disease (Reza-Zaldivar et al.,
2019) and traumatic brain injury (Zhang et al., 2015), with
enhanced animal recovery also visible in cases of spinal cord
injury (Zhou et al., 2021).

TABLE 1 Summary of in vitro and in vivo studies investigating the beneficial effects of MSCs in Alzheimer’s disease.

Treatment Disease model Results Mechanisms of action Authors

NFT-SCs derived from AT-MSCs SH-SY5Y cells treated with Aβ1-42 Decreased cell death Paracrine and juxtacrine interactions Jahed et al.
(2021)

BM-MSCs 3xTg-AD mouse model Reduced pathological Tau
phosphorylation and decrease in
inflammation

Modulation of cAMP-PKA activity Neves et al.
(2021)

Increase in protein phosphatase 2
(PP2A) activity

MB-MSCs APP/PS1 Transgenic Mice Reduced inflammation Reduction of tau
hyperphosphorylation through
inactivation of GSK-3β

Zhao et al.
(2018)

Improved spatial learning and
memory

UC-MSCs Tg2576 mice Improved cognitive function Increase in malondialdehyde (MDA),
NO, SOD and nNOS

Cui et al. (2017)

No changes in Aβ levels in the
hippocampus

Reduced oxidative stress Upregulation of silent information
regulator 1 (Sirt1), BDNF and
synaptophysin (SYN) levels

AT-MSC-derived NFT-SCs BALB/c mice Improved learning and memory Activation of the Wnt/β-catenin
pathway through Trk via
LRP6 phosphorylation downstream of
the MAPK/ERK pathway

Bahlakeh et al.
(2022)

Increase in BrdU/Nestin+ and
BrdU/NeuN + cells in SGZ of the
hippocampus

WJ-MSC-derived exosomes loaded
with miR-29a

J20 mouse model of AD Decrease in Aβ expression Decrease in nuclear HDAC4 Chen et al.
(2021b)

Improved cognitive recovery

BM-MSC-derived exosomes loaded
with miR-29a

Rats injected with Aβ1-42 into the
dorsal hippocampus (CA1)

Improvements in spatial learning
and memory

Increase in endogenous miR-29b levels Jahangard et al.
(2020)

Decrease in expression of
NAV3 and BIM

hBM-MSC-derived LMP1-
exosomes

5XFAD mice Improved cognitive performance Not specified Cone et al.
(2021)

Decreased Aβ plaque deposition in
the hippocampus

Hypoxia-preconditioned BM-
MSC-derived exosomes

APP/PS1 Transgenic Mice Rescued cognition and memory
impairment

Downregulation of proinflammatory
(TNF-α and IL-1β) cytokines

Cui et al. (2018)

Reduced plaque deposition Upregulation of anti-inflammatory
cytokines (IL-4 and IL-10)

Restoration of synaptic dysfunction Regulation of miR-21
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3 The use of MSCs in neurology

3.1 Alzheimers’ disease

Alzheimer’s disease (AD) is a neurodegenerative disease that
represents the most frequent cause of age-related dementia. With
that, it exerts enormous financial, societal, and health burdens
(Horgan et al., 2020). Although the pathophysiology of AD is
still relatively unknown, some variants of the amyloid β (A β)
protein that accumulate in the extracellular matrix have been
implied in its development. Since the current therapeutic options
can only mildly reduce the symptoms of the disease, researchers are
increasingly turning towards cell-based therapies (Table 1). As such,
they are expecting that stem cells could decrease cell death, or even
replace the damaged neurons with new ones. Another interesting
property of stem cells, which is currently in the forefront of cell-

based therapies for AD, is their ability to clear toxic aggregates. In
this sense, stem cells could delay or even stop disease development.

A recent publication by Neves et al. presented their data
following MSC transplantation, wherein it was shown that MSCs
reduce Tau phosphorylation and inflammation in an AD mouse
model (Neves et al., 2021). Other publications have shown that
MSCs can also reduce inflammation (Zhao et al., 2018) and improve
cognitive function of AD affected mice (Cui et al., 2017). One of the
mechanisms most probably involved in these improvements is the
reduction of cell death (Zhang et al., 2020c).

Interestingly, some groups have also taken advantage of the
proliferation and differentiation capacity of MSCs to alleviate the
Alzheimer’s disease-like pathology in both in vitro (Jahed et al.,
2021) and in vivo settings (Bahlakeh et al., 2022). A 2021. study by
Jahed et al. utilized hAT-MSCs isolated from patients (20–40 years
old) that underwent liposuction surgery and trans-differentiated

TABLE 2 Summary of in vitro and in vivo studies investigating the beneficial effects of MSCs in Parkinson’s disease.

Treatment Disease
model

Results Mechanisms of action Authors

BM-MSCs transfected with Notch
intracellular domain (NICD) and
subsequent GDNF administration

Rat model of PD Increase in proportion of TH-positive and
dopamine-producing cells

Action of CNTF via the MAPK pathway Dezawa et al.
(2004)

Functional improvements Synergistic effect toward neuronal induction
when combined with bFGF and FSK stimuli

NSCs cultured in CM containing MSCs
secretome

Dopa-deficit
model rats

Behavioral improvements Differentiation of CM-NSCs into
dopaminergic neurons of the VTA andMFB

Yao et al.
(2016)

A9 dopaminergic neuron-like cells induced
from MSCs

Hemiparki-
nsonian macaques

Modest and gradual improvements in
motor behaviors

Not specified Hayashi et al.
(2013)

Persistence of A9 dopaminergic neuron
markers in the engrafted striatum at 9-
month checkup

hUC-MSCs MPTP-induced
mouse model
of PD

Alleviated locomotor deficits Changes in the brain–gut axis Sun et al.
(2022b)

Rescued dopaminergic neurons through
inhibition of neuroinflammation

Neuronal-primed hBM-MSCs Hemiparki-
nsonian rats

Differentiation of hBM-MSCs into
immature neuron-like cells

Not specified Khoo et al.
(2011)

Only transient survival and engraftment
of hBM-MSCs observed

hBM-MSCs 6-OHDA rat
model

Improvement in behavioral deficits Functional cell replacement Levy et al.
(2008)

Survival of grafted cells with dopaminergic
traits for over 130 days following
transplantation

hBM-MSCs 6-OHDA rat
model

Behavioral improvement 3 months
following cell transplantation

Transdifferentiation into functional
dopaminergic neurons

Shetty et al
(2009)

NFT-SCs derived from BM-MSCs 6-OHDA rat
model

Behavioral improvements visible in
decrease in amphetamine-induced
rotations

Immunomodulation and secretion of
trophic factors

Sadan et al.
(2009)

GDNF-transduced BM-MSCs 6-OHDA rat
model

Behavioral improvements Local trophic effect in the denervated
striatum

Moloney
et al. (2010)

Induction of sprouting from the
dopaminergic terminals towards the created
neurotrophic milieu

BM-MSCs 6-OHDA rat
model

Behavioral improvements Partial restoration of the dopaminergic
markers and vesicular striatal pool of
dopamine

Bouchez et al.
(2009)
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them into neurotrophic factor-secreting stem cells (NTF-SCs)
(Jahed et al., 2021). These cells, or their cell medium (CM), were
then cocultured with the human neuroblastoma cell line (SH-SY5Y)
treated with Aβ1-42, mimicking AD-like pathology in vitro. The
results have shown that NFT-SCs decreased SH-SY5Y cell death as
well as reduced Tau hyperphosphorylation and TNF-α levels, when
compared to the control (p < 0.05). Additionally, these NFT-SCs
have also been shown to release increased quantities of NGF and
BDNF, when compared to MSCs (p < 0.05). Similarly, a study by
Bahlakeh et al. transplanted hAT-MSC-derived NFT-SCs into
BALB/c mice exhibiting an AD-like pathology (Bahlakeh et al.,
2022). BALB/c mice treated with NFT-SCs and NFT-SCs CM
exhibited improved learning and memory, as indicated by their
performance in the Morris water maze (MWM) test. Namely, mice
in both treatment groups exhibited significantly reduced swim and
escape latency relative to the control (p < 0.05). Subsequently, the
transplantation of NFT-SCs induced an increase in BrdU/Nestin+

and BrdU/NeuN+ cells in SGZ of the hippocampus. Generally, both
studies appear to suggest that NFT-SCs enhance adult endogenous
neurogenesis, alleviating some aspects of AD-like pathologies.

In addition to direct transplantation of MSCs, there also exist
studies researching the application of MSCs’ byproducts, such as
exosomes (Zeng et al., 2022). For example, a 2021. study by Chen
et al. has shown that WJ-MSC-derived exosomes loaded with miR-
29a, which mainly affects histone deacetylase 4 (HDAC4) (Müller
et al., 2016), caused a significant decrease in nuclear HDAC4 (Chen
et al., 2021b). This lowered the expression of A β and improved
cognitive recovery in AD mice. Similar results with miR-29b-
enriched EVs were also obtained by Jahangard et al. in rat AD
models (Jahangard et al., 2020). On top of miR-29, studies have also
shown beneficial effects of miR-21, miR-22, miR-1246, wherein
these miRNAs slowed cognitive deterioration in AD mice through
regulation of neuroinflammation and synaptic damage (Cui et al.,
2018; Cone et al., 2021). With that, in order to optimize miR cargo
delivery and, therewith, develop novel AD treatments, one must first
understand the intricate connection between progression of AD and
exo-miRs (Zeng et al., 2022).

Finally, many clinical trials pertaining to the application of
MSCs in treatment of AD have taken place during the past
decade. Most of these have been phase I trials that tested the
safety of application of MSCs in patients affected by AD. Apart
from finding that this approach is safe and well tolerated, some
clinical trials have also reported several beneficial effects of
transplanted MSCs. One of the trials, performed on 33 patients
in the United States, included an intravascular administration of
MSCs (Identifier: NCT05233774) (Brody et al., 2022). The
preliminary results show significant increase in the hippocampal
volume within the treatment group, coupled with improvements in
neurocognitive scores as compared to the placebo.

3.2 Parkinson’s disease

Parkinson’s disease (PD) is a progressive condition marked
by neurodegeneration of the substantia nigra pars compacta
(SNpc) (Song and Kim, 2016). When it comes to its treatment,
MSCs have demonstrated significant potential in targeting the
disease’s pathogenesis through: 1) influencing the symptoms, 2)

modifying the course of the disease, and 3) controlling disease
manifestation (Table 2). A study by Boika et al. confirmed that
the transplantation of MSCs into PD patients decreased the
severity of motor and non-motor symptoms (Boika et al., 2020),
suggesting that MSCs are interesting potential candidates for
disease-modifying strategies in PD (Vilaça-Faria et al., 2019;
Berlet et al., 2022; Heris et al., 2022).

One technique pertaining to MSC transplantation in PD
patients is described by Dezawa et al. (Dezawa et al., 2004).
While autocell transplantation includes the use of BM-MSCs
isolated from the patients themselves, allocell transplantation
requires AT-, BM- or UC-MSCs obtained from healthy donors
(Kitada and Dezawa, 2012). On the other hand, Yao et al. have
utilized NSCs cultured in a conditioned medium (CoM) containing
the MSC secretome for transplantation into dopa-deficit model rats
(Yao et al., 2016). Their findings show that CoM-NSCs differentiate
towards dopaminergic neurons of the ventral tegmental area (VTA)
and the medial forebrain bundle (MFB) (Mendes Filho et al., 2018).
When conditioned, these cells also exhibited higher survival and
migration as well as induced significant behavioral improvements,
when compared to untreated NSCs. Even though advances are being
made daily, cell transplantation via intravenous administration still
has a high risk of causing pulmonary thrombosis (Ramot et al.,
2010).

On a molecular level, MSC-based treatment for PD has two
distinct effects: 1) trophic action driven by cytokines and numerous
neuroprotective, anti-apoptotic, and growth factors (Hofer and
Tuan, 2016; Fu et al., 2017; Kim et al., 2018b) and 2)
differentiation of MSCs into a variety of distinct cell types
facilitating cell replenishment (Alizadeh et al., 2019; George et al.,
2019; Hernández et al., 2020). Additionally, MSCs have also been
reported to release anti-inflammatory cytokines and, thereby, aid in
tissue healing (Sun et al., 2022a). Even though some studies
demonstrated that MSCs have the potential to differentiate into
DA neuronal precursors, it remains unknown whether these
differentiated cells can be assimilated within the host
environment and forge new synaptic connections with the host
neurons (Hayashi et al., 2013; Zeng et al., 2015a). According to
Fričova et al., MSCs are the more prominent forerunners for cell-
based therapy due to their regenerative and immunomodulatory
potential, minimal risk of tumor development, and sparse ethical
concerns (Fričová et al., 2020).

Recent studies have also shown that MSCs-derived secretome
has therapeutic effects in PD by secreting a variety of soluble factors
and encapsulated extravesicles, all while avoiding the allogenic
immune response (Ferreira et al., 2018; Phelps et al., 2018;
Samanta et al., 2018). These exosomes can cross the BBB and
exert neuroprotective effects (D’angelo et al., 2020). As such,
MSCs therapy in combination with Levodopa might be the
future standard of PD treatment (Heris et al., 2022).

Some application of MSCs for treatment of PD have also entered
clinical trials to compare their efficacy (Identifiers: NCT03550183,
NCT01446614, NCT02611167, NCT04506073, NCT03684122,
NCT04146519, NCT04928287, NCT04876326 and
NCT04995081) (Liu et al., 2022b). No results have been reported
yet. Nonetheless, since the number of active clinical trials is modest,
further investigations are required to assess the safety and efficacy of
MSC-based therapies for PD.
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3.3 Multiple sclerosis

Multiple sclerosis is a chronic inflammatory and
neurodegenerative disease of the CNS characterized by lesions of
the white matter, mostly manifesting through damage to the myelin
sheath and axons. Following an attack by autoreactive T-cell and
endogenous remyelination failure, MS leads to neurological
dysfunction (Genc et al., 2019). Since the complex pathogenesis
of MS is not yet completely understood, current
immunosuppression-based therapies have a low efficiency. As
such, alternate approaches to MS management and treatment are
being researched throughout. One of the more prominent
candidates for this new form of treatment are MSCs and
associated exosomes (Table 3). Exosomes (and other EVs)
derived from MSCs have been demonstrated to ameliorate motor
function impairments in models of multiple sclerosis, decrease the
proinflammatory response, and reduce demyelination (Zappia et al.,
2005; Gerdoni et al., 2007; Kassis et al., 2008; Lu et al., 2009; Rafei
et al., 2009).

Following intravenous administration of EVs derived from
hAT-MSCs into SJL/J mice with Theiler’s murine
encephalomyelitis virus (TMEV)-induced demyelinating disease,

Laso-García et al. have demonstrated several beneficial effects to
the host tissue. Namely, they observed diminished brain atrophy,
increased cell proliferation, decreased inflammatory response, and
improved motor deficits (Laso-García et al., 2018). Firstly, a clear
reduction in neuroinflammation was observed, visible in reduced
GFAP and Iba-1 staining, accompanied by an increase in myelin
protein expression in the brain (Laso-García et al., 2018). Changes
were also observed in the spinal cord, manifesting as distinct
alterations in the morphology of the microglial cells, suggesting
that EVs might be able to modulate the activation state of microglia.
Immunomodulatory ability of EVs was visible in reduction in
plasma cytokine levels, mainly that of Th1 and Th17.

On the other hand, Clark et al. have utilized the experimental
autoimmune encephalomyelitis (EAE) murine model of MS to show
that human placental MSC (hP-MSC)-derived EVs promote
remyelination (Clark et al., 2019). They demonstrated that, as
opposed to the control group, animals treated with hP-MSCs and
hP-MSC-EVs displayed increased “differentiation of endogenous
oligodendrocyte precursor cells into mature myelinating
oligodendrocytes” (Mukai et al., 2021), resulting in an improved
motor function in those groups. Furthermore, mice in these groups
exhibited less DNA damage to oligodendrocytes.

TABLE 3 Summary of in vitro and in vivo studies investigating the beneficial effects of MSCs in multiple sclerosis.

Treatment Disease model Results Mechanisms of action Authors

hAT-MSC-derived EVs SJL/J mice with TMEV-
induced demyelinating
disease

Diminished brain
atrophy

Modulation of the microglial activation state Laso-García et al.
(2018)

Increased cell
proliferation

Reduction in plasma cytokine levels (Th1 and Th17)

Decreased inflammatory
response

Improved motor deficits

hP-MSC-derived EVs EAE mouse model Improved motor function Differentiation of endogenous oligodendrocyte
precursor cells into mature myelinating
oligodendrocytes

Clark et al. (2019)

hBM-MSCs stimulated by IFN-γ EAE mouse model Improved motor function Increase in the number of CD4+CD25+FOXP3+
Tregs

Riazifar et al.
(2019)

Decreased demyelination
and inflammation

Reduction in the total number of macrophages/
microglia and pro-inflammatory T-cell

hBM-MSC-derived EVs EAE rat model Behavioral improvement Regulation of microglial polarization from M1 to M2 Li et al. (2019b)

Reduced infiltration of
inflammatory cells

Decreased demyelination

hDT-MSC-derived EVs EAE mouse model Attenuation of the
inflammatory response

Inactivation of the NALP3 inflammasome Soundara Rajan
et al. (2017)

Decreased infiltration of
inflammatory cells

NF-kB reduction

hDT-MSC-derived MVs EAE mouse model Alleviation of disease
progression

Inhibition of activation and proliferation of
lymphocytes

Mokarizadeh et al.
(2012)

Secretion of anti-inflammatory cytokines

Recombinant interleukin
23 receptor (RIL-23R)-engineered
MSCs

EAE mouse model Increased myelination Suppression of T lymphocyte proliferation Rostami et al.
(2022)

Alleviation of disease
progression

Reduction in penetration of inflammatory cells in the
white matter
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Confirming similar results in EAE mice, Riazifar et al. have
performed intravenous administration of hBM-MSCs stimulated by
IFN-γ (Riazifar et al., 2019). Their research found that application of
hBM-MSCs reduced the mean clinical score of EAE mice,
diminished demyelination and inflammation, and increased the
number of CD4+CD25+FOXP3+ Tregs. More recent studies on
EAE mice, following intravenous administration of hAT-MSCs
overexpressing IFN-b/LIF, reported a reduction in demyelination,
an increase in the number of Olig2+ cells, and an elevation in the
myelin basic protein (MBP) expression. This can, in turn, increase
the production of myelin (Yousefi et al., 2022).

Due to their low immunogenicity and little to no ethical issues,
MSC treatments for MS are also beginning to enter clinical trials.
One of these includes a phase II double-blind trial on patients with
active progressive MS, comprising 28 males and 20 females,
conducted in Israel over a period of 14 months (Identifier:
NCT02166021) (Petrou et al., 2020). This trial involved
randomization of patients into three groups: intrathecal (IT)
treatment, intravenous (IV) treatment or sham injections. Half of
the patients belonging to each of the treatment groups received
autologous BM-MSCs transplantation (1 × 106/kg), followed by
retreatment in 6 months, while the other half received sham
injections during the 6-month follow-up. The patients that were
initially assigned to the sham group were randomly divided into IT
and IV-treatment groups at the 6-month follow-up and were
administered with respective treatments. During the 1-year follow
up, researchers noted that 58.6% of IT-treated and 40.6% of IV-
treated patients had no indication of clinical symptoms, as opposed
to only 9.7% of patients in the control group (Petrou et al., 2020).
The MSC-IT group also scored significantly better on the timed 25-
foot walking test, 9-hole peg test and cognitive tests. In addition, new
results from this trial, published in early 2022., also demonstrate a
significant decrease in cerebrospinal fluid (CSF) NF-L levels in 60%
of patients that underwent MSC-IT treatment (p = 0.001) (Petrou
et al., 2022). Interestingly, that effect was also observed, be it to a
much lesser extent, in the MSC-IV treatment group, where it
amounted to 33% of patients. As such, this trial has suggested
that MSCs appear to be a viable treatment option for MS, with the
most optimal delivery method being intrathecal application.

On the other hand, Uccelli et al. have performed a randomized,
multi-center, double-blind, placebo-compared, cross-over phase I/II
clinical trial with autologous bone-marrow derived MSCs—the
MEsenchymal StEm cells for Multiple Sclerosis (MESEMS) study
(Uccelli et al., 2019). As opposed to the classically-designed trial by
Petrou et al., MESEMS was designed to merge partially independent
clinical trials to overcome funding constraints. This clinical trial was
conducted at 15 sites in nine countries (Italy, Canada, Austria,
Denmark, France, Iran, Spain, Sweden, and the United Kingdom)
from July 2012 until July 2019 (Uccelli et al., 2021). It included
144 individuals who were randomly allocated to receive IV infusion
of autologous BM-MSCs (n = 69) or placebo (n = 75). At week 24 of
the study, the MSC-treatment group received placebo, while the
placebo group received a single IV dose of BM-MSCs. The follow-up
was set at 48 weeks. Even though the study did meet the primary
safety endpoint, wherein no serious adverse events were reported in
the MSC group, it failed to meet the primary efficacy endpoint, set as
“the number of gadolinium-enhancing lesions (GELs) counted over
week 4, 12, and 24” (Uccelli et al., 2021).

Even though both studies used similar methods for BM-MSC
delivery, with the MESEMS trial including three times more
patients, there appears to be little consensus in whether BM-
MSCs should be used to treat active MS. Despite the positive
trend in the number of GELs reported by Petrou et al., the
MESEMS trial demonstrated no significant differences between
the treatment groups within a larger study sample. As such,
further studies are needed to address the effects of MSCs on a
variety of parameters as they relate to tissue repair. To optimize and
standardize the administration protocol as well as facilitate easier
comparison of obtained results, a multi-center trial approach should
be utilized not only in phase III but also phase I/II clinical trials.

3.4 Glioblastoma multiforme

Glioblastoma multiforme (GBM) is an adult malignant primary
tumor of the CNS. The mean survival time of patients with GBM is
12–14 months (Wen and Kesari, 2008). As GBM’s cancerogenesis
remains unknown, recent decade has seen a rise in hypotheses
underlying its etiology. These include the “clonal evolution model”,
and the “cancer stem cell (CSC) hypothesis” (Rahman et al., 2011; Li
et al., 2012a).

Like other tumors, GBM has the potential to attract resident
MSCs (Yang et al., 2016), with GB-MSCs being the key component
of the CSC niche (Tumangelova-Yuzeir et al., 2019). When exposed
to such an environment, stem cells can undergo a process called
“stromal corruption”, wherein the residing cells get modified by the
tumor to favor its development (Fomchenko et al., 2011).
Interestingly, there is a plethora of findings which indicate that,
besides neural stem cells (NSCs), resident MSCs can also undergo
the process of stromal corruption; namely, while some GB-MSCs are
conventional bone-marrow derivedMSCs, other have the distinctive
genetic traits associated with CSCs (Hossain et al., 2015;
Tumangelova-Yuzeir et al., 2019). A 2019. study by
Tumangelova-Yuzeir et al. has shown that GB-MSCs express and
secrete immunosuppressive molecules and factors, including IL-6,
TGFβ, CCL-2, PGE2, and sVEGF (Tumangelova-Yuzeir et al.,
2019). Since these can influence the activity of T-cell, resulting in
a decrease in Th17 lymphocytes and an increase in Tregs in vitro,
they represent another potential mechanism underlying immune
suppression by GBM. The same study also found that GM-MSCs
induce an overexpression of CD14 and CD68 as well as an
underexpression of HLA-DR and CD80 by monocytes. As such,
there is a plethora of evidence evoking caution in the therapeutic use
of MSCs in treatment of GBM due to their critical involvement in
the tumor microenvironment (TME), where they seem to actively
participate in cancer development and progression (Bajetto et al.,
2020).

Nevertheless, MSCs are still being researched as a potential
therapeutic approach for a variety of CNS tumors, including GBM
(Redjal et al., 2015; Jiang et al., 2016; Jiang et al., 2018). Here, MSCs
present themselves as an interesting vehicle for delivery of
microRNA (miR) with anti-cancer properties (Lee et al., 2013;
Lang et al., 2018; Sharif et al., 2018). For example, a 2018. study
by Lang et al. used lentiviral vectors to engineer BM-MSCs that
produce EVs carrying high levels of miR-124a, an anti-glioma agent
effective against glioma stem cell (GSC) lines (Lang et al., 2018).
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Following in vitro treatment of GSCs with exosomes carrying miR-
124a, the GSCs exhibited a significant reduction in viability and
clonogenicity, when compared with the control. Additionally,
subsequent in vivo treatment of mice with intercranial GSC267,
accompanied by a systemic delivery of exosomes containing miR-
124a, led to a long-term survival of 50%, with no presence of tumor
in histological analysis. Next, a 2016 study by Jiang et al. has shown
that MSCs engineered to express the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) inhibit the growth of GBM,
induce apoptosis and, in turn, extend animal survival (Jiang et al.,
2016). A concise overview of in vitro and in vivo studies exploring
the effects of MSCs application in glioblastoma multiforme can be
found in Table 4.

Some of these strategies have been further extended into clinics,
wherein there currently exist at least two active clinical trials
evaluating the prospects of MSC-based treatments of GBM
(Calinescu et al., 2021). The first one, being executed at the M.D.
Anderson Cancer Center in Texas (United States), is building upon
their results in preclinical models of GBM, wherein allogenic MSCs
loaded with OVs (oncolytic viruses) were administered into the
carotid artery and showed promising results (Identifier:
NCT03896568) (Yong et al., 2009). This phase I, open-label
clinical trial uses the conditionally replicating oncolytic
adenovirus Delta24-RGD to take advantage of the tumor-tropism
of the MSCs, potentially limiting the spread of the virus to other
organs. This also allows MSCs to cross the BBB and distribute
widely in the tumor (Identifier: NCT03896568). Another study,
conducted at the CHA University in South Korea, is using MSCs
that express the suicide gene cytosine deaminase (CD) and
transplanting them into patients with recurrent glioblastoma
(Identifier: NCT04657315). This is an open-labeled, phase I/II

clinical trial for evaluation of maximum tolerated dose, safety, and
efficiency.

3.5 Ischemic stroke

Ischemic stroke (IS) is a pathological condition caused by an
interruption in the blood circulation through the brain
(Thayabaranathan et al., 2022). It represents the most common
type of stroke and leads to neuronal cell death. Nevertheless, current
treatments for IS, which include thrombolysis and mechanical
thrombectomy, have an extremely narrow therapeutic window
and, as such, bring benefits for only 5% of patients (Nogueira
et al., 2018). Since ischemic stroke includes many
pathophysiological events which occur in parallel, from ion
imbalance and hyperinflammation to activation of various types
of cell death, transplantation of stem cells might bring a multitude of
benefits (Kuriakose and Xiao, 2020).

Among numerous published articles which report positive
effects of MSC transplantation in animal models of stroke, many
of them were performed in the last decade (Xia et al., 2020; Xu et al.,
2020; Li et al., 2021b; Zhuo et al., 2021) (Table 5). For example,
stroke rats that have been administered with hUC-MSCs displayed a
substantial increase in motor function, coupled with elevated
metabolic activity and enhanced vascularization within the infarct
cortex (Lin et al., 2011). There was also a trend toward reduction in
the infarct volume. Similarly, Zhuo et al. performed both an in vitro
experiment on an oxygen-glucose deprivation/reperfusion (OGD/R)
neuron model, as well as an in vivo experiment on MCAO rats using
the ischemic-hypoxic, preconditioned, olfactory mucosa MSCs
(IhOM-MSCs) (Zhuo et al., 2021). Their results demonstrated

TABLE 4 Summary of in vitro and in vivo studies investigating the beneficial effects of MSCs in glioblastoma multiforme.

Treatment Disease model Results Mechanisms of action Authors

CXCR4-overexpressing hAT-MSCs GBM spheroids grown in an
extracellular matrix

Decrease in tumor hypoxia Enhanced long-term migration
towards GBM

Jiang et al.
(2018)

Preferential penetration of the hypoxic
tumor core

TRAIL-overexpressing hAT-MSCs Patient-derived GBM orthotropic
xenografts in mice

Significant inhibition of tumor
growth

Long-range directional migration
towards GBM

Jiang et al.
(2016)

Extension of animal survival Induction of rapid cell apoptosis

hWJ-MSCs transfected with miR-124 U87 GBM cells Enhanced chemosensitivity of
GBM cells to temozolomide

Decrease in luciferase activity of the
target gene CDK6

Sharif et al.
(2018)

Decreased migration of GBM
cells

BM-MSC-derived EVs carrying high
levels of miR-124a

Glioma stem cell lines (GSC267,
GSC20, GSC6-27, GSC8-11,
GSC2-14)

Significant reduction in viability
and clonogenicity of GSCs

miR-124a inhibition of GCS viability
through knockdown of FOXA2

Lang et al.
(2018)

BM-, AT-, P- and UC-MSCs
transfected with miR-124 and miR-145
mimics

U87-derived xenografts in mice Decreased migration of glioma
cells

Attenuation of luciferase activity of the
reporter target genes, SCP-1 and Sox2

Lee et al.
(2013)

Decreased self-renewal of GSCs

GFP-labeled commercial hMSCs
carrying Delta-24-RGD

Mice harboring orthotopic U87MG
or U251-V121 xenografts

Inhibition of glioma growth Localization of hMSCs-Delta24 to
gliomas, probably via the tumor
vasculature

Yong et al.
(2009)

Extension of animal survival
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that IhOM-MSCs protect mitochondrial function and inhibit cell
death. On the other hand, intranasal delivery of BM-MSCs was
tested in day 7, postnatal rat pups affected by stroke (Wei et al.,
2015). Authors reported a decrease in ischemic cortex volume,
reduction in BBB disruption, as well as an increase in
angiogenesis, neurogenesis, and cerebral blood flow. Besides 2D
cell cultures, some researchers are also looking into transplantation
of 3D-cultured MSCs (Li et al., 2021b). When compared to 2D-
cultured MSCs, transplantation of 3D-cultured MSCs dramatically
decreased the infarct volume and resulted in an enhanced cell
engraftment into the ischemic region. Additionally, Li et al. also
reported decreased levels of proinflammatory cytokines and
suppressed microglial activation in the 3D treatment group (Li
et al., 2021b). Another interesting finding was achieved after
intravenous transplantation of BM-MSCs, which resulted in a
reduced loss of neurons in the hippocampus (Acosta et al., 2015).

On top of transplantation of MSCs into the affected tissue, be it
with direct or systemic delivery, researchers are also exploring the

use of EVs and miRNAs for treatment of a variety of ischemic
diseases. For example, a 2019. study by Deng et al. has shown that
MSC-derived EVs loaded with miR-138-5p are successful in
preventing additional astrocyte damage caused by oxygen/glucose
deprivation (OGD) following endocytosis in mice with MCAO
(Deng et al., 2019). The results of this study demonstrated
reduced neurological impairment following treatment. Similarly,
the application of miR-133b-enriched MSC-derived EVs in
MCAO rats promoted neural plasticity and enhanced neurite
outgrowth (Xin et al., 2012; Xin et al., 2013). Others have used
MSC-derived microvesicles (MVs) pretreated with normal rat brain
extract (NBE-MSC-MVs) or stroke-injured rat brain extract (SBE-
MSC-MVs) to investigate their impact on ischemic brain damage
caused by permanent MCAO (pMCAO) (Lee et al., 2016).
Interestingly, this study found that transplantation of pretreated
MSC-MVs had a significantly greater efficacy in ameliorating
ischemic injury and improving functional recovery than that of
MSC-MVs. Additionally, MSC-MVs that have been treated with the

TABLE 5 Summary of in vitro and in vivo studies investigating the beneficial effects of MSCs in ischemic stroke.

Treatment Disease model Results Mechanisms of action Authors

hUC-MSCs MCAO rat model Increase in motor function Release of neuroprotective ad growth-
associated cytokines (BDNF, bFGF, CXCL-16,
VEGFR-3, and angiopoietin-2)

Lin et al.
(2011)

Elevated metabolic activity

Enhanced vascularization of the infarct
cortex

Ischemic-hypoxically
preconditioned OM-MSCs

OGD/R neuron model Protection of mitochondrial function Upregulation of the downstream target genes
GRP78 and Bcl-2 by miR-181a

Zhuo et al.
(2021)

MCAO rat model Inhibition of apoptosis and pyroptosis of
neurons

Hypoxically preconditioned hBM-
MSCs

MCAO rat model Improved sensorimotor and olfactory
functional recovery

Increase in angiogenesis, neurogenesis, and
cerebral blood flow

Wei et al.
(2015)

Improved social behavior Decrease in ischemic cortex volume

Reduction in BBB disruption

hBM-MSCs MCAO rat model Reduction in striatal infarct and peri-infarct
area

Not specified Acosta et al.
(2015)

No change in the rate of hippocampal cell
loss

Amelioration of stroke-induced
neuroinflammation

BM-MSC-derived exosomes
containing miR-138-5p

OGD/R neuron model Reduction in neurological impairment Protection of astrocytes via downregulation of
miR-138-5p target gene LCN2

Deng et al.
(2019)

MCAO mouse model Inhibition of astrocytes’ inflammatory
response

BM-MSC-derived exosomes
containing miR-133-b

MCAO rat model;
astrocyte/neuron-MSC
cocultures

Significant increase in neurite branch
number and total neuron length in treated
neurons

Regulation of neurite outgrowth by transfer of
miR-133b to neural cells via exosomes

Xin et al.
(2012)

BM-MSC-derived exosomes
containing miR-133-b

MCAO rat model Significantly improved functional recovery miR-133b transfer to astrocytes and neurons,
regulating their gene expression

Xin et al.
(2013)

Enhanced axonal plasticity and neurite
remodeling in the ischemic boundary zone
at day 14 after MCAO

MVs derived from hAT-MSCs
treated with normal or stroke-
injured rat brain extract

pMCAO rat model Reduction in inflammation Attenuation of TNF and progranulin (PGRN)
expression

Lee et al.
(2016)

Enhanced neurogenesis and increased
endogenous neurogenesis

Upregulation of angiogenesis-, neurogenesis-,
and apoptosis-related genes
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brain-extracts have been shown to decrease the inflammatory
response, boost neovascularization, and enhance endogenous
neurogenesis (Lee et al., 2016). Likewise, intravenous application
of MSC-derived EVs also resulted in neurological functional
recovery as well as increased angiogenesis and neurogenesis in
MCAO mice (Xu et al., 2020).

After confirming that transplantation of stem cells in patients
affected by stroke is a safe and well-tolerated procedure (Qiao et al.,
2014), more advanced stage clinical trials aimed to answer the question
if stem cells could bring measurable benefits. One of these is a
prospective, open-label randomized phase III clinical trial performed
on 54 patients with severe middle cerebral artery territory infarct
(Identifier: NCT01716481) (Lee et al., 2022). This trial included
transplantation of autologous BM-MSCs and reported
improvements in motor function in the intravenously treated group
in 90 days after the treatment. Additional research of patient’s
biomarkers also demonstrated a significant increase in numbers of
circulating EVs in stroke patients treated with BM-MSCs (p = 0.001),
with an increase inmiRNAs related to neurogenesis and neuroplasticity
(e.g., miRNA-18-a-5p) (p = 0.034) (Bang et al., 2022). Likewise,
improvement in motor function was also reported by a different
clinical trial, this time a phase II, single-center, open-label RCT,
with a 2-year follow-up (Identifier: NCT00875654) (Jaillard et al.,
2020). On the other hand, another similar trial did not report any
neurological recovery or functional outcome improvement at
12 months, but rather only a reduction in the volume of infarcted
tissue (Identifier: NCT01461720) (Law et al., 2021).

On top of BM-MSCs, AT-MSCs are also being used in clinical
trials for treatment of acute ischemic stroke. A phase II, randomized,
double-blind, placebo-controlled, single center pilot clinical trial was
performed on 13 patients (4 receiving AT-MSCs and 9 placebo) over
60 years of age with a moderate to severe acute ischemic stroke
(Identifier: NCT04280003) (de Celis-Ruiz et al., 2022). The patients
received IV infusion of AT-MSCs within the first 2 weeks of stroke
and, at 24-month follow-up, showed a non-significantly lower
median National Institutes of Health Stroke Scale (NIHSS) score,
when compared to the placebo group (interquartile range, 3 [3–5.5]
vs. 7 [0–8]).

4 Challenges for MSC-based therapies
of the nervous system

4.1 Immunocompatibility

Interestingly, MSCs can exhibit both immunosuppressive and
proinflammatory activities. These effects depend on the cell’s level of
stimulation by inflammatory cytokines, chemokines (including
PGE2, TGF-B, IL-6, IL-10, HLAG5), metalloproteinases,
indoleamine-2,3-dioxygenase (IDO1), and nitric oxide (NO).
MSCs immunosuppressive activity can, therefore, be utilized as a
form of prevention of both allograft rejection episodes and an
abnormal autoimmune or inflammatory response (De Miguel M
et al., 2012). On a molecular level, it is known that MSCs have
immunosuppressive effects in the presence of NO (Ren et al., 2008;
Han et al., 2012). Contrastingly, in areas which lack NO, namely,
those regions where the inducible nitric oxide synthase (iNOS) is
inhibited, MSCs enhance the proliferation of the immune cells.

Furthermore, Qin et al. have discovered that, in the presence of the
NOS inhibitor L-NMMA, MSCs are not successful in inhibiting the
proliferation of T-cell in rat models (Qin et al., 2021). These findings
clearly imply that the production of NO, or an increase
NOS2 activity, is required for the onset of MSC-mediated
immunosuppression. Like NO, indoleamine 2,3-dioxygenase also
acts as a switch in MSC- mediated immunomodulation (Plumas
et al., 2005; Krampera et al., 2006).

While some research suggests that MSCs may contribute to
cancer development, other indicates that they have suppressive
effects on tumor development (Li et al., 2012b). The mechanisms
underlying these suppressive effects are explained by inhibition of
proliferation-related signaling pathways PI3K/AKT, induction of
cell cycle arrest and, subsequently, the reduction of cancer growth
(Lu et al., 2019). Contrastingly, other studies have shown that MSCs
can undergo differentiation into cancer-associated fibroblasts
(CAFs) and, thereby, actively promote cancer progression (Jotzu
et al., 2011; Barcellos-de-Souza et al., 2016; Aoto et al., 2018).

4.2 Stemness stability and differentiation of
MSCs

The stemness properties of MSCs are affected by a variety of
factors, including the isolation method, individual variability of the
source tissue, health of the donor and the history of cell culture in
question (Mastrolia et al., 2019). Dental pulp mesenchymal stem
cells (DP-MSCs) represent 10% of dental pulp cells. Even though
they exhibit higher proliferation rates, DP-MSCs produce lower
quantities of proangiogenic factors than BM-MSCs and AT-MSCs
in vitro (d’Aquino et al., 2007). Nevertheless, other studies have
shown that chemokines and neurotrophins released by DP-MSCs
play a key role in neuroprotection and response to injuries of the
nervous system (Mead et al., 2014; Yu et al., 2016).

Interestingly, MSCs also exhibit donor-related variations. These
can be due to the patients’ gender, BMI, donor site, age, and
underlying diseases (Mastrolia et al., 2019). A 2016. study by
Sammour et al. has shown that MSCs isolated from female
donors are more efficient in reducing lung inflammation in a rat
model, when compared with male MSCs (Sammour et al., 2016). On
the other hand, the hormonal variations women are exposed to,
especially during menopause, decrease the osteogenic potential of
resident stem cells (Zhu et al., 2009). Furthermore, Ogawa et al. also
verified the existence of gender variability in AT-MSCs by finding a
higher amount of Peroxisome Proliferator Activated Receptor-ϒ2
(PPAR-ϒ2), an adipogenesis marker, in cells derived from female
mice (Ogawa et al., 2004; Zhu et al., 2009; Sammour et al., 2016).

Some studies have also reported age-related changes in MSCs
(Alonso-Goulart et al., 2018; Mahmood et al., 2018; Mohamed-
Ahmed et al., 2018). For example, MSCs from elderly people have
lower superoxide dismutase activity, and higher levels of reactive
nitrogen and reactive oxygen species (RNS and ROS, respectively)
(Stolzing et al., 2008). This results in oxidative damage to MSCs and,
subsequently, apoptosis. Additionally, p53 and p21, which are
recognized for their pro-apoptotic activity, are both upregulated
in aged MSCs, while the expression of Notch1 receptor, which is
implicated in bone development, is downregulated (Stolzing et al.,
2008).
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For MSC-based therapies to reach significant levels of success in
treatment of neurological disorders, they must also account for the
inherent influence that the diseases have on the cell’s regenerative
capacities. For example, Diabetes Mellitus (type 2 diabetes) has a
negative impact on MSCs function, reducing their ability to produce
new blood vessels by downregulating pro-angiogenic factors
(Rezabakhsh et al., 2017). Moreover, BM-MSCs isolated from
diabetic patients exhibit decreased paracrine secretion and a
greater proclivity to develop into adipocytes (Ferland-
McCollough et al., 2018).

BMI has also been reported to influence the differentiation and
proliferation abilities of adipocytes (Geissler et al., 2014). As such,
overweight individuals boast compromised cell differentiation,
proliferation, and DNA telomere length. This is accompanied by
cells’ diminished potential for self-renewal and early onset of
apoptosis. Additionally, high BMI also has a detrimental effect
on both AT- and BM-MSCs, as evident in substantially degraded
osteogenic and attenuated adipogenic differentiation, impaired cell
proliferation, and enhanced senescence (Ulum et al., 2018). It is
interesting to note that, following significant weight reduction, DNA
damage is decreased, and cell viability and replicative longevity are
both improved (Mitterberger et al., 2014).

Donor-related variations in MSCs are also visible in menstrual-
blood-derived MSCs (MB-MSCs). For example, MB-MSCs from
women with endometriosis (eMB-MSCs) are morphologically

different from healthy patient-derived MSCs (Nikoo et al., 2014).
They are characterized by higher proliferation and invasion
potentials as well as the ability to manipulate inflammatory
responses to their advantage, which further propagates the
development of endometriosis.

Finally, MSCs properties are also impacted by some
pharmacological agents and treatment methods, including
immunosuppressive drugs (Tsuji et al., 2015), antitumor drugs
(Pike et al., 2015), and radiotherapy (Poglio et al., 2009). Similar
to these, prolonged use of morphine impairs angiogenesis and
endothelial progenitor cell activation (Holan et al., 2018). It also
exerts a deleterious effect on the proliferation and differentiation of
MSCs, altering their secretory capabilities and hindering wound
repair (Holan et al., 2018).

4.3 Heterogeneity

Even though a multitude of studies have revealed the fascinating
benefits of MSCs in tissue repair, making them an attractive research
target in the field of regenerative medicine, MSCs from different
sources exhibit significantly different properties (Andrzejewska
et al., 2019). For example, MSCs of fetal origin differ from cells
obtained from adult tissues in that they proliferate more quickly and
can undergo more in vitro passages before senescence. (Hass et al.,

FIGURE 3
Tumor-promoting ability of MSCs.On top of playing an important role in reduction of anti-tumor immunity, MSCs can undergo transformation into
CSCs as well as promote epithelial-mesenchymal transitions, leading to tumor metastasis. Additionally, through secretion of various factors, MSCs can
also play a role in tumor angiogenesis (Created with BioRender.com).
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2011). On the other hand, adult-isolated BM- MSCs and AT-MSCs
possess a higher degree of stemness, reflected in their ability to create
a larger number of fibroblast colonies (CFU-F) (Kern et al., 2006;
Heo et al., 2016).

Interestingly, even MSCs obtained from individual donors can
exhibit some clear differences. Among BM-MSCs isolated from
donors of different ages and sexes, studies found significant
differences in their proliferation rates, osteogenesis, and the level
of bone remodeling marker (alkaline phosphatase, ALP) activity
(Phinney et al., 1999). Interestingly, no correlation between these
and the sex or the age of the donors was said to be found. Yet, other
studies have shown that the properties of BM-MSCs heavily depend
on the donor’s age. For example, cells isolated from older individuals
exhibited increased apoptosis and diminished proliferation, as well
as a decreased capacity for differentiation toward osteoblasts (Zhou
et al., 2008). Heo et al. also demonstrated that there is considerable
interdonor variation in distal-less homeobox 5 (DLX5) gene
expression between MSCs derived from different tissues (Heo
et al., 2016).

In order to facilitate easier recognition of specific molecular and
functional phenotypes, which appear to be related to harvesting
techniques and tissue sources (Walter et al., 2020), Colter et al. have
categorized MSCs into three subpopulations, based on their
morphology: “spindle-shaped proliferating cells resembling
fibroblasts” (type I); “large, flat cells with a clearly marked
cytoskeleton structure containing a number of granules” (type II);
and “small, round cells with high self-renewal capacity” (type III)
(Colter et al., 2000).

4.4 Adverse effects

Despite the beneficial outcomes that MSC treatment promises,
there are many challenges and controversies relating to MSCs’
application into the human cell niche that require more research.
With that, some of the main potential risks pertaining to MSCs
therapy include: 1) potential differentiation into undesirable cell
types and pro-tumorigenic activity, 2) uncontrolled immune
response, 3) short survival after implantation, 4) insufficiently
researched differentiation capacities, and 5) unspecified optimal
doses and route of cell administration.

MSCs may exhibit pro-tumorous activity by enhancing tumor
invasion through secretion of CCL5 (Karnoub et al., 2007) as well as
inhibiting apoptosis through secretion of pro-survival factors VEGF
and bFGF (König et al., 1997; Dias et al., 2002; Zhu et al., 2017). As
such, since MSCs can exhibit both immunosuppressive and
immunomodulatory effects, their administration can result in an
uncontrolled immune response on either the global or the local level
(Rivera-Cruz et al., 2017).

When discussing MSCs short survival following implantation,
several studies have demonstrated the occurrence of massive death
of MSCs shortly after transplantation through activation of
hypoxia signaling pathways and Caspase 3-mediated apoptosis
(Preda et al., 2021). Interestingly, a study by Deschepper et al. has
shown that the massive death of MSCs at day 6 was induced by
ischemic conditions (low pO2 and glucose depletion), while cells in
hypoxic conditions (low O2) remained viable until day 12
(Deschepper et al., 2011).

Despite all benefits pertaining to future treatment strategies,
some questions about the differentiation capacity and the use of
MSCs remain. These include the exact mechanism of their action,
their safety in routine clinical use, and their migration patterns
within the tissue (Musiał-Wysocka et al., 2019). As such, much of
the research within the field suggests that, for maximum treatment
effectiveness, different clinical indications and diseases necessitate
alternative administration methods (Galipeau and Sensébé, 2018;
Caplan et al., 2019). Most prominent routes of cell administration
include: 1) systemic delivery with intravenous (IV) and intraatrial
(IA) delivery, and 2) local delivery with topical, intramuscular, direct
tissue injection and transepi- or endo-cardial applications. Still,
neither of these routes is without its faults; wherein both IV and
IA delivery pose risks for stroke through formation of emboli or
thrombi. Additionally, and when it comes to systemic
administration, the cells within the circulation are exposed to
innate host immune cells, potentially resulting in unwanted
effects. On the other hand, direct injection can induce yet-
undefined cell to cell interactions and potentially activate other
secondary signaling systems (Caplan et al., 2019; Lukomska et al.,
2019).

Other questions that arise in the debate on whether MSCs
treatment should be widely applicable include the efficiency of
MSCs isolation from elderly patients and patients with systemic
diseases such as diabetes, rheumatoid arthritis, and inflammatory
diseases, since their cells can be affected by the disease. The element
of low efficiency of MSCs that have been isolated from elderly
patients could be circumvented through banking of MSCs at a
younger age (Kokai et al., 2017). On top of these, obesity and
BMI have also been shown to determine the fate, and reduce the
efficiency, of MSCs (Pachón-Peña et al., 2016; Dufrane, 2017; Liu
et al., 2017). To limit the risk of adverse effects, novel techniques for
MSC isolation and ex vivo processing for clinical use should be
developed. (Lukomska et al., 2019).

4.5 Tumor-promoting ability

Even though MSCs show the capacity of navigating towards
tumor sites, many studies also warn of their protumor activity,
namely, 1) immunosuppression (Jiang et al., 2005; Sato et al., 2007;
Ren et al., 2008; Volarevic et al., 2010; Lee et al., 2015), 2) promotion
of angiogenesis (Birnbaum et al., 2007; Zacharek et al., 2007; Huang
et al., 2013; O’Malley et al., 2016), 3) transition to cancer-associated
fibroblasts (Spaeth et al., 2009; Barcellos-de-Souza et al., 2016;
Ishihara et al., 2017), 4) inhibition of apoptosis in cancer cells
(Hung et al., 2007a; Hung et al., 2007b; Sanchez et al., 2009;
Efimenko et al., 2011), 5) increase in metastatic ability and tumor
growth (Zhu et al., 2006; ting et al., 2009), 6) induction of epithelial-
mesenchymal transition (EMT) (Martin et al., 2010; Thomas and
Karnoub, 2013; Xue et al., 2015; Esposito et al., 2019; Yan et al., 2021;
Yin et al., 2022), and 7) promotion of drug resistance (Scherzed et al.,
2011; Ji et al., 2015; He et al., 2019; Han et al., 2021; Shi et al., 2021)
(Figure 3). Although the aforementioned studies observed and
quantified the effects of resident MSCs on tumor progression and
other associated activities, MSCs tumor-promoting ability is worth
keeping in mind when designing any new therapeutic approaches
based on this cell type (Liang et al., 2021).
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When discussing MSCs role in suppressing both the innate and
adaptive immune response, they accomplish this through secretion
of TGF α, TNF β, IFN γ, PGE2, NO, HLA-G, HGF, IL-1b, IL-1a, IL-2
and IL-6 (Rivera-Cruz et al., 2017; Liang et al., 2021). In turn, these
factors reduce proliferation of effector T-cell and B-cell, maturation
of dendritic cells (DCs), natural killer cell (NKC) activity and
secretion of IgG. This all results in a reduction in anti-tumor
immunity.

MSCs have also been shown to promote tumor angiogenesis
through release of VEGF, bFGF, FGF-2, IL-8, IL-6, TNF, IGF-1 and
TGF β as well as subsequent transformation into smooth muscle
cells (Gu et al., 2018) and pericytes, coupled with formation of new
tumor vessels (Crisostomo et al., 2008; Efimenko et al., 2011; Huang
et al., 2013; Kalluri, 2016; Liang et al., 2021). On top of transforming
into smooth muscle cells, MSCs can also undergo conversion into
cancer-associated fibroblasts (CAFs) (Barcellos-de-Souza et al.,
2016; Ishihara et al., 2017). On the other hand, promotion of
tumor metastasis often follows the epithelial-mesenchymal
transition induced by MSCs secretion of TGF β, HGF, FGF and
EGF (McAndrews et al., 2015; Berger et al., 2016; Hill et al., 2017).
MSCs can also secrete chemoattractants, including CXCL1, CCL5,
CXCL5, CXCL8 and CXCL7, which promote tumor cell migration
to metastatic lesions (McAndrews et al., 2015). Finally, some studies
have shown that resident MSCs promote drug resistance. This
property is particularly prominent is CSCs, or cancer stem cells.

CSCs are cancer cells that have undergone EMT (Mani et al.,
2008). Not only canMSCs support the CSCs microenvironment, but
they can also transform into CSCs themselves. They can accomplish
this through methylation in the tumor suppressor genes HIC1, and
RassF1A, occurrence which was identified in some cases of advanced
ovarian cancer (Teodoridis et al., 2005). This, in turn, increases the
tumor’s resistance to cisplatin and increases the risk of tumor
reoccurrence (Liang et al., 2021). Even though cisplatin
administration caused cell death in the control group of BM-
MSCs, Teng et al. found that this treatment was substantially less
effective in transfected BM-MSCs. (Teng et al., 2011).

4.6 Technical and societal challenges

To prevent cell contamination and facilitate the application of a
highly standardized protocol, the use of MSCs for therapeutic
purposes requires highly skilled professionals. Even though many
clinical trials are underway, we still lack a standardized protocol
outlining the appropriate steps for isolation and maintenance of
MSC cultures (Loo and Wong, 2021). The importance of such a
standardized protocol lies in the fact that it can facilitate easier one-
to-one comparison of varied experimental studies and clinical trials
for the purpose of determining the most optimal delivery method
and concentration.

With an increased and widespread public interest in stem cell
therapy, recent years have also seen a rise in biobanking. Although
such facilities provide their users with access to highly multipotent
stem cells at will, and when in need, they are also at risk of
exploitation (Loo and Wong, 2021). This is particularly
prominent in privately-operated biobanks, which are at risk of
breaches of privacy as well as commercialization of health data
(Winickoff, 2015).

Additionally, people that are using these biobanking services
appear to fall into a specific social group—white, middle-class, and
well-educated individuals. This results in an unintentional exclusion
of individuals not fitting into these norms, namely, those that are
indigenous, lower-class, and from culturally diverse communities
(Prictor et al., 2018). This prejudice is also reflected in the
recruitment process wherein, for example, the participants in the
UK Biobank were more likely to be women, in better health and
living in wealthier areas (Fry et al., 2017). Similar trend was also
noted in the Estonian Biobank, which was biased towards women
and younger people, with underrepresentation of some minorities
(Leitsalu et al., 2015). Not only is this bias limiting marginalized
individual’s access to biobanks, but it is also negatively impacting
scientific enquiry since a wide variety of research employs biobank
samples and data (Prictor et al., 2018). Still, with awareness comes
the ability to rectify these issues of inclusivity and
representativeness—something we must actively strive towards in
the upcoming years.

5 Prospects for MSC-based therapies

5.1 Novel biomaterials

Even though a variety of bioengineering approaches aiming to
facilitate and optimize MSC treatments have emerged throughout
the decade, ensuring efficient engraftment and survival of implanted
MSCs remains a challenge (Hmadcha et al., 2020b). To address this
obstacle, researchers are using biomaterials as scaffolds designed to
improve the retention of transplanted cells (Zeng et al., 2015b;
Zhang et al., 2018b; Ryu et al., 2019c; Yan et al., 2019; Deng et al.,
2020; Sahab Negah et al., 2020; Ma et al., 2021b; Restan Perez et al.,
2021). Efforts are being made to produce ideal biodegradable and
biocompatible scaffolds based on both synthetic and natural
polymers that mirror the biological and mechanical properties of
the target tissue (Doblado et al., 2021). As such, on top of facilitating
MSCs proliferation and survival, this material should also provide a
suitable environment for neuronal survival, facilitate axonal
extension and projection as well as mimic the tissue
biomechanics (Vijayavenkataraman, 2020).

A study by Negah et al. utilized an experimental TBI model in
rats to assess whether RADA4GGSIKVAV (R-GSIK), a self-
assembling nano-peptide scaffold, brings quantifiable benefits in
the form of functional improvement and decrease in
neuroinflammation (Sahab Negah et al., 2020). Interestingly, a
significant functional recovery was observed in rats that received
MSCs with R-GSIK scaffolding, as opposed to those in the control
group. Additional analysis revealed that both MSCs- and MSCs +
R-GSIK- treated groups contain smaller numbers of reactive
astrocytes and microglia, accompanied by a considerable decrease
in proinflammatory cytokines such as TLR4, TNF and IL6 (Sahab
Negah et al., 2020). On the other hand, a study by Yan et al. used the
“300 g weight free fall impact” traumatic brain injury model to test
the effectiveness of BM-MSCs on a collagen-chitosan scaffold (Yan
et al., 2019). They reported that the transplantation of BM-MSCs
and collagen-chitosan scaffolds reduced the modified neurological
severity scores and diminished neurodegeneration. Interestingly, the
therapeutic effects of BM-MSCs that have been combined with the
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scaffold were superior to stereotaxic injection of BM-MSCs alone.
All in all, these studies indicate that transplantation of MSCs
embedded within various scaffolds can promote the recovery of
neuropathological injury and, as such, is of great significance in
advancing our approaches towards treating traumatic injuries of the
nervous tissue.

While most of these studies examined the efficiency of this novel
MSC delivery method on traumatic brain or spinal cord injuries, a
study by Ryu et al. quantified the effectiveness of allogeneic AT-MSC
sheets in treatment of MCAO (Ryu et al., 2019c). The study included
10 animals in the control, and 10 in the treatment group. They were
observed over a period of 14 days after transplantation. The results
of the study demonstrate an increase in functional angiogenesis and
neurogenesis in the treatment group, followed by behavioral
improvements.

Furthermore, Zhang et al. have created an injectable hydrogel
made of sodium alginate (SA) and hyaluronic acid (HA) to act as a
tissue scaffold, supplying the stem cells with a more favorable
microenvironment after implantation (Zhang et al., 2018b). This
HA/SA hydrogel is characterized by porous structures that appear to
be appropriate for stem cell loading and exhibit good rheological

behavior. Following the loading of hUC-MSCs into the hydrogel
in vitro, the cells exhibited higher viability and proliferation as
compared to the control group. Interestingly, the HA/SA scaffold
also contributed to the regeneration of endogenous neural cells.

Since development of most novel biomaterials meant to facilitate
improved cell retention and viability following transplantation is still
underway, there is only a limited number of solutions that have
reached the phase of clinical trials. Nevertheless, one small clinical
trial, evaluating the efficiency of a collagen scaffold has recently been
completed. A phase I clinical trial reported by Deng et al., performed
at the Characteristic Medical Center of Chinese People’s Armed
Police Force, used collagen scaffolds loaded with hUC-MSCs for
treatment of acute complete spinal cord injury (Deng et al., 2020).
The trial comprised 20 patients in the treatment, and 20 in the
control group. The collected evidence suggests that the
transplantation of hUC-MSCs onto a collagen scaffold can
increase patient’s functional recovery, albeit the findings must be
validated in a multicenter clinical study with a greater number of
participants (Deng et al., 2020).

Even though many of the studies pointed towards clear
advantages in using novel scaffolds to facilitate higher cell

FIGURE 4
Summary of different electromagnetic field application modalities as they pertain to enhancing the beneficial effects of MSCs. Aside from adjuvant
application of MSCs and electromagnetic fields, researchers are utilizing EMF-pretreatedMSCs for the purpose of enhancing their expansion rate. On the
other hand, EMFs are also being used for magnetic guidance of MSCs towards the injury site following their infusion with magnetic nanoparticles
(Created with BioRender.com).
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retention and survival, most natural biomaterials still exhibit very
specific disadvantages which must be addressed prior to translation
into clinical practice. These include: 1) batch variability, 2) short
degradation period, 3) difficulty in purification, and 4) quality
control (Xu et al., 2019b). Even though the structure of synthetic
biomaterials can be controlled and, as such, can address some of the
shortcomings of natural biomaterials, they remain a less optimal
choice. The reason for that is their lack of cell adhesion properties
and biological signals, making them less likely to direct cell fate on
their own (Xu et al., 2019b). Additionally, biocompatibility and
bioresorbability of these materials is often brought into question.

5.2 Electromagnetic fields

Even though freshly isolated MSCs have numerous positive
attributes, they are extremely heterogeneous and come in limited
quantities, owing to the patients age and gender (Hamid et al., 2022).
As such, the development of novel methods for cell expansion is a
critical step towards translation into clinics. Yet, classical methods of
expansion of isolated cells in the form of extensive in vitro passages
can result in cells with morphological, phenotypic, and genetic
changes (Gharibi and Hughes, 2012). Even though considerable
efforts have been made to facilitate expansion and enhance the
proliferation of MSCs in vitro, without modifying their properties,
most of these are still insufficient (Gharibi and Hughes, 2012). In
this context, researchers are turning to the use of electromagnetic
fields (EMFs), which have been shown not only to promote the
proliferation of MSCs (Sun et al., 2009; Li et al., 2012c; Lim et al.,
2013; Parate et al., 2020; Alipour et al., 2022) but also drive
neurogenesis (Kim et al., 2013; Seong et al., 2014). One of the
mechanisms behind this action was suggested to be the upregulation
of Ca(v)1-channel expression and function (Piacentini et al., 2008).
As expected, these effects are closely related to the frequency of
applied EMFs, duration of treatment, and the differentiation stage
of MSCs.

For example, a 2022. study by Huang et al. has shown that a
concurrent transplantation of BM-MSCs and an application of
pulsating electromagnetic fields (PEMFs) increases the expression
of brain-derived neurotrophic factor (BDNF), nerve growth factor
(NGF), and VEGF in C57BL/6 mice with T10 contusion injury
(Huang et al., 2022). Following local BM-MSC transplantation into
the injury site, the mice were exposed to PEMF (50 Hz, 1 mT, 1 h/
day) for 8 weeks after the injury. The synergistic effect of PEMFs and
BM-MSCs enhanced locomotor functional recovery of the affected
animals, as seen in their behavioral assessment scores (Basso Mouse
Scale, BMS). The animals within the treatment group also exhibited
some signs of active preservation of neurons and an elevated rate of
axonal growth visible in the expression of NeuN and MBP,
respectively.

On the other hand, Feng et al. have used a combination of TMS
and BM-MSCs to treat rat spinal cord injury (Feng et al., 2021). The
study utilized 8-week-old female Sprague Dawley rats and
established a model of SCI using the “weight-drop method“. This
was followed by either monotherapy (TMS, BM-MSCs or PLX4720,
RafI inhibitor) or combination therapy (TMS + BM-MSCs or TMS +
PLX4720) (Feng et al., 2021). Even though the results demonstrated
that monotherapy suppressed neuronal apoptosis and promoted

axonal regeneration, these effects were much more prominent in the
groups receiving one of the concurrent therapies. Most strikingly,
combination treatment significantly reduced lesions within the
spinal cord, decreased the rate of neuronal apoptosis and
elevated the expression of NGF and BDNF (FENG et al., 2021).

Other researchers have demonstrated that pre-treatment of BM-
MSCs with low intensity pulsed ultrasound (LIPUS) boosted the
positive effects of BM-MSCs in SCI rats (Ning et al., 2019). This was
visible in higher cell viability, migration, and neurotrophic factors
expression in vitro. Additionally, the authors also noted improved
locomotor function and upregulation in BDNF and NGF in the
treatment group. Comparably, Seo et al. have used BM-MSCs pre-
treated with low-frequency, pulsating electromagnetic fields (LF-
PEMFs) to remedy a crush-injured rat mental nerve (Seo et al.,
2018). The results demonstrated that injection of pre-treated BM-
MSCs led to a higher count of myelinated axons, with higher overall
axon density.

On top of traumatic spinal injuries, pre-treatment of MSCs with
electromagnetic fields is also being tested as a novel therapeutic
approach in Parkinson’s disease. A 2016. study by Jadidi et al. used
LF-EMFs (50 Hz, 40 or 400 uT, 1 h/day) to treat BM-MSCs prior to
their transplantation into the left ventricle of Parkinsonian rats
(Jadidi et al., 2022). After 2 weeks, the injected MSCsmigrated to the
SNpc and differentiated into dopaminergic neurons. The rats in the
treatment group exhibited significant behavioral improvements,
with an increase in brain BDNF levels (Jadidi et al., 2022).

Besides pre-treatment or adjuvant application, EMFs are also
being used congruently with the infusion of cells loaded with
magnetic nanoparticles (MNPs). These are designed to facilitate
easier cell guidance towards the injured site (Cho et al., 2013). The
results of this study show that MNP-incorporated hBM-MSCs are
actively being guided towards the injury site and, with that, promote
significant behavioral recovery in SCI rats. Additionally, a 2020.
study by Aldebs et al. has used superparamagnetic iron oxide
nanoparticles (SPIONs) to assist in osteogenic differentiation of
hAT-MSCs, in conjunction with direct stimulation with LF-PEMFs
(Aldebs et al., 2020). The researchers designed a three-dimensional
hydrogel scaffold based on self-assembled RADA16 peptides
containing SPIONs, which was used to grow hAT-MSCs. Not
only did they show that LP-PEMFs and SPIONs have no
negative effects on cell viability, but they also demonstrated that
these modalities can distinctly induce early differentiation of hAT-
MSCs into an osteoblastic phenotype.

Even though clinical trials on EMF-treatedMSCs are still in their
early stages and, to our knowledge, none have been performed on
neural tissue, results from the aforementioned preclinical studies
suggest that they appear to a safe and effective option for tissue
reconstruction (Figure 4). Nevertheless, some concerns regarding
their use at a therapeutic level have been raised (D’Angelo et al.,
2015). These predominantly pertain to the use of specific
amplitudes, frequencies, and exposure times (Miskon and
Uslama, 2011).

When discussing cytotoxic and genotoxic effects of EMFs on
MSCs, a multitude of studies have shown no significant changes in
cells treated with fields within a specific range (Razavi et al., 2014;
Fan et al., 2015; Kim et al., 2015; Ross et al., 2018; Samiei et al., 2020).
For example, a 2015. study by Kim et al. reported no evidence of
cytotoxicity, morphological changes or necrosis to hBM-MSCs upon
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exposure to EMFs (45 Hz, 1 mT, 16 h/day) (Kim et al., 2015).
Interestingly, there was also no change in lactate dehydrogenase
(LDH) activity in EMF-treated MSCs, suggesting no obvious
damage to the cell membrane. Next, a study by Fan et al.
investigated the effects of extremely low frequency
electromagnetic fields (ELF-EMFs) (50 Hz, 1 mT, 4 h/day) on
proliferation and cytokine production of MSCs (Fan et al., 2015).
No cytotoxic effects have been reported. Similarly, Ross et al. tested
the cytotoxic and genotoxic activity of ELF-EMFs (5 Hz, 0.4 mT,
20 min/day) on hBM-MSCs (Ross et al., 2018). Cytogenetic
investigation into the viability and proliferation of these cells,
coupled with morphological genome stability analysis, revealed
no signs of cytotoxicity. Additionally, no chromosomal breakage
was visible in the karyotype analysis, implying no genotoxicity.
Comparable results were also obtained by Razavi et al. (Razavi et al.,
2014) and Samiei et al. (Samiei et al., 2020) with no decrease in cell
survival and proliferation following EMF exposure being reported.
Even though none of the studies reported any cytotoxic or genotoxic
effects, their findings are limited to EMF exposure within a small
range of frequencies, limited length of exposure, and predetermined
amplitude. As such, additional studies are needed to evaluate and
quantify the effects of EMFs on MSCs as they pertain to a larger
range of frequencies, longer exposure times, and a variety of
different amplitudes prior. This is a vital step in facilitating
translation towards clinical practice.

6 Discussion

Due to their wide availability through a multitude of organ
systems, MSCs are among the more prominent cell types being used
for tissue regeneration nowadays. Even though they boast high
immunomodulatory activity, the ability to differentiate into
neuron-like cells, and neuroprotective effects, they are still a
heterogeneous cell population that exhibits source-dependent
differences influencing their applicability. As such, an increasing
number of research is focusing on genetic modification of these cells,
their pre-treatment under different culture conditions, and their use
as therapeutic carriers meant to facilitate targeted delivery of
pharmacological agents. Even though most of the research within
the field suggests that MSC-based therapies appear to be safe, some
adverse effects have been reported. These include: 1) lack of
immunocompatibility, 2) differentiation into undesirable cell
types, 3) tumor-promoting ability, and 4) initiation of an
uncontrolled immune response. To address these developing
concerns, several researchers are leveraging MSCs’ secretory
capabilities and investigating cell-free techniques by employing
MSC-derived exosomes and EVs. Most of these have entered
clinical trials, with varied amounts of success—while some lead
to functional recovery in diseases such as multiple sclerosis,
Alzheimer’s disease and ischemic stroke, others had no effect.
Nevertheless, since ensuring efficient engraftment and survival of
appropriate quantities of transplanted cells remains a challenge, a

variety of novel bioengineering approaches are being developed.
These mainly include the use of both natural and synthetic
biomaterials as scaffolds designed to improve the retention of
implanted cells. Another promising approach towards optimizing
MSC-based treatment is the use of electromagnetic fields which have
been shown to promote the cell’s proliferation and drive
neurogenesis. These novel approaches have not yet reached
clinical applications but show promise.

Even though the past decade has seen a rise in both
experimental studies using animal models and clinical trials of
MSC-based therapies for neurological disorders, much remains
unknown. Therefore, additional research is needed to quantify and
compare the risks involved in cell–based vs cell-free treatments,
develop novel strategies to obtain larger quantities of healthy cells,
and reduce the variability of results due to MSCs’ innate
heterogeneity.

Author contributions

JI, KŠ, BB, and DM performed the literature search and wrote
the first draft of the manuscript. JI conceived the article, wrote the
final draft, and made the figures and tables. DM contributed to
finalize the manuscript. All authors contributed to the review of this
manuscript and approved the submitted version.

Funding

JI is funded by the Gillcrist Education Foundation. DM is funded
by the European Union through the European Regional
Development Fund, Scientific Centre of Excellence for Basic,
Clinical and Translational Neuroscience under Grant Agreement
No. KK.01.1.1.01.0007, project “Experimental and clinical research
of hypoxic-ischemic damage in perinatal and adult brain”.

Conflict of interest

JI is employed by Omnion Research International Ltd
The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Bioengineering and Biotechnology frontiersin.org21

Isaković et al. 10.3389/fbioe.2023.1139359

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


References

Abreu, R. C., Ramos, C. v., Becher, C., Lino, M., Jesus, C., Costa Martins, P. A., et al.
(2021). Exogenous loading of miRNAs into small extracellular vesicles. J. Extracell.
Vesicles 10 (10), e12111.

Acosta, S. A., Tajiri, N., Hoover, J., Kaneko, Y., and Borlongan, C. v. (2015).
Intravenous bone marrow stem cell grafts preferentially migrate to spleen and
abrogate chronic inflammation in stroke. Stroke 46 (9), 2616–2627. doi:10.1161/
strokeaha.115.009854

Adolfsson, E., Helenius, G., Friberg, Ö., Samano, N., Frøbert, O., and Johansson, K.
(2020). Bone marrow- and adipose tissue-derived mesenchymal stem cells from donors
with coronary artery disease; growth, yield, gene expression and the effect of oxygen
concentration. Scand. J. Clin. Lab. Investig. 80 (4), 318–326.

Alajbeg, I., Alić, I., Andabak-Rogulj, A., Brailo, V., and Mitrečić, D. (2018). Human-
and mouse-derived neurons can be simultaneously obtained by co-cultures of human
oral mucosal stem cells and mouse neural stem cells. Oral Dis. 24 (1–2), 5–10. doi:10.
1111/odi.12776

Aldebs, A. I., Zohora, F. T., Nosoudi, N., Singh, S. P., and Ramirez-Vick, J. E.
(2020). Effect of pulsed electromagnetic fields on human mesenchymal stem cells
using 3D magnetic scaffolds. Bioelectromagnetics 41 (3), 175–187. doi:10.1002/bem.
22248

Alipour, M., Hajipour-Verdom, B., Javan, M., and Abdolmaleki, P. (2022). Static and
electromagnetic fields differently affect proliferation and cell death through acid
enhancement of ROS generation in mesenchymal stem cells. Radiat. Res. 198 (4),
384–395. doi:10.1667/rade-21-00037.1

Alizadeh, R., Bagher, Z., Kamrava, S. K., Falah, M., Ghasemi Hamidabadi, H.,
Eskandarian Boroujeni, M., et al. (2019). Differentiation of human mesenchymal
stem cells (MSC) to dopaminergic neurons: A comparison between Wharton’s jelly
and olfactory mucosa as sources of MSCs. J. Chem. Neuroanat. 96, 126–133. doi:10.
1016/j.jchemneu.2019.01.003

Alonso-Goulart, V., Ferreira, L. B., Duarte, C. A., Lima, I. L. de, Ferreira, E. R.,
Oliveira, B. C. de, et al. (2018). Mesenchymal stem cells from human adipose tissue and
bone repair: A literature review. Biotechnol. Res. Innovation 2 (1), 74–80. doi:10.1016/j.
biori.2017.10.005

Andrzejewska, A., Lukomska, B., and Janowski, M. (2019). Concise review:
Mesenchymal stem cells: From roots to boost. Stem Cells 37 (7), 855–864.

Aoto, K., Ito, K., and Aoki, S. (2018). Complex formation between platelet-derived
growth factor receptor β and transforming growth factor β receptor regulates the
differentiation of mesenchymal stem cells into cancer-associated fibroblasts. Oncotarget
9 (75), 34090–34102. doi:10.18632/oncotarget.26124

Baer, P. C., and Geiger, H. (2012). Adipose-derived mesenchymal stromal/stem cells:
Tissue localization, characterization, and heterogeneity. Stem Cells Int. 2012, 1–11.
doi:10.1155/2012/812693

Bahlakeh, G., Rahbarghazi, R., Abedelahi, A., Sadigh-Eteghad, S., and Karimipour, M.
(2022). Neurotrophic factor-secreting cells restored endogenous hippocampal
neurogenesis through the Wnt/β-catenin signaling pathway in AD model mice.
Stem Cell. Res. Ther. 13, 343. doi:10.1186/s13287-022-03024-6

Bai, W. F., Zhang, Y., Xu, W., Li, W., Li, M., Yuan, F., et al. (2020). Isolation and
characterization of neural progenitor cells from bone marrow in cell replacement
therapy of brain injury. Front. Cell. Neurosci. 14, 49. doi:10.3389/fncel.2020.00049

Bajetto, A., Thellung, S., Dellacasagrande, I., Pagano, A., Barbieri, F., and Florio, T.
(2020). Cross talk between mesenchymal and glioblastoma stem cells: Communication
beyond controversies. Stem Cells Transl. Med. 9 (11), 1310–1330. doi:10.1002/sctm.20-
0161

Bang, O. Y., Kim, E. H., Cho, Y. H., Oh, M. J., Chung, J. W., Chang, W. H., et al.
(2022). Circulating extracellular vesicles in stroke patients treated with mesenchymal
stem cells: A biomarker analysis of a randomized trial. Stroke 53 (7), 2276–2286. doi:10.
1161/strokeaha.121.036545

Banks, W. A., Freed, E. O., Wolf, K. M., Robinson, S. M., Franko, M., and Kumar, V. B.
(2001). Transport of human immunodeficiency virus type 1 pseudoviruses across the
blood-brain barrier: Role of envelope proteins and adsorptive endocytosis. J. Virol. 75
(10), 4681–4691. doi:10.1128/jvi.75.10.4681-4691.2001

Banks, W. A., Sharma, P., Bullock, K. M., Hansen, K. M., Ludwig, N., and Whiteside,
T. L. (2020). Transport of extracellular vesicles across the blood-brain barrier: Brain
pharmacokinetics and effects of inflammation. Int. J. Mol. Sci. 21 (12), 4407–4421.
doi:10.3390/ijms21124407

Barbon, S., Rajendran, S., Bertalot, T., Piccione, M., Gasparella, M., Parnigotto, P. P.,
et al. (2021). Growth and differentiation of circulating stem cells after extensive ex vivo
expansion. Tissue Eng. Regen. Med. 18, 411–427. doi:10.1007/s13770-021-00330-7

Barcellos-de-Souza, P., Comito, G., Pons-Segura, C., Taddei, M. L., Gori, V.,
Becherucci, V., et al. (2016). Mesenchymal stem cells are recruited and activated
into carcinoma-associated fibroblasts by prostate cancer microenvironment-derived
TGF-β1. Stem Cells 34 (10), 2536–2547. doi:10.1002/stem.2412

Berger, L., Shamai, Y., Skorecki, K. L., and Tzukerman, M. (2016). Tumor specific
recruitment and reprogramming of mesenchymal stem cells in tumorigenesis. Stem
Cells 34 (4), 1011–1026. doi:10.1002/stem.2269

Berlet, R., Galang Cabantan, D. A., Gonzales-Portillo, D., and Borlongan, C. V.
(2022). Enriched environment and exercise enhance stem cell therapy for stroke,
Parkinson’s disease, and huntington’s disease. Front. Cell. Dev. Biol. 10, 798826.
doi:10.3389/fcell.2022.798826

Birnbaum, T., Roider, J., Schankin, C. J., Padovan, C. S., Schichor, C., Goldbrunner, R.,
et al. (2007). Malignant gliomas actively recruit bone marrow stromal cells by secreting
angiogenic cytokines. J. Neurooncol 83 (3), 241–247. doi:10.1007/s11060-007-9332-4

Boika, A., Aleinikava, N., Chyzhyk, V., Zafranskaya, M., Nizheharodava, D., and
Ponomarev, V. (2020). Mesenchymal stem cells in Parkinson’s disease: Motor and
nonmotor symptoms in the early posttransplant period. Surg. Neurol. Int. 11 (380), 380.
doi:10.25259/SNI_233_2020

Bouchez, G., Sensebé, L., Vourc’h, P., Garreau, L., Bodard, S., Rico, A., et al. (2008).
Partial recovery of dopaminergic pathway after graft of adult mesenchymal stem cells in
a rat model of Parkinson’s disease. Neurochem. Int. 52 (7), 1332–1342. doi:10.1016/j.
neuint.2008.02.003

Brody, M., Agronin, M., Herskowitz, B. J., Bookheimer, S. Y., Small, G. W.,
Hitchinson, B., et al. (2022). Results and insights from a phase I clinical trial of
Lomecel-B for Alzheimer’s disease. Alzheimers Dement. 19, 261–273. doi:10.1002/alz.
12651

Calinescu, A. A., Kauss, M. C., Sultan, Z., Al-Holou, W. N., and O’Shea, S. K. (2021).
Stem cells for the treatment of glioblastoma: A 20-year perspective. CNS Oncol. 10 (2),
CNS73. doi:10.2217/cns-2020-0026

Calió, M. L., Marinho, D. S., Ko, G. M., Ribeiro, R. R., Carbonel, A. F., Oyama, L. M.,
et al. (2014). Transplantation of bone marrow mesenchymal stem cells decreases
oxidative stress, apoptosis, and hippocampal damage in brain of a spontaneous
stroke model. Free Radic. Biol. Med. 70, 141–154. doi:10.1016/j.freeradbiomed.2014.
01.024

Caplan, A. I. (1991). Mesenchymal stem cells. J. Orthop. Res. 9 (5), 641–650. doi:10.
1002/jor.1100090504

Caplan, H., Olson, S. D., Kumar, A., George, M., Prabhakara, K. S., Wenzel, P., et al.
(2019). Mesenchymal stromal cell therapeutic delivery: Translational challenges to
clinical application. Front. Immunol. 10, 1645. doi:10.3389/fimmu.2019.01645

Carmeliet, P., and Collen, D. (1997). Molecular analysis of blood vessel formation and
disease. Am. J. Physiol. Heart Circ. Physiol. 273 (5 42-5), H2091–H2104.

Cesselli, D., Beltrami, A. P., Rigo, S., Bergamin, N., D’Aurizio, F., Verardo, R., et al.
(2009). Multipotent progenitor cells are present in human peripheral blood. Circ. Res.

Chang, J. S., Hsu, Y. L., Kuo, P. L., Kuo, Y. C., Chiang, L. C., and Lin, C. C. (2005).
Increase of Bax/Bcl-XL ratio and arrest of cell cycle by luteolin in immortalized human
hepatoma cell line. Life Sci. 76 (16), 1883–1893. doi:10.1016/j.lfs.2004.11.003

Chen, C., Smye, S. W., Robinson, M. P., and Evans, J. A. (2006). Membrane
electroporation theories: A review, 44. Berlin, Germany: Springer Science+Business
Media (aka. Springer), 5–14.

Chen, C. C., Liu, L., Ma, F., Wong, C. W., Guo, X. E., Chacko, J. v., et al. (2016).
Elucidation of exosome migration across the blood–brain barrier model in vitro. Cell.
Mol. Bioeng. 9 (4), 509–529. doi:10.1007/s12195-016-0458-3

Chen, H., and Zhou, L. (2022). Treatment of ischemic stroke with modified
mesenchymal stem cells. Int. J. Med. Sci. 19 (7), 1155–1162. doi:10.7150/ijms.74161

Chen, K., Bao, Z., Gong, W., Tang, P., Yoshimura, T., and Wang, J. M. (2017).
Regulation of inflammation by members of the formyl-peptide receptor family.
J. Autoimmun. 85, 64–77. doi:10.1016/j.jaut.2017.06.012

Chen, Q. H., Wu, F., Liu, L., Chen, H. B., Zheng, R. Q., Wang, H. L., et al. (2020).
Mesenchymal stem cells regulate the Th17/Treg cell balance partly through hepatocyte
growth factor in vitro. Stem Cell. Res. Ther. 11 (1), 91. doi:10.1186/s13287-020-01612-y

Chen, Y., Shen, H., Ding, Y., Yu, Y., Shao, L., and Shen, Z. (2021). The application of
umbilical cord-derived MSCs in cardiovascular diseases. J. Cell. Mol. Med. 25 (17),
8103–8114. doi:10.1111/jcmm.16830

Chen, Y. A., Lu, C. H., Ke, C. C., Chiu, S. J., Jeng, F. S., Chang, C. W., et al. (2021).
Mesenchymal stem cell-derived exosomes ameliorate alzheimer’s disease pathology and
improve cognitive deficits. Biomedicines 9 (6), 594. doi:10.3390/biomedicines9060594

Cheng, S., Nethi, S. K., Al-Kofahi, M., and Prabha, S. (2021).
Pharmacokinetic—pharmacodynamic modeling of tumor targeted drug delivery
using nano-engineered mesenchymal stem cells. Pharmaceutics 13 (1), 92–22.
doi:10.3390/pharmaceutics13010092

Cherry, J. D., Olschowka, J. A., and O’Banion, M. K. (2014). Neuroinflammation and
M2microglia: The good, the bad, and the inflamed. J. Neuroinflammation 11, 98. doi:10.
1186/1742-2094-11-98

Cho, H., Choi, Y. K., Lee, D. H., Park, H. J., Seo, Y. K., Jung, H., et al. (2013). Effects of
magnetic nanoparticle-incorporated human bone marrow-derived mesenchymal stem
cells exposed to pulsed electromagnetic fields on injured rat spinal cord. Biotechnol.
Appl. Biochem. 60 (6), 596–602. doi:10.1002/bab.1109

Chung, T. N., Kim, J. H., Choi, B. Y., Chung, S. P., Kwon, S. W., and Suh, S. W. (2015).
Adipose-derived mesenchymal stem cells reduce neuronal death after transient global

Frontiers in Bioengineering and Biotechnology frontiersin.org22

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.1161/strokeaha.115.009854
https://doi.org/10.1161/strokeaha.115.009854
https://doi.org/10.1111/odi.12776
https://doi.org/10.1111/odi.12776
https://doi.org/10.1002/bem.22248
https://doi.org/10.1002/bem.22248
https://doi.org/10.1667/rade-21-00037.1
https://doi.org/10.1016/j.jchemneu.2019.01.003
https://doi.org/10.1016/j.jchemneu.2019.01.003
https://doi.org/10.1016/j.biori.2017.10.005
https://doi.org/10.1016/j.biori.2017.10.005
https://doi.org/10.18632/oncotarget.26124
https://doi.org/10.1155/2012/812693
https://doi.org/10.1186/s13287-022-03024-6
https://doi.org/10.3389/fncel.2020.00049
https://doi.org/10.1002/sctm.20-0161
https://doi.org/10.1002/sctm.20-0161
https://doi.org/10.1161/strokeaha.121.036545
https://doi.org/10.1161/strokeaha.121.036545
https://doi.org/10.1128/jvi.75.10.4681-4691.2001
https://doi.org/10.3390/ijms21124407
https://doi.org/10.1007/s13770-021-00330-7
https://doi.org/10.1002/stem.2412
https://doi.org/10.1002/stem.2269
https://doi.org/10.3389/fcell.2022.798826
https://doi.org/10.1007/s11060-007-9332-4
https://doi.org/10.25259/SNI_233_2020
https://doi.org/10.1016/j.neuint.2008.02.003
https://doi.org/10.1016/j.neuint.2008.02.003
https://doi.org/10.1002/alz.12651
https://doi.org/10.1002/alz.12651
https://doi.org/10.2217/cns-2020-0026
https://doi.org/10.1016/j.freeradbiomed.2014.01.024
https://doi.org/10.1016/j.freeradbiomed.2014.01.024
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.3389/fimmu.2019.01645
https://doi.org/10.1016/j.lfs.2004.11.003
https://doi.org/10.1007/s12195-016-0458-3
https://doi.org/10.7150/ijms.74161
https://doi.org/10.1016/j.jaut.2017.06.012
https://doi.org/10.1186/s13287-020-01612-y
https://doi.org/10.1111/jcmm.16830
https://doi.org/10.3390/biomedicines9060594
https://doi.org/10.3390/pharmaceutics13010092
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1002/bab.1109
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


cerebral ischemia through prevention of blood-brain barrier disruption and endothelial
damage. Stem Cells Transl. Med. 4 (2), 178–185. doi:10.5966/sctm.2014-0103

Clark, K., Zhang, S., Barthe, S., Kumar, P., Pivetti, C., Kreutzberg, N., et al. (2019).
Placental mesenchymal stem cell-derived extracellular vesicles promote myelin
regeneration in an animal model of multiple sclerosis. Cells 8 (12), 1497. doi:10.
3390/cells8121497

Colter, D. C., Class, R., DiGirolamo, C. M., and Prockop, D. J. (2000). Rapid
expansion of recycling stem cells in cultures of plastic-adherent cells from human
bone marrow. Proc. Natl. Acad. Sci. U. S. A. 97 (7), 3213–3218. doi:10.1073/pnas.97.7.
3213

Cone, A. S., Yuan, X., Sun, L., Duke, L. C., Vreones, M. P., Carrier, A. N., et al. (2021).
Mesenchymal stem cell-derived extracellular vesicles ameliorate Alzheimer’s disease-
like phenotypes in a preclinical mouse model. Theranostics 11 (17), 8129–8142. doi:10.
7150/thno.62069

Crisan, M., Yap, S., Casteilla, L., Chen, C. W., Corselli, M., Park, T. S., et al. (2008). A
perivascular origin for mesenchymal stem cells in multiple human organs. Cell. Stem
Cell. 3 (3), 301–313. doi:10.1016/j.stem.2008.07.003

Crisostomo, P. R., Wang, Y., Markel, T. A., Wang, M., Lahm, T., and Meldrum, D. R.
(2008). Human mesenchymal stem cells stimulated by TNF-α, LPS, or hypoxia produce
growth factors by an NFκB- but not JNK-dependent mechanism. Am. J. Physiol. Cell.
Physiol. 294 (3), 675–682.

Cui, G. H., Wu, J., Mou, F. F., Xie, W. H., Wang, F. B., Wang, Q. L., et al. (2018).
Exosomes derived from hypoxia-preconditioned mesenchymal stromal cells ameliorate
cognitive decline by rescuing synaptic dysfunction and regulating inflammatory
responses in APP/PS1 mice. FASEB J. 32 (2), 654–668.

Cui, Y. B., Ma, S. S., Zhang, C. Y., Cao, W., Liu, M., Li, D. P., et al. (2017). Human
umbilical cord mesenchymal stem cells transplantation improves cognitive function
in Alzheimer’s disease mice by decreasing oxidative stress and promoting
hippocampal neurogenesis. Behav. Brain Res. 320, 291–301. doi:10.1016/j.bbr.
2016.12.021

D’Angelo, C., Costantini, E., Kamal, M. A., and Reale, M. (2015). Experimental model
for ELF-EMF exposure: Concern for human health. Saudi J. Biol. Sci. 22 (1), 75–84.
doi:10.1016/j.sjbs.2014.07.006

D’angelo, M., Cimini, A., and Castelli, V. (2020). Insights into the effects of
mesenchymal stem cell-derived secretome in Parkinson’s disease. Int. J. Mol. Sci. 21
(15), 5241. doi:10.3390/ijms21155241

d’Aquino, R., Graziano, A., Sampaolesi, M., Laino, G., Pirozzi, G., De Rosa, A., et al.
(2007). Human postnatal dental pulp cells co-differentiate into osteoblasts and
endotheliocytes: A pivotal synergy leading to adult bone tissue formation. Cell.
Death Differ. 14 (6), 1162–1171. doi:10.1038/sj.cdd.4402121

Day, J. W., Howell, K., Place, A., Long, K., Rossello, J., Kertesz, N., et al. (2022).
Advances and limitations for the treatment of spinal muscular atrophy. BMC Pediatr.
22, 632. doi:10.1186/s12887-022-03671-x

de Celis-Ruiz, E., Fuentes, B., Alonso de Leciñana, M., Gutiérrez-Fernández, M.,
Borobia, A. M., Gutiérrez-Zúñiga, R., et al. (2022). Final results of allogeneic adipose
tissue–derived mesenchymal stem cells in acute ischemic stroke (amascis): A phase II,
randomized, double-blind, placebo-controlled, single-center, pilot clinical trial. Cell.
Transpl.

De Miguel M, P., Fuentes-Julian, S., Blazquez-Martinez, A., Pascual C, Y., Aller M, A.,
Arias, J., et al. (2012). Immunosuppressive properties of mesenchymal stem cells:
Advances and applications. Curr. Mol. Med. 12 (5), 574–591. doi:10.2174/
156652412800619950

deWitte, S. F. H., Luk, F., Sierra Parraga, J. M., Gargesha, M., Merino, A., Korevaar, S.
S., et al. (2018). Immunomodulation by therapeutic mesenchymal stromal cells (MSC) is
triggered through phagocytosis of MSC by monocytic cells. Stem Cells 36 (4), 602–615.
doi:10.1002/stem.2779

Del Zoppo, G. J., Saver, J. L., Jauch, E. C., and Adams, H. P. (2009). Expansion of the
time window for treatment of acute ischemic stroke with intravenous tissue
plasminogen activator. Stroke 40 (8), 2945–2948. doi:10.1161/strokeaha.109.192535

Deng, W. S., Ma, K., Liang, B., Liu, X. Y., Xu, H. Y., Zhang, J., et al. (2020). Collagen
scaffold combined with human umbilical cord-mesenchymal stem cells transplantation
for acute complete spinal cord injury. Neural Regen. Res. 15, 1686. doi:10.4103/1673-
5374.276340

Deng, Y., Chen, D., Gao, F., Lv, H., Zhang, G., Sun, X., et al. (2019). Exosomes derived
frommicroRNA-138-5p-overexpressing bone marrow-derived mesenchymal stem cells
confer neuroprotection to astrocytes following ischemic stroke via inhibition of LCN2.
J. Biol. Eng. 13 (1), 71–18. doi:10.1186/s13036-019-0193-0

Deng, Y., Zhang, Y., Ye, L., Zhang, T., Cheng, J., Chen, G., et al. (2016). Umbilical
cord-derived mesenchymal stem cells instruct monocytes towards an IL10-producing
phenotype by secreting IL6 and HGF. Sci. Rep. 6, 37566. doi:10.1038/srep37566

Dennis, J. E., and Charbord, P. (2002). Origin and differentiation of human and
murine stroma. Stem Cells 20 (3), 205–214. doi:10.1634/stemcells.20-3-205

Deschepper, M., Oudina, K., David, B., Myrtil, V., Collet, C., Bensidhoum, M., et al.
(2011). Survival and function of mesenchymal stem cells (MSCs) depend on glucose to
overcome exposure to long-term, severe and continuous hypoxia. J. Cell. Mol. Med. 15
(7), 1505–1514. doi:10.1111/j.1582-4934.2010.01138.x

Dezawa, M., Kanno, H., Hoshino, M., Cho, H., Matsumoto, N., Itokazu, Y., et al.
(2004). Specific induction of neuronal cells from bone marrow stromal cells and
application for autologous transplantation. J. Clin. Investig. 113 (12), 1701–1710.
doi:10.1172/jci200420935

Dias, S., Shmelkov, S. V., Lam, G., and Rafii, S. V. E. G. F. (2002). VEGF165 promotes
survival of leukemic cells by Hsp90-mediated induction of Bcl-2 expression and
apoptosis inhibition. Blood 99 (7), 2532–2540. doi:10.1182/blood.v99.7.2532

Dilger, N., Neehus, A. L., Grieger, K., Hoffmann, A., Menssen, M., and Ngezahayo, A.
(2020). Gap junction dependent cell communication is modulated during
transdifferentiation of mesenchymal stem/stromal cells towards neuron-like cells.
Front. Cell. Dev. Biol. 8, 869. doi:10.3389/fcell.2020.00869

Do, P. T., Wu, C. C., Chiang, Y. H., Hu, C. J., and Chen, K. Y. (2021). Mesenchymal
stem/stromal cell therapy in blood–brain barrier preservation following ischemia:
Molecular mechanisms and prospects. Int. J. Mol. Sci. 22, 10045. doi:10.3390/
ijms221810045

Doblado, L. R., Martínez-Ramos, C., and Pradas, M. M. (2021). Biomaterials for
neural tissue engineering. Front. Nanotechnol. 3, 21. doi:10.3389/fnano.2021.
643507

Dominici, M., le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., Krause, D.
S., et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy position statement. Cytotherapy 8 (4),
315–317. doi:10.1080/14653240600855905

Du, W., Seah, I., Bougazzoul, O., Choi, G. H., Meeth, K., Bosenberg, M. W., et al.
(2017). Stem cell-released oncolytic herpes simplex virus has therapeutic efficacy in
brain metastatic melanomas. Proc. Natl. Acad. Sci. U. S. A. 114 (30), E6157–E6165.
doi:10.1073/pnas.1700363114

Dufrane, D. (2017). Impact of age on human adipose stem cells for bone tissue
engineering. Cell. Transpl. 26 (9), 1496. doi:10.3727/096368917x694796

Ebrahimian, M., Shahgordi, S., Yazdian-Robati, R., Etemad, L., Hashemi, M., and
Salmasi, Z. (2022). Targeted delivery of galbanic acid to colon cancer cells by PLGA
nanoparticles incorporated into human mesenchymal stem cells. Avicenna J. Phytomed
12 (3), 295–308. doi:10.22038/AJP.2022.20022

Efimenko, A., Starostina, E., Kalinina, N., and Stolzing, A. (2011). Angiogenic
properties of aged adipose derived mesenchymal stem cells after hypoxic
conditioning. J. Transl. Med. 9, 10. doi:10.1186/1479-5876-9-10

El-Badawy, A., Amer, M., Abdelbaset, R., Sherif, S. N., Abo-Elela, M., Ghallab, Y. H.,
et al. (20166201). Adipose stem cells display higher regenerative capacities and more
adaptable electro-kinetic properties compared to bone marrow-derived mesenchymal
stromal cells. Sci. Rep. 6 (11), 37801–37811. doi:10.1038/srep37801

Esposito, M., Mondal, N., Greco, T. M., Wei, Y., Spadazzi, C., Lin, S. C., et al. (2019).
Bone vascular niche E-selectin induces mesenchymal-epithelial transition and Wnt
activation in cancer cells to promote bone metastasis. Nat. Cell. Biol. 21 (5), 627–639.
doi:10.1038/s41556-019-0309-2

Fan, W., Qian, F., Ma, Q., Zhang, P., Chen, T., Chen, C., et al. (2015). 50 Hz
electromagnetic field exposure promotes proliferation and cytokine production of bone
marrow mesenchymal stem cells. Int. J. Clin. Exp. Med. 8 (5), 7394–7404.

Feng, S., Wang, S., Sun, S., Su, H., and Zhang, L. (2021). Effects of combination
treatment with transcranial magnetic stimulation and bone marrow mesenchymal stem
cell transplantation or Raf inhibition on spinal cord injury in rats.Mol. Med. Rep. 23 (4),
294. doi:10.3892/mmr.2021.11934

Ferland-McCollough, D., Maselli, D., Spinetti, G., Sambataro, M., Sullivan, N., Blom,
A., et al. (2018). MCP-1 feedback loop between adipocytes and mesenchymal stromal
cells causes fat accumulation and contributes to hematopoietic stem cell rarefaction in
the bone marrow of patients with diabetes. Diabetes 67 (7), 1380–1394. doi:10.2337/
db18-0044

Ferreira, J. R., Teixeira, G. Q., Santos, S. G., Barbosa, M. A., Almeida-Porada, G., and
Gonçalves, R. M. (2018). Mesenchymal stromal cell secretome: Influencing therapeutic
potential by cellular pre-conditioning. Front. Immunol. 9, 2837. doi:10.3389/fimmu.
2018.02837

Fomchenko, E. I., Dougherty, J. D., Helmy, K. Y., Katz, A. M., Pietras, A., Brennan, C.,
et al. (2011). Recruited cells can become transformed and overtake PDGF-induced
murine gliomas in vivo during tumor progression. PLoS One 6 (7), e20605. doi:10.1371/
journal.pone.0020605

Fraser, J. K., Zhu, M., Wulur, I., and Alfonso, Z. (2008). Adipose-derived stem cells.
Methods Mol. Biol. 449, 59–67. doi:10.1007/978-1-60327-169-1_4

Fričová, D., Korchak, J. A., and Zubair, A. C. (2020). Challenges and translational
considerations of mesenchymal stem/stromal cell therapy for Parkinson’s disease.
npj Regen. Med. 55 (11), 20–10. doi:10.1038/s41536-020-00106-y

Fry, A., Littlejohns, T. J., Sudlow, C., Doherty, N., Adamska, L., Sprosen, T., et al.
(2017). Comparison of sociodemographic and health-related characteristics of UK
biobank participants with those of the general population. Am. J. Epidemiol. 186 (9),
1026–1034. doi:10.1093/aje/kwx246

Fu, W. L., Zhang, J. Y., Fu, X., Duan, X. N., Leung, K. K. M., Jia, Z. Q., et al. (2012).
Comparative study of the biological characteristics of mesenchymal stem cells from
bone marrow and peripheral blood of rats. Tissue Eng. Part A 18, 1793–1803. doi:10.
1089/ten.TEA.2011.0530

Frontiers in Bioengineering and Biotechnology frontiersin.org23

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.5966/sctm.2014-0103
https://doi.org/10.3390/cells8121497
https://doi.org/10.3390/cells8121497
https://doi.org/10.1073/pnas.97.7.3213
https://doi.org/10.1073/pnas.97.7.3213
https://doi.org/10.7150/thno.62069
https://doi.org/10.7150/thno.62069
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1016/j.bbr.2016.12.021
https://doi.org/10.1016/j.bbr.2016.12.021
https://doi.org/10.1016/j.sjbs.2014.07.006
https://doi.org/10.3390/ijms21155241
https://doi.org/10.1038/sj.cdd.4402121
https://doi.org/10.1186/s12887-022-03671-x
https://doi.org/10.2174/156652412800619950
https://doi.org/10.2174/156652412800619950
https://doi.org/10.1002/stem.2779
https://doi.org/10.1161/strokeaha.109.192535
https://doi.org/10.4103/1673-5374.276340
https://doi.org/10.4103/1673-5374.276340
https://doi.org/10.1186/s13036-019-0193-0
https://doi.org/10.1038/srep37566
https://doi.org/10.1634/stemcells.20-3-205
https://doi.org/10.1111/j.1582-4934.2010.01138.x
https://doi.org/10.1172/jci200420935
https://doi.org/10.1182/blood.v99.7.2532
https://doi.org/10.3389/fcell.2020.00869
https://doi.org/10.3390/ijms221810045
https://doi.org/10.3390/ijms221810045
https://doi.org/10.3389/fnano.2021.643507
https://doi.org/10.3389/fnano.2021.643507
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1073/pnas.1700363114
https://doi.org/10.3727/096368917x694796
https://doi.org/10.22038/AJP.2022.20022
https://doi.org/10.1186/1479-5876-9-10
https://doi.org/10.1038/srep37801
https://doi.org/10.1038/s41556-019-0309-2
https://doi.org/10.3892/mmr.2021.11934
https://doi.org/10.2337/db18-0044
https://doi.org/10.2337/db18-0044
https://doi.org/10.3389/fimmu.2018.02837
https://doi.org/10.3389/fimmu.2018.02837
https://doi.org/10.1371/journal.pone.0020605
https://doi.org/10.1371/journal.pone.0020605
https://doi.org/10.1007/978-1-60327-169-1_4
https://doi.org/10.1038/s41536-020-00106-y
https://doi.org/10.1093/aje/kwx246
https://doi.org/10.1089/ten.TEA.2011.0530
https://doi.org/10.1089/ten.TEA.2011.0530
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


Fu, Y., Karbaat, L., Wu, L., Leijten, J., Both, S. K., and Karperien, M. (2017). Trophic
effects of mesenchymal stem cells in tissue regeneration. Tissue Eng. Part B Rev. 23 (6),
515–528. doi:10.1089/ten.teb.2016.0365

Galipeau, J., and Sensébé, L. (2018). Mesenchymal stromal cells: Clinical challenges and
therapeutic opportunities. Cell. Stem Cell. 22 (6), 824–833. doi:10.1016/j.stem.2018.05.004

Ganz, J., Arie, I., Buch, S., Zur, T. ben, Barhum, Y., Pour, S., et al. (2014).
Dopaminergic-like neurons derived from oral mucosa stem cells by developmental
cues improve symptoms in the hemi-parkinsonian rat model. PLoS One 9 (6), e100445.
doi:10.1371/journal.pone.0100445

Ge, W., Jiang, J., Arp, J., Liu, W., Garcia, B., and Wang, H. (2010). Regulatory T-cell
generation and kidney allograft tolerance induced bymesenchymal stem cells associated
with indoleamine 2,3-dioxygenase expression. Transplantation 90 (12), 1312–1320.
doi:10.1097/tp.0b013e3181fed001

Geissler, P. J., Davis, K., Roostaeian, J., Unger, J., Huang, J., and Rohrich, R. J. (2014).
Improving fat transfer viability: The role of aging, body mass index, and harvest site.
Plast. Reconstr. Surg. 134 (2), 227–232. doi:10.1097/prs.0000000000000398

Genc, B., Bozan, H. R., Genc, S., and Genc, K. (2019). Stem cell therapy for multiple
sclerosis. Adv. Exp. Med. Biol. 1084, 145–174. doi:10.1007/5584_2018_247

George, S., Hamblin, M. R., and Abrahamse, H. (2019). Differentiation of
mesenchymal stem cells to neuroglia: In the context of cell signalling. Stem Cell.
Rev. Rep. 15 (6), 814–826. doi:10.1007/s12015-019-09917-z

Gerdoni, E., Gallo, B., Casazza, S., Musio, S., Bonanni, I., Pedemonte, E., et al. (2007).
Mesenchymal stem cells effectively modulate pathogenic immune response in
experimental autoimmune encephalomyelitis. Ann. Neurol. 61 (3), 219–227. doi:10.
1002/ana.21076

Gharibi, B., and Hughes, F. J. (2012). Effects of medium supplements on proliferation,
differentiation potential, and in vitro expansion of mesenchymal stem cells. Stem Cells
Transl. Med. 1 (11), 771–782. doi:10.5966/sctm.2010-0031

Ghazavi, H., Hoseini, S. J., Ebrahimzadeh-Bideskan, A., Mashkani, B., Mehri, S.,
Ghorbani, A., et al. (2017). Fibroblast growth factor type 1 (FGF1)-Overexpressed
adipose-derived mesenchaymal stem cells (AD-MSCFGF1) induce neuroprotection and
functional recovery in a rat stroke model. Stem Cell. Rev. Rep. 13 (5), 670–685. doi:10.
1007/s12015-017-9755-z

Gorabi, A. M., Kiaie, N., Barreto, G. E., Read, M. I., Tafti, H. A., and Sahebkar, A.
(2019a). “The therapeutic potential of mesenchymal stem cell–derived exosomes in
treatment of neurodegenerative diseases,” in Molecular neurobiology (New Jersey,
United States: Humana Press), 56, 8157–8167.

Gorabi, A. M., Kiaie, N., Barreto, G. E., Read, M. I., Tafti, H. A., and Sahebkar, A.
(2019b). The therapeutic potential of mesenchymal stem cell-derived exosomes in
treatment of neurodegenerative diseases. Mol. Neurobiol. 56 (12), 8157–8167. doi:10.
1007/s12035-019-01663-0

Gu, W., Hong, X., le Bras, A., Nowak, W. N., Bhaloo, S. I., Deng, J., et al. (2018).
Smooth muscle cells differentiated from mesenchymal stem cells are regulated by
microRNAs and suitable for vascular tissue grafts. J. Biol. Chem. 293 (21), 8089–8102.
doi:10.1074/jbc.ra118.001739

Gu, Y., Zhang, Y., Bi, Y., Liu, J., Tan, B., Gong, M., et al. (2015). Mesenchymal stem
cells suppress neuronal apoptosis and decrease IL-10 release via the TLR2/NFκB
pathway in rats with hypoxic-ischemic brain damage. Mol. Brain 8 (1), 65–14.
doi:10.1186/s13041-015-0157-3

Guo, F., Lv, S., Lou, Y., Tu, W., Liao, W., Wang, Y., et al. (2012). Bone marrow stromal
cells enhance the angiogenesis in ischaemic cortex after stroke: Involvement of notch
signalling. Cell. Biol. Int. 36 (11), 997–1004. doi:10.1042/cbi20110596

Guo, Y., Peng, Y., Zeng, H., and Chen, G. (2021). Progress in mesenchymal stem cell
therapy for ischemic stroke. Stem Cells Int. 2021, 9923566. doi:10.1155/2021/9923566

Gussenhoven, R., Klein, L., Ophelders, D. R. M. G., Habets, D. H. J., Giebel, B.,
Kramer, B. W., et al. (2019). Annexin A1 as neuroprotective determinant for blood-
brain barrier integrity in neonatal hypoxic-ischemic encephalopathy. J. Clin. Med. 88
(2), 137137. doi:10.3390/jcm8020137

Hamid, H. A., Sarmadi, V. H., Prasad, V., Ramasamy, R., and Miskon, A. (2022).
Electromagnetic field exposure as a plausible approach to enhance the proliferation and
differentiation of mesenchymal stem cells in clinically relevant scenarios. J. Zhejiang
Univ. Sci. B 23 (1), 42–57. doi:10.1631/jzus.b2100443

Han, J., Qu, H., Han, M., Ding, Y., Xie, M., Hu, J., et al. (2021). MSC-induced lncRNA
AGAP2-AS1 promotes stemness and trastuzumab resistance through regulating
CPT1 expression and fatty acid oxidation in breast cancer. Oncogene 40 (4),
833–847. doi:10.1038/s41388-020-01574-8

Han, Z., Jing, Y., Zhang, S., Liu, Y., Shi, Y., and Wei, L. (2012). The role of
immunosuppression of mesenchymal stem cells in tissue repair and tumor growth.
Cell. Biosci. 2 (1), 8. doi:10.1186/2045-3701-2-8

Hass, R., Kasper, C., Böhm, S., and Jacobs, R. (2011). Different populations and
sources of human mesenchymal stem cells (MSC): A comparison of adult and neonatal
tissue-derived MSC. Cell. Commun. Signal 9, 12. doi:10.1186/1478-811x-9-12

Hatakeyama, A., Uchida, S., Utsunomiya, H., Tsukamoto, M., Nakashima, H.,
Nakamura, E., et al. (2017). Isolation and characterization of synovial mesenchymal
stem cell derived from hip joints: A comparative analysis with a matched control knee
group. Stem Cells Int. 2017, 1–13. doi:10.1155/2017/9312329

Hauser, R. A. (2009). Levodopa: Past, present, and future. Eur. Neurol. 62 (1), 1–8.
doi:10.1159/000215875

Hayashi, T., Wakao, S., Kitada, M., Ose, T., Watabe, H., Kuroda, Y., et al. (2013).
Autologous mesenchymal stem cell–derived dopaminergic neurons function in
parkinsonian macaques. J. Clin. Investig. 123 (1), 272–284. doi:10.1172/jci62516

He, H. Q., and Ye, R. D. (2017). The formyl peptide receptors: Diversity of ligands and
mechanism for recognition. Molecules 2222 (3), 455. doi:10.3390/molecules22030455

He, W., Liang, B., Wang, C., Li, S., Zhao, Y., Huang, Q., et al. (2019). MSC-regulated
lncRNA MACC1-AS1 promotes stemness and chemoresistance through fatty acid
oxidation in gastric cancer. Oncogene 38 (23), 4637–4654. doi:10.1038/s41388-019-0747-0

Hendijani, F. (2017). Explant culture: An advantageous method for isolation of
mesenchymal stem cells from human tissues. Cell. Prolif. 50 (2), e12334. doi:10.1111/
cpr.12334

Heo, J. S., Choi, Y., Kim, H. S., and Kim, H. O. (2016). Comparison of molecular
profiles of human mesenchymal stem cells derived from bone marrow, umbilical cord
blood, placenta and adipose tissue. Int. J. Mol. Med. 37 (1), 115–125. doi:10.3892/ijmm.
2015.2413

Heris, R. M., Shirvaliloo, M., Abbaspour-Aghdam, S., Hazrati, A., Shariati, A.,
Youshanlouei, H. R., et al. (2022). The potential use of mesenchymal stem cells and
their exosomes in Parkinson’s disease treatment. Stem Cell. Res. Ther. 13 (1), 371. doi:10.
1186/s13287-022-03050-4

Hernández, R., Jiménez-Luna, C., Perales-Adán, J., Perazzoli, G., Melguizo, C., and
Prados, J. (2020). Differentiation of human mesenchymal stem cells towards neuronal
lineage: Clinical trials in nervous system disorders. Biomol. Ther. Seoul. 28 (1), 34–44.
doi:10.4062/biomolther.2019.065

Hill, B. S., Pelagalli, A., Passaro, N., and Zannetti, A. (2017). Tumor-educated
mesenchymal stem cells promote pro-metastatic phenotype. Oncotarget 8 (42),
73296–73311. doi:10.18632/oncotarget.20265

Hmadcha, A., Martin-Montalvo, A., Gauthier, B. R., Soria, B., and Capilla-Gonzalez, V.
(2020a). “Therapeutic potential ofmesenchymal stem cells for cancer therapy,” in Frontiers
in bioengineering and Biotechnology (Lausanne, Switzerland: Frontiers Media S.A.), 8.

Hmadcha, A., Martin-Montalvo, A., Gauthier, B. R., Soria, B., and Capilla-Gonzalez,
V. (2020b). Therapeutic potential of mesenchymal stem cells for cancer therapy. Front.
Bioeng. Biotechnol. 8, 43. doi:10.3389/fbioe.2020.00043

Hofer, H. R., and Tuan, R. S. (2016). Secreted trophic factors of mesenchymal stem
cells support neurovascular and musculoskeletal therapies. Stem Cell. Res. Ther. 7 (1),
1–14. doi:10.1186/s13287-016-0394-0

Holan, V., Cechova, K., Zajicova, A., Kossl, J., Hermankova, B., Bohacova, P., et al.
(2018). The impact of morphine on the characteristics and function properties of
human mesenchymal stem cells. Stem Cell. Rev. Rep. 14 (6), 801–811. doi:10.1007/
s12015-018-9843-8

Horgan, D., Nobili, F., Teunissen, C., Grimmer, T., Mitrecic, D., Ris, L., et al. (2020).
Biomarker testing: Piercing the fog of alzheimer’s and related dementia. Biomed. Hub. 5,
1–22. doi:10.1159/000511233

Horwitz, E. M., Le Blanc, K., Dominici, M., Mueller, I., Slaper-Cortenbach, I., Marini,
F. C., et al. (2005). Clarification of the nomenclature for MSC: The international society
for cellular therapy position statement. Cytotherapy 7 (5), 393–395. doi:10.1080/
14653240500319234

Hossain, A., Gumin, J., Gao, F., Figueroa, J., Shinojima, N., Takezaki, T., et al. (2015).
Mesenchymal stem cells isolated from human gliomas increase proliferation and
maintain stemness of glioma stem cells through the IL-6/gp130/STAT3 pathway.
Stem Cells 33 (8), 2400–2415. doi:10.1002/stem.2053

Hu, Q., Su, H., Li, J., Lyon, C., Tang,W.,Wan, M., et al. (2020). Clinical applications of
exosome membrane proteins. Precis. Clin. Med. 3 (1), 54–66. doi:10.1093/pcmedi/
pbaa007

Huang, G. T. J., Gronthos, S., and Shi, S. (2009). Mesenchymal stem cells derived from
dental tissues vs. those from other sources: Their biology and role in regenerative
medicine. J. Dent. Res. 88 (9), 792–806. doi:10.1177/0022034509340867

Huang, L., Sun, X., Wang, L., Pei, G., Wang, Y., Zhang, Q., et al. (2022). Enhanced
effect of combining bone marrow mesenchymal stem cells (BMMSCs) and pulsed
electromagnetic fields (PEMF) to promote recovery after spinal cord injury in mice.
MedComm (Beijing) 3 (3), e160. doi:10.1002/mco2.160

Huang, P., Gebhart, N., Richelson, E., Brott, T. G., Meschia, J. F., and Zubair, A. C.
(2014). Mechanism of mesenchymal stem cell–induced neuron recovery and anti-
inflammation. Cytotherapy 16 (10), 1336–1344. doi:10.1016/j.jcyt.2014.05.007

Huang, W. H., Chang, M. C., Tsai, K. S., Hung, M. C., Chen, H. L., and Hung, S. C.
(2013). Mesenchymal stem cells promote growth and angiogenesis of tumors in mice.
Oncogene 32 (37), 4343–4354. doi:10.1038/onc.2012.458

Huang, Y., Wang, J., Cai, J., Qiu, Y., Zheng, H., Lai, X., et al. (2018). Targeted homing
of CCR2-overexpressing mesenchymal stromal cells to ischemic brain enhances post-
stroke recovery partially through PRDX4-mediated blood-brain barrier preservation.
Theranostics 8 (21), 5929–5944. doi:10.7150/thno.28029

Huang, Y., Xiao, X., Xiao, H., Hu, Z., and Tan, F. (2021). CUEDC2 ablation enhances
the efficacy of mesenchymal stem cells in ameliorating cerebral ischemia/reperfusion
insult. Aging (Albany NY) 13 (3), 4335–4356. doi:10.18632/aging.202394

Frontiers in Bioengineering and Biotechnology frontiersin.org24

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.1089/ten.teb.2016.0365
https://doi.org/10.1016/j.stem.2018.05.004
https://doi.org/10.1371/journal.pone.0100445
https://doi.org/10.1097/tp.0b013e3181fed001
https://doi.org/10.1097/prs.0000000000000398
https://doi.org/10.1007/5584_2018_247
https://doi.org/10.1007/s12015-019-09917-z
https://doi.org/10.1002/ana.21076
https://doi.org/10.1002/ana.21076
https://doi.org/10.5966/sctm.2010-0031
https://doi.org/10.1007/s12015-017-9755-z
https://doi.org/10.1007/s12015-017-9755-z
https://doi.org/10.1007/s12035-019-01663-0
https://doi.org/10.1007/s12035-019-01663-0
https://doi.org/10.1074/jbc.ra118.001739
https://doi.org/10.1186/s13041-015-0157-3
https://doi.org/10.1042/cbi20110596
https://doi.org/10.1155/2021/9923566
https://doi.org/10.3390/jcm8020137
https://doi.org/10.1631/jzus.b2100443
https://doi.org/10.1038/s41388-020-01574-8
https://doi.org/10.1186/2045-3701-2-8
https://doi.org/10.1186/1478-811x-9-12
https://doi.org/10.1155/2017/9312329
https://doi.org/10.1159/000215875
https://doi.org/10.1172/jci62516
https://doi.org/10.3390/molecules22030455
https://doi.org/10.1038/s41388-019-0747-0
https://doi.org/10.1111/cpr.12334
https://doi.org/10.1111/cpr.12334
https://doi.org/10.3892/ijmm.2015.2413
https://doi.org/10.3892/ijmm.2015.2413
https://doi.org/10.1186/s13287-022-03050-4
https://doi.org/10.1186/s13287-022-03050-4
https://doi.org/10.4062/biomolther.2019.065
https://doi.org/10.18632/oncotarget.20265
https://doi.org/10.3389/fbioe.2020.00043
https://doi.org/10.1186/s13287-016-0394-0
https://doi.org/10.1007/s12015-018-9843-8
https://doi.org/10.1007/s12015-018-9843-8
https://doi.org/10.1159/000511233
https://doi.org/10.1080/14653240500319234
https://doi.org/10.1080/14653240500319234
https://doi.org/10.1002/stem.2053
https://doi.org/10.1093/pcmedi/pbaa007
https://doi.org/10.1093/pcmedi/pbaa007
https://doi.org/10.1177/0022034509340867
https://doi.org/10.1002/mco2.160
https://doi.org/10.1016/j.jcyt.2014.05.007
https://doi.org/10.1038/onc.2012.458
https://doi.org/10.7150/thno.28029
https://doi.org/10.18632/aging.202394
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


Hung, S. C., Pochampally, R. R., Chen, S. C., Hsu, S. C., and Prockop, D. J. (2007).
Angiogenic effects of human multipotent stromal cell conditioned medium activate the
PI3K-Akt pathway in hypoxic endothelial cells to inhibit apoptosis, increase survival,
and stimulate angiogenesis. Stem Cells 25 (9), 2363–2370. doi:10.1634/stemcells.2006-
0686

Hung, S. C., Pochampally, R. R., Hsu, S. C., Sanchez, C. C., Chen, S. C., Spees, J., et al.
(2007). Short-term exposure of multipotent stromal cells to low oxygen increases their
expression of CX3CR1 and CXCR4 and their engraftment in vivo. PLoS One 2 (5), e416.
doi:10.1371/journal.pone.0000416

Hynes, R. O. (2009). The extracellular matrix: Not just pretty fibrils. Science 326
(5957), 3261216–3261219. doi:10.1126/science.1176009

Hynes, R. O. (2009). The extracellular matrix: Not just pretty fibrils. Science 326
(5957), 3261216–3261219.

Ibañez-Vega, J., Vilchez, C., Jimenez, K., Guevara, C., Burgos, P. I., and Naves, R.
(2021). Cellular and molecular regulation of the programmed death-1/programmed
death ligand system and its role in multiple sclerosis and other autoimmune diseases.
J. Autoimmun. 123, 102702. doi:10.1016/j.jaut.2021.102702

Isern, J., García-García, A., Martín, A. M., Arranz, L., Martín-Pérez, D., Torroja, C.,
et al. (2014). The neural crest is a source of mesenchymal stem cells with specialized
hematopoietic stem cell niche function. Elife 3, e03696. doi:10.7554/elife.03696

Ishihara, S., Inman, D. R., Li, W. J., Ponik, S. M., and Keely, P. J. (2017). Mechano-
signal transduction in mesenchymal stem cells induces prosaposin secretion to drive the
proliferation of breast cancer cells. Cancer Res. 77 (22), 6179–6189. doi:10.1158/0008-
5472.can-17-0569

Jadidi, T., Asadian, N., Jadidi, M., and Ali Vafaei, A. (2022). EMF promote BMSCs
differentiation and functional recovery in hemiparkinsonian rats. Neurosci. Lett. 784,
136765. doi:10.1016/j.neulet.2022.136765

Jahangard, Y., Monfared, H., Moradi, A., Zare, M., Mirnajafi-Zadeh, J., and Mowla, S.
J. (2020). Therapeutic effects of transplanted exosomes containing miR-29b to a rat
model of alzheimer’s disease. Front. Neurosci. 14, 564. doi:10.3389/fnins.2020.00564

Jahed, F. J., Rahbarghazi, R., Shafaei, H., Rezabakhsh, A., and Karimipour, M. (2021).
Application of neurotrophic factor-secreting cells (astrocyte - like cells) in the in-vitro
Alzheimer’s disease-like pathology on the human neuroblastoma cells. Brain Res. Bull.
172, 180–189. doi:10.1016/j.brainresbull.2021.04.014

Jaillard, A., Hommel, M., Moisan, A., Zeffiro, T. A., Favre-Wiki, I. M., Barbieux-
Guillot, M., et al. (2020). Autologous mesenchymal stem cells improve motor recovery
in subacute ischemic stroke: A randomized clinical trial. Transl. Stroke Res. 11 (5),
910–923. doi:10.1007/s12975-020-00787-z

Jain, A., Khadwal, A., Sachdeva, M. U. S., Bose, P., Lad, D., Bhattacharya, S., et al.
(2020). Variables affecting the presence of mesenchymal stromal cells in peripheral
blood and their relationship with apheresis products. Br. J. Haematol. 189, 772–776.
doi:10.1111/bjh.16412

Ji, R., Zhang, B., Zhang, X., Xue, J., Yuan, X., Yan, Y., et al. (2015). Exosomes derived
from human mesenchymal stem cells confer drug resistance in gastric cancer. Cell. Cycle
14 (15), 2473–2483. doi:10.1080/15384101.2015.1005530

Jiang, X., Fitch, S., Wang, C., Wilson, C., Li, J., Grant, G. A., et al. (2016). Nanoparticle
engineered TRAIL-overexpressing adipose-derived stem cells target and eradicate
glioblastoma via intracranial delivery. Proc. Natl. Acad. Sci. U. S. A. 113 (48),
13857–13862. doi:10.1073/pnas.1615396113

Jiang, X., Wang, C., Fitch, S., and Yang, F. (2018). Targeting tumor hypoxia using
nanoparticle-engineered CXCR4-overexpressing adipose-derived stem cells.
Theranostics 8 (5), 1350–1360. doi:10.7150/thno.22736

Jiang, X. X., Zhang, Y., Liu, B., Zhang, S. X., Wu, Y., Yu, X. D., et al. (2005). Human
mesenchymal stem cells inhibit differentiation and function of monocyte-derived
dendritic cells. Blood 105 (10), 4120–4126. doi:10.1182/blood-2004-02-0586

Jing, W., Xiao, J., Xiong, Z., Yang, X., Huang, Y., Zhou, M., et al. (2011). Explant
culture: An efficient method to isolate adipose-derived stromal cells for tissue
engineering. Artif. Organs 35 (2), 105–112.

Jing, W., Xiao, J., Xiong, Z., Yang, X., Huang, Y., Zhou, M., et al. (2011). Explant
culture: An efficient method to isolate adipose-derived stromal cells for tissue
engineering. Artif. Organs 35 (2), 105–112. doi:10.1111/j.1525-1594.2010.01054.x

Jotzu, C., Alt, E., Welte, G., Li, J., Hennessy, B. T., Devarajan, E., et al. (2011). Adipose
tissue derived stem cells differentiate into carcinoma-associated fibroblast-like cells
under the influence of tumor derived factors. Cell. Oncol. (Dordr) 34 (1), 55–67. doi:10.
1007/s13402-011-0012-1

Kalluri, R. (2016). The biology and function of fibroblasts in cancer. Nat. Rev. Cancer
16 (9), 582–598. doi:10.1038/nrc.2016.73

Kang, M. S., Jin, S. H., Lee, D. K., and Cho, H. J. (20201020). MRI visualization of
whole brain macro- and microvascular remodeling in a rat model of ischemic stroke: A
pilot study. Sci. Rep. 10 (1), 4989. doi:10.1038/s41598-020-61656-1

Karnoub, A. E., Dash, A. B., Vo, A. P., Sullivan, A., Brooks, M. W., Bell, G. W., et al.
(2007). Mesenchymal stem cells within tumour stroma promote breast cancer
metastasis. Nature 449 (7162), 557–563. doi:10.1038/nature06188

Kassis, I., Grigoriadis, N., Gowda-Kurkalli, B., Mizrachi-Kol, R., Ben-Hur, T., Slavin,
S., et al. (2008). Neuroprotection and immunomodulation with mesenchymal stem cells

in chronic experimental autoimmune encephalomyelitis. Arch. Neurol. 65 (6), 753–761.
doi:10.1001/archneur.65.6.753

Kawai, T., and Akira, S. (2006). TLR signaling. Cell. Death Differ. 13 (5), 816–825.
doi:10.1038/sj.cdd.4401850

Kern, S., Eichler, H., Stoeve, J., Klüter, H., and Bieback, K. (2006). Comparative
analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose
tissue. Stem Cells 24 (5), 1294–1301. doi:10.1634/stemcells.2005-0342

Khan, A. A., Huat, T. J., Al Mutery, A., El-Serafi, A. T., Kacem, H. H., Abdallah, S. H.,
et al. (2020). Significant transcriptomic changes are associated with differentiation of
bone marrow-derived mesenchymal stem cells into neural progenitor-like cells in the
presence of bFGF and EGF. Cell. Biosci. 10 (1), 126. doi:10.1186/s13578-020-00487-z

Khoo, M. L. M., Tao, H., Meedeniya, A. C. B., Mackay-Sim, A., and Ma, D. D. F.
(2011). Transplantation of neuronal-primed human bone marrow mesenchymal stem
cells in hemiparkinsonian rodents. PLoS One 6 (5), e19025. doi:10.1371/journal.pone.
0019025

Kikuchi-Taura, A., Okinaka, Y., Saino, O., Takeuchi, Y., Ogawa, Y., Kimura, T., et al.
(2021). Gap junction-mediated cell-cell interaction between transplanted mesenchymal
stem cells and vascular endothelium in stroke. Stem Cells 39 (7), 904–912. doi:10.1002/
stem.3360

Kim, H. J., Jung, J., Park, J. H., Kim, J. H., Ko, K. N., and Kim, C.W. (2013). Extremely
low-frequency electromagnetic fields induce neural differentiation in bone marrow
derived mesenchymal stem cells. Exp. Biol. Med. (Maywood) . 238 (8), 923–931. doi:10.
1177/1535370213497173

Kim, J. H., Jo, C. H., Kim, H. R., and Hwang, Y. Il (2018). Comparison of
immunological characteristics of mesenchymal stem cells from the periodontal
ligament, umbilical cord, and adipose tissue. Stem Cells Int. 2018, 1–12. doi:10.1155/
2018/8429042

Kim, M. O., Jung, H., Kim, S. C., Park, J. K., and Seo, Y. K. (2015). Electromagnetic
fields and nanomagnetic particles increase the osteogenic differentiation of human bone
marrow-derived mesenchymal stem cells. Int. J. Mol. Med. 35 (1), 153–160. doi:10.3892/
ijmm.2014.1978

Kim, Y. R., Ahn, S. M., Pak, M. E., Lee, H. J., Jung, D. H., Shin, Y. Il, et al. (2018).
Potential benefits of mesenchymal stem cells and electroacupuncture on the trophic
factors associated with neurogenesis in mice with ischemic stroke. Sci. Rep. 8 (1), 2044.
doi:10.1038/s41598-018-20481-3

Kitada, M., and Dezawa, M. (2012). Parkinson’s disease and mesenchymal stem cells:
Potential for cell-based therapy. Park. Dis. 2012, 873706. doi:10.1155/2012/873706

Kokai, L. E., Traktuev, D. O., Zhang, L., Merfeld-Clauss, S., Dibernardo, G., Lu,
H., et al. (2017). Adipose stem cell function maintained with age: An intra-subject
study of long-term cryopreserved cells. Aesthet. Surg. J. 37 (4), 454–463. doi:10.
1093/asj/sjw197

König, A., Menzel, T., Lynen, S., Wrazel, L., Rosén, A., Al-Katib, A., et al. (1997). Basic
fibroblast growth factor (bFGF) upregulates the expression of bcl-2 in B cell chronic
lymphocytic leukemia cell lines resulting in delaying apoptosis. Leukemia 11 (2),
258–265. doi:10.1038/sj.leu.2400556

Krampera, M., Cosmi, L., Angeli, R., Pasini, A., Liotta, F., Andreini, A., et al. (2006).
Role for interferon-γ in the immunomodulatory activity of human bone marrow
mesenchymal stem cells. Stem Cells 24 (2), 386–398. doi:10.1634/stemcells.2005-0008

Krupinski, J., Kaluza, J., Kumar, P., Kumar, S., and Wang, J. M. (1994). Role of
angiogenesis in patients with cerebral ischemic stroke. Stroke 25 (9), 1794–1798. doi:10.
1161/01.str.25.9.1794

Kuriakose, D., and Xiao, Z. (2020). Pathophysiology and treatment of stroke: Present
status and future perspectives. Int. J. Mol. Sci. 21 (20), 7609. doi:10.3390/ijms21207609

Kuwabara, T., Ishikawa, F., Kondo, M., and Kakiuchi, T. (2017). The role of IL-17 and
related cytokines in inflammatory autoimmune diseases. Mediat. Inflamm. 2017, 1–11.
doi:10.1155/2017/3908061

la Rocca, G., Anzalone, R., Corrao, S., Magno, F., Loria, T., lo Iacono, M., et al. (2009).
Isolation and characterization of oct-4+/HLA-G+ mesenchymal stem cells from human
umbilical cord matrix: Differentiation potential and detection of new markers.
Histochem Cell. Biol. 131 (2), 267–282. doi:10.1007/s00418-008-0519-3

Lang, F. M., Hossain, A., Gumin, J., Momin, E. N., Shimizu, Y., Ledbetter, D.,
et al. (2018). Mesenchymal stem cells as natural biofactories for exosomes carrying
miR-124a in the treatment of gliomas. Neuro Oncol. 20 (3), 380–390. doi:10.1093/
neuonc/nox152

Laso-García, F., Ramos-Cejudo, J., Carrillo-Salinas, F. J., Otero-Ortega, L.,
Feliú, A., Gómez-de Frutos, M. C., et al. (2018). Therapeutic potential of
extracellular vesicles derived from human mesenchymal stem cells in a model
of progressive multiple sclerosis. PLoS One 13 (9), e0202590. doi:10.1371/
journal.pone.0202590

Law, Z. K., Tan, H. J., Chin, S. P., Wong, C. Y., Wan, Yahya W. N. N., Muda, A. S.,
et al. (2021). The effects of intravenous infusion of autologous mesenchymal stromal
cells in patients with subacute middle cerebral artery infarct: A phase 2 randomized
controlled trial on safety, tolerability and efficacy. Cytotherapy 23 (9), 833–840. doi:10.
1016/j.jcyt.2021.03.005

Layek, B., Sadhukha, T., Panyam, J., and Prabha, S. (2018). Nano-engineered
mesenchymal stem cells increase therapeutic efficacy of anticancer drug through

Frontiers in Bioengineering and Biotechnology frontiersin.org25

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.1634/stemcells.2006-0686
https://doi.org/10.1634/stemcells.2006-0686
https://doi.org/10.1371/journal.pone.0000416
https://doi.org/10.1126/science.1176009
https://doi.org/10.1016/j.jaut.2021.102702
https://doi.org/10.7554/elife.03696
https://doi.org/10.1158/0008-5472.can-17-0569
https://doi.org/10.1158/0008-5472.can-17-0569
https://doi.org/10.1016/j.neulet.2022.136765
https://doi.org/10.3389/fnins.2020.00564
https://doi.org/10.1016/j.brainresbull.2021.04.014
https://doi.org/10.1007/s12975-020-00787-z
https://doi.org/10.1111/bjh.16412
https://doi.org/10.1080/15384101.2015.1005530
https://doi.org/10.1073/pnas.1615396113
https://doi.org/10.7150/thno.22736
https://doi.org/10.1182/blood-2004-02-0586
https://doi.org/10.1111/j.1525-1594.2010.01054.x
https://doi.org/10.1007/s13402-011-0012-1
https://doi.org/10.1007/s13402-011-0012-1
https://doi.org/10.1038/nrc.2016.73
https://doi.org/10.1038/s41598-020-61656-1
https://doi.org/10.1038/nature06188
https://doi.org/10.1001/archneur.65.6.753
https://doi.org/10.1038/sj.cdd.4401850
https://doi.org/10.1634/stemcells.2005-0342
https://doi.org/10.1186/s13578-020-00487-z
https://doi.org/10.1371/journal.pone.0019025
https://doi.org/10.1371/journal.pone.0019025
https://doi.org/10.1002/stem.3360
https://doi.org/10.1002/stem.3360
https://doi.org/10.1177/1535370213497173
https://doi.org/10.1177/1535370213497173
https://doi.org/10.1155/2018/8429042
https://doi.org/10.1155/2018/8429042
https://doi.org/10.3892/ijmm.2014.1978
https://doi.org/10.3892/ijmm.2014.1978
https://doi.org/10.1038/s41598-018-20481-3
https://doi.org/10.1155/2012/873706
https://doi.org/10.1093/asj/sjw197
https://doi.org/10.1093/asj/sjw197
https://doi.org/10.1038/sj.leu.2400556
https://doi.org/10.1634/stemcells.2005-0008
https://doi.org/10.1161/01.str.25.9.1794
https://doi.org/10.1161/01.str.25.9.1794
https://doi.org/10.3390/ijms21207609
https://doi.org/10.1155/2017/3908061
https://doi.org/10.1007/s00418-008-0519-3
https://doi.org/10.1093/neuonc/nox152
https://doi.org/10.1093/neuonc/nox152
https://doi.org/10.1371/journal.pone.0202590
https://doi.org/10.1371/journal.pone.0202590
https://doi.org/10.1016/j.jcyt.2021.03.005
https://doi.org/10.1016/j.jcyt.2021.03.005
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


true active tumor targeting. Mol. Cancer Ther. 17 (6), 1196–1206. doi:10.1158/1535-
7163.mct-17-0682

Lee, H. J., Ko, J. H., Jeong, H. J., Ko, A. Y., Kim, M. K., Wee, W. R., et al. (2015).
Mesenchymal stem/stromal cells protect against autoimmunity via CCL2-dependent
recruitment of myeloid-derived suppressor cells. J. Immunol. 194 (8), 3634–3645.
doi:10.4049/jimmunol.1402139

Lee, H. K., Finniss, S., Cazacu, S., Bucris, E., Ziv-Av, A., Xiang, C., et al. (2013).
Mesenchymal stem cells deliver synthetic microRNAmimics to glioma cells and glioma
stem cells and inhibit their cell migration and self-renewal. Oncotarget 4 (2), 346–361.
doi:10.18632/oncotarget.868

Lee, J., Chang, W. H., Chung, J. W., Kim, S. J., Kim, S. K., Lee, J. S., et al. (2022).
Efficacy of intravenous mesenchymal stem cells for motor recovery after ischemic
stroke: A neuroimaging study. Stroke 53 (1), 20–28. doi:10.1161/strokeaha.121.034505

Lee, J. Y., Kim, E., Choi, S. M., Kim, D. W., Kim, K. P., Lee, I., et al. (2016).
Microvesicles from brain-extract—Treated mesenchymal stem cells improve
neurological functions in a rat model of ischemic stroke. Sci. Rep. 6, 33038. doi:10.
1038/srep33038

Lehnardt, S., Lehmann, S., Kaul, D., Tschimmel, K., Hoffmann, O., Cho, S., et al.
(2007). Toll-like receptor 2 mediates CNS injury in focal cerebral ischemia.
J. Neuroimmunol. 190 (1–2), 28–33. doi:10.1016/j.jneuroim.2007.07.023

Leitsalu, L., Haller, T., Esko, T., Tammesoo, M. L., Alavere, H., Snieder, H., et al.
(2015). Cohort profile: Estonian biobank of the Estonian genome center, university of
tartu. Int. J. Epidemiol. 44 (4), 1137–1147. doi:10.1093/ije/dyt268

Levy, Y. S., Bahat-Stroomza, M., Barzilay, R., Burshtein, A., Bulvik, S., Barhum, Y.,
et al. (2008). Regenerative effect of neural-induced humanmesenchymal stromal cells in
rat models of Parkinson’s disease. Cytotherapy 10, 340–352. doi:10.1080/
14653240802021330

Li, J. Z., Cao, T. H., Han, J. C., Qu, H., Jiang, S. Q., Xie, B. D., et al. (2019). Comparison
of adipose- and bone marrow-derived stem cells in protecting against ox-LDL-induced
inflammation inM1-macrophage-derived foam cells.Mol. Med. Rep. 19 (4), 2660–2670.
doi:10.3892/mmr.2019.9922

Li, S. C., Vu, L. T., Ho, H.W., Yin, H. Z., Keschrumrus, V., Lu, Q., et al. (2012). Cancer
stem cells from a rare form of glioblastoma multiforme involving the neurogenic
ventricular wall. Cancer Cell. Int. 12 (1), 41–19. doi:10.1186/1475-2867-12-41

Li, W., Ren, G., Huang, Y., Su, J., Han, Y., Li, J., et al. (2012). Mesenchymal stem cells:
A double-edged sword in regulating immune responses. Cell. Death Differ. 19 (9),
1505–1513. doi:10.1038/cdd.2012.26

Li, W., Shi, L., Hu, B., Hong, Y., Zhang, H., Li, X., et al. (2021). Mesenchymal stem
cell-based therapy for stroke: Current understanding and challenges. Front. Cell.
Neurosci. 15, 628940. doi:10.3389/fncel.2021.628940

Li, X., Zhang, M., Bai, L., Bai, W., Xu, W., and Zhu, H. (2012). Effects of 50 Hz pulsed
electromagnetic fields on the growth and cell cycle arrest of mesenchymal stem cells: An
in vitro study. Electromagn. Biol. Med. 31 (4), 356–364. doi:10.3109/15368378.2012.
662194

Li, Y., Dong, Y., Ran, Y., Zhang, Y., Wu, B., Xie, J., et al. (2021). Three-
dimensional cultured mesenchymal stem cells enhance repair of ischemic
stroke through inhibition of microglia. Stem Cell. Res. Ther. 12 (1), 358. doi:10.
1186/s13287-021-02416-4

Li, Z., Liu, F., He, X., Yang, X., Shan, F., and Feng, J. (2019). Exosomes derived from
mesenchymal stem cells attenuate inflammation and demyelination of the central
nervous system in EAE rats by regulating the polarization of microglia. Int.
Immunopharmacol. 67, 268–280. doi:10.1016/j.intimp.2018.12.001

Liang, W., Chen, X., Zhang, S., Fang, J., Chen, M., Xu, Y., et al. (2021). Mesenchymal
stem cells as a double-edged sword in tumor growth: Focusing on MSC-derived
cytokines. Cell. Mol. Biol. Lett. 2626 (11), 3–25. doi:10.1186/s11658-020-00246-5

Lim, K., Hexiu, J., Kim, J., Seonwoo, H., Cho,W. J., Choung, P. H., et al. (2013). Effects
of electromagnetic fields on osteogenesis of human alveolar bone-derived mesenchymal
stem cells. Biomed. Res. Int. 2013, 1–14. doi:10.1155/2013/296019

Lin, Y. C., Ko, T. L., Shih, Y. H., Lin, M. Y. A., Fu, T. W., Hsiao, H. S., et al. (2011).
Human umbilical mesenchymal stem cells promote recovery after ischemic stroke.
Stroke 42 (7), 2045–2053. doi:10.1161/strokeaha.110.603621

Litvinova, L. S., Shupletsova, V. v., Khaziakhmatova, O. G., Daminova, A. G.,
Kudryavtseva, V. L., Yurova, K. A., et al. (2022). Human mesenchymal stem cells as
a carrier for a cell-mediated drug delivery. Front. Bioeng. Biotechnol. 10, 79611154.
doi:10.3389/fbioe.2022.796111

Liu, H., Honmou, O., Harada, K., Nakamura, K., Houkin, K., Hamada, H., et al.
(2006). Neuroprotection by PlGF gene-modified human mesenchymal stem cells after
cerebral ischaemia. Brain 129 (10), 2734–2745. doi:10.1093/brain/awl207

Liu, M., Lei, H., Dong, P., Fu, X., Yang, Z., Yang, Y., et al. (2017). Adipose-derived
mesenchymal stem cells from the elderly exhibit decreased migration and
differentiation abilities with senescent properties. Cell. Transpl. 26 (9), 1505–1519.
doi:10.1177/0963689717721221

Liu, S. F., Li, L. Y., Zhuang, J. L., Li, M. M., Ye, L. C., Chen, X. R., et al. (2022). Update
on the application of mesenchymal stem cell-derived exosomes in the treatment of
Parkinson’s disease: A systematic review. Front. Neurol. 13, 950715. doi:10.3389/fneur.
2022.950715

Liu, X., Zhang, G., Wei, P., Zhong, L., Chen, Y., Zhang, J., et al. (2022). Three-
dimensional-printed collagen/chitosan/secretome derived from HUCMSCs scaffolds
for efficient neural network reconstruction in canines with traumatic brain injury.
Regen. Biomater.

Loo, S. J. Q., and Wong, N. K. (2021). Advantages and challenges of stem cell therapy
for osteoarthritis (Review). Biomed. Rep. 15 (2), 67. doi:10.3892/br.2021.1443

Lorenzoni, P. J., Kay, C. S. K., Ducci, R. D. P., Fustes, O. J. H., Werneck, L. C., and
Scola, R. H. (2020). Celebrating the 70 years of pyridostigmine on therapy of myasthenia
gravis: Historical aspects of the preliminary trials. Arq. Neuropsiquiatr. 78 (3), 179–181.
doi:10.1590/0004-282x20190189

Lotfinejad, P., Shamsasenjan, K., Baradaran, B., Safarzadeh, E., Kazemi, T., and
Movassaghpour, A. A. (2021). Immunomodulatory effect of human umbilical cord
blood-derived mesenchymal stem cells on activated T-lymphocyte. Iran. J. Allergy
Asthma Immunol. 20 (6), 711–720. doi:10.18502/ijaai.v20i6.8022

Lu, L., Chen, G., Yang, J., Ma, Z., Yang, Y., Hu, Y., et al. (2019). Bone marrow
mesenchymal stem cells suppress growth and promote the apoptosis of glioma
U251 cells through downregulation of the PI3K/AKT signaling pathway. Biomed.
Pharmacother. 112, 108625. doi:10.1016/j.biopha.2019.108625

Lu, Z., Hu, X., Zhu, C., Wang, D., Zheng, X., and Liu, Q. (2009). Overexpression of
CNTF in Mesenchymal Stem Cells reduces demyelination and induces clinical recovery
in experimental autoimmune encephalomyelitis mice. J. Neuroimmunol. 206 (1–2),
58–69. doi:10.1016/j.jneuroim.2008.10.014

Lukomska, B., Stanaszek, L., Zuba-Surma, E., Legosz, P., Sarzynska, S., and Drela, K.
(2019). Challenges and controversies in human mesenchymal stem cell therapy. Stem
Cells Int. 2019, 1–10. doi:10.1155/2019/9628536

Luo, Z. Z., Gao, Y., Sun, N., Zhao, Y., Wang, J., Tian, B., et al. (2014). Enhancing the
interaction between annexin-1 and formyl peptide receptors regulates microglial
activation to protect neurons from ischemia-like injury. J. Neuroimmunol. 276
(1–2), 24–36. doi:10.1016/j.jneuroim.2014.07.013

Luz-Crawford, P., Hernandez, J., Djouad, F., Luque-Campos, N., Caicedo, A.,
Carrère-Kremer, S., et al. (2019). Mesenchymal stem cell repression of Th17 cells is
triggered by mitochondrial transfer. Stem Cell. Res. Ther. 10 (1), 232. doi:10.1186/
s13287-019-1307-9

Ma, S., Zhou, J., Huang, T., Zhang, Z., Xing, Q., Zhou, X., et al. (2021). Sodium
alginate/collagen/stromal cell-derived factor-1 neural scaffold loaded with BMSCs
promotes neurological function recovery after traumatic brain injury. Acta
Biomater. 131, 185–197. doi:10.1016/j.actbio.2021.06.038

Ma, Y., Yang, S., He, Q., Zhang, D., and Chang, J. (2021). The role of immune cells in
post-stroke angiogenesis and neuronal remodeling: The known and the unknown.
Front. Immunol. 12, 784098. doi:10.3389/fimmu.2021.784098

Mahmood, R., Shaukat, M., Choudhery, M. S., Mahmood, R., Shaukat, M., and
Choudhery, M. S. (2018). Biological properties of mesenchymal stem cells derived from
adipose tissue, umbilical cord tissue and bone marrow. AIMS Cell. Tissue Eng. 22 (2),
7878–7890.

Maia, L., de Moraes, C. N., Dias, M. C., Martinez, J. B., Caballol, A. O., Testoni, G.,
et al. (2017). A proteomic study of mesenchymal stem cells from equine umbilical cord.
Theriogenology 100, 8–15. doi:10.1016/j.theriogenology.2017.05.015

Mani, S. A., Guo, W., Liao, M. J., Eaton, E. N., Ayyanan, A., Zhou, A. Y., et al. (2008).
The epithelial-mesenchymal transition generates cells with properties of stem cells. Cell.
133 (4), 704–715. doi:10.1016/j.cell.2008.03.027

Mareschi, K., Novara, M., Rustichelli, D., Ferrero, I., Guido, D., Carbone, E., et al.
(2006). Neural differentiation of human mesenchymal stem cells: Evidence for
expression of neural markers and eag K+ channel types. Exp. Hematol. 34 (11),
1563–1572. doi:10.1016/j.exphem.2006.06.020

Martin, F. T., Dwyer, R. M., Kelly, J., Khan, S., Murphy, J. M., Curran, C., et al. (2010).
Potential role of mesenchymal stem cells (MSCs) in the breast tumour
microenvironment: Stimulation of epithelial to mesenchymal transition (EMT).
Breast Cancer Res. Treat. 124 (2), 317–326. doi:10.1007/s10549-010-0734-1

Mastrolia, I., Foppiani, E. M., Murgia, A., Candini, O., Samarelli, A. V., Grisendi, G.,
et al. (2019). Challenges in clinical development of mesenchymal stromal/stem cells:
Concise review. Stem Cells Transl. Med. 8 (11), 1135–1148. doi:10.1002/sctm.19-0044

Mathers, C. D., Boerma, T., and Ma Fat, D. (2009). Global and regional causes of
death. Br. Med. Bull. 92 (1), 7–32. doi:10.1093/bmb/ldp028

McAndrews, K. M., McGrail, D. J., Ravikumar, N., and Dawson, M. R. (2015).
Mesenchymal stem cells induce directional migration of invasive breast cancer cells
through TGF-β. Sci. Rep. 5, 16941. doi:10.1038/srep16941
McArthur, S., Loiola, R. A., Maggioli, E., Errede, M., Virgintino, D., and Solito, E.

(20161320). The restorative role of annexin A1 at the blood–brain barrier. Fluids
Barriers CNS 13 (1), 17. doi:10.1186/s12987-016-0043-0

Mead, B., Logan, A., Berry, M., Leadbeater, W., and Scheven, B. A. (2014). Paracrine-
mediated neuroprotection and neuritogenesis of axotomised retinal ganglion cells by
human dental pulp stem cells: Comparisonwith human bonemarrow and adipose-derived
mesenchymal stem cells. PLoS One 9 (10), e109305. doi:10.1371/journal.pone.0109305

Mendes Filho, D., Ribeiro, P. D. C., Oliveira, L. F., de Paula, D. R. M., Capuano, V., de
Assunção, T. S. F., et al. (2018). Therapy with mesenchymal stem cells in Parkinson
disease: History and perspectives. Neurologist 23 (4), 141–147.

Frontiers in Bioengineering and Biotechnology frontiersin.org26

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.1158/1535-7163.mct-17-0682
https://doi.org/10.1158/1535-7163.mct-17-0682
https://doi.org/10.4049/jimmunol.1402139
https://doi.org/10.18632/oncotarget.868
https://doi.org/10.1161/strokeaha.121.034505
https://doi.org/10.1038/srep33038
https://doi.org/10.1038/srep33038
https://doi.org/10.1016/j.jneuroim.2007.07.023
https://doi.org/10.1093/ije/dyt268
https://doi.org/10.1080/14653240802021330
https://doi.org/10.1080/14653240802021330
https://doi.org/10.3892/mmr.2019.9922
https://doi.org/10.1186/1475-2867-12-41
https://doi.org/10.1038/cdd.2012.26
https://doi.org/10.3389/fncel.2021.628940
https://doi.org/10.3109/15368378.2012.662194
https://doi.org/10.3109/15368378.2012.662194
https://doi.org/10.1186/s13287-021-02416-4
https://doi.org/10.1186/s13287-021-02416-4
https://doi.org/10.1016/j.intimp.2018.12.001
https://doi.org/10.1186/s11658-020-00246-5
https://doi.org/10.1155/2013/296019
https://doi.org/10.1161/strokeaha.110.603621
https://doi.org/10.3389/fbioe.2022.796111
https://doi.org/10.1093/brain/awl207
https://doi.org/10.1177/0963689717721221
https://doi.org/10.3389/fneur.2022.950715
https://doi.org/10.3389/fneur.2022.950715
https://doi.org/10.3892/br.2021.1443
https://doi.org/10.1590/0004-282x20190189
https://doi.org/10.18502/ijaai.v20i6.8022
https://doi.org/10.1016/j.biopha.2019.108625
https://doi.org/10.1016/j.jneuroim.2008.10.014
https://doi.org/10.1155/2019/9628536
https://doi.org/10.1016/j.jneuroim.2014.07.013
https://doi.org/10.1186/s13287-019-1307-9
https://doi.org/10.1186/s13287-019-1307-9
https://doi.org/10.1016/j.actbio.2021.06.038
https://doi.org/10.3389/fimmu.2021.784098
https://doi.org/10.1016/j.theriogenology.2017.05.015
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1016/j.exphem.2006.06.020
https://doi.org/10.1007/s10549-010-0734-1
https://doi.org/10.1002/sctm.19-0044
https://doi.org/10.1093/bmb/ldp028
https://doi.org/10.1038/srep16941
https://doi.org/10.1186/s12987-016-0043-0
https://doi.org/10.1371/journal.pone.0109305
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


Miao, Z., Jin, J., Chen, L., Zhu, J., Huang, W., Zhao, J., et al. (2006). Isolation of
mesenchymal stem cells from human placenta: Comparison with human bone marrow
mesenchymal stem cells. Cell. Biol. Int. 30 (9), 681–687. doi:10.1016/j.cellbi.2006.03.009

Miskon, A., and Uslama, J. (2011). A preliminary study on magnetic fields effects on
stem cell differentiation. IFMBE Proc. 35.

Mitterberger, M. C., Mattesich, M., and Zwerschke, W. (2014). Bariatric surgery and
diet-induced long-term caloric restriction protect subcutaneous adipose-derived
stromal/progenitor cells and prolong their life span in formerly obese humans.
Exp. Gerontol. 56, 106–113. doi:10.1016/j.exger.2014.03.030

Mohamed-Ahmed, S., Fristad, I., Lie, S. A., Suliman, S., Mustafa, K., Vindenes, H.,
et al. (2018). Adipose-derived and bone marrow mesenchymal stem cells: A donor-
matched comparison. Stem Cell. Res. Ther. 9 (1), 168. doi:10.1186/s13287-018-0914-1

Mokarizadeh, A., Delirezh, N., Morshedi, A., Mosayebi, G., Farshid, A. A., and
Mardani, K. (2012). Microvesicles derived from mesenchymal stem cells: Potent
organelles for induction of tolerogenic signaling. Immunol. Lett. 147, 47–54. doi:10.
1016/j.imlet.2012.06.001

Moku, G., Layek, B., Trautman, L., Putnam, S., Panyam, J., and Prabha, S. (2019).
Improving payload capacity and anti-tumor efficacy of mesenchymal stem cells using
TAT peptide functionalized polymeric nanoparticles. Cancers (Basel) 11 (4), 491. doi:10.
3390/cancers11040491

Moloney, T. C., Rooney, G. E., Barry, F. P., Howard, L., and Dowd, E. (2010). Potential
of rat bone marrow-derived mesenchymal stem cells as vehicles for delivery of
neurotrophins to the Parkinsonian rat brain. Brain Res. 1359, 33–43. doi:10.1016/j.
brainres.2010.08.040

Moore, K. W., De Waal Malefyt, R., Coffman, R. L., and O’Garra, A. (2001).
Interleukin-10 and the interleukin-10 receptor. Annu. Rev. Immunol. 19, 683–765.
doi:10.1146/annurev.immunol.19.1.683

Mukai, T., Sei, K., and Nagamura-Inoue, T. (2021). Mesenchymal stromal cells
perspective: New potential therapeutic for the treatment of neurological diseases.
Pharmaceutics 13, 1159. doi:10.3390/pharmaceutics13081159

Müller, L., Tunger, A., Wobus, M., von Bonin, M., Towers, R., Bornhäuser, M., et al.
(2021). Immunomodulatory properties of mesenchymal stromal cells: An update. Front.
Cell. Dev. Biol. 9, 637725. doi:10.3389/fcell.2021.637725

Müller, M., Jäkel, L., Bruinsma, I. B., Claassen, J. A., Kuiperij, H. B., and Verbeek,
M. M. (2016). MicroRNA-29a is a candidate biomarker for alzheimer’s disease in cell-
free cerebrospinal fluid.Mol. Neurobiol. 53 (5), 2894–2899. doi:10.1007/s12035-015-
9156-8

Munir, J., Yoon, J. K., and Ryu, S. (2020). Therapeutic miRNA-enriched extracellular
vesicles: Current approaches and future prospects. Cells 9, 2271. doi:10.3390/
cells9102271

Mushahary, D., Spittler, A., Kasper, C., Weber, V., and Charwat, V. (2018). Isolation,
cultivation, and characterization of human mesenchymal stem cells. Cytom. Part A 93
(1), 19–31.

Musiał-Wysocka, A., Kot, M., and Majka, M. (2019). The pros and cons of
mesenchymal stem cell-based therapies. Cell. Transpl. 28 (7), 801–812. doi:10.1177/
0963689719837897

Nakajima, M., Nito, C., Sowa, K., Suda, S., Nishiyama, Y., Nakamura-Takahashi, A.,
et al. (2017). Mesenchymal stem cells overexpressing interleukin-10 promote
neuroprotection in experimental acute ischemic stroke. Mol. Ther. Methods Clin.
Dev. 6, 102–111. doi:10.1016/j.omtm.2017.06.005

Nakano, M., and Fujimiya, M. (2021). “Potential effects of mesenchymal stem cell
derived extracellular vesicles and exosomal miRNAs in neurological disorders,” in
Neural regeneration research (Mumbai, India: Wolters Kluwer Medknow Publications),
16, 2359–2366. doi:10.4103/1673-5374.313026

Neves, A. F., Camargo, C., Premer, C., Hare, J. M., Baumel, B. S., and Pinto, M. (2021).
Intravenous administration of mesenchymal stem cells reduces Tau phosphorylation
and inflammation in the 3xTg-AD mouse model of Alzheimer’s disease. Exp. Neurol.

Nikoo, S., Ebtekar, M., Jeddi-Tehrani, M., Shervin, A., Bozorgmehr, M., Vafaei, S.,
et al. (2014). Menstrual blood-derived stromal stem cells from women with and without
endometriosis reveal different phenotypic and functional characteristics. Mol. Hum.
Reprod. 20 (9), 905–918. doi:10.1093/molehr/gau044

Ning, G. Z., Song, W. Y., Xu, H., Zhusen, R., Wu, Q. L., Wu, Y., et al. (2019). Bone
marrow mesenchymal stem cells stimulated with low-intensity pulsed ultrasound:
Better choice of transplantation treatment for spinal cord injury. CNS Neurosci.
Ther. 25 (4), 496–508. doi:10.1111/cns.13071

Nogueira, R. G., Jadhav, A. P., Haussen, D. C., Bonafe, A., Budzik, R. F., Bhuva, P.,
et al. (2018). Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit
and infarct. N. Engl. J. Med. 378 (1), 11–21. doi:10.1056/nejmoa1706442

Ogawa, R., Mizuno, H., Hyakusoku, H., Watanabe, A., Migita, M., and Shimada, T.
(2004). Chondrogenic and osteogenic differentiation of adipose-derived stem cells
isolated from GFP transgenic mice. J. Nippon. Med. Sch. 71 (4), 240–241. doi:10.
1272/jnms.71.240

Ohno, S. I., Takanashi, M., Sudo, K., Ueda, S., Ishikawa, A., Matsuyama, N., et al.
(2013). Systemically injected exosomes targeted to EGFR deliver antitumor microrna to
breast cancer cells. Mol. Ther. 21 (1), 185–191. doi:10.1038/mt.2012.180

O’Malley, G., Heijltjes, M., Houston, A. M., Rani, S., Ritter, T., Egan, L. J., et al. (2016).
Mesenchymal stromal cells (MSCs) and colorectal cancer: A troublesome twosome for
the anti-tumour immune response? Oncotarget 7 (37), 60752–60774. doi:10.18632/
oncotarget.11354

Onda, T., Honmou, O., Harada, K., Houkin, K., Hamada, H., and Kocsis, J. D. (2008).
Therapeutic benefits by human mesenchymal stem cells (hMSCs) and Ang-1 gene-
modified hMSCs after cerebral ischemia. J. Cereb. Blood Flow Metabolism 28 (2),
329–340. doi:10.1038/sj.jcbfm.9600527

Pachón-Peña, G., Serena, C., Ejarque, M., Petriz, J., Duran, X., Oliva-Olivera,W., et al.
(2016). Obesity determines the immunophenotypic profile and functional
characteristics of human mesenchymal stem cells from adipose tissue. Stem Cells
Transl. Med. 5 (4), 464–475. doi:10.5966/sctm.2015-0161

Pacioni, S., D’Alessandris, Q. G., Giannetti, S., Morgante, L., de Pascalis, I., Coccè, V.,
et al. (2015). Mesenchymal stromal cells loaded with paclitaxel induce cytotoxic damage
in glioblastoma brain xenografts. Stem Cell. Res. Ther. 6 (1), 194. doi:10.1186/s13287-
015-0185-z

Parate, D., Kadir, N. D., Celik, C., Lee, E. H., Hui, J. H. P., Franco-Obregón, A., et al.
(2020). Pulsed electromagnetic fields potentiate the paracrine function of mesenchymal
stem cells for cartilage regeneration. Stem Cell. Res. Ther. 11 (1), 46. doi:10.1186/s13287-
020-1566-5

Pendleton, C., Li, Q., Chesler, D. A., Yuan, K., and Guerrero-Cazares, H. (2013).
Mesenchymal stem cells derived from adipose tissue vs bone marrow: In vitro
comparison of their tropism towards gliomas. PLoS One 8 (3), e58198. doi:10.1371/
journal.pone.0058198

Peng, L., Hu, G., Yao, Q., Wu, J., He, Z., Law, B. Y. K., et al. (2022). Microglia
autophagy in ischemic stroke: A double-edged sword. Front. Immunol. 13, 1013311.
doi:10.3389/fimmu.2022.1013311

Petrou, P., Kassis, I., Ginzberg, A., Hallimi, M., and Karussis, D. (2022). Effects
of mesenchymal stem cell transplantation on cerebrospinal fluid biomarkers in
progressive multiple sclerosis. Stem Cells Transl. Med. 11 (1), 55–58. doi:10.
1093/stcltm/szab017

Petrou, P., Kassis, I., Levin, N., Paul, F., Backner, Y., Benoliel, T., et al. (2020).
Beneficial effects of autologous mesenchymal stem cell transplantation in active
progressive multiple sclerosis. Brain 143 (12), 3574–3588. doi:10.1093/brain/awaa333

Phelps, J., Sanati-Nezhad, A., Ungrin, M., Duncan, N. A., and Sen, A. (2018).
Bioprocessing of mesenchymal stem cells and their derivatives: Toward cell-free
therapeutics. Stem Cells Int. 2018, 1–23. doi:10.1155/2018/9415367

Phinney, D. G., Kopen, G., Righter, W., Webster, S., Tremain, N., and Prockop, D. J.
(1999). Donor variation in the growth properties and osteogenic potential of human
marrow stromal cells. J. Cell. Biochem. 75 (3), 424–436. doi:10.1002/(sici)1097-
4644(19991201)75:3<424::aid-jcb8>3.0.co;2-8
Piacentini, R., Ripoli, C., Mezzogori, D., Azzena, G. B., and Grassi, C. (2008).

Extremely low-frequency electromagnetic fields promote in vitro neurogenesis via
upregulation of Ca(v)1-channel activity. J. Cell. Physiol. 215 (1), 129–139. doi:10.
1002/jcp.21293

Pieper, I. L., Smith, R., Bishop, J. C., Aldalati, O., Chase, A. J., Morgan, G., et al. (2017).
Isolation of mesenchymal stromal cells from peripheral blood of ST elevation
myocardial infarction patients. Artif. Organs 41, 654–666. doi:10.1111/aor.12829

Pike, S., Zhang, P., Wei, Z., Wu, N., Klinger, A., Chang, S., et al. (2015). In vitro effects
of tamoxifen on adipose-derived stem cells. Wound Repair Regen. 23 (5), 728–736.
doi:10.1111/wrr.12322

Plumas, J., Chaperot, L., Richard, M. J., Molens, J. P., Bensa, J. C., and Favrot, M. C.
(2005). Mesenchymal stem cells induce apoptosis of activated T cells. Leukemia 19 (9),
1597–1604. doi:10.1038/sj.leu.2403871

Poglio, S., Galvani, S., Bour, S., André, M., Prunet-Marcassus, B., Pénicaud, L., et al.
(2009). Adipose tissue sensitivity to radiation exposure. Am. J. Pathol. 174 (1), 44–53.
doi:10.2353/ajpath.2009.080505

Preda, M. B., Neculachi, C. A., Fenyo, I. M., Vacaru, A. M., Publik, M. A., Simionescu,
M., et al. (20211220). Short lifespan of syngeneic transplanted MSC is a consequence of
in vivo apoptosis and immune cell recruitment in mice. Cell. Death Dis. 12 (66), 566.
doi:10.1038/s41419-021-03839-w

Prictor, M., Teare, H. J. A., and Kaye, J. (2018). Equitable participation in biobanks:
The risks and benefits of a “dynamic consent” approach. Front. Public Health 6, 253.
doi:10.3389/fpubh.2018.00253

Priya, N., Sarcar, S., sen, Majumdar A., and Sundarraj, S. (2014). Explant culture: A
simple, reproducible, efficient and economic technique for isolation of mesenchymal
stromal cells from human adipose tissue and lipoaspirate. J. Tissue Eng. Regen. Med. 8
(9), 706–716.

P. S. ’t Anker, S. A. Scherjon, C. Kleijburg-van der Keur, W. A. Noort, F. H. J. Claas,
R. Willemze, et al. (2003). “Amniotic fluid as a novel source of mesenchymal stem cells
for therapeutic transplantation,”, 102, 1548–1549.Blood4

Putnam, A. J. (2014). The instructive role of the vasculature in stem cell niches.
Biomater. Sci. 2 (11), 1562–1573. doi:10.1039/c4bm00200h

Qiao, L. Y., Huang, F. J., Zhao, M., Xie, J. H., Shi, J., Wang, J., et al. (2014). A two-year
follow-up study of cotransplantation with neural stem/progenitor cells and

Frontiers in Bioengineering and Biotechnology frontiersin.org27

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.1016/j.cellbi.2006.03.009
https://doi.org/10.1016/j.exger.2014.03.030
https://doi.org/10.1186/s13287-018-0914-1
https://doi.org/10.1016/j.imlet.2012.06.001
https://doi.org/10.1016/j.imlet.2012.06.001
https://doi.org/10.3390/cancers11040491
https://doi.org/10.3390/cancers11040491
https://doi.org/10.1016/j.brainres.2010.08.040
https://doi.org/10.1016/j.brainres.2010.08.040
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.3390/pharmaceutics13081159
https://doi.org/10.3389/fcell.2021.637725
https://doi.org/10.1007/s12035-015-9156-8
https://doi.org/10.1007/s12035-015-9156-8
https://doi.org/10.3390/cells9102271
https://doi.org/10.3390/cells9102271
https://doi.org/10.1177/0963689719837897
https://doi.org/10.1177/0963689719837897
https://doi.org/10.1016/j.omtm.2017.06.005
https://doi.org/10.4103/1673-5374.313026
https://doi.org/10.1093/molehr/gau044
https://doi.org/10.1111/cns.13071
https://doi.org/10.1056/nejmoa1706442
https://doi.org/10.1272/jnms.71.240
https://doi.org/10.1272/jnms.71.240
https://doi.org/10.1038/mt.2012.180
https://doi.org/10.18632/oncotarget.11354
https://doi.org/10.18632/oncotarget.11354
https://doi.org/10.1038/sj.jcbfm.9600527
https://doi.org/10.5966/sctm.2015-0161
https://doi.org/10.1186/s13287-015-0185-z
https://doi.org/10.1186/s13287-015-0185-z
https://doi.org/10.1186/s13287-020-1566-5
https://doi.org/10.1186/s13287-020-1566-5
https://doi.org/10.1371/journal.pone.0058198
https://doi.org/10.1371/journal.pone.0058198
https://doi.org/10.3389/fimmu.2022.1013311
https://doi.org/10.1093/stcltm/szab017
https://doi.org/10.1093/stcltm/szab017
https://doi.org/10.1093/brain/awaa333
https://doi.org/10.1155/2018/9415367
https://doi.org/10.1002/(sici)1097-4644(19991201)75:3<424::aid-jcb8>3.0.co;2-8
https://doi.org/10.1002/(sici)1097-4644(19991201)75:3<424::aid-jcb8>3.0.co;2-8
https://doi.org/10.1002/jcp.21293
https://doi.org/10.1002/jcp.21293
https://doi.org/10.1111/aor.12829
https://doi.org/10.1111/wrr.12322
https://doi.org/10.1038/sj.leu.2403871
https://doi.org/10.2353/ajpath.2009.080505
https://doi.org/10.1038/s41419-021-03839-w
https://doi.org/10.3389/fpubh.2018.00253
https://doi.org/10.1039/c4bm00200h
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


mesenchymal stromal cells in ischemic stroke patients. Cell. Transpl. 23 (1), 65–72.
doi:10.3727/096368914x684961

Qin, A., Chen, S., Wang, P., Huang, X., Zhang, Y., Liang, L., et al. (2021). Knockout of
NOS2 promotes adipogenic differentiation of rat MSCs by enhancing activation of JAK/
STAT3 signaling. Front. Cell. Dev. Biol. 9, 638518. doi:10.3389/fcell.2021.638518

Qu, J., and Zhang, H. (2017). Roles of mesenchymal stem cells in spinal cord injury.
Stem Cells Int. 2017, 1–12. doi:10.1155/2017/5251313

Rafei, M., Campeau, P. M., Aguilar-Mahecha, A., Buchanan, M., Williams, P.,
Birman, E., et al. (2009). Mesenchymal stromal cells ameliorate experimental
autoimmune encephalomyelitis by inhibiting CD4 Th17 T cells in a CC
chemokine ligand 2-dependent manner. J. Immunol. 182 (10), 5994–6002. doi:10.
4049/jimmunol.0803962

Rahman, M., Deleyrolle, L., Vedam-Mai, V., Azari, H., Abd-El-Barr, M., and
Reynolds, B. A. (2011). The cancer stem cell hypothesis: Failures and pitfalls.
Neurosurgery 68 (2), 531–545. doi:10.1227/neu.0b013e3181ff9eb5

Ramot, Y., Steiner, M., Morad, V., Leibovitch, S., Amouyal, N., Cesta, M. F., et al.
(2010). Pulmonary thrombosis in the mouse following intravenous administration of
quantum dot-labeled mesenchymal cells. Nanotoxicology 4 (1), 98–105. doi:10.3109/
17435390903470093

Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: Exosomes,
microvesicles, and friends. J. Cell. Biol. 200, 373–383.

Ratajczak, J., Zuba-Surma, E. K., Paczkowska, E., Kucia, M., Nowacki, P., and
Ratajczak, M. Z. (2011). Stem cells for neural regeneration--a potential application
of very small embryonic-like stem cells. J. Physiology Pharmacol. 62 (1), 3–12.

Raynaud, C. M., Maleki, M., Lis, R., Ahmed, B., Al-Azwani, I., Malek, J., et al. (2012).
Comprehensive characterization of mesenchymal stem cells from human placenta and
fetal membrane and their response to osteoactivin stimulation. Stem Cells Int. 2012,
1–13. doi:10.1155/2012/658356

Razavi, S., Shahbazi-Gahrouei, D., Karbasi, S., Kermani, S., and Salimi, M. (2014).
Extremely low-frequency electromagnetic field influences the survival and proliferation
effect of human adipose derived stem cells. Adv. Biomed. Res. 3 (1), 25. doi:10.4103/
2277-9175.124668

Redjal, N., Zhu, Y., and Shah, K. (2015). Combination of systemic chemotherapy with
local stem cell delivered S-TRAIL in resected brain tumors. Stem Cells 33 (1), 101–110.
doi:10.1002/stem.1834

Ren, G., Zhang, L., Zhao, X., Xu, G., Zhang, Y., Roberts, A. I., et al. (2008).
Mesenchymal stem cell-mediated immunosuppression occurs via concerted action
of chemokines and nitric oxide. Cell. Stem Cell. 2 (2), 141–150. doi:10.1016/j.stem.
2007.11.014

Restan Perez, M., Sharma, R., Masri, N. Z., andWillerth, S. M. (2021). 3D bioprinting
mesenchymal stem cell-derived neural tissues using a fibrin-based bioink. Biomolecules
11, 1250. doi:10.3390/biom11081250

Reza-Zaldivar, E. E., Hernández-Sapiéns, M. A., Gutiérrez-Mercado, Y. K., Sandoval-
Ávila, S., Gomez-Pinedo, U., Márquez-Aguirre, A. L., et al. (2019). Mesenchymal stem
cell-derived exosomes promote neurogenesis and cognitive function recovery in a
mouse model of Alzheimer’s disease. Neural Regen. Res. 14 (9), 1626. doi:10.4103/1673-
5374.255978

Rezabakhsh, A., Cheraghi, O., Nourazarian, A., Hassanpour, M., Kazemi, M.,
Ghaderi, S., et al. (2017). Type 2 diabetes inhibited human mesenchymal stem cells
angiogenic response by over-activity of the autophagic pathway. J. Cell. Biochem. 118
(6), 1518–1530. doi:10.1002/jcb.25814

Riazifar, M., Mohammadi, M. R., Pone, E. J., Yeri, A., Lasser, C., Segaliny, A. I., et al.
(2019). Stem cell-derived exosomes as nanotherapeutics for autoimmune and
neurodegenerative disorders. ACS Nano 13 (6), 6670–6688. doi:10.1021/acsnano.
9b01004

Riekstina, U., Muceniece, R., Cakstina, I., Muiznieks, I., and Ancans, J. (2008).
Characterization of human skin-derived mesenchymal stem cell proliferation rate in
different growth conditions. Cytotechnology 58 (3), 153–162. doi:10.1007/s10616-009-
9183-2

Rivera-Cruz, C. M., Shearer, J. J., Figueiredo Neto, M., and Figueiredo, M. L. (2017).
The immunomodulatory effects of mesenchymal stem cell polarization within the
tumor microenvironment niche. Stem Cells Int. 2017, 1–17. doi:10.1155/2017/4015039

Ross, C. L., Pettenati, M. J., Procita, J., Cathey, L., George, S. K., and Almeida-Porada,
G. (2018). Evaluation of cytotoxic and genotoxic effects of extremely low-frequency
electromagnetic field on mesenchymal stromal cells. Glob. Adv. Health Med. 7,
216495611877747. doi:10.1177/2164956118777472

Rostami, M., Haidari, K., Amini, H., and Shahbazi, M. (2022). Genetically engineered
mesenchymal stem cell therapy against murine experimental autoimmune
encephalomyelitis. Mol. Neurobiol. 59, 3449–3457. doi:10.1007/s12035-022-02774-x

Rotter, N., Oder, J., Schlenke, P., Lindner, U., Böhrnsen, F., Kramer, J., et al. (2008).
Isolation and characterization of adult stem cells from human salivary glands. Stem Cells
Dev. 17 (3), 509–518. doi:10.1089/scd.2007.0180

Rust, R. (2020). Insights into the dual role of angiogenesis following stroke. J. Cereb.
Blood Flow Metabolism 40 (6), 1167–1171. doi:10.1177/0271678x20906815

Ryu, B., Sekine, H., Homma, J., Kobayashi, T., Kobayashi, E., Kawamata, T., et al.
(2019c2022). Allogeneic adipose-derived mesenchymal stem cell sheet that produces
neurological improvement with angiogenesis and neurogenesis in a rat stroke model.
J. Neurosurg. 132 (2), 442–455. doi:10.3171/2018.11.jns182331

Sadan, O., Bahat-Stromza, M., Barhum, Y., Levy, Y. S., Pisnevsky, A., Peretz, H., et al.
(2009). Protective effects of neurotrophic factor–secreting cells in a 6-OHDA rat model of
Parkinson disease.

Sahab Negah, S., Shirzad, M. M., Biglari, G., Naseri, F., Hosseini Ravandi, H., Hassani
Dooghabadi, A., et al. (2020). Transplantation of R-GSIK scaffold with mesenchymal
stem cells improves neuroinflammation in a traumatic brain injury model. Cell. Tissue
Res. 382 (3), 575–583. doi:10.1007/s00441-020-03247-0

Salehinejad, P., Banu Alitheen, N., Ali, A. M., Omar, A. R., Mohit, M., Janzamin, E.,
et al. (2012). Comparison of different methods for the isolation of mesenchymal stem
cells from human umbilical cord Wharton’s jelly. Vitro Cell. Dev. Biol. Anim. 48 (2),
75–83. doi:10.1007/s11626-011-9480-x

Samanta, S., Rajasingh, S., Drosos, N., Zhou, Z., Dawn, B., and Rajasingh, J. (2018).
Exosomes: New molecular targets of diseases. Acta Pharmacol. Sin. 39 (4), 501–513.
doi:10.1038/aps.2017.162

Samiei, M., Aghazadeh, Z., Abdolahinia, E. D., Vahdati, A., Daneshvar, S., and
Noghani, A. (2020). The effect of electromagnetic fields on survival and proliferation
rate of dental pulp stem cells. Acta Odontol. Scand. 78 (7), 494–500. doi:10.1080/
00016357.2020.1734655

Sammour, I., Somashekar, S., Huang, J., Batlahally, S., Breton, M., Valasaki, K., et al.
(2016). The effect of gender on mesenchymal stem cell (MSC) efficacy in neonatal
hyperoxia-induced lung injury. PLoS One 11 (10), e0164269. doi:10.1371/journal.pone.
0164269

San-Juan, D., and Rodríguez-Méndez, D. A. (2022). "Epilepsy as a disease affecting
neural networks: A neurophysiological perspective," in Neurologia sociedad española de
neurología (Spanish neurology society). Amsterdam, Netherland: Elsevier. doi:10.1016/j.
nrleng.2020.06.016

Sanchez, C., Oskowitz, A., and Pochampally, R. R. (2009). Epigenetic reprogramming
of IGF1 and leptin genes by serum deprivation in multipotential mesenchymal stromal
cells. Stem Cells 27 (2), 375–382. doi:10.1634/stemcells.2008-0546

Sato, K., Ozaki, K., Oh, I., Meguro, A., Hatanaka, K., Nagai, T., et al. (2007). Nitric
oxide plays a critical role in suppression of T-cell proliferation by mesenchymal stem
cells. Blood 109 (1), 228–234. doi:10.1182/blood-2006-02-002246

Scapin, G., Bertalot, T., Vicentini, N., Gatti, T., Tescari, S., de Filippis, V., et al. (2016).
Neuronal commitment of human circulating multipotent cells by carbon nanotube-
polymer scaffolds and biomimetic peptides. Nanomedicine (Lond) 11, 1929–1946.
doi:10.2217/nnm-2016-0150

Scherzed, A., Hackenberg, S., Froelich, K., Kessler, M., Koehler, C., Hagen, R., et al.
(2011). BMSC enhance the survival of paclitaxel treated squamous cell carcinoma cells
in vitro. Cancer Biol. Ther. 11 (3), 349–357. doi:10.4161/cbt.11.3.14179

Schofield, R. (1978). The relationship between the spleen colony-forming cell and the
haemopoietic stem cell. Blood Cells 4 (1–2), 7–25.

Seo, N. R., Lee, S. H., Won Ju, K., Woo, J. M., Kim, B. J., Kim, S. M., et al. (2018). Low-
frequency pulsed electromagnetic field pretreated bone marrow-derived mesenchymal
stem cells promote the regeneration of crush-injured rat mental nerve. Neural Regen.
Res. 13 (1), 145–153. doi:10.4103/1673-5374.224383

Seong, Y., Moon, J., and Kim, J. (2014). Egr1 mediated the neuronal differentiation
induced by extremely low-frequency electromagnetic fields. Life Sci. 102 (1), 16–27.
doi:10.1016/j.lfs.2014.02.022

Shah, F. S., Wu, X., Dietrich, M., Rood, J., and Gimble, J. M. (2013). A non-enzymatic
method for isolating human adipose tissue-derived stromal stem cells. Cytotherapy 15
(8), 979–985. doi:10.1016/j.jcyt.2013.04.001

Sharif, S., Ghahremani, M. H., and Soleimani, M. (2018). Delivery of exogenous miR-
124 to glioblastoma multiform cells by Wharton’s jelly mesenchymal stem cells
decreases cell proliferation and migration, and confers chemosensitivity. Stem Cell.
Rev. Rep. 14 (2), 236–246. doi:10.1007/s12015-017-9788-3

Shetty, P., Ravindran, G., Sarang, S., Thakur, A. M., Rao, H. S., and Viswanathan, C.
(2009). Clinical grade mesenchymal stem cells transdifferentiated under xenofree
conditions alleviates motor deficiencies in a rat model of Parkinson’s disease. Cell.
Biol. Int. 33 (8), 830–838.

Shi, H., Sun, Y., Ruan, H., Ji, C., Zhang, J., Wu, P., et al. (2021). 3,3’-Diindolylmethane
promotes gastric cancer progression via β-TrCP-mediated NF-κB activation in gastric
cancer-derived MSCs. Front. Oncol. 11, 603533. doi:10.3389/fonc.2021.603533

Shih-Chieh Hung, A., Pochampally, R. R., Chen, S. C., Hsu, S. C., Prockop, D. J.,
Hung, S. chieh, et al. (2007). Angiogenic effects of human multipotent stromal cell
conditioned medium activate the PI3K-Akt pathway in hypoxic endothelial cells to
inhibit apoptosis, increase survival, and stimulate angiogenesis. Stem Cells 25 (9),
2363–2370. doi:10.1634/stemcells.2006-0686

Song, J., and Kim, J. (2016). Degeneration of dopaminergic neurons due to metabolic
alterations and Parkinson’s disease. Front. Aging Neurosci. 8 (MAR), 65. doi:10.3389/
fnagi.2016.00065

Frontiers in Bioengineering and Biotechnology frontiersin.org28

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.3727/096368914x684961
https://doi.org/10.3389/fcell.2021.638518
https://doi.org/10.1155/2017/5251313
https://doi.org/10.4049/jimmunol.0803962
https://doi.org/10.4049/jimmunol.0803962
https://doi.org/10.1227/neu.0b013e3181ff9eb5
https://doi.org/10.3109/17435390903470093
https://doi.org/10.3109/17435390903470093
https://doi.org/10.1155/2012/658356
https://doi.org/10.4103/2277-9175.124668
https://doi.org/10.4103/2277-9175.124668
https://doi.org/10.1002/stem.1834
https://doi.org/10.1016/j.stem.2007.11.014
https://doi.org/10.1016/j.stem.2007.11.014
https://doi.org/10.3390/biom11081250
https://doi.org/10.4103/1673-5374.255978
https://doi.org/10.4103/1673-5374.255978
https://doi.org/10.1002/jcb.25814
https://doi.org/10.1021/acsnano.9b01004
https://doi.org/10.1021/acsnano.9b01004
https://doi.org/10.1007/s10616-009-9183-2
https://doi.org/10.1007/s10616-009-9183-2
https://doi.org/10.1155/2017/4015039
https://doi.org/10.1177/2164956118777472
https://doi.org/10.1007/s12035-022-02774-x
https://doi.org/10.1089/scd.2007.0180
https://doi.org/10.1177/0271678x20906815
https://doi.org/10.3171/2018.11.jns182331
https://doi.org/10.1007/s00441-020-03247-0
https://doi.org/10.1007/s11626-011-9480-x
https://doi.org/10.1038/aps.2017.162
https://doi.org/10.1080/00016357.2020.1734655
https://doi.org/10.1080/00016357.2020.1734655
https://doi.org/10.1371/journal.pone.0164269
https://doi.org/10.1371/journal.pone.0164269
https://doi.org/10.1016/j.nrleng.2020.06.016
https://doi.org/10.1016/j.nrleng.2020.06.016
https://doi.org/10.1634/stemcells.2008-0546
https://doi.org/10.1182/blood-2006-02-002246
https://doi.org/10.2217/nnm-2016-0150
https://doi.org/10.4161/cbt.11.3.14179
https://doi.org/10.4103/1673-5374.224383
https://doi.org/10.1016/j.lfs.2014.02.022
https://doi.org/10.1016/j.jcyt.2013.04.001
https://doi.org/10.1007/s12015-017-9788-3
https://doi.org/10.3389/fonc.2021.603533
https://doi.org/10.1634/stemcells.2006-0686
https://doi.org/10.3389/fnagi.2016.00065
https://doi.org/10.3389/fnagi.2016.00065
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


Song, N., Scholtemeijer, M., and Shah, K. (2020). Mesenchymal stem cell
immunomodulation: Mechanisms and therapeutic potential. Trends Pharmacol. Sci.
41 (9), 653–664. doi:10.1016/j.tips.2020.06.009

Soni, N., Gupta, S., Rawat, S., Krishnakumar, V., Mohanty, S., and Banerjee, A. (2022).
MicroRNA-enriched exosomes from different sources of mesenchymal stem cells can
differentially modulate functions of immune cells and neurogenesis. Biomedicines 10
(1), 69. doi:10.3390/biomedicines10010069

Soni, N., Gupta, S., Rawat, S., Krishnakumar, V., Mohanty, S., and Banerjee, A. (2022).
MicroRNA-enriched exosomes from different sources of mesenchymal stem cells can
differentially modulate functions of immune cells and neurogenesis. Biomedicines
(1), 10.

Soundara Rajan, T., Giacoppo, S., Diomede, F., Bramanti, P., Trubiani, O., and
Mazzon, E. (2017). Human periodontal ligament stem cells secretome from multiple
sclerosis patients suppresses NALP3 inflammasome activation in experimental
autoimmune encephalomyelitis. Int. J. Immunopathol. Pharmacol. 30 (3), 238–252.
doi:10.1177/0394632017722332

Spaeth, E. L., Dembinski, J. L., Sasser, A. K., Watson, K., Klopp, A., Hall, B., et al.
(2009). Mesenchymal stem cell transition to tumor-associated fibroblasts contributes to
fibrovascular network expansion and tumor progression. PLoS One 4 (4), e4992. doi:10.
1371/journal.pone.0004992

Stančin, P., Song, M. S., Alajbeg, I., and Mitrečić, D. (2022). "Human oral mucosa
stem cells increase survival of neurons affected by in vitro anoxia and improve
recovery of mice affected by stroke through time-limited secretion of miR-514a-
3p," in Cell molecular neurobiology. Berlin, Germany: Springer. doi:10.1007/
s10571-022-01276-7

Stolzing, A., Jones, E., McGonagle, D., and Scutt, A. (2008). Age-related changes in
human bone marrow-derived mesenchymal stem cells: Consequences for cell therapies.
Mech. Ageing Dev. 129 (3), 163–173. doi:10.1016/j.mad.2007.12.002

Sun, L. Y., Hsieh, D. K., Yu, T. C., Chiu, H. T., Lu, S. F., Luo, G. H., et al. (2009). Effect
of pulsed electromagnetic field on the proliferation and differentiation potential of
human bone marrow mesenchymal stem cells. Bioelectromagnetics 30 (4), 251–260.
doi:10.1002/bem.20472

Sun, S. J., Li, F., Dong, M., Liang, W. H., Lai, W. H., Ho, W. I., et al. (2022). Repeated
intravenous administration of hiPSC-MSCs enhance the efficacy of cell-based
therapy in tissue regeneration. Commun. Biol. 5 (11), 867. doi:10.1038/s42003-
022-03833-8

Sun, Z., Gu, P., Xu, H., Zhao, W., Zhou, Y., Zhou, L., et al. (2022). Human umbilical
cord mesenchymal stem cells improve locomotor function in Parkinson’s disease mouse
model through regulating intestinal microorganisms. Front. Cell. Dev. Biol. 9, 808905.
doi:10.3389/fcell.2021.808905

Suri, C., McClain, J., Thurston, G., McDonald, D. M., Zhou, H., Oldmixon, E. H., et al.
(1998). Increased vascularization in mice overexpressing angiopoietin-1. Science 282
(5388), 468–471. doi:10.1126/science.282.5388.468

Takashima, Y., Era, T., Nakao, K., Kondo, S., Kasuga, M., Smith, A. G., et al. (2007).
Neuroepithelial cells supply an initial transient wave of MSC differentiation. Cell. 129
(7), 1377–1388. doi:10.1016/j.cell.2007.04.028

Talwar, T., and Srivastava, M. V. P. (2014). Role of vascular endothelial growth factor
and other growth factors in post-stroke recovery. Ann. Indian Acad. Neurol. 17 (1), 1.
doi:10.4103/0972-2327.128519

Teng, I. W., Hou, P. C., Lee, K. der, Chu, P. Y., Yeh, K. T., Jin, V. X., et al. (2011).
Targeted methylation of two tumor suppressor genes is sufficient to transform
mesenchymal stem cells into cancer stem/initiating cells. Cancer Res. 71 (13),
4653–4663. doi:10.1158/0008-5472.can-10-3418

Teodoridis, J. M., Hall, J., Marsh, S., Kannall, H. D., Smyth, C., Curto, J., et al. (2005).
CpG island methylation of DNA damage response genes in advanced ovarian cancer.
Cancer Res. 65 (19), 8961–8967. doi:10.1158/0008-5472.can-05-1187

Thayabaranathan, T., Kim, J., Cadilhac, D. A., Thrift, A. G., Donnan, G. A., Howard,
G., et al. (2022). Global stroke statistics 2022. Int. J. Stroke 17 (9), 946–956. doi:10.1177/
17474930221123175

Thomas, C., and Karnoub, A. E. (2013). Lysyl oxidase at the crossroads of
mesenchymal stem cells and epithelial-mesenchymal transition. Oncotarget 4 (3),
376–377. doi:10.18632/oncotarget.919

Thomi, G., Joerger-Messerli, M., Haesler, V., Muri, L., Surbek, D., and Schoeberlein,
A. (2019). Intranasally administered exosomes from umbilical cord stem cells have
preventive neuroprotective effects and contribute to functional recovery after perinatal
brain injury. Cells 8 (8), 855. doi:10.3390/cells8080855

Thomi, G., Surbek, D., Haesler, V., Joerger-Messerli, M., and Schoeberlein, A. (2019).
Exosomes derived from umbilical cord mesenchymal stem cells reduce microglia-
mediated neuroinflammation in perinatal brain injury. Stem Cell. Res. Ther. 10 (1), 105.
doi:10.1186/s13287-019-1207-z

ting, Xu W., Bianyu, Z., Fan, Q. ming, Li, G., and Tangting, T. (2009). Human
mesenchymal stem cells (hMSCs) target osteosarcoma and promote its growth and
pulmonary metastasis. Cancer Lett. 281 (1), 32–41. doi:10.1016/j.canlet.2009.02.022

Towfighi, A., and Saver, J. L. (2011). Stroke declines from third to fourth leading cause
of death in the United States. Stroke 42 (8), 2351–2355. doi:10.1161/strokeaha.111.
621904

Tsuji, W., Schnider, J. T., McLaughlin, M. M., Schweizer, R., Zhang, W., Solari, M. G.,
et al. (2015). Effects of immunosuppressive drugs on viability and susceptibility of
adipose- and bone marrow-derived mesenchymal stem cells. Front. Immunol. 6, 131.
doi:10.3389/fimmu.2015.00131

Tumangelova-Yuzeir, K., Naydenov, E., Ivanova-Todorova, E., Krasimirova, E.,
Vasilev, G., Nachev, S., et al. (2019). Mesenchymal stem cells derived and cultured
from glioblastoma multiforme increase Tregs, downregulate Th17, and induce the
tolerogenic phenotype of monocyte-derived cells. Stem Cells Int. 2019, 1–15. doi:10.
1155/2019/6904638

Turowski, P., Adamson, P., and Greenwood, J. (2005). Pharmacological targeting of
ICAM-1 signaling in brain endothelial cells: Potential for treating neuroinflammation.
Cell. Mol. Neurobiol. 25, 153–170.

Uccelli, A., Laroni, A., Ali, R., Battaglia, M. A., Blinkenberg, M., Brundin, L., et al.
(2021). Safety, tolerability, and activity of mesenchymal stem cells versus placebo in
multiple sclerosis (MESEMS): A phase 2, randomised, double-blind crossover trial.
Lancet Neurol. 20 (11), 917–929. doi:10.1016/s1474-4422(21)00301-x

Uccelli, A., Laroni, A., Brundin, L., Clanet, M., Fernandez, O., Nabavi, S. M., et al.
(2019). MEsenchymal StEm cells for multiple sclerosis (MESEMS): A randomized,
double blind, cross-over phase I/II clinical trial with autologous mesenchymal
stem cells for the therapy of multiple sclerosis. Trials 20 (1), 263. doi:10.1186/
s13063-019-3346-z

Ulum, B., Teker, H. T., Sarikaya, A., Balta, G., Kuskonmaz, B., Uckan-Cetinkaya, D.,
et al. (2018). Bone marrow mesenchymal stem cell donors with a high body mass index
display elevated endoplasmic reticulum stress and are functionally impaired. J. Cell.
Physiol. 233 (11), 8429–8436. doi:10.1002/jcp.26804

Urrutia, D. N., Caviedes, P., Mardones, R., Minguell, J. J., Vega-Letter, A. M., and
Jofre, C. M. (2019). Comparative study of the neural differentiation capacity of
mesenchymal stromal cells from different tissue sources: An approach for their use
in neural regeneration therapies. PLoS One 14 (3), e0213032. doi:10.1371/journal.pone.
0213032

Vacchi, E., Kaelin-Lang, A., and Melli, G. (2020). Tau and alpha synuclein synergistic
effect in neurodegenerative diseases: When the periphery is the core. Int. J. Mol. Sci. 21,
5030. doi:10.3390/ijms21145030

Vijayavenkataraman, S. (2020). Nerve guide conduits for peripheral nerve injury
repair: A review on design, materials and fabrication methods. Acta Biomater. 106,
54–69. doi:10.1016/j.actbio.2020.02.003

Vilaça-Faria, H., Salgado, A. J., and Teixeira, F. G. (2019). Mesenchymal stem cells-
derived exosomes: A new possible therapeutic strategy for Parkinson’s disease? Cells.
Cells 8 (2), 118. doi:10.3390/cells8020118

Volarevic, V., Al-Qahtani, A., Arsenijevic, N., Pajovic, S., and Lukic, M. L. (2010).
Interleukin-1 receptor antagonist (IL-1Ra) and IL-1Ra producing mesenchymal stem
cells as modulators of diabetogenesis. Autoimmunity 43 (4), 255–263. doi:10.3109/
08916930903305641

Walter, S. G., Randau, T. M., Hilgers, C., Haddouti, E. M., Masson, W., Gravius, S.,
et al. (2020). Molecular and functional phenotypes of human bone marrow-derived
mesenchymal stromal cells depend on harvesting techniques. Int. J. Mol. Sci. 21 (12),
4382. doi:10.3390/ijms21124382

Wang, Q., Sun, B., Wang, D., Ji, Y., Kong, Q., Wang, G., et al. (2008). Murine bone
marrow mesenchymal stem cells cause mature dendritic cells to promote T-cell
tolerance. Scand. J. Immunol. 68 (6), 607–615. doi:10.1111/j.1365-3083.2008.
02180.x

Wang, X., Gao, J., Ouyang, X.,Wang, J., Sun, X., and Lv, Y. (2018). Mesenchymal stem
cells loaded with paclitaxel&amp;ndash;poly(lactic-<em&gt;co&lt;/em&gt;-glycolic
acid) nanoparticles for glioma-targeting therapy. Int. J. Nanomedicine 13,
5231–5248. doi:10.2147/ijn.s167142

Weaver, J. C. (1993). Electroporation: A general phenomenon for manipulating cells
and tissues. J. Cell. Biochem. 51 (4), 426–435. doi:10.1002/jcb.2400510407

Wehner, R., Wehrum, D., Bornhäuser, M., Zhao, S., Schäkel, K., Bachmann, M. P.,
et al. (2009). Mesenchymal stem cells efficiently inhibit the proinflammatory properties
of 6-sulfo LacNAc dendritic cells. Haematologica 94 (8), 1151–1156. doi:10.3324/
haematol.2008.001735

Wei, Z. Z., Gu, X., Ferdinand, A., Lee, J. H., Ji, X., Ji, X. M., et al. (2015). Intranasal
delivery of bone marrow mesenchymal stem cells improved neurovascular regeneration
and rescued neuropsychiatric deficits after neonatal stroke in rats. Cell. Transpl. 24 (3),
391–402. doi:10.3727/096368915x686887

Weiss, A. R. R., and Dahlke, M. H. (2019). Immunomodulation bymesenchymal stem
cells (MSCs): Mechanisms of action of living, apoptotic, and dead MSCs. Front.
Immunol. 10 (JUN), 1191. doi:10.3389/fimmu.2019.01191

Wen, P. Y., and Kesari, S. (2008). Malignant gliomas in adults.N. Engl. J. Med. 359 (5),
492–507. doi:10.1056/nejmra0708126

Wiegner, R., Rudhart, N. E., Barth, E., Gebhard, F., Lampl, L., Huber-Lang, M. S., et al.
(2018). Mesenchymal stem cells in peripheral blood of severely injured patients. Eur.
J. Trauma Emerg. Surg. 44 (4), 627–636. doi:10.1007/s00068-017-0849-8

Winickoff, D. (2015). A bold experiment: Iceland’s genomic venture, 14. Dodrecht,
Netherlands: International Library of Ethics, Law and Technology, 187–209. doi:10.
1007/978-94-017-9573-9_13

Frontiers in Bioengineering and Biotechnology frontiersin.org29

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.1016/j.tips.2020.06.009
https://doi.org/10.3390/biomedicines10010069
https://doi.org/10.1177/0394632017722332
https://doi.org/10.1371/journal.pone.0004992
https://doi.org/10.1371/journal.pone.0004992
https://doi.org/10.1007/s10571-022-01276-7
https://doi.org/10.1007/s10571-022-01276-7
https://doi.org/10.1016/j.mad.2007.12.002
https://doi.org/10.1002/bem.20472
https://doi.org/10.1038/s42003-022-03833-8
https://doi.org/10.1038/s42003-022-03833-8
https://doi.org/10.3389/fcell.2021.808905
https://doi.org/10.1126/science.282.5388.468
https://doi.org/10.1016/j.cell.2007.04.028
https://doi.org/10.4103/0972-2327.128519
https://doi.org/10.1158/0008-5472.can-10-3418
https://doi.org/10.1158/0008-5472.can-05-1187
https://doi.org/10.1177/17474930221123175
https://doi.org/10.1177/17474930221123175
https://doi.org/10.18632/oncotarget.919
https://doi.org/10.3390/cells8080855
https://doi.org/10.1186/s13287-019-1207-z
https://doi.org/10.1016/j.canlet.2009.02.022
https://doi.org/10.1161/strokeaha.111.621904
https://doi.org/10.1161/strokeaha.111.621904
https://doi.org/10.3389/fimmu.2015.00131
https://doi.org/10.1155/2019/6904638
https://doi.org/10.1155/2019/6904638
https://doi.org/10.1016/s1474-4422(21)00301-x
https://doi.org/10.1186/s13063-019-3346-z
https://doi.org/10.1186/s13063-019-3346-z
https://doi.org/10.1002/jcp.26804
https://doi.org/10.1371/journal.pone.0213032
https://doi.org/10.1371/journal.pone.0213032
https://doi.org/10.3390/ijms21145030
https://doi.org/10.1016/j.actbio.2020.02.003
https://doi.org/10.3390/cells8020118
https://doi.org/10.3109/08916930903305641
https://doi.org/10.3109/08916930903305641
https://doi.org/10.3390/ijms21124382
https://doi.org/10.1111/j.1365-3083.2008.02180.x
https://doi.org/10.1111/j.1365-3083.2008.02180.x
https://doi.org/10.2147/ijn.s167142
https://doi.org/10.1002/jcb.2400510407
https://doi.org/10.3324/haematol.2008.001735
https://doi.org/10.3324/haematol.2008.001735
https://doi.org/10.3727/096368915x686887
https://doi.org/10.3389/fimmu.2019.01191
https://doi.org/10.1056/nejmra0708126
https://doi.org/10.1007/s00068-017-0849-8
https://doi.org/10.1007/978-94-017-9573-9_13
https://doi.org/10.1007/978-94-017-9573-9_13
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359


Wolburg, H., Wolburg-Buchholz, K., and Engelhardt, B. (2005). Diapedesis of
mononuclear cells across cerebral venules during experimental autoimmune
encephalomyelitis leaves tight junctions intact. Acta Neuropathol. 109 (2), 181–190.
doi:10.1007/s00401-004-0928-x

Wurdinger, T., Gatson, N. N., Balaj, L., Kaur, B., Breakefield, X. O., and Pegtel, D. M.
(2012). “Extracellular vesicles and their convergence with viral pathways,” in Advances
in virology (Hindawi Limited).

Xia, Y., Ling, X., Hu, G., Zhu, Q., Zhang, J., Li, Q., et al. (2020). Small extracellular
vesicles secreted by human iPSC-derivedMSC enhance angiogenesis through inhibiting
STAT3-dependent autophagy in ischemic stroke. Stem Cell. Res. Ther. 11 (1), 313.
doi:10.1186/s13287-020-01834-0

Xin, H., Li, Y., Buller, B., Katakowski, M., Zhang, Y., Wang, X., et al. (2012). Exosome-
mediated transfer of miR-133b frommultipotentmesenchymal stromal cells to neural cells
contributes to neurite outgrowth. Stem Cells 30 (7), 1556–1564. doi:10.1002/stem.1129

Xin, H., Li, Y., Liu, Z., Wang, X., Shang, X., Cui, Y., et al. (2013). MiR-133b promotes
neural plasticity and functional recovery after treatment of stroke with multipotent
mesenchymal stromal cells in rats via transfer of exosome-enriched extracellular
particles. Stem Cells 31 (12), 2737–2746. doi:10.1002/stem.1409

Xu, J., Feng, Z., Wang, X., Xiong, Y., Wang, L., Ye, L., et al. (2019). hUC-MSCs exert a
neuroprotective effect via anti-apoptotic mechanisms in a neonatal HIE rat model. Cell.
Transpl. 28 (12), 1552–1559. doi:10.1177/0963689719874769

Xu, R., Bai, Y., Min, S., Xu, X., Tang, T., and Ju, S. (2020). <p&gt;in vivo monitoring
and assessment of exogenous mesenchymal stem cell-derived exosomes in mice with
ischemic stroke by molecular imaging</p&gt;. Int. J. Nanomedicine 15, 9011–9023.
doi:10.2147/ijn.s271519

Xu, Y., Chen, C., Hellwarth, P. B., and Bao, X. (2019). Biomaterials for stem cell
engineering and biomanufacturing. Bioact. Mater 4, 366–379. doi:10.1016/j.bioactmat.
2019.11.002

Xue, Z., Wu, X., Chen, X., Liu, Y., Wang, X., Wu, K., et al. (2015). Mesenchymal stem cells
promote epithelial tomesenchymal transition andmetastasis in gastric cancer thoughparacrine
cues and close physical contact. J. Cell. Biochem. 116 (4), 618–627. doi:10.1002/jcb.25013

Yan, C., Chang, J., Song, X., Qi, Y., Ji, Z., Liu, T., et al. (2021). Lung cancer-associated
mesenchymal stem cells promote tumor metastasis and tumorigenesis by induction of
epithelial-mesenchymal transition and stem-like reprogram. Aging 13 (7), 9780–9800.
doi:10.18632/aging.202732

Yan, F., Li, M., Zhang, H. Q., Li, G. L., Hua, Y., Shen, Y., et al. (2019). Collagen-
chitosan scaffold impregnated with bone marrowmesenchymal stem cells for treatment
of traumatic brain injury. Neural Regen. Res. 14, 1780. doi:10.4103/1673-5374.257533

Yang, X., Hao, J., Mao, Y., Jin, Z. Q., Cao, R., Zhu, C. H., et al. (2016). bFGF promotes
migration and induces cancer-associated fibroblast differentiation of mouse bone
mesenchymal stem cells to promote tumor growth. Stem Cells Dev. 25 (21),
1629–1639. doi:10.1089/scd.2016.0217

Yang, Y., and Rosenberg, G. A. (2011). Blood-brain barrier breakdown in acute and
chronic cerebrovascular disease. Stroke; a J. Cereb. circulation 42 (11), 3323–3328.
doi:10.1161/strokeaha.110.608257

Yang, Y., Yang, H., Yang, Y., and Ma, Y. (2022). Exosomal microRNAs have great
potential in the neurorestorative therapy for traumatic brain injury. Exp. Neurol. 352,
114026. doi:10.1016/j.expneurol.2022.114026

Yao, Y., Huang, C., Gu, P., and Wen, T. (2016). Combined MSC-secreted factors and
neural stem cell transplantation promote functional recovery of PD rats. Cell. Transpl.
25 (6), 1101–1113. doi:10.3727/096368915x689938

Yin, S., Zhou, S., Ren, D., Zhang, J., Xin, H., He, X., et al. (2022). Mesenchymal stem
cell-derived exosomes attenuate epithelial-mesenchymal transition of HK-2 cells. Tissue
Eng. Part A 28, 651–659. doi:10.1089/ten.tea.2021.0190

Yong, R. L., Shinojima, N., Fueyo, J., Gumin, J., Vecil, G. G., Marini, F. C., et al. (2009).
Human bone marrow-derived mesenchymal stem cells for intravascular delivery of
oncolytic adenovirus delta-24-RGD to human gliomas. Cancer Res. 69 (23), 8932–8940.
doi:10.1158/0008-5472.can-08-3873

Yoo, K. W., Li, N., Makani, V., Singh, R. N., Atala, A., and Lu, B. (2018). Large-scale
preparation of extracellular vesicles enriched with specific microRNA. Tissue Eng. Part
C Methods 24 (11), 637–644.

Yousefi, M., Nabipour, A., Ganjalikhani Hakemi, M., Ashja-Arvan, M., Amirpour, N.,
and Salehi, H. (2022). Transplantation of human adipose-derived stem cells
overexpressing LIF/IFN-β promotes recovery in experimental autoimmune
encephalomyelitis (EAE). Sci. Rep. 12 (1), 17835. doi:10.1038/s41598-022-21850-9

Yu, S., Zhao, Y., Ma, Y., and Ge, L. (2016). Profiling the secretome of human stem cells
from dental apical papilla. Stem Cells Dev. 25 (6), 499–508. doi:10.1089/scd.2015.0298

Zacharek, A., Chen, J., Cui, X., Li, A., Li, Y., Roberts, C., et al. (2007). Angiopoietin1/
Tie2 and VEGF/Flk1 induced by MSC treatment amplifies angiogenesis and vascular
stabilization after stroke. J. Cereb. Blood Flow. Metab. 27 (10), 1684–1691. doi:10.1038/
sj.jcbfm.9600475

Zappia, E., Casazza, S., Pedemonte, E., Benvenuto, F., Bonanni, I., Gerdoni, E., et al.
(2005). Mesenchymal stem cells ameliorate experimental autoimmune encephalomyelitis
inducing T-cell anergy. Blood 106 (5), 1755–1761. doi:10.1182/blood-2005-04-1496

Zeng, E. Z., Chen, I., Chen, X., and Yuan, X. (2022). Exosomal MicroRNAs as novel
cell-free therapeutics in tissue engineering and regenerative medicine. Biomedicines 10
(10), 2485. doi:10.3390/biomedicines10102485

Zeng, X., Qiu, X. C., Ma, Y. H., Duan, J. J., Chen, Y. F., Gu, H. Y., et al. (2015).
Integration of donor mesenchymal stem cell-derived neuron-like cells into host neural
network after rat spinal cord transection. Biomaterials 53, 184–201. doi:10.1016/j.
biomaterials.2015.02.073

Zeng, X., Qiu, X. C., Ma, Y. H., Duan, J. J., Chen, Y. F., Gu, H. Y., et al. Integration of
donor mesenchymal stem cell-derived neuron-like cells into host neural network after
rat spinal cord transection. . 2015

Zhang, K., Shi, Z., Zhou, J., Xing, Q., Ma, S., Li, Q., et al. (2018b). Potential
application of an injectable hydrogel scaffold loaded with mesenchymal stem cells
for treating traumatic brain injury. J. Mater Chem. B 6 (19), 2982–2992. doi:10.
1039/c7tb03213g

Zhang, N., Lu, X., Wu, S., Li, X., Duan, J., Chen, C., et al. (2018a). Intrastriatal
transplantation of stem cells from human exfoliated deciduous teeth reduces motor
defects in Parkinsonian rats. Cytotherapy 20 (5), 670–686. doi:10.1016/j.jcyt.2018.
02.371

Zhang, Y., Chopp, M., Meng, Y., Katakowski, M., Xin, H., Mahmood, A., et al. (2015).
Effect of exosomes derived from multipluripotent mesenchymal stromal cells on
functional recovery and neurovascular plasticity in rats after traumatic brain injury.
J. Neurosurg. 122 (4), 856–867. doi:10.3171/2014.11.jns14770

Zhang, Y., Yu, S., Tuazon, J., Lee, J. Y., Corey, S., Kvederis, L., et al. (2019).
Neuroprotective effects of human bone marrow mesenchymal stem cells against
cerebral ischemia are mediated in part by an anti-apoptotic mechanism. Neural
Regen. Res. 14 (4), 597. doi:10.4103/1673-5374.247464

Zhang, Z., Sheng, H., Liao, L., Xu, C., Zhang, A., Yang, Y., et al. (2020c2022).
Mesenchymal stem cell-conditioned medium improves mitochondrial dysfunction
and suppresses apoptosis in okadaic acid-treated SH-SY5Y cells by extracellular
vesicle mitochondrial transfer. J. Alzheimers Dis. 78 (3), 1161–1176. doi:10.3233/
jad-200686

Zhao, Y., Chen, X., Wu, Y., Wang, Y., Li, Y., and Xiang, C. (2018). Transplantation of
human menstrual blood-derived mesenchymal stem cells alleviates alzheimer’s disease-
like pathology in APP/PS1 transgenic mice. Front. Mol. Neurosci. 11, 140. doi:10.3389/
fnmol.2018.00140

Zhou, B., Liu, H. Y., and Zhu, B. L. (2019). Protective role of SOCS3 modified bone
marrow mesenchymal stem cells in hypoxia-induced injury of PC12 cells. J. Mol.
Neurosci. 67 (3), 400–410. doi:10.1007/s12031-018-1243-7

Zhou, L., Zhu, H., Bai, X., Huang, J., Chen, Y., Wen, J., et al. (2022). Potential
mechanisms and therapeutic targets of mesenchymal stem cell transplantation for
ischemic stroke. Stem Cell. Res. Ther. 1313 (1), 195. doi:10.1186/s13287-022-
02876-2

Zhou, S., Greenberger, J. S., Epperly, M. W., Goff, J. P., Adler, C., Leboff, M. S., et al.
(2008). Age-related intrinsic changes in human bone-marrow-derived mesenchymal
stem cells and their differentiation to osteoblasts. Aging Cell. 7 (3), 335–343. doi:10.
1111/j.1474-9726.2008.00377.x

Zhou, W., Silva, M., Feng, C., Zhao, S., Liu, L., Li, S., et al. (2021). Exosomes derived
from human placental mesenchymal stem cells enhanced the recovery of spinal cord
injury by activating endogenous neurogenesis. Stem Cell. Res. Ther. 12 (1), 174. doi:10.
1186/s13287-021-02248-2

Zhou, X., Spittau, B., and Krieglstein, K. (2012). TGFβ signalling plays an important
role in IL4-induced alternative activation of microglia. J. Neuroinflammation 9, 210.
doi:10.1186/1742-2094-9-210

Zhu, J., Liu, Q., Jiang, Y., Wu, L., Xu, G., and Liu, X. (2015). Enhanced angiogenesis
promoted by human umbilical mesenchymal stem cell transplantation in strokedmouse
is Notch1 signaling associated. Neuroscience 290, 288–299. doi:10.1016/j.neuroscience.
2015.01.038

Zhu, M., Kohan, E., Bradley, J., Hedrick, M., Benhaim, P., and Zuk, P. (2009). The
effect of age on osteogenic, adipogenic and proliferative potential of female
adipose-derived stem cells. J. Tissue Eng. Regen. Med. 3 (4), 290–301. doi:10.
1002/term.165

Zhu, W., Xu,W., Jiang, R., Qian, H., Chen, M., Hu, J., et al. (2006). Mesenchymal stem
cells derived from bone marrow favor tumor cell growth in vivo. Exp. Mol. Pathol. 80
(3), 267–274. doi:10.1016/j.yexmp.2005.07.004

Zhu, Z., Gan, X., and Yu, H. (2017). NF-κB-miR15a-bFGF/VEGFA axis contributes to
the impaired angiogenic capacity of BM-MSCs in high fat diet-fed mice.Mol. Med. Rep.
16 (5), 7609–7616. doi:10.3892/mmr.2017.7498

Zhuo, Y., Chen, W., Li, W., Huang, Y., Duan, D., Ge, L., et al. (2021). Ischemic-
hypoxic preconditioning enhances the mitochondrial function recovery of
transplanted olfactory mucosa mesenchymal stem cells via miR-181a
signaling in ischemic stroke. Aging (Albany NY) 13 (8), 11234–11256. doi:10.
18632/aging.202807

Zuk, P. A., Zhu, M., Mizuno, H., Huang, J., Futrell, J. W., Katz, A. J., et al. (2001).
Multilineage cells from human adipose tissue: Implications for cell-based therapies.
Tissue Eng. 7 (2), 211–228. doi:10.1089/107632701300062859

Frontiers in Bioengineering and Biotechnology frontiersin.org30

Isaković et al. 10.3389/fbioe.2023.1139359

https://doi.org/10.1007/s00401-004-0928-x
https://doi.org/10.1186/s13287-020-01834-0
https://doi.org/10.1002/stem.1129
https://doi.org/10.1002/stem.1409
https://doi.org/10.1177/0963689719874769
https://doi.org/10.2147/ijn.s271519
https://doi.org/10.1016/j.bioactmat.2019.11.002
https://doi.org/10.1016/j.bioactmat.2019.11.002
https://doi.org/10.1002/jcb.25013
https://doi.org/10.18632/aging.202732
https://doi.org/10.4103/1673-5374.257533
https://doi.org/10.1089/scd.2016.0217
https://doi.org/10.1161/strokeaha.110.608257
https://doi.org/10.1016/j.expneurol.2022.114026
https://doi.org/10.3727/096368915x689938
https://doi.org/10.1089/ten.tea.2021.0190
https://doi.org/10.1158/0008-5472.can-08-3873
https://doi.org/10.1038/s41598-022-21850-9
https://doi.org/10.1089/scd.2015.0298
https://doi.org/10.1038/sj.jcbfm.9600475
https://doi.org/10.1038/sj.jcbfm.9600475
https://doi.org/10.1182/blood-2005-04-1496
https://doi.org/10.3390/biomedicines10102485
https://doi.org/10.1016/j.biomaterials.2015.02.073
https://doi.org/10.1016/j.biomaterials.2015.02.073
https://doi.org/10.1039/c7tb03213g
https://doi.org/10.1039/c7tb03213g
https://doi.org/10.1016/j.jcyt.2018.02.371
https://doi.org/10.1016/j.jcyt.2018.02.371
https://doi.org/10.3171/2014.11.jns14770
https://doi.org/10.4103/1673-5374.247464
https://doi.org/10.3233/jad-200686
https://doi.org/10.3233/jad-200686
https://doi.org/10.3389/fnmol.2018.00140
https://doi.org/10.3389/fnmol.2018.00140
https://doi.org/10.1007/s12031-018-1243-7
https://doi.org/10.1186/s13287-022-02876-2
https://doi.org/10.1186/s13287-022-02876-2
https://doi.org/10.1111/j.1474-9726.2008.00377.x
https://doi.org/10.1111/j.1474-9726.2008.00377.x
https://doi.org/10.1186/s13287-021-02248-2
https://doi.org/10.1186/s13287-021-02248-2
https://doi.org/10.1186/1742-2094-9-210
https://doi.org/10.1016/j.neuroscience.2015.01.038
https://doi.org/10.1016/j.neuroscience.2015.01.038
https://doi.org/10.1002/term.165
https://doi.org/10.1002/term.165
https://doi.org/10.1016/j.yexmp.2005.07.004
https://doi.org/10.3892/mmr.2017.7498
https://doi.org/10.18632/aging.202807
https://doi.org/10.18632/aging.202807
https://doi.org/10.1089/107632701300062859
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1139359

	Mesenchymal stem cell therapy for neurological disorders: The light or the dark side of the force?
	1 Introduction
	1.1 Neurological diseases and disorders
	1.2 Mesenchymal stem cells (MSCs)
	1.2.1 Developmental origins
	1.2.2 Isolation and cultivation


	2 Therapeutic potential and properties of MSCs
	2.1 Differentiation into neuron-like cells and neuroglia
	2.2 Immunomodulation
	2.3 Neuroprotective and anti-apoptotic effects
	2.4 Neovascularisation capacity
	2.5 MSCs as therapeutic carriers
	2.6 Application of extracellular vesicles derived from MSCs

	3 The use of MSCs in neurology
	3.1 Alzheimers’ disease
	3.2 Parkinson’s disease
	3.3 Multiple sclerosis
	3.4 Glioblastoma multiforme
	3.5 Ischemic stroke

	4 Challenges for MSC-based therapies of the nervous system
	4.1 Immunocompatibility
	4.2 Stemness stability and differentiation of MSCs
	4.3 Heterogeneity
	4.4 Adverse effects
	4.5 Tumor-promoting ability
	4.6 Technical and societal challenges

	5 Prospects for MSC-based therapies
	5.1 Novel biomaterials
	5.2 Electromagnetic fields

	6 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


